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DISSERTATION ABSTRACT 

Regulation and Function of Tumor Suppressor ECRG2 in Relation to DNA Damage 

and Microtubule Dynamics in Human Malignancies 

 

Harsh Patel 

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

 

 Esophageal Cancer-Related Gene 2 (ECRG2) is a novel tumor suppressor which is 

frequently mutated or downregulated in multiple human cancers. Previous studies have 

demonstrated that ECRG2 inhibits growth of cancer cells by inducing apoptotic death. 

However, the molecular basis of its regulation and involvement in DNA damage response 

remain to be elucidated. The function of tumor suppressor p53 in cellular response to stress 

conditions, such as DNA damage, has been well-established. In the present study, we report 

for the first time, that ECRG2 is a novel pro-apoptotic transcriptional target of p53 and 

ECRG2 expression is induced by DNA damage in a p53-dependent manner. Moreover, we 

demonstrate that disruption of ECRG2 leads to reduced apoptosis and improved survival 

following the treatment with DNA damage-inducing anticancer agent despite p53 

activation in cancer cells. Significantly, we characterized a natural variant in ECRG2 

promoter (rs3214447) that is found in the genomes of ~38.5% of world population and 

showed that ECRG2 promoter with rs3214447 variant is defective in responding to p53 

and DNA damage. Thus, ECRG2 is an important executor of p53-mediated apoptosis in 

response to DNA damage.  

We also report a novel biological function of ECRG2 and demonstrate that ECRG2 

interacts with and stabilizes microtubules. ECRG2 was shown to protect the microtubules 
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against the destabilization induced by cold and nocodazole treatment. In addition, we show 

that ECRG2 increases acetylation of microtubules, which is associated with more stable 

microtubules. Importantly, we demonstrate that ECRG2 disruption give rise to increased 

cell proliferation by elevated activation of Akt. Taken together, our findings ascribe a novel 

function to ECRG2 in the regulation of microtubule dynamics and cancer cell proliferation. 

 ECRG2-mediated tumor suppressor activities elucidated in this dissertation are 

clinically significant. Our database analyses reveal that cancer patients with lower ECRG2 

expression in their tumors had poor prognosis and reduced disease-free survival as 

compared to their counterparts. These observations suggest that loss of ECRG2 expression 

and function confers survival advantage to cancer cells. Collectively, this dissertation 

highlights novel aspects of ECRG2 regulation and function in cancer cell sensitivity to 

DNA damage-inducing anticancer therapy, microtubule dynamics and cell proliferation. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

Cancer prevalence and malignant transformation 

Despite extensive biomedical research efforts and ample investment in new drug 

development programs, cancer remains an impregnable public health problem. In 2018, 

approximately 18.1 million new cases of cancer were diagnosed worldwide1. With 9.6 

million deaths globally, cancer was the second leading cause of death after cardiac 

disorders in 20181. The top three types of cancer leading to overall cancer mortality 

worldwide were: lung cancer (18.4% of all cancer deaths), colorectal cancer (9.2%) and 

stomach cancer (8.2%)1. In United States, it is projected that approximately 1.8 million 

new cases of cancer will be reported and estimated 606,520 lives will be claimed by cancer 

in 20202. However, due to early detection and significant improvements in cancer 

therapies, the overall death rate by cancer steadily declined through 2017 in United States 

since its peak in 19912. 

In simple terms, cancer is a group of diseases characterized by uncontrolled 

multiplication of cells and it can originate from any tissues in the body3. Normal cell 

proliferation is meticulously balanced by the activities of proto-oncogenes and tumor 

suppressor genes4. However, gradual accumulation of genetic or epigenetic alterations that 

enables dominant gain of oncogene function or recessive loss of tumor suppressor function 

can lead to uncontrolled cell proliferation and cancer5-7. Thus, malignant transformation is 

a multi-stage process. 
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Mechanisms tumor suppressor functions 

The term ‘tumor suppressor’ represents an array of genes which are able to regulate cell 

proliferation and prevent cancer development8. Tumor suppressors (the proteins encoded 

by tumor suppressor genes) can function through several different mechanisms: for 

example, regulation of cell division, DNA damage repair, induction of apoptosis, 

suppression of metastasis, prevention of angiogenesis and regulation of cell metabolism 

and autophagy9-11. Since, majority of human cancers are associated with inactivation of 

one or more tumor suppressors12, molecular study of tumor suppressor functions can help 

in elucidating the process of malignant transformation. 

 Regulation of cell division is the principal mechanism through which majority of 

tumor suppressors work. The important examples of tumor suppressors capable of 

suppressing cell division are Retinoblastoma protein (pRb)13 and p2114. Retinoblastoma 

protein (pRb), which was the first identified tumor suppressor, directly binds to E2F 

transcription factors and suppresses the transcription of the genes necessary for G1 to S 

phase progression13. p21 suppresses the cell proliferation by inhibiting the activities of 

cyclin-dependent kinases (CDKs) - CDK2 and CDK1 (aka CDC2), as well as proliferating 

cell nuclear antigen (PCNA)14. 

 DNA damage caused by various factors can also facilitate oncogenic 

transformation15, therefore some tumor suppressors function within DNA damage repair 

pathways including Ataxia-telangiectasia-mutated gene product (ATM)16 and breast cancer 

type 1 susceptibility protein (BRCA1)17. ATM activation take place in response to DNA 

double-strand breaks (DSB)18. Once activated, ATM phosphorylates its downstream 

targets like p53, CHK2 and BRCA1 which initiates either cell cycle arrest, DNA repair or 
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cell death by apoptosis16. BRCA1 and p53 tumor suppressors work in collaboration to 

remove the damaged DNA through nucleotide excision repair (NER)19. 

 

Figure 1. Mechanisms of tumor suppressor function in cells. Tumor suppressors halt 

the cancer development and progression by various mechanisms. 

 

 Induction of apoptosis is another mechanism through which tumor suppressors 

keep the cancer progression in check. The examples of tumor suppressors in this group are 

p5320, death receptor 5 (DR5)21 and phosphatase and tensin homolog (PTEN)22. Tumor 

suppressor p53 induces apoptosis via two major pathways. The extrinsic pathway involves 

transcriptional activation of DR5 which ultimately leads to activation of caspase 823. In the 
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intrinsic pathway, p53 stimulates the release of cytochrome c from mitochondria through 

activation of Bax and Bak, which leads to formation of apoptosome and activation of 

caspase-923. PTEN promotes apoptosis by an indirect mechanism which involves 

dephosphorylation of phosphatidylinositol 3,4,5-triphosphate (PIP3) and suppression of 

cell survival signaling22. 

 Metastasis is an advance stage of cancer in which cancer cells break away from the 

primary tumor, spread via blood or lymph circulation and form new tumors at the distant 

sites in body3. Metastasis suppressors refer to the group of genes which inhibits cancer 

metastasis without affecting the growth of primary tumors24. NM23 was the first gene 

identified in these group, which suppresses cancer metastasis by phosphorylation of kinase 

suppressor of ras (KSR) resulting into inhibition of ERK- mitogen-activated protein kinase 

(MAPK) pathway25,26. Moreover, tumor suppressors such as adenomatous polyposis coli 

(APC)27 and Ras association domain family 1A (RASSF1A)28 prevent cancer cell 

migration through stabilization of microtubule cytoskeleton. 

  In addition to major mechanisms discussed above, several emerging groups of 

tumor suppressors disarm tumor capabilities by novel biological mechanisms. For instance, 

a novel group of endothelium-specific tumor suppressors, which includes thrombospondin-

1 (TSP-1), endostatin and tumstatin, functions as endogenous negative regulators of 

angiogenesis (formation of new blood vessels for the delivery of oxygen and nutrients3) 

and thereby inhibits tumor growth29. In the early stages, autophagy suppresses the cancer 

development by lysosome-mediated degradation of defective proteins and organelles, 

especially mitochondria and thus, attenuates reactive oxygen species (ROS) production and 
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genomic instability30. Accordingly, proteins that promote autophagy including Beclin-131 

and AMP-activated protein kinase (AMPK)32 act as tumor suppressors. 

 

Esophageal Cancer-Related Gene 2 (ECRG2) 

1. Identification and dysregulation in cancer 

ECRG2 is a putative tumor suppressor gene which was originally identified by a seminal 

study aimed to discover the genes with differential expression in primary esophageal 

squamous cell carcinoma (ESCC) samples compared to normal esophageal epithelia 

collected from a high incidence family in Linxian, China33. The gene expression analysis 

using the differential display of mRNA and RT-PCR revealed that ECRG2 was 

significantly downregulated in esophageal carcinoma compared to normal esophageal 

epithelia33. Two independent studies based on the different patient populations made 

similar observation and found the downregulation of ECRG2 expression in the ESCC 

samples34,35. Loss of ECRG2 expression was also reported in liver, lung, colon and breast 

cancer tissues33. Multiple studies have reported a significant correlation between a short 

tandem repeat (STR) polymorphism (TCA3/TCA3) in the 3’- untranslated region (UTR) 

of ECRG2 and increased incidence as well as poor prognosis of esophageal 36-39 and oral 

cancer40 in the diverse patient populations. In addition, Zhang et al. showed that microRNA 

1322 (miR-1322), which was found overexpressed in esophageal carcinoma, preferentially 

binds to TCA3 allele present at the site of STR polymorphism within ECRG2 3’UTR and 

downregulates ECRG2 expression38. Due to its robust downregulation in the gastric cancer, 

salivary extracellular RNA (exRNA) of ECRG2 was utilized for the configuration of 
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biomarker panel for the noninvasive detection of gastric cancer41. A recent study reported 

that endogenous ECRG2 is depleted in eosinophilic esophagitis and the deficiency causes 

the release of proteolytic and proinflammatory mediators which undermines the integrity 

of the protective barrier42. Since, chronic inflammation has been linked to cancer 

development43, it is likely that the loss of ECRG2 expression and function is an early event 

which may eventually lead to cancer. Conversely, ECRG2 expression was significantly 

upregulated in human chromophobe renal cell carcinoma44. Thus, ECRG2 may function 

differently in some cancer types depending on the tissue origin. Furthermore, multiple 

somatic mutations of ECRG2 have been detected in various human malignancies such as 

lung, stomach, endometrium, skin and colon cancer which may adversely affect ECRG2 

structure or function45. Thus, ECRG2 is dysregulated in various human cancers. 

 

2. Molecular characteristics of ECRG2 

The genomic location of ECRG2 was mapped to human chromosome 5q3234, a 

chromosomal region frequently marred by genetic aberrations and allelic loss in various 

cancers46,47. ECRG2 consists of 4 exons and 3 introns which are spread across ~3.5 kb 

genomic region3,34. ECRG2 protein is composed of 85 amino acids with a predicted 

molecular weight of 9.23 kDa34. ECRG2 is predicted to harbor an N-terminal signal peptide 

at amino acids 1-2234. Accordingly, pulse-chase experiments found the secreted ECRG2 

protein in the culture medium, however, ECRG2 was also detected in cell lysates indicating 

that ECRG2 protein exists in both intracellular and extracellular domains34.  At the C-

terminal, ECRG2 contains a conserved Kazal-type serine peptidase inhibitor domain from  
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Figure 2. Structure of ECRG2 protein.  

ECRG2 is predicted to contain an N-terminal signal peptide from amino acids 1-22 and a 

conserved KAZAL-type domain at its C-terminal from amino acids 31-85. 

 

Figure 3. Amino acid sequence alignment of mammalian ECRG2 proteins.  

The conserved residues are indicated by either black or grey boxes. The cleavage site of 

predicted signal peptide is shown by a black arrow. The position of conserved valine 

residue is indicated by an orange arrow; this valine has been found frequently mutated in 

human cancers48. The disulfide bonds formed between the three pairs of conserved cysteine 

residues are indicated by connecting lines at the bottom. The positions of secondary 

structure sequences are at the top. (Reprinted by permission from Springer Nature: Journal 

of Biomolecular NMR, NMR structure note: human esophageal cancer-related gene 2, 

Yingang Feng et al.49, © 2012.) 

N

1 22 31 85

LinkerSignal peptide 
sequence KAZAL-type domain

C

Cleavage site 
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-amino acids 31-85, which is characterized by the formation of three intra-molecular 

disulfide bonds among six cysteines34,49. Due to the presence of Kazal-type domain, 

ECRG2 is also termed Serine Peptidase Inhibitor Kazal type 7 (SPINK7) and grouped with 

other SPINK family proteins which are characterized by the presence of at least one Kazal-

type domain in their structure50. Moreover, a second shorter isoform of ECRG2 (59 amino 

acids) is reported to exist, which lacks first 29 amino acids and shares 95% similarity in 

amino acid sequence with C-terminal of ECRG2 primary isoform51. However, the 

expression profile and biological activity of this isoform are unknown. ECRG2 is also 

predicted to undergo post-translational modifications including phosphorylation52,53 and 

O-linked glycosylation54. 

 

3. Serine Peptidase Inhibitor Kazal type (SPINK) family  

As discussed earlier, ECRG2/SPINK7 was added to the SPINK family of proteins which 

harbor at least one conserved Kazal-type serine peptidase domain in their secondary 

structures50. The typical structure of Kazal domain contains a central α helix, which is 

enclosed between two β-strands and a third one that is in the direction of C-terminus55. In 

addition, all SPINK family members incorporates signature features (defined as PROSITE 

entry PS00282 or PS51465)56,57. To date, ten members of SPINK family have been 

identified: SPINK1, SPINK2, SPINK4, SPINK5, SPINK6, SPINK7, SPINK8, SPINK9, 

SPINK13 and SPINK1458. Human ECRG2 is a part of gene cluster which comprises six 

other SPINK genes (SPINK1, SPINK5, SPINK6, SPINK9, SPINK13 and SPINK14) and 

located at chromosome 5q3234.  
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Figure 4. Genomic location of ECRG2/SPINK7.  

ECRG2/SPINK7 is a part of gene cluster located at human chromosome 5q32, which 

includes six other SPINK genes (SPINK1, SPINK5, SPINK6, SPINK9, SPINK13 and 

SPINK14) (Source: Yates et al.59, 2020: 

https://uswest.ensembl.org/Homo_sapiens/Location/View?db=core;g=ENSG0000014587

9;r=5:148312277-148316064;t=ENST00000274565) 

 

SPINK proteins are expressed in diverse tissues where they regulate serine 

peptidases and proteolysis activities60-63. However, various studies have shown that the 

expression of some SPINK genes is dysregulated in human cancers. For example, SPINK1 

overexpression was detected in gastrointestinal, lung, kidney, bladder, prostate, ovarian, 

breast and testicular cancers64. SPINK6 was shown to stimulate the metastasis of 

nasopharyngeal carcinoma by activation of epithelial growth factor receptors65. 

Conversely, loss of SPINK4 expression was detected in colorectal cancer (CRC) and lower 

SPINK4 expression was associated with reduced disease free survival in CRC patients66. 

Thus, SPINK family genes play potentially important role in various human cancers. 
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4. ECRG2 functions 

Similar to other SPINK family proteins, ECRG2/SPINK7 was shown to have serine 

peptidase inhibitory activity. Secreted ECRG2 directly binds to urokinase-type 

plasminogen activator (uPA) and its receptor uPAR present on the cell surface to from a 

complex67,68. This interaction leads to disruption of uPA pathway by three different 

mechanisms: (1) inhibition of uPA/plasmin and matrix metallopeptidase 2 (MMP2)-

mediated proteolytic activity67, (2) prevention of uPAR interaction with α3β1 and α5β1 

integrin and hence inhibition of integrin-mediated activation of Src/ERK pathway68 and 

(3) prevention of uPA-mediated cleavage of uPAR which leads to inhibition of uPAR 

interaction with and activation of a G protein-coupled receptor, FPRL169. ECRG2-

mediated disruption of uPA system by multiple mechanisms leads to suppression of 

extracellular matrix (ECM) degradation and inhibition of cancer cell invasion and 

metastasis67-69.  

ECRG2 has also been shown to affect the growth of cancer cells. A preliminary 

study showed that ECRG2 induces apoptosis and suppresses proliferation of esophageal 

cancer cells by directly interacting with metallothionein 2A (MT2A) and attenuating its 

function50. MT2A has been shown to protect the cancer cells from apoptosis70. 

Furthermore, Song et al. demonstrated that adenovirus-mediated ECRG2 expression 

suppresses hepatocarcinoma in vitro and in vivo71. More recently, our group demonstrated 

that ECRG2 activates caspase 3, 8 and 9 by suppression of X-linked Inhibitor of Apoptosis 

(XIAP) expression and inhibits the growth of colon and breast cancer cells45. ECRG2 was 

shown to promote the proteasome-mediated degradation of Hu-antigen R (HuR)45, which 

is an important mRNA-stabilizing protein and promotes the growth and survival of cancer 
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cells72. Since HuR stabilizes XIAP mRNA73, ECRG2-mediated degradation of HuR protein 

caused reduction in XIAP expression and activation of caspase-mediated apoptosis45. 

Moreover, a tumor derived ECRG2 mutant V30E neither suppressed HuR and XIAP nor 

activated caspases45 suggesting that ECRG2 function in cancer may be abrogated by the 

mutations. 

Due to its growth suppressing activity in cancer cells, ECRG2 was utilized in 

combination with the anticancer treatment to improve its efficacy. The co-administration 

of recombinant ECRG2 protein with anticancer drug cisplatin potentiated its anticancer 

activity in the esophageal cancer cells74,75. In another study, combining ECRG2 

recombinant protein with cisplatin led to increase in its anticancer effects against cisplatin-

resistant esophageal cancer cells through the induction of p53 and downregulation of 

Proliferating Cell Nuclear Antigen (PCNA) mRNA expression76. However, the assessment 

of ECRG2-mediated anticancer activity in animal models is required for further 

verification. 

Interestingly, our group recently found that ECRG2 mRNA and protein expression 

are strongly induced in cancer cells upon treatment with DNA damaging anticancer drug, 

etoposide45. Moreover, the cancer cells expressing an ECRG2 mutant, V30E demonstrated 

increased resistance to clinically used anticancer drugs that induces DNA damage45. These 

findings suggest that ECRG2 may have an important function in cellular response to DNA 

damage. Thus, mechanism of ECRG2 regulation under DNA damage merits further 

investigation. 

ECRG2 is also implicated in proper centrosomes duplication during interphase and 

orderly chromosomes segregation during mitosis77. Cheng et al. showed that ECRG2 is 
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crucial for localization of p53 to centrosomes, since silencing of ECRG2 abolished p53 

localization to centrosomes77. Further, ECRG2 knockdown in cells led to increased 

ubiquitination and degradation of p53, reduced p21 level (a p53 target) and increased 

activity of cyclin E/CDK2, which ultimately caused centrosome amplification77. Loss of 

ECRG2 also impaired spindle assembly checkpoint by reducing BUBR1 (budding 

uninhibited by benzimidazoles-related 1) expression77. Thus, loss of ECRG2 expression 

ultimately leads to chromosomal instability and aneuploidy77 which are characteristics of 

premalignant lesions and cancer78,79. Taken together, existing lines of evidence indicate 

that ECRG2 performs variety of biological functions both inside and outside the cells to 

counteract the growth and metastasis of cancer. 

 

p53 tumor suppressor 

Plethora of studies have shown that p53 is the quintessential tumor suppressor protein in 

cancer biology. This view is strongly supported by the observations that 1) TP53 is mutated 

in multiple human cancers at a high frequency80, 2) germ-line TP53 mutations cause Li–

Fraumeni syndrome and substantially increase the risk of cancer development81 and 3) 

TP53-null mice display increased predisposition to spontaneous tumor development82,83. 

p53 serves as a master regulator of cellular response to variety of stress conditions84. Under 

unstressed conditions, p53 is ubiquitinated by its chief E3 ligase mouse double minute 2 

homolog (MDM2) and rapidly degraded by proteasome85,86. However, under diverse stress 

conditions such as nutrient deprivation, hypoxia, oncogene activation, ribosomal 

dysfunction, oxidative stress and DNA damage, p53 is relieved from its negative 

regulators, stabilized and activated84,87. Once activated, p53 modulates transcription of 
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numerous downstream targets which are instrumental in the variety of biological processes 

such as cell cycle arrest, apoptosis, senescence, angiogenesis, autophagy, cell migration 

and metabolism88,89. Although, not all the p53 functions are dependent on its ability to act 

as a transcription factor. Studies have shown that p53 is also capable of regulating the 

translation process90 and inducing apoptosis by direct interaction with mitochondrial 

proteins and facilitating cytochrome c release91. 

 Genomic DNA remains vulnerable to damage caused by extrinsic factors such as 

environmental carcinogens and ultraviolet (UV) radiation and intrinsic factors such as 

reactive oxygen species (ROS)92. When the severity of DNA damage exceeds the repair 

capacity, the cells invoke apoptotic death to prevent further accumulation of genetic 

errors93. p53 acts as a central coordinator of cellular response to DNA damage94. In 

response to DNA damage, p53 is stabilized by post-translational modifications such as 

phosphorylation and acetylation95 and stabilized p53 further regulates the transcription of 

genes that are important for cell cycle arrest (e.g. p21, GADD45, 14-3-3σ), extrinsic (e.g. 

DR5, Fas) or intrinsic (e.g. Bax, PUMA, Noxa) pathway of apoptosis depending on the 

severity and type of DNA damage96,97. p53 induced cell death following DNA damage is 

important for two principal reasons: 1) elimination of genetic errors, accumulation of which 

may lead to cancer development98, and 2) efficient killing of cancer cells by chemo- or 

radiotherapy99. 

 

p53-mediated transcriptional regulation 

More than 80% of tumor-derived TP53 mutations are found within its DNA binding  
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domain100, which underlines the transcriptional regulation aspect of p53-mediated 

function101. p53 contains a DNA-binding domain (DBD) at amino acids 102-292, which 

enables its direct interaction with its response elements (binding sites)102. p53 protein, 

stabilized and accumulated in response to diverse stress conditions, forms a tetramer inside 

the nucleus and binds to the response elements located within the promoter or intronic 

regions of its target genes in a sequence-specific manner101. The consensus nucleotide 

sequence for p53 binding was originally defined as two stretches of RRRCWWGYYY 

separated by 0-13 nucleotides as a spacer, where R = any purine, WW = A/T or T/A, Y = 

any pyrimidine nucleotide103,104. Although, many functional binding sites for p53 have 

been found which have one or more nucleotides that do not conform to the consensus 

binding sequence105. In addition, p53 was also shown to interact with several non-canonical 

sites within the genomic DNA to regulate the transcription of its target genes101,106. Besides 

the primary sequence of binding sites, several other factors also affect p53-mediated 

transcriptional regulation. For example, studies have shown that interaction of p53 DBD 

with a single zinc ion (Zn++) via residues C176, C238 and C242 is necessary for binding 

of p53 to genomic DNA and accordingly, mutations in these residues disrupt the DNA 

binding ability of p53107. 

The target selectivity of p53-mediated transcriptional response is determined by 

three major factors: the affinity of p53 binding sites, post-translational modifications of 

p53 and p53 interacting proteins101. Various binding sites for p53 demonstrate wide range 

of affinity leading to the creation of a potential activation threshold101,108. Next, p53 post-

translational modifications, which are determined by the type of stress and affected cells, 

influence the activation or repression of specific target genes109,110. Lastly, the p53 binding 
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partners can either affect the recognition of certain target genes by p53 or modulate the 

ability of p53 to collaborate with other transcriptional coregulators at the specific loci101. 

 

 

Figure 5. p53 acts as a central coordinator of cellular stress response by 

transcriptional regulation.  

Under normal physiological conditions, p53 is ubiquitinated by Mdm2 and degraded 

rapidly. However, in response to various stress conditions, p53 is stabilized by post-

translational modifications such as phosphorylation and acetylation. Stabilized p53 protein 

accumulates inside the nucleus and forms a tetramer, which binds to the response elements 

present in the promoter (or in some instances intron) regions of the target genes in a 

sequence-specific manner. This interaction leads to transcriptional activation (shown in 

green) or repression (shown in red) of the target genes involved in diverse biological 

processes. (Reproduced with permission from Reed and Quelle, 2014111.) 
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   To summarize, p53 is a cardinal tumor suppressor which prevents the tumor 

initiation, establishment and progression by regulating numerous downstream target genes. 

Hence, discovery and characterization of the new p53 target genes will further expand our 

understanding of carcinogenesis. 

 

Microtubule structure, dynamics and functions 

Eukaryotic cytoskeleton is composed of three major components: actin filaments, 

intermediate filaments and microtubules112. Microtubules are involved in the maintenance 

of shape and polarity of the cells as well as intracellular trafficking of vesicles and 

organelles (e.g. mitochondria) during interphase112,113. At the onset of mitosis, microtubule 

network undergoes major reorganization to form a bipolar spindle structure, which is 

tasked with proper segregation of newly replicated chromosomes and ensuring euploidy in 

the daughter cells114.  

Microtubules are formed by the polymerization of guanosine-5'-triphosphate (GTP) 

-bound α- and β-tubulin heterodimers in head-to-tail fashion leading to assembly of 

protofilaments, which further associate laterally to form long and hollow tubules115,116. Due 

to uniform head-to-tail arrangement of α- and β-tubulin, microtubules are intrinsically 

polar in nature117. The plus (+) end, at which β-tubulin is exposed, is found to be more 

dynamic than the minus (-) end, at which α-tubulin is exposed118,119. Within the 

microtubule network, the minus (-) ends are anchored at the microtubule-organizing center 

(MTOC), while the plus (+) ends traverse through cytoplasm towards the cell 

periphery117,120. 
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Figure 6. The cycle of microtubule assembly and disassembly.  

The cycle of microtubule polymerization and depolymerization is driven by the hydrolysis 

of GTP attached to β-tubulin. Microtubules grow by the incorporation of the GTP-bound 

heterodimers. GTP bound to β-tubulin undergoes hydrolysis after the heterodimers are 

incorporated into the growing microtubules. The hydrolysis of GTP allows microtubules 

to switch between the phases of growth and shrinkage. (Reprinted by permission from 

Springer Nature: Nature Reviews Molecular Cell Biology, Control of microtubule 

organization and dynamics: two ends in the limelight, Akhmanova and Steinmetz121, © 

2015.)  
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Microtubules are highly dynamic in nature and they undergo phases of rapid 

growth/polymerization and shortening/depolymerization by the non-covalent and 

reversible assembly and disassembly of α- and β-tubulin subunits115. α-tubulin is always 

bound to GTP, however, β-tubulin can bind to either GTP or GDP115. GTP-bound β-tubulin 

at the growing tip of the microtubules forms a stabilizing cap, named as GTP-cap, which 

stabilizes microtubules and promotes further growth122. GTP bound to β-tubulin can 

undergo hydrolysis after the heterodimer is incorporated in the growing polymer, which 

forms the basis for the non-equilibrium behavior of microtubules referred to as dynamic 

instability (perpetual alternating between the phases of polymerization and 

depolymerization)115. The second type of dynamic property of microtubules is called 

treadmilling, which is characterized by the net growth at one end of microtubule and 

equivalent net shortening at the other end118,123. 

 The dynamic properties of microtubules (dynamic instability and treadmilling) are 

essential for their cellular functions such as accurate segregation of chromosomes during 

mitosis via properly functioning mitotic spindle114,119. Microtubule dynamics in cells are 

fine-tuned spatially and temporally by the activities of various microtubule-associated 

proteins (MAPs) and post-translational modifications of both tubulin and MAPs118,124. 

Multiple isotypes of both α- and β-tubulin exist in humans, which can undergo diverse 

post-translational modifications, for example acetylation, phosphorylation and 

palmitoylation120. The isotypes and post-translational modifications of tubulin influence 

microtubule dynamics directly or indirectly through the modulation of MAPs interactions 

with microtubules118. MAPs like Tau and MAP2 bind to and stabilize microtubules122. In 

addition, microtubule plus-end-tracking proteins (+TIPs) such as XMAP215 and End-
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binding proteins (EBs) can promote the microtubule growth by increasing the rate of 

tubulin dimer addition to growing tips121,125. On the other hand, stathmin and kinesin-13 

interact with and destabilize microtubules122,126. Microtubule association of some of these 

MAPs is further modulated by phosphorylation127. 

 

Microtubules in cancer 

Several tumor suppressors such as APC128, von Hippel-Lindau (VHL)129 and Ras 

Association Domain Family Member 1 A (RASSF1A)130 have been shown to interact with 

and stabilize microtubules. Inactivation of these tumor suppressors destabilizes 

microtubules, disrupts their intracellular functions and increases the predisposition to 

 Table 1. Disorders associated with microtubule-binding tumor suppressors  

  

*The table displays the list of tumor suppressors and outlines their role in microtubule 

stability, centrosome function, cell migration and mitosis. Familial syndromes and sites of 

tumors associated with respective tumor suppressors are also provided. (Reproduced with 

permission from Hernandez, P. and Tirnauer, J. S., 2010, Disease Models & 

Mechanisms124.) 
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-cancer development by various mechanisms124. First of all, microtubule destabilization 

can lead to mitotic anomalies such as abnormal spindle structure, spindle misorientation, 

chromosome segregation errors and cytokinesis defects78,131,132. Such mitotic errors can 

give rise to chromosomal instability (CIN) and aneuploidy, which can ultimately lead to 

cancer development79. Next, microtubule destabilization has also been implicated in 

abnormal cell survival and growth signaling133,134. Lastly, loss of microtubule stability can 

disrupt cell polarity and promote epithelial-to-mesenchymal transition (EMT) which, in 

turn, may facilitate increased migration and metastasis of cancer cells135,136. 

Microtubules (β-tubulin, in particular) are one of the most successful targets for 

anticancer therapy118. Based on their effect on stability, the drugs targeting microtubules 

are categorized in two classes: microtubule-stabilizing drugs (such as paclitaxel) and 

microtubule-destabilizing drugs (such as vinblastine and vincristine)119. These anticancer 

drugs bind to one of the three sites on β-tubulin: the Vinca domain, the paclitaxel site and 

the colchicine domain118,119. The most significant mechanism of microtubule-targeting 

drugs is impairment of mitotic spindle function, which undermines mitotic progression, 

slows cell growth and induces apoptosis127,137. Despite its clinical success, the application 

of microtubule-targeting drugs is plagued by varying sensitivity in diverse cancer types 

and drug resistance117,120. Besides the expression of tubulin isotypes and mutations, 

variations in expression of MAPs has been linked to altered sensitivity of cancer cells to 

microtubule-targeting agents138,139. Taken together, molecular characterization of 

microtubule-regulatory proteins will assist in developing the rational strategy to employ 

the microtubule-targeting agents with optimum efficiency and reduced toxicity.  
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Investigation of ECRG2 regulation and function in DNA damage, microtubule 

dynamics and cell proliferation 

Previous studies have shown that ECRG2 expression leads to growth suppression in 

cultured cancer cells45,50 and implanted tumors in mice71. ECRG2-mediated suppression of 

uPA pathway has been shown to prevent the degradation of ECM and lessen the migration, 

invasion and metastasis of cancer cells67-69. However, the molecular mechanisms of 

ECRG2 regulation and function under DNA damage-induced stress are unknown. In the 

first chapter, we delved into this question and demonstrated that p53 plays central role in 

ECRG2 upregulation following DNA damage. Using the multiple biochemical techniques, 

we established that deficiency of ECRG2 affects cancer cell sensitivity to DNA damage-

inducing anticancer drugs. Consequently, ECRG2 may serve as a novel marker of the 

cancer cells’ response to genotoxic chemotherapeutics. 

 To further elucidate the molecular basis of ECRG2 functions, we sought to 

determine the intracellular localization of ECRG2. In the second chapter, we demonstrate 

that ECRG2 interacts with microtubules and stabilizes them by using the imaging and 

biochemical techniques. In addition, we showed that ECRG2-mediated inhibition of cancer 

cell proliferation involves suppression of Akt phosphorylation and modulation of important 

cell cycle regulatory proteins. Thus, we report novel biological functions of ECRG2 in 

microtubule dynamics and cell proliferation which may be important in context of cancer 

development and progression. 
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ABSTRACT 

 

Esophageal Cancer-Related Gene 2 (ECRG2) is a recently identified tumor suppressor, its 

regulation and involvement in DNA damage response are unknown. Here, we show that 

DNA-damage-induced ECRG2 upregulation coincided with p53 activation and occurred 

in a p53-dependent manner. We identified two p53-binding sites within ECRG2 promoter 

and found the promoter activity, mRNA and protein expression to be regulated by p53. We 

show that DNA damage significantly enhanced p53 binding to ECRG2 promoter at the 

anticipated p53-binding sites. We identified a novel natural ECRG2 promoter variant 

harboring a small deletion that exists in the genomes of ~38.5% of world population and 

showed this variant to be defective in responding to p53 and DNA-damage. ECRG2 

overexpression induced cancer cell death; ECRG2 gene disruption enhanced cell survival 

following anticancer drug treatments even when p53 was induced. We showed that lower 

expression of ECRG2 in multiple human malignancies correlated with reduced disease-

free survival in patients. Collectively, our novel findings indicate that ECRG2 is an 

important target of p53 during DNA damage-induced response and plays a critical role in 

influencing cancer cell sensitivity to DNA damage-inducing cancer therapeutics.  
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INTRODUCTION 

 

Multiple extrinsic stress stimuli including environmental carcinogens and ultraviolet (UV) 

radiation and intrinsic factors such as metabolic reactive oxygen species (ROS) lead to 

DNA damage1. Upon detection of DNA damage, cells respond by activating complex 

signaling networks that results into either DNA repair and survival or cell death2. These 

signaling pathways play crucial role, not only in malignant transformation, but also in 

determining the therapeutic success of anticancer drugs3. 

 The tumor suppressor p53 serves as a central node of the cellular response to 

various stresses including DNA damage through transcriptional regulation of multiple 

downstream target genes4,5. Upon DNA damage, p53 protein is stabilized via post-

translational modifications and binds to the response elements present within the promoters 

or introns of its target genes in a sequence-specific manner6,7. These genes are able to 

orchestrate an array of biological consequences such as cell cycle arrest (e.g., p21, 

GADD45a, 14-3-3), autophagy (e.g., DRAM) and apoptosis (e.g., BAX, PUMA, DR5)8. 

Apoptosis induced by p53 activation is crucial for eliminating the cells with severe 

genomic aberrations and thereby preventing malignant transformation8. Moreover, 

apoptotic response elicited by p53 is critical for the effectiveness of chemo- and 

radiotherapy5. Thus, proper functioning of pro-apoptotic downstream targets is 

indispensable for the tumor suppressive role of p53.  

Several p53 target genes with pro-apoptotic activity have been identified over the 

past two decades. However, none of these genes was demonstrated to be the sole effector 
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of p53-mediated cell death8. It was suggested that functional redundancy of multiple pro-

apoptotic p53 targets may be necessary to achieve successful tumor suppression9. 

Conversely, it was proposed that distinct pro-apoptotic p53 target genes are activated in 

response to a variety of stress stimuli in a tissue/cell type-specific manner5. Therefore, 

discovery and characterization of newer pro-apoptotic targets will help refining the 

understanding of p53-mediated apoptotic program in response to various stress stimuli in 

the diverse cellular contexts.  

 Esophageal cancer-related gene 2 (ECRG2), or Serine Peptidase Inhibitor Kazal 

type 7 (SPINK7), is a member of SPINK family which is characterized by the presence of 

at least one Kazal-type serine peptidase inhibitor domain10. Human ECRG2 is a part of the 

cluster comprising of seven SPINK genes located at chromosome 5q32, a target location of 

frequent chromosomal aberrations in various human malignancies11,12. Recent evidence 

indicates that ECRG2 functions as a tumor suppressor13,14. ECRG2 expression was 

abundantly detected in normal human tissues including esophagus, oral mucosa, pancreas, 

stomach, colon, lung and cervix15. However, the expression of ECRG2 gene was 

significantly lower in multiple human cancers when compared to the corresponding normal 

tissues10. Genetic alterations (missense mutation, deletion/frameshift mutation) in the 

ECRG2 gene were also reported in various human malignancies13. Previous studies have 

shown that ECRG2 suppresses migration, invasion and metastasis of cancer cells via 

inhibition of urokinase-type plasminogen activator (uPA)/plasmin activity16. Cheng et al. 

reported that ECRG2 knockdown caused chromosome instability and aneuploidy17. 

Moreover, co-administration of ECRG2 protein with cisplatin has been demonstrated to 

potentiate the anticancer activity of cisplatin in the esophageal cancer cells18,19. Our 
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previous study has shown that overexpression of ECRG2 activates caspases and induces 

cancer cell death; ECRG2 promotes proteasome-mediated degradation of Hu-antigen R 

(HuR) oncoprotein, an mRNA-binding protein that is important for regulation of gene 

expression13. We also found that ECRG2 expression is strongly activated during DNA 

damage-induced cell death13. Currently, little is known about how ECRG2 is regulated to 

mediate its tumor suppressive activity. The molecular basis of its role and regulation in 

DNA damage response is also unknown. In the present study, we have investigated these 

issues. 

 

  

 

 

  



Chapter 2 

46 
 

MATERIALS AND METHODS 

 

Antibodies, reagents and treatments 

The p53 (DO-1), PUMAα (B-6) and vinculin (7F9) antibodies were from Santa Cruz 

Biotechnology (Dallas, TX, USA). The antibodies against DR5 (D4E9), cleaved caspase 3 

(D175) and cleaved PARP (Asp214) (D64E10) were from Cell Signaling Technology 

(Danvers, MA, USA). The HA tag (clone 3F10) and β-actin (clone AC-15) antibodies were 

from Roche Applied Science (Penzberg, Germany) and Sigma-Aldrich (St. Louis, MO, 

USA), respectively. ECRG2 antibody was generated in our laboratory as previously 

described13. The peroxidase-conjugated horse anti-mouse, goat anti-rat and goat anti-rabbit 

antibodies were from Vector Laboratories (Burlingame, CA, USA). The cells were 

transfected using PolyJet or LipoJet reagents (SignaGen Laboratories, Rockville, MD, 

USA). The plasmid subcloning was performed using the restriction endonucleases from 

New England BioLabs (Ipswich, MA, USA). Etoposide, doxycycline, thapsigargin and 

melphalan were from Sigma-Aldrich (St. Louis, MO, USA) and sulindac sulfide was 

provided by Merck (Rahway, NJ, USA). The cells growing in logarithmic phase were 

exposed to UVC as described previously20, except XL-1500 UV crosslinker (Spectronics, 

Westbury, NY, USA) was used as a source of UV radiation. 

 

Cells and culture conditions 

The human cancer cell lines used in the study include RKO (colon), HeLa (cervix) and 

A549 (lung) and were obtained from NIH. RKO p53-/- cells were kindly provided by Dr. 
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Bert Vogelstein, Johns Hopkins School of Medicine, MD, USA. The cells were maintained 

in Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech Inc., Manassas, VA, USA). 

The p53-inducible DLD-1 (DLD-1-p53) human colon cancer cells (kindly provided by Dr. 

Bert Vogelstein) were maintained in RPMI 1640 medium (Mediatech Inc., Manassas, VA, 

USA) with 40 ng/ml doxycycline prior to induction of p53. To induce p53 expression, the 

cells were washed 2-times with PBS, then incubated with RPMI 1640 medium without 

doxycycline. All culture media were supplemented with 10% fetal bovine serum (Gemini 

Bio-Products, West Sacramento, CA, USA), 1% penicillin-streptomycin solution 

(Mediatech) and 2 mM L-glutamine (Mediatech). 

 

Expression plasmids 

pSRα-ECRG2-HA expression vector was generated in our lab as described previously13. 

The expression vectors pCMV-p53 wt, pCMV-p53 R273H, and pCMV empty vector were 

a kind gift from Dr Bert Vogelstein. 

 

Quantitative RT-PCR 

Two-step qRT-PCR assays were performed to analyze mRNA expression using the iScript 

cDNA Synthesis Kit and iQ SYBR Green Supermix from Bio-Rad (Hercules, CA, USA) 

as per manufacturer’s protocol. Ct values for ECRG2 were normalized to the Ct values of 

GAPDH mRNA within the same sample, and fold changes in mRNA expression were 

determined by the ΔΔCt method as reported earlier21. The following primer sets were used: 

ECRG2 forward: 5′-ATGAAGATCACTGGGGGTCTCCT-3′; reverse: 5′-



Chapter 2 

48 
 

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

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

 

Western blotting 

Western blot analyses were performed as described previously22. Relative band intensities 

were determined by using Image Lab v4.1 software (Bio-Rad, Hercules, CA, USA) and 

fold changes are displayed under the relevant blot images. 

 

ECRG2 promoter luciferase assays 

ECRG2 promoter-luciferase reporter vectors (ECRG2-full-luc and ECRG2-del-luc) were 

generated by PCR amplification of ~845 bp fragment upstream of ECRG2 transcription 

start site (TSS) using the primer pair (5’-TCCATACATAACAAAGCATGTGATGGC-3’; 

5’-ATCCCAGGTAAGGGGTCATG-3’) and human genomic DNA extracted from A549 

human lung cancer cells as a template. The promoter fragments were then subcloned into 

pGL3-Basic vector (Promega, Madison, WI, USA) upstream of promoterless luciferase 

gene using KpnI and NheI enzymes. The promoter regulation analyses were performed 

using Luciferase Assay System (Promega, Madison, WI, USA) as described previously23.  

 

Chromatin immunoprecipitation (ChIP) assay 

ChIP assays were performed using EpiTect ChIP OneDay Kit and Human p53 
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 ChampionChIP Antibody Kit (Qiagen, Hilden, Germany). Cell fixation, lysis, chromatin 

shearing, antibody incubation and washing were performed as per manufacturer’s protocol. 

The antibody-bound chromatin fragments were isolated and purified as previously 

described24. Purified ChIP DNA was analyzed by qPCR and data were calculated and 

shown as % input as described earlier25. Following primers were used for qPCR:  

p53 BS-1 forward 5’- AAAGCATGTGATGGCCACGAG-3’ 

p53 BS-1 reverse 5’- ATTAAAACTTCCAGCCCAGAGCA-3’ 

p53 BS-2 forward 5’- GCATGAACAGCTGACTACCAT-3’ 

p53 BS-2 reverse 5’- AAAAGGCTTGGTTATGTCGTGA-3’ 

 

Cell viability and cell doubling time assay 

The viability of cancer cells was determined by MTT assay or crystal violet staining. The 

MTT assays were performed as described previously26. Briefly, the cells were incubated 

with 0.5 mg/ml MTT for 45 mins after the conclusion of the drug treatment or transient 

gene expression. The formazan crystals formed by viable cells were dissolved in the 

solubilization reagent [10% Triton-X 100 in acidic Isopropanol (0.1N HCl)] and quantified 

by measuring the absorbance at 570 nm (background subtraction at 690 nm) using a 

microplate reader (Synergy H1 from BioTek, Winooski, VT, USA). In addition, the half 

maximal inhibitory concentration (IC50) values were calculated for etoposide-treated cells 

using an online tool, Quest Graph™ IC50 Calculator27. The crystal violet staining was 

carried out using the protocol from Dr. Ole Gjoerup’s lab28. Briefly, the cells were washed 
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with PBS, fixed with 4% paraformaldehyde and stained with 0.1% crystal violet staining 

solution. The excessive stain was washed off with water and plates were air-dried 

overnight. The images were captured by scanning the plates using a flat-bed scanner 

(Epson Perfection V550). For quantification, 1 ml of 10% acetic acid solution was added 

to each well and incubated 20 mins with gentle shaking. The extracted stain was diluted 4x 

in water and absorbance at 590 nm was measured by the spectrophotometer (Bio-Rad, 

Hercules, CA, USA). For cell counting and trypan blue exclusion assay, equal number of 

cells from each group were seeded. The cells were harvested at the indicated time intervals, 

mixed with trypan blue (1:1) to identify and exclude dead cells and number of live cells 

were counted. 

 

CRISPR/Cas9 mediated gene disruption 

ECRG2 gene disruption was achieved using lentivirus mediated CRISPR/Cas9 approach. 

Briefly, the cells were infected with lentivirus containing the ECRG2 gene-specific (T1 or 

T3) guide RNA (gRNA) or scrambled-gRNA together with Cas9 nuclease. Puromycin 

selection was used to enrich the lentivirus-infected cell populations. All ECRG2 gene-

specific and non-specific (scrambled) constructs were obtained from Applied Biological 

Materials Inc. (Richmond, BC, Canada). The two different nucleotide sequence used to 

target human ECRG2 in this study were: Target 1 (T1), 5’-

AGTCAGAACCACAAACTGGT-3’ and Target 3 (T3), 5’- 

ATGAGGTACTCACAAGCTCT-3’. Lentivirus production and infection were performed 

as per Addgene protocols. Mismatch cleavage assay was performed using T7 Endonuclease 
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I (T7E1) (New England Biolabs, Ipswich, MA, USA) to detect on-target insertion or 

deletion (InDel) events as per manufacturer’s instructions. 

 

Gene expression analyses of cancer patient datasets 

Patient data from the Gene Expression Omnibus (GEO) datasets of following cancer types 

were accessed through the Oncomine online database (www.oncomine.org; accessed on 

August 16, 201929): 1) esophageal squamous cell carcinoma (ID: GSE23400), 2) oral 

cavity squamous cell carcinoma (ID: GSE25099), 3) gastric intestinal type 

adenocarcinoma (ID: GSE13911) and 4) cervical cancer (ID: GSE6791). Statistical 

significance of the difference between the mean expression values of patient tumors (T) 

and corresponding normal tissues (N) was calculated using the Two-tailed Student’s t test. 

The patient data from The Cancer Genome Atlas (TCGA) datasets of following cancer 

types were accessed and processed through the Gene Expression Profiling Interactive 

Analysis (GEPIA) web-server (http://gepia.cancer-pku.cn/; accessed on August 16, 

201930): 1) esophageal carcinoma (ESCA), 2) head and neck squamous cell carcinoma 

(HNSC) and 3) cervical squamous cell carcinoma and endocervical adenocarcinoma 

(CESC). The patients were segregated into two groups (high and low) based on ECRG2 

expression in the tumor samples. The Kaplan-Meier method was used to analyze and plot 

the rate of disease free survival for both the groups. The long-rank tests were performed 

through the GEPIA web-server to compare the rate of disease free survival in both groups 

and estimate the statistical significance (p values). 
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Statistical analysis 

Statistical analyses were performed using Rcmdr 2.5-3 package based on R software 

(version 3.6.1)31. Two-tailed Student’s t test or one-way ANOVA was used to compare the 

mean values. The values of p < 0.05 were considered to be statistically significant. 
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RESULTS 

 

ECRG2 mRNA and protein are induced by DNA damage 

We have previously shown that ECRG2 overexpression induced apoptotic cell death and 

expression of a naturally occurring ECRG2-mutant (derived from patient tumor) promoted 

cancer cell survival following etoposide-induced DNA damage13. However, the molecular 

basis of ECRG2 regulation and its function in response to DNA-damage remain to be 

elucidated. Fig. 1a shows that ECRG2 mRNA levels were significantly elevated in RKO, 

HeLa and A549 human cancer cell lines by etoposide, a DNA-damaging anticancer agent32. 

Etoposide also upregulated ECRG2 at the protein levels in these cells (Fig. 1b). The 

cytotoxic effect of etoposide was also evaluated in these cell lines and the half maximal 

inhibitory concentration (IC50) is presented in Supplementary Fig. S1. The specificity of 

ECRG2 antibody was demonstrated in the previous study13 and also is shown in 

Supplementary Fig. S2, which indicates that ECRG2 knockdown by shRNA reduced the 

band-intensity of ECRG2 protein. In addition, p53 protein was also induced following 

etoposide treatment in the same cells (Fig. 1b). ECRG2 expression was also modestly 

upregulated by the treatments of UVC (20 J/m2) (Fig. 1e) and sulindac sulfide (SD) - a 

cyclooxygenase (COX) inhibitor, but not by thapsigargin (TG) - a Ca2+-ATPase inhibitor 

(Fig. 1c). In RKO cells (Fig. 1c), although SD (an NSAID) and melphalan (an alkylating 

agent that blocks DNA replication and induces DNA damage33) both induced ECRG2 

protein level, SD only modestly enhanced ECRG2 mRNA expression (~2 folds) with no 

p53 induction (Fig. 1c, left) whereas melphalan strongly induced ECRG2 mRNA which  
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Figure 1 A&B. ECRG2 expression is induced by DNA damage. 

A. ECRG2 mRNA levels are induced by etoposide (Etop). ECRG2 mRNA was analyzed 

by quantitative real-time PCR (qRT-PCR). B. ECRG2 protein levels are induced by 

etoposide (Etop). Western blot (WB) analyses were performed using antibodies specific 

for ECRG2 (upper), p53 (middle) and vinculin (lower). Numbers indicate fold induction 

in ECRG2 protein levels and were obtained by normalizing the relative band intensities of 

ECRG2 to that of vinculin (loading control). Ponceau S staining images corroborate total 

protein loading indicated by vinculin. qRT-PCR data in (A) are presented as mean ± SEM 

(n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 
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Supplementary Figure S1. Evaluation of etoposide-induced cytotoxicity.  

RKO, HeLa and A549 cells were treated with increasing concentrations of etoposide for 

48 hrs. The cell viability was analyzed by MTT assay. A. Dose-response curves were 

plotted and B. IC50 values were estimated using the Quest Graph™ IC50 Calculator27 based 

on the raw data obtained from MTT assay. Each data point in (A) is presented as mean ± 

S.D. (n = 3). 
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Supplementary Figure S2. Western blot showing specificity of anti-ECRG2 

polyclonal antibody.   

Endogenous ECRG2 in RKO p53-/- cells was silenced by lentivirus mediated expression of 

small hairpin RNA (shRNA) targeting two different nucleotide sequences: KD-1, 5′-

AACTGGTAGGTATGTGATGGG-3′ and KD-2, 5′-TCAGAACCACAAACTGGTAGG-

3′ as previously described13. The cells were selected with puromycin for at least 5 days to 

enrich the population with ECRG2 knockdown. 
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Figure 1 C-E. ECRG2 expression is induced by DNA damage. 

C-E ECRG2 regulation by various stress including agents that induce or do not induce 

DNA damage. Melph; melphalan. TG; thapsigargin. SD; sulindac sulfide. UVC; ultraviolet 

C. qRT-PCR data in (C-E) are presented as mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, 

*** p < 0.001 
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-was associated with strong induction of p53 (Fig. 1c, left). These results suggest that the 

mechanisms of ECRG2 induction by melphalan and SD may be different.  

 

ECRG2 promoter is upregulated in response to DNA damage 

To examine the mechanism(s) involving ECRG2 mRNA induction by DNA damage, we 

analyzed the ECRG2 promoter (information retrieved from the human genome database34). 

Using the analytical tools from Genomatix35, JASPAR36 and PhysBinder37,  we identified 

several potential regulatory elements within ECRG2 promoter, which may play a role in 

ECRG2 mRNA induction by DNA damage. For example, the upstream 1000 bp region of 

the ECRG2 promoter (-1000 to +1) was predicted to harbor binding sites for p53, p63 and 

OCT-1 (Fig. 2a). ECRG2 gene promoter has never been cloned and functionally 

characterized. Accordingly, we cloned ECRG2 promoter using genomic DNA from A549 

lung cancer cells and placed the promoter sequence corresponding to -845 to +1 upstream 

of the promoter-less luciferase reporter. Interestingly, following promoter cloning, we 

identified two naturally occurring variants of ECRG2 promoter. Alignment of these 

variants revealed that the shorter variant (hereafter named as ECRG2-del) was missing 

eight nucleotides (TAGAATTC) at position -217 to -209 when compared with the longer 

variant (hereafter named as ECRG2-full) (Fig. 2a). Database analyses revealed that the 

variant sequence corresponding to the ECRG2-del exists in the database of Short Genetic 

Variations (dbSNP) designated as “rs3214447”38. Based on the information curated from 

1000 Genomes Project Phase-339, about 38.5% of world population harbor the “rs3214447” 

variant (8-nt deletion) in one or both alleles of the ECRG2 promoter (Fig. 2b). Given that 

ECRG2 promoter (either full-length or the deletion variant) has never been functionally  



Chapter 2 

59 
 

 

 

 

  

A

B

DC

1000 Genomes Project Phase 3 genotype frequencies

All     AMR   EUR  AFR   EAS    SAS

T/T (del/del)
T/TAGAATTCT (del/full)

TAGAATTCT/TAGAATTCT (full/full)

Population legends:

All Worldwide

AMR American

Eur European

AFR African

EAS East Asian

SAS South Asian0

0.2

0.4

0.6

0.8

1

Luc
ECRG2-full-luc 

(845 bp)

Luc
ECRG2-del-luc 

(837 bp)

TSS

-1000 
bp

Exon 1p53 p53/
p63

p63 OCT-1rs3214447 
deletion

-217 TAGAATTC  -209

0

2

4

6

8

10

12

14

L
uc

ife
ra

se
 a

ct
iv

ity
 (

fo
ld

 c
h

a
n

g
e

)

pGL3-Basic

ECRG2-full-luc
ECRG2-del-luc

RKO HeLa A549

*

***

*** ***

***

0

2

4

6

L
uc

ife
ra

se
 a

ct
iv

ity
 (

fo
ld

 c
ha

ng
e

)

DMSO

Etop. 85 μM

HeLa

Full-luc Del-luc

0.0

0.5

1.0

1.5

2.0

L
uc

ife
ra

se
 a

ct
iv

ity
 (

fo
ld

 c
h

a
n

g
e

)

RKO

Full-luc Del-luc

DMSO

Etop. 30 μM

***

*** ***

***



Chapter 2 

60 
 

Figure 2. ECRG2 promoter is induced by DNA damage.  

A. Upper panel shows schematic illustration of ECRG2 promoter and the potential binding 

sites (black bars) for transcription factors p53, p63 and OCT-1. A naturally occurring 8-bp 

deletion (gray bar) within ECRG2 promoter is also indicated. TSS: transcriptional start site. 

Lower panel shows schematic representation of cloned promoter reporter constructs termed 

ECRG2-full-luc or ECRG2-del-luc (with missing 8-bp) are shown. B. Genotype 

frequencies of ECRG2-promoter variants among the world and regional populations. 

Information is curated from the Ensembl website (www.ensembl.org). T/T means both 

alleles with deleted variant, T/TAGAATTCT means one allele with deleted variant, 

TAGAATTCT/TAGAATTCT means both alleles with full-length variant. C. Basal 

promoter activity of the ECRG2 promoter variants. Cells were transfected with luciferase 

constructs inserted without (pGL3 Basic) or with the ECRG2 promoter sequences 

(ECRG2-full-luc, ECRG2-del-luc) for 24 hours prior to the luciferase assay. D. Etoposide 

treatment induces ECRG2 promoter activity. Cells were transfected with indicated 

constructs for 24 hours prior to the treatment with etoposide for additional 24-hours. The 

data are presented as mean ± SEM (n = 3); * p ≤ 0.05, ** p < 0.01, *** p < 0.001 
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-characterized, next, we investigated how these two promoter variants were regulated. As 

shown in Fig. 2c, the luciferase activity of the ECRG2-full-luc (long variant) reporter 

construct was significantly higher than that of the promoter-less control construct pGL3-

Basic (Fig. 2c). Furthermore, in HeLa and A549 cells, the activity of ECRG2-full-luc was 

markedly higher than that of ECRG2-del-luc, i.e., the activity of ECRG2-full-luc was ~9 

and 6-folds higher than that of the pGL3-basic control, while ECRG2-del-luc was ~5 and 

2 folds higher than that of the pGL3-basic control, respectively (Fig. 2c). In addition, in 

response to etoposide treatment, the activity of both ECRG2 promoter variants were 

induced, however, the activation of ECRG2-full-luc was more robust than that of ECRG2-

del-luc (Fig. 2d). Our results thus demonstrate, for the first time, that (1) ECRG2 promoter 

is activated by DNA damage, and (2) TAGAATTC deletion within the ECRG2 promoter 

appears to negatively impact the ECRG2 promoter response to DNA damage.   

 

ECRG2 expression is induced by p53 

As mentioned earlier, ECRG2 promoter is predicted to harbor two p53-binding sites (Fig. 

2a and Supplementary Fig. S3), thus, we investigated whether p53 regulates ECRG2. As 

shown in Fig. 3a (left panel), in RKO p53-/- cells, ECRG2 protein level was significantly 

elevated following transfection with wild type (wt)-p53, but not with mutant-p53 (R273H). 

In HeLa cells, the extent of ECRG2 induction by wild type p53 overexpression was modest, 

but still, more than that caused by the mutant p53-R273H (Fig. 3a, right). The expressions 

of exogenous wild type-p53 and mutant- p53 are shown in Fig. 3a, and it appears that 

expression level of mutant-p53 (R273H) is higher in the RKO cells than that in HeLa cells. 

This could be due to the difference of cellular contents in these two different cell lines. In  
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Supplementary Figure S3. Nucleotide sequence of human ECRG2 promoter region.  

The potential binding sites for DNA damage-inducible transcription factors (p53, p63 and 

OCT-1) and the position of rs3214447 variant (TAGAATTC deletion) within ECRG2 

promoter region are underlined. 

 

  

-832 TCCATACATAACAAAGCATGTGATGGCCACGAGACCATGAGGGGAAGTGACAGCAGTATT 

-772 GCTCTGGGCTGGAAGTTTTAATTGCTAAAATGAGAACTCCTTGAGAACGAACTCAACTTC 
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Figure 3 A. Overexpression of p53 induces ECRG2.  

A. RKO p53-/- and HeLa cells were transiently transfected with pCMV-emtpy vector, 

pCMV-p53-wildtype (wt) or pCMV-p53 R273H mutant for the indicated duration and 

analyzed for expression of ECRG2 and other proteins by Western blotting.  Numbers 

underneath the blots indicate fold induction in ECRG2 protein levels and were obtained by 

normalizing the relative band intensities of ECRG2 to that of vinculin (loading control). 

Ponceau S staining images corroborate total protein loading indicated by vinculin. 
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Figure 3 B. Overexpression of p53 induces ECRG2.  

B. ECRG2 mRNA analyses in cells expressing p53 wildtype and mutant constructs by 

qRT-PCR. RKO p53-/- and HeLa cells were similarly transfected as described in panel (A). 

p53-inducible DLD-1 (DLD-1-p53) cells were maintained in the doxycycline containing 

media (Dox+) prior to p53 induction. p53 induction was achieved by removal of 

doxycycline from the cell culture medium (3 h).  Results of qRT-PCR are presented as 

mean ± SEM (n = 3); * p < 0.05 
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-addition, the protein expression of PUMAα and death receptor 5 (DR5), two known p53-

targets40,41, was also similarly regulated by wild type p53 or mutant p53-R273H in these 

cells (Fig. 3a). Fig. 3b (left panel) shows that ECRG2 mRNA was modestly elevated in 

p53-induced DLD-1 cells. ECRG2 mRNA was also strongly induced in wild type p53-

expressing RKO p53-/- cells and HeLa cells (Fig. 3b, middle and right panels). Together, 

our results show that p53 positively regulates ECRG2 mRNA and protein expression. 

 

p53 directly binds to ECRG2 promoter 

As shown in Fig. 4a, ECRG2 promoter harbors two putative p53-binding sites. The DNA 

sequence analysis revealed that the putative p53-binding site 1 (p53-BS1) and 2 (p53-BS2) 

within ECRG2 promoter exhibit ~70% homology to the consensus p53 binding motif 

reported by El-Deiry et al.42, and even higher degree of homology was noted when BS-1 

and 2  DNA sequences were aligned with Position Weight Matrix (PWM) of p53 defined 

by JASPAR database36. We thus examined whether p53 is capable of activating ECRG2 

promoter. As shown in Fig. 4b, exogenously expressed p53 in RKO p53-/- cells 

significantly induced ECRG2-full-luc promoter activity by ~3 folds (p < 0.001). These 

results clearly demonstrates that p53 activates ECRG2 promoter. The ECRG2-del-luc 

reporter with 8-nt deletion was also induced by p53, but the total output of the activity by 

ECRG2-del-luc was substantially lower (by ~50%) than that of ECRG2-full-luc. This 

could be due to the lower basal activity of ECRG2-del-luc, which shows that 8-nt deletion 

within ECRG2 promoter affects its basal activity under the unstressed condition.  
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Figure 4 A. p53 directly binds to ECRG2 promoter.  

A. Schematic diagram of two putative p53-binding sites (p53-BS-1 and 2) within the 

ECRG2 promoter. Alignment of p53-binding motif42 or Position Weight Matrix (PWM) 

for p53 binding36 with two p53-BSs of ECRG2 promoter are also indicated. For p53-

binding motif, R = purine (A/G), WW = (A/T) or (T/A) and Y = pyrimidine. The green 

boxes indicate the match between p53-binding consensus motif and p53-binding site 

sequence within ECRG2 promoter. PCR amplified regions of the ECRG2 promoter for the 

ChIP assays are also indicated. P1 flanking p53-BS-1; P2 flanking p53-BS-2.  
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Figure 4 B&C. p53 directly binds to ECRG2 promoter.  

B. p53 overexpression induces ECRG2 promoter activity. RKO p53-/- cells were 

transfected with empty vector (pCMV EV) or wildtype-p53 (p53 wt) together with 

ECRG2-full-luc or ECRG2-del-luc constructs for 24 h before harvesting for luciferase 

activity assays. Results are presented as mean ± SEM (n = 3). C. p53 binds to P1 and P2 

regions of ECRG2 promoter as demonstrated by the ChIP assay. Cells treated with DMSO 

(vehicle) or etoposide (16 h) were fixed and harvested for genomic DNA extraction 

followed by chromatin shearing by sonication. Protein-bound-DNA fragments were 

immunoprecipitated by p53 antibody or control IgG. The immunoprecipitated DNA was 

analyzed by qPCR using primers flanking BS-1 or BS-2 regions (P1 and P2 respectively, 

shown in (A)). The data represents mean values of triplicate measurements (n = 2); *** p 

< 0.001. 
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Next, we investigated whether p53 is capable of directly binding to the ECRG2 promoter 

and to that end, used the chromatin immunoprecipitation (ChIP) assay. Using this assay, 

we sought to determine (1) whether p53 binds to ECRG2 promoter at the BS-1 and BS-2 

sites and (2) whether DNA damage increases p53 binding to the BS-1 and BS-2 sites. Fig. 

4c shows that p53 antibody precipitated p53-bound BS-1 and -2 specific DNA fragments 

(P1 and P2, respectively) under unstressed- as well as DNA damage-induced stress 

conditions. However, etoposide-induced DNA damage (Etop +) significantly increased 

p53 interaction with BS-1 and -2 within ECRG2 promoter (Fig. 4c). Our results, for the 

first time, demonstrate that ECRG2 gene is a direct transcriptional target of p53 and 

recruitment of p53 to ECRG2 promoter is significantly enhanced under the DNA-damaging 

conditions. These results also indicate that ECRG2 is a part of the p53-mediated responses 

following DNA damage. 

 

p53 is important for ECRG2 induction in response to DNA damage 

We next investigated whether p53 is required for ECRG2 induction following DNA 

damage. As shown in Fig. 5a, ECRG2 promoter (ECRG2-full-luc) activation induced by 

DNA damage (etoposide treatment, black bars) only occurred in RKO p53+/+ cells, but not 

in RKO p53-/- cells. In addition, the basal activity of ECRG2 promoter (ECRG2-full-luc) 

(white bars) was significantly lower in RKO p53-/- cells than RKO p53+/+ cells (Fig. 5a). 

ECRG2 mRNA and protein induction triggered by DNA damage (etoposide treatment) also 

occurred only in p53-proficient (RKO p53+/+) cells, but not in p53-deficient (RKO p53-/-) 

cells (Fig. 5b and c). Similarly, PUMAα (a p53 target) was also induced by etoposide  
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Figure 5 A. p53 is important for ECRG2 induction in response to DNA damage.  

A. ECRG2 promoter is activated by DNA damage in a p53-depenent manner. p53+/+ or 

p53-/- RKO cells were transiently transfected with ECRG2-full-luc reporter plasmid for 24 

hours. The cells were treated with 30 μM etoposide or DMSO for additional 24 hours, and 

the promoter activity was measured by luciferase assay. The values are presented as mean 

± SEM (n = 3). * p < 0.05, ** p < 0.01 
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Figure 5 B&C. p53 is important for ECRG2 induction in response to DNA damage.  

B, C. Induction of ECRG2 mRNA and protein in response to DNA damage is p53-

dependent. p53+/+ or p53-/- RKO cells were treated with 30 μM etoposide or DMSO for 24 

hours. The mRNA levels were analyzed by qRT-PCR (B), and the protein levels were 

analyzed by Western blotting (C). Results in (B) represents mean ± SEM (n = 3). Numbers 

underneath the blot in (C) indicate fold induction in ECRG2 protein levels. Ponceau S 

staining was used to corroborate total protein loading indicated by vinculin. * p < 0.05, ** 

p < 0.01 
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-treatment in RKO p53+/+ cells, but not in RKO p53-/- cells. These results indicate that 

ECRG2 induction in response to DNA damage is p53-dependent. 

 

Effect of ECRG2 on cell growth and DNA damage-induced cell death  

Fig. 6a and 6b show that expression of exogenous ECRG2 induced strong growth 

suppression in both A549 and HeLa cancer cells. Overexpression of ECRG2 also triggered 

activation of caspase-3 and cleavage of PARP (Fig. 6d), which are indications of 

apoptosis43. We further investigated how ECRG2 may affect cell survival in response to 

DNA damage. CRISPR/Cas9-mediated gene disruption approach was utilized to target the 

ECRG2 gene. The efficiency of ECRG2 gene editing was evaluated by Western blotting 

(WB) (Fig. 7d) and by the commonly used mismatch cleavage assay44 (Supplementary Fig. 

S4). Fig. 7 shows that disruption of endogenous ECRG2 markedly enhanced the survival 

of RKO and HeLa cells under etoposide-induced DNA damage (Fig. 7a) and also reduced 

the cleavage (activation) of caspase-3 and PARP (Fig. 7b). Under unstressed conditions, 

ECRG2 gene disruption did not change the growth rate of ECRG2-targeted HeLa cells 

compared to the scrambled control cells (data not show), but significantly accelerated the 

growth of ECRG2-targeted RKO cells (Fig. 7c). These results indicate that ECRG2 plays 

an important role in the regulation of cell survival in response to DNA damage and also 

affects cell growth.  

 

 

 



Chapter 2 

72 
 

 

 



Chapter 2 

73 
 

Figure 6. Overexpression of ECRG2 induces apoptosis, caspase 3 activation and 

PARP cleavage.  

Relative cell viability of HeLa and A549 cells transiently expressing HA-only or ECRG2-

HA for 48 hours was analyzed through crystal violet staining (A) and MTT assay (B). 

Crystal violet staining images shown in (A) (left panel) were quantified by dissolving the 

stain and measuring the absorbance; the values of relative absorbance are plotted on the 

right. C. Quantification data of relative absorbance from crystal violet staining experiment 

in (A) and relative cell viability analyzed by MTT in (B). The p-values showing the 

statistical significance were calculated using two-tailed Student’s t test. The data in (A), 

(B) and (C) are presented as mean ± SEM (n = 3). D. HeLa and A549 cells transiently 

expressing HA-only or ECRG2-HA for 48 hours were harvested for the protein analysis 

by Western blotting using the indicated antibodies. Cl. PARP: cleaved PARP; Cl. Casp.3: 

cleaved caspase 3; ** p < 0.01, *** p < 0.001 
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Figure 7 D. WB images showing the loss of ECRG2 expression in T1- or T3 

sgRNA/Cas9 expressing cells. 

RKO and HeLa cells were infected with lentivirus expressing scrambled sgRNA/Cas9 

(control) or ECRG2 gene-specific T1- or T3 sgRNA/Cas9 followed by selection with 

puromycin for at least 5 days. Subsequently, the cells were harvested and lysates were 

probed with indicated antibodies by Western blotting.  

D 
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Supplementary Figure S4. Detection of CRISPR/Cas9-mediated on-target insertion 

or deletion (InDel) events by mismatch cleavage assay.  

RKO and HeLa cells were infected with lentivirus expressing scrambled sgRNA/Cas9 

(control) or ECRG2 gene-specific T1- or T3 sgRNA/Cas9 followed by selection with 

puromycin for at least 5 days. Untransfected cells (WT) or non-targeting (scramble) 

sgRNA were used as controls. Genomic PCR was performed to amplify the region flanking 

the CRISPR/Cas9 targeted sites (924 bp amplicon) using following primer pair: Forward: 

5’-GAAGTGGCCAAGCAACATCTG-3’, and Reverse: 5’-

ATGTCCGTGGTATTCTGGTCC-3’. The amplified PCR product was tested for 

CRISPR/Cas9 induced InDel mutations by T7 Endonuclease I (T7EI) assay. The cleavages 

at the heteroduplex mismatch sites were examined by agarose gel electrophoresis. 



Chapter 2 

76 
 

 

 

 

Figure 7 A. Loss of ECRG2 promotes cell survival following DNA damage.  

A. RKO and HeLa cells were infected with lentivirus expressing scrambled sgRNA/Cas9 

(control) or ECRG2 gene-specific T1- or T3 sgRNA/Cas9 followed by selection with 

puromycin for at least 5 days. Equal numbers of control or ECRG2-gene targeted cells 

(whole cell populations) were seeded for 24 hours followed by treatment with or without 

etoposide for additional 24 hours. The cell viability was determined by imaging of crystal 

violet stained cells (top panel) and measuring the absorbance of dissolved stain (bottom 

panel). Values of relative absorbance represent mean ± SEM (n = 3). * p < 0.05, ** p < 

0.01, *** p < 0.001 
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Figure 7 B&C. Loss of ECRG2 promotes cell survival following DNA damage.  

RKO and HeLa cells were treated as described in (A). Western blot analyses were 

performed using the indicated antibodies. Cl. PARP: cleaved PARP; Cl. Casp-3: cleaved 

caspase-3. C. Loss of ECRG2 expression promotes cell proliferation in RKO cells. Equal 

numbers of scrambled sgRNA/Cas9 cells or ECRG2-gene targeted cells were seeded and 

cultured for indicated days before evaluating for the rate of cell proliferation by counting 

live cells (trypan-blue exclusion assay). Each data point represents mean ± SEM of 

triplicate counts from a representative experiment. Additional experiments generated 

similar results (n = 2). * p < 0.05, ** p < 0.01, *** p < 0.001 
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Decreased ECRG2 expression is associated with poor prognosis in human 

malignancies 

Using the information reported in the public databases, such as Oncomine29 and GEPIA-

web server (based on TCGA datasets)30, we analyzed ECRG2 expression status in human 

malignancies and its effect on prognosis among the cancer patients. Fig. 8a shows that 

ECRG2 expression was significantly lower in esophageal and oral squamous cell 

carcinoma, gastric adenocarcinoma and cervical carcinoma when compared to 

corresponding normal tissues. Information obtained from the TCGA databases through 

GEPIA-web server indicated that the lower levels of ECRG2 expression in several cancer 

types, i.e., esophageal cancer, head and neck squamous cell cancer, as well as cervical 

squamous cell carcinoma and endocervical adenocarcinoma, was significantly correlated 

with reduced disease-free survival among the patients, whereas high levels of ECRG2 

expression coincided with better patient prognosis (Fig. 8b). These results suggest that the 

expression levels of ECRG2 may not only influence tumor sensitivity to anticancer 

treatment, but also affects the prognosis of cancer patients. 
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Figure 8 A. ECRG2 expression is significantly decreased in human malignancies.  

A. The results were plotted based on the information curated from the Oncomine online 

database29, which gathers the data from various previously published studies (see Materials 

and Methods). The boxplots display ECRG2 mRNA expression in patient tumors (T) 

versus corresponding normal tissues (N). The p values were calculated using Two-tailed 

Student’s t test.   
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Figure 8 B. ECRG2 expression is significantly decreased in human malignancies.  

B. Low ECRG2 expression is correlated with poor prognosis among the cancer patients. 

The patient information from the TCGA datasets of indicated cancer types was accessed 

and processed through GEPIA web-server30 (see Materials & Methods). The cancer 

patients were segregated into two groups (high and low) based on ECRG2 expression in 

the tumor samples. The Kaplan-Meier method was used to analyze and plot the rate of 

disease free survival between the two groups: solid black line for high, and grey line for 

low expression group. The patient count in each group is shown in the parentheses. The p 

values calculated using the log-rank test were generated by GEPIA web-server. 
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Figure 8 C. Proposed model of p53/ECRG2-mediated apoptosis following DNA 

damage (as outlined in the Discussion section). 

  

C
DNA damage

p53

ECRG2
Caspase 

activation & 
Apoptosis

Cell 
death

O
th

e
r 

T
F

s 
(p

6
3,

O
ct

-1
)

Others PUMA, 
DR5 etc.



Chapter 2 

82 
 

DISCUSSION 

 

In the present study, we have identified ECRG2 as a novel pro-apoptotic target of p53. We 

show that ECRG2 expression was upregulated by various agents (etoposide, melphalan 

and UVC) that induce DNA damage and ECRG2 induction coincided with activation of 

p53 following DNA damage (Fig. 1). In addition, DNA damage-induced ECRG2 activation 

predominantly occurred only in p53-proficient cells, but not in p53-deficient cells (Fig. 5). 

DNA damaging conditions promoted the recruitment of p53 to ECRG2 promoter (Fig. 4), 

which then led to induction of ECRG2 mRNA and protein (Fig. 4 & 5). In this context, we 

also showed that elevated ECRG2 levels were coupled with activated caspases and 

induction of cell death (Fig. 6 and Ref.13). Taken together, our findings, for the first time, 

indicate that ECRG2 is instrumental in the regulation of apoptosis and serves as an integral 

component of p53-mediated cellular responses to DNA damage. 

 It is well-established that p53 serves as a central mediator for DNA-damage 

responses45,46. Following DNA damage, p53 is stabilized and activated by its 

phosphorylation and subsequently, transactivates target genes that mediate cell cycle 

control or apoptosis46. If the extent of DNA damage is beyond the repair capacity, cell 

death becomes imminent or the genetic errors are passed on to the daughter cells, 

accumulation of which can lead to cancer formation. Thus, p53 mediated cell death, via 

transactivation of apoptotic genes, is an important cellular event to ensure the genetic 

integrity of cells that averts cancer formation. In addition, induction of apoptotic genes by 

p53 is also critical for the effectiveness of anticancer agents that execute their effects via 

inducing DNA damage5. In this context, our current results indicate that ECRG2 plays an 
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important role for the induction of cell death mediated by p53 following DNA damage. We 

have shown that disruption of ECRG2 significantly enhanced cell survival and prevented 

or reduced the cleavage (activation) of caspase 3 and PARP following etoposide treatment; 

such ECRG2-deficiency-associated changes occurred in wild type p53 cells (RKO), even 

when p53 was induced (Fig. 7a & b). These results demonstrate that ECRG2 is important 

for p53-mediated cell death in response to DNA damage. 

A number of p53-targets genes such as PUMA41, Noxa47, Bax48 and death receptor 

5 (DR5)40 are known to be important in p53-mediated apoptotic responses following DNA 

damage. Studies have shown that loss of PUMA and Noxa can render cancer cells resistant 

to DNA damage-induced apoptosis in cells with functional p5349. Wang et al. have also 

shown that silencing DR5 promoted resistance to 5-fluorouracil (5-FU) in tumor cells with 

wild type p53 (HCT 116)50. Although, they are all targets of p53 for the induction of 

apoptosis, the mechanisms involving regulation of cell death are various. For example, 

PUMA, Noxa and Bax are BH-3 domain-containing proteins that regulate the intrinsic 

apoptotic signals and control cytochrome c release from mitochondria51. DR5, on the other 

hand, mediates the extrinsic pathway of apoptotic cell death52. In the case of ECRG2, our 

previous findings have shown that ECRG2 promotes ubiquitination and proteasome-

mediated degradation of HuR protein13. HuR is an mRNA-binding protein; it regulates 

mRNA stability and protein translation of multiple genes that are important for cell growth 

and cell death53.  Its targets include mRNAs of XIAP54, Bcl-2 and Mcl-155, which are known 

to be important negative regulators of apoptotic signaling pathways. Studies have shown 

that HuR protein expression levels positively correlate with the expression of XIAP, Bcl-2 

and Mcl-1; HuR knockdown reduces Mcl-1 and Bcl-2 expression and promotes cell 
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death54,55. Further, higher expression of HuR has been associated with resistance to 

chemotherapy56. Thus, ECRG2-mediated HuR protein degradation could lead to enhanced 

cell death and this could be one of the important mechanisms by which ECRG2 executes 

p53-mediated responses following DNA damage.  

In addition to p53, binding site predictions for p63 (a p53 homologue) and OCT-1 

transcription factors were also found within ECRG2 promoter region (Fig. 2a). Previous 

studies have shown that both p6357 and OCT-158 are induced by DNA damage. Although, 

our current study was focused on investigating p53-mediated ECRG2 regulation, it is 

possible that p63 and/or OCT-1 may also contribute, at least in part, to upregulation of 

ECRG2 expression under DNA damage (Fig. 8c). Further studies are required to determine 

the exact role of p63 and OCT-1 in regulating ECRG2 expression under DNA damage. 

Another novel finding from our current study indicates that ECRG2 promoter allele 

with rs3214447 variant (TAGAATTC deletion) negatively impacts ECRG2 promoter 

activity under unstressed condition as well as under DNA-damage (Fig. 2). Our discovery 

of rs3214447 variant in relation to its negative impact on ECRG2 promoter activity is 

highly significant. This finding is potentially important as information revealed by the 1000 

Genomes Project Phase-3 indicates that about 38.5% of world population harbors one or 

both alleles with TAGAATTC deletion within ECRG2 promoter (Fig. 2b). As shown in 

our studies, elevated ECRG2 expression induces cell death (Fig. 6 and Ref.13); thus, the 

level of ECRG2 induction following DNA damage may determine whether cells commit 

apoptosis and also the extent of cell death. In this context, it will be interesting to 

investigate in the future whether cancer patients with the TAGAATTC deletion in the 
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ECRG2 promoter would exhibit strong apoptotic response following DNA damage-

inducing anticancer therapy. 

Our database analyses also revealed that ECRG2 expression was significantly lower 

in multiple human malignancies compared to their corresponding normal tissues (Fig. 8a); 

and patients with lower expression of ECRG2 in their cancers appear to exhibit reduced 

disease-free survival (Fig. 8b). Based on the evidence presented in our current study (Fig. 

7), it is possible that lower ECRG2 expression may confer a survival advantage to cancer 

cells due to reduced drug sensitivity. Thus, cancer patients with deficiency in ECRG2 

activation under drug treatments would be more likely to relapse.  Along these lines, our 

previous findings had demonstrated that overexpression of a human cancer-derived 

ECRG2 mutant (V30E) not only failed to kill cancer cells, but also imparted resistance 

against multiple anticancer drugs13. Taken together, our present study highlights the 

important role of ECRG2 in p53-mediated apoptotic response as well as development of 

anticancer drug resistance in human malignancies. 

 

 

  



Chapter 2 

86 
 

ACKNOWLEDGMENTS 

 

We thank Dr. Bert Vogelstein’s laboratory (Johns Hopkins University School of Medicine, 

Baltimore, Maryland, USA) for kindly providing the RKO p53-/- cell line, p53 inducible 

DLD-1 cells, as well as pCMV-p53 wt and pCMV-p53R273H expression vectors. This 

work was supported, in part, by the Carol M. Baldwin Breast Cancer Research Fund to Dr. 

Ying Huang. We are very thankful for their support. 

  



Chapter 2 

87 
 

REFERENCES 

 

1. Khanna, A. DNA damage in cancer therapeutics: a boon or a curse? Cancer Res. 

75, 2133-2138 (2015). 

2. Jackson, S. P. & Bartek, J. The DNA-damage response in human biology and 

disease. Nature. 461, 1071-1078 (2009). 

3. Roos, W. P., Thomas, A. D. & Kaina, B. DNA damage and the balance between 

survival and death in cancer biology. Nat Rev Cancer. 16, 20-33 (2016). 

4. Levine, A. J. p53, the cellular gatekeeper for growth and division. Cell. 88, 323-

331 (1997). 

5. El-Deiry, W. S. The role of p53 in chemosensitivity and radiosensitivity. 

Oncogene. 22, 7486-7495 (2003). 

6. Kruse, J. P. & Gu, W. SnapShot: p53 posttranslational modifications. Cell. 133, 

930-930 e931 (2008). 

7. Beckerman, R. & Prives, C. Transcriptional regulation by p53. Cold Spring Harb 

Perspect Biol. 2, a000935 (2010). 



Chapter 2 

88 
 

8. Bieging, K. T., Mello, S. S. & Attardi, L. D. Unravelling mechanisms of p53-

mediated tumour suppression. Nat Rev Cancer. 14, 359-370 (2014). 

9. Sax, J. K. & El-Deiry, W. S. p53 downstream targets and chemosensitivity. Cell 

Death Differ. 10, 413-417 (2003). 

10. Cui, Y. et al. ECRG2, a novel candidate of tumor suppressor gene in the 

esophageal carcinoma, interacts directly with metallothionein 2A and links to 

apoptosis. Biochem Biophys Res Commun. 302, 904-915 (2003). 

11. Huang, Y. et al. Loss of heterozygosity involves multiple tumor suppressor genes 

in human esophageal cancers. Cancer Res. 52, 6525-6530 (1992). 

12. Huret, J. L. et al. Chromosomal band 5q32. Atlas of genetics and cytogenetics in 

oncology and haematology in 2013. Nucleic Acids Res. 41, D920-924 (2013). 

13. Lucchesi, C., Sheikh, M. S. & Huang, Y. Negative regulation of RNA-binding 

protein HuR by tumor-suppressor ECRG2. Oncogene. 35, 2565-2573 (2016). 

14. Song, H. et al. Suppression of hepatocarcinoma model in vitro and in vivo by 

ECRG2 delivery using adenoviral vector. Cancer Gene Ther. 19, 875-879 (2012). 

15. Uhlen, M. et al. Proteomics. Tissue-based map of the human proteome. Science. 

347, 1260419 (2015). 



Chapter 2 

89 
 

16. Huang, G. et al. ECRG2 inhibits cancer cell migration, invasion and metastasis 

through the down-regulation of uPA/plasmin activity. Carcinogenesis. 28, 2274-

2281 (2007). 

17. Cheng, X., Shen, Z., Yang, J., Lu, S. H. & Cui, Y. ECRG2 disruption leads to 

centrosome amplification and spindle checkpoint defects contributing 

chromosome instability. J Biol Chem. 283, 5888-5898 (2008). 

18. Song, H. Y. et al. Effect of ECRG2 in combination with cisplatin on the 

proliferation and apoptosis of EC9706 cells. Exp Ther Med. 8, 1484-1488 (2014). 

19. Hou, X. F. et al. ECRG2 enhances the anti-cancer effects of cisplatin in cisplatin-

resistant esophageal cancer cells via upregulation of p53 and downregulation of 

PCNA. World J Gastroenterol. 23, 1796-1803 (2017). 

20. Sheikh, M. S. et al. Identification of several human homologs of hamster DNA 

damage-inducible transcripts. Cloning and characterization of a novel UV-

inducible cDNA that codes for a putative RNA-binding protein. J Biol Chem. 272, 

26720-26726 (1997). 

21. Lui, K. et al. Negative regulation of p53 by Ras superfamily protein RBEL1A. J 

Cell Sci. 126, 2436-2445 (2013). 



Chapter 2 

90 
 

22. Luo, X., Huang, Y. & Sheikh, M. S. Cloning and characterization of a novel gene 

PDRG that is differentially regulated by p53 and ultraviolet radiation. Oncogene. 

22, 7247-7257 (2003). 

23. Smale, S. T. Luciferase assay. Cold Spring Harb Protoc. 2010, pdb prot5421 

(2010). 

24. Adli, M. & Bernstein, B. E. Whole-genome chromatin profiling from limited 

numbers of cells using nano-ChIP-seq. Nat Protoc. 6, 1656-1668 (2011). 

25. Wang, Y. et al. Alkaline ceramidase 2 is a novel direct target of p53 and induces 

autophagy and apoptosis through ROS generation. Sci Rep. 7, 44573 (2017). 

26. Sun, Q. et al. Lappaol F, a novel anticancer agent isolated from plant arctium 

Lappa L. Mol Cancer Ther. 13, 49-59 (2014). 

27. Quest Graph™ IC50 Calculator, <https://www.aatbio.com/tools/ic50-calculator> 

(accessed: March 10, 2020) 

28. Gjoerup, O. Growth curve (crystal violet staining and quantification protocol), 

http://labs.mmg.pitt.edu/gjoerup/growth%20curve%20cryst%20violet.doc 

(accessed: December 15, 2018) 



Chapter 2 

91 
 

29. Rhodes, D. R. et al. Oncomine 3.0: genes, pathways, and networks in a collection 

of 18,000 cancer gene expression profiles. Neoplasia. 9, 166-180 (2007). 

30. Tang, Z. et al. GEPIA: a web server for cancer and normal gene expression 

profiling and interactive analyses. Nucleic Acids Res. 45, W98-W102 (2017). 

31. Fox, J. Getting started with the R commander: a basic-statistics graphical user 

interface to R. Journal of statistical software. 14, 1-42 (2005). 

32. Wozniak, A. J. & Ross, W. E. DNA damage as a basis for 4'-

demethylepipodophyllotoxin-9-(4,6-O-ethylidene-beta-D-glucopyranoside) 

(etoposide) cytotoxicity. Cancer Res. 43, 120-124 (1983). 

33. Samuels, B. L. & Bitran, J. D. High-dose intravenous melphalan: a review. J Clin 

Oncol. 13, 1786-1799 (1995). 

34. Zerbino, D. R. et al. Ensembl 2018. Nucleic Acids Res. 46, D754-D761 (2018). 

35. Cartharius, K. et al. MatInspector and beyond: promoter analysis based on 

transcription factor binding sites. Bioinformatics. 21, 2933-2942 (2005). 

36. Khan, A. et al. JASPAR 2018: update of the open-access database of transcription 

factor binding profiles and its web framework. Nucleic Acids Res. 46, D1284 

(2018). 



Chapter 2 

92 
 

37. Broos, S. et al. PhysBinder: Improving the prediction of transcription factor 

binding sites by flexible inclusion of biophysical properties. Nucleic Acids Res. 

41, W531-534 (2013). 

38. rs3214447, <https://www.ncbi.nlm.nih.gov/snp/rs3214447#variant_details> 

(accessed: October 6, 2019). 

39. Genomes Project, C. et al. A global reference for human genetic variation. 

Nature. 526, 68-74 (2015). 

40. Takimoto, R. & El-Deiry, W. S. Wild-type p53 transactivates the KILLER/DR5 

gene through an intronic sequence-specific DNA-binding site. Oncogene. 19, 

1735-1743 (2000). 

41. Nakano, K. & Vousden, K. H. PUMA, a novel proapoptotic gene, is induced by 

p53. Mol Cell. 7, 683-694 (2001). 

42. el-Deiry, W. S., Kern, S. E., Pietenpol, J. A., Kinzler, K. W. & Vogelstein, B. 

Definition of a consensus binding site for p53. Nat Genet. 1, 45-49 (1992). 

43. Slee, E. A. et al. Ordering the cytochrome c-initiated caspase cascade: 

hierarchical activation of caspases-2, -3, -6, -7, -8, and -10 in a caspase-9-

dependent manner. J Cell Biol. 144, 281-292 (1999). 



Chapter 2 

93 
 

44. Mashal, R. D., Koontz, J. & Sklar, J. Detection of mutations by cleavage of DNA 

heteroduplexes with bacteriophage resolvases. Nat Genet. 9, 177-183 (1995). 

45. Kastan, M. B., Onyekwere, O., Sidransky, D., Vogelstein, B. & Craig, R. W. 

Participation of p53 protein in the cellular response to DNA damage. Cancer Res. 

51, 6304-6311 (1991). 

46. Lakin, N. D. & Jackson, S. P. Regulation of p53 in response to DNA damage. 

Oncogene. 18, 7644-7655 (1999). 

47. Oda, E. et al. Noxa, a BH3-only member of the Bcl-2 family and candidate 

mediator of p53-induced apoptosis. Science. 288, 1053-1058 (2000). 

48. Miyashita, T. & Reed, J. C. Tumor suppressor p53 is a direct transcriptional 

activator of the human bax gene. Cell. 80, 293-299 (1995). 

49. Villunger, A. et al. p53- and drug-induced apoptotic responses mediated by BH3-

only proteins puma and noxa. Science. 302, 1036-1038 (2003). 

50. Wang, S. & El-Deiry, W. S. Inducible silencing of KILLER/DR5 in vivo 

promotes bioluminescent colon tumor xenograft growth and confers resistance to 

chemotherapeutic agent 5-fluorouracil. Cancer Res. 64, 6666-6672 (2004). 



Chapter 2 

94 
 

51. Bouillet, P. & Strasser, A. BH3-only proteins - evolutionarily conserved 

proapoptotic Bcl-2 family members essential for initiating programmed cell death. 

J Cell Sci. 115, 1567-1574 (2002). 

52. Ashkenazi, A. & Dixit, V. M. Death receptors: signaling and modulation. Science. 

281, 1305-1308 (1998). 

53. Abdelmohsen, K. & Gorospe, M. Posttranscriptional regulation of cancer traits by 

HuR. Wiley Interdiscip Rev RNA. 1, 214-229 (2010). 

54. Zhang, X. et al. Stabilization of XIAP mRNA through the RNA binding protein 

HuR regulated by cellular polyamines. Nucleic Acids Res. 37, 7623-7637 (2009). 

55. Abdelmohsen, K., Lal, A., Kim, H. H. & Gorospe, M. Posttranscriptional 

orchestration of an anti-apoptotic program by HuR. Cell Cycle. 6, 1288-1292 

(2007). 

56. Kotta-Loizou, I., Giaginis, C. & Theocharis, S. Clinical significance of HuR 

expression in human malignancy. Med Oncol. 31, 161 (2014). 

57. Katoh, I., Aisaki, K. I., Kurata, S. I., Ikawa, S. & Ikawa, Y. p51A 

(TAp63gamma), a p53 homolog, accumulates in response to DNA damage for 

cell regulation. Oncogene. 19, 3126-3130 (2000). 



Chapter 2 

95 
 

58. Zhao, H. et al. Activation of the transcription factor Oct-1 in response to DNA 

damage. Cancer Res. 60, 6276-6280 (2000). 

 

 



Chapter 3 
 

96 
 

CHAPTER 3 

 
REGULATION OF MICROTUBULE STABILITY AND CELL 

PROLIFERATION BY ECRG2 TUMOR SUPPRESSOR 

 

Harsh Patel1, Chris Lucchesi1,2, M. Saeed Sheikh1, Ying Huang1* 

 

1. Department of Pharmacology, State University of New York Upstate Medical 

University 750 East Adams Street, Syracuse, NY 13210 

2. Current address: Comparative Oncology Laboratory, School of Veterinary 

Medicine, School of Medicine, University of California at Davis, Davis, 

California 95616 

 

*Correspondence: Ying Huang, M.D., Ph.D., Department of Pharmacology,  

State University of New York Upstate Medical University, 750 East Adams St., 

Syracuse, NY 13210 

Tel: 315-464-8009; Fax:315-464-8014; E-mail: huangy@upstate.edu 

 

This chapter will be submitted for publication after completion of remaining 

experiments 

 

Statement regarding contributions of multiple authors 

Chris Lucchesi helped with confocal imaging shown in Fig. 1 & 3 and also generated 

expression plasmids for wild type ECRG2 and V30E mutant. I designed all experiments 

and performed all others not listed above and wrote the manuscript for publication. Dr. 

Ying Huang served as my advisor and Dr. M. Saeed Sheikh as a co-advisor and both 

provided regular input and advice. 



Chapter 3 
 

97 
 

ABSTRACT 

 

Esophageal Cancer-Related Gene 2 (ECRG2) is a putative tumor suppressor, which has 

been shown to be dysregulated in multiple human malignancies. We have previously 

demonstrated that overexpression of ECRG2 inhibited the growth of cancer cells1. Studies 

by others have also shown that silencing of endogenous ECRG2 led to chromosomal 

instability (CIN), aneuploidy and increased migration and invasion in cancer cells. 

However, the exact molecular mechanism(s) via which ECRG2 mediates its tumor 

suppressive functions are still unclear. Here, we show, for the first time, that ECRG2 is a 

microtubule-interacting and -stabilizing protein. ECRG2 associated with microtubule 

network during interphase and mitotic spindle during mitosis. In addition, ECRG2 

protected the microtubules against the depolymerization induced by cold and nocodazole 

treatments. We further show that elevated ECRG2 expression is associated with increase 

in acetylated α-tubulin. Further investigation revealed that disruption of endogenous 

ECRG2 led to increase in Akt phosphorylation and cancer cell proliferation as well as 

dysregulation of cyclin A, cyclin B1 and CDK1 protein levels. Together, our findings 

reveal a novel function of ECRG2 in regulation of microtubule stability, cancer cell 

proliferation and cell cycle-promoting proteins. 
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INTRODUCTION 

 

Microtubules constitute a major part of eukaryotic cytoskeleton along with actin and 

intermediate filaments2,3. Microtubules are highly dynamic in nature and are formed by the 

polymerization of α- and β-tubulin heterodimers into protofilaments that are further 

assembled into hollow tubules4. During interphase, microtubule network maintains the 

shape and polarity of cells and facilitates the transport of vesicles and mitochondria2,5,6. At 

the beginning of mitosis, microtubules undergo extensive reorganization to form mitotic 

spindle, which ensures accurate segregation of newly replicated chromosomes and helps 

in maintaining euploidy7,8. The polymerization dynamics of microtubules are highly 

regulated; even a minor variation in length or organization of microtubules may lead to 

malignant transformation6,9. 

 Several tumor suppressor proteins have been shown to interact with and stabilize 

microtubules, for example, adenomatous polyposis coli (APC)10,11, Ras association domain 

family 1A (RASSF1A)12,13 and von Hippel-Lindau (VHL)14. The inactivation of these 

tumor suppressors may destabilize microtubules, which can eventually cause abnormalities 

in cell growth and cell death signaling, reduced cell polarity and increased cell migration15-

17. In addition, microtubule destabilization can also give rise to mitotic anomalies such as 

spindle apparatus deformities, spindle misorientation, chromosome segregation errors and 

cytokinesis defects18-20. These errors can lead to chromosomal instability (CIN) and 

aneuploidy, which is regarded as one of the hallmarks of pre-malignant lesions and 

cancer21,22. Thus, stabilization of the microtubules is one of the crucial mechanisms by 

which the tumor suppressors protect against the cancer development. 
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 Esophageal cancer-related gene 2 (ECRG2), which is also known as Serine 

Peptidase Inhibitor Kazal type 7 (SPINK7), is a putative tumor suppressor gene, which is 

mutated or downregulated in multiple human cancers1,23. Human ECRG2 is located at 

chromosome 5q32, which is a frequent target of genetic aberrations and allelic loss in 

various human malignancies24-26. ECRG2 encodes a small protein (85 amino acids) which 

is predicted to harbor a signal peptide at amino acids 1-22 and a characteristic Kazal-type 

serine peptidase inhibitor domain at amino acids 31-8523,27. Previous studies have found 

that overexpression of ECRG2 inhibits the growth of cancer cells and grafted tumors in 

mice23,28. We have also demonstrated that exogenous expression of ECRG2 activates 

multiple caspases and induces apoptosis in various cancer cell lines by negative regulation 

of Human antigen R (HuR) and X-linked inhibitor of apoptosis (XIAP)1. We recently 

reported that ECRG2 is strongly induced by DNA damage in a p53-dependent manner and 

acts as a novel modulator of cancer cell sensitivity to DNA damage inducing anticancer 

drugs29. In addition, studies have shown that ECRG2 inhibits cancer cell migration, 

invasion and metastasis by suppression of urokinase-type plasminogen activator 

(uPA)/plasmin activity30. Furthermore, Cheng et al. showed that endogenous ECRG2 

localizes to centrosomes during interphase and play an important regulatory role in their 

duplication31. The study also showed that ECRG2 localizes to kinetochores during mitosis 

and contributes to spindle assembly checkpoint31. Our current study was aimed to 

investigate the role of ECRG2 in regulation of microtubule dynamics and cell cycle. Our 

results indicate that ECRG2 interacts with microtubules during interphase and mitosis and 

also significantly influences microtubule stability and cell proliferation. 
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MATERIALS AND METHODS 

 

Antibodies, reagents and expression plasmids 

Polyclonal antibody to detect endogenous ECRG2 protein was generated in our lab as 

described previously1. The α-tubulin (DM1A), β-tubulin (TUB 2.1) and acetylated α-

tubulin (6-11B-1) antibodies were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

The vinculin (7F9), Cyclin A (BF683), Cyclin B1 (GNS1), CDK1/Cdc2 p34 (17) and 

CDK2 (D-12) antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, 

USA). The phospho-Akt (Ser473) and total Akt antibodies were from Cell Signaling 

Technologies (Danvers, MA, USA). The HA tag (clone 3F10) antibody was purchased 

from Roche Applied Science (Penzberg, Germany). Fluorescein (FITC)-conjugated anti-

rabbit or anti-rat secondary antibodies were purchased from Jackson ImmunoResearch Inc. 

(West Grove, PA, USA). Texas Red-conjugated horse anti-mouse and peroxidase-

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

from Vector Laboratories (Burlingame, CA, USA). The cells were transfected using either 

PolyJet or LipoJet reagents (SignaGen Laboratories, Rockville, MD, USA). Nocodazole 

was purchased from Sigma-Aldrich (St Louis, MO, USA). pSRα vectors expressing either 

wild-type ECRG2 or ECRG2-V30E mutant containing HA-S tag were generated in our lab 

as previously reported1. 

 

Cells and culture conditions  

RKO (human colon cancer cells) and HeLa (human cervical cancer cells) were obtained 



Chapter 3 
 

101 
 

 from NIH. The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

(Mediatech Inc., Manassas, VA, USA) supplemented with 10% fetal bovine serum (Gemini 

Bio-Products, West Sacramento, CA, USA), 1% penicillin-streptomycin solution 

(Mediatech) and 2 mM L-glutamine (Mediatech). 

 

Immunostaining 

Immunostaining was performed to visualize intracellular localization of proteins as 

described previously with some modifications13. Briefly, the cells growing on Lab-Tek 

chamber slides (Thermo Fisher Scientific, Waltham, MA, USA) were fixed with 4% 

paraformaldehyde (30 mins, room temp.) followed by cold methanol (10 min, -20 C). 

After blocking with 5 % goat serum in PBS, the cells were incubated with primary 

antibodies for 1 hour (room temp.) followed by incubation with secondary antibodies 

conjugates with fluorescent dyes (1 hour, room temp. in dark). DNA was counterstained 

with 4’,6-diamidino-2-phenylindole (DAPI) nuclear dye as described previously32. The 

slides were examined under Olympus fluorescence microscope or Nikon A1 confocal 

microscope using the appropriate filters. The raw images were processed using Image J 

software (NIH) for publication.  

  

Western blotting and S-tag protein pull down assay 

Western blot analyses were carried out as previously described33. The intensities of the 

bands were determined by Image Lab v4.1 software (Bio-Rad, Hercules, CA, USA). The 

relative fold changes were calculated and are displayed under relevant western blot images. 
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S-tag protein pull down was performed as described previously34. Briefly, the cells 

transfected with empty vector or ECRG2-S-HA expressing vector were lysed and lysates 

were incubated with S-protein agarose beads (MilliporeSigma, Burlington, MA, USA) 

overnight at 4 C. The beads were washed thoroughly to remove unbound proteins. The 

bound proteins were analyzed by western blotting.  

 

Cell doubling time assay  

The cell doubling time assays were performed to analyze rate of cell proliferation as 

described previously35. Briefly, equal number of cells from each group were seeded on Day 

0. The cells were harvested on each subsequent day until Day 4 and number of live cells 

were counted, excluding the dead cells identified by trypan blue staining.  

 

CRISPR/Cas9 mediated gene disruption 

Endogenous ECRG2 was targeted by lentivirus mediated expression of either ECRG2 

specific (T1 or T3) sgRNA/Cas9 or non-specific scrambled sgRNA/Cas9 in the cells. All 

constructs were purchased from Applied Biological Materials Inc. (Richmond, BC, 

Canada). The two independent nucleotide sequences used to target human ECRG2 were: 

T1 (Target-1), 5’-AGTCAGAACCACAAACTGGT-3’ and T3 (Target-3), 5’- 

ATGAGGTACTCACAAGCTCT-3’. Lentivirus production and infection were carried out 

as per the Addgene protocols (www.addgene.org/protocols). The cells successfully edited 

by CRISPR/Cas9 system were selected with puromycin for at least 5 days.  
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Statistical analysis  

Rcmdr 2.5-3 package based on R software (version 3.6.1)36 was used to carry out the 

statistical analyses. One-way analysis of variance (ANOVA) was utilized to compare the 

means. The p values less than 0.05 were considered as statistically significant. 
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RESULTS 

 

ECRG2 binds to microtubules 

To understand the molecular basis of ECRG2 functions, we sought to investigate the 

intracellular localization of ECRG2. Using the confocal microscope, we observed that 

exogenously expressed HA-tagged ECRG2 detected by the anti-HA specific antibody 

exhibited both network- and punctate-like patterns in the interphase RKO and HeLa cells 

(Fig. 1A & B). Interestingly, the staining pattern of ECRG2 largely overlapped with that 

of endogenous α-tubulin (Fig. 1A & B). In addition, ECRG2 staining also seem to coincide 

with α-tubulin’s at mitotic spindle in the metaphase cells (Fig. 1B, a-d) and at central 

spindle in the late telophase cells (Fig. 1B, e-h). These novel findings suggest that ECRG2 

may interact with microtubules at different phases of the cell cycle. 

Next, we performed the biochemical experiments to confirm the physical 

interaction of ECRG2 and tubulin proteins. To that end, HeLa cells were transiently 

transfected with S-HA-tagged ECRG2 or S-HA-tag-only empty vector. Subsequently, pull 

down assays were performed to detect S-tag bound proteins. As seen in Fig. 1C, 

endogenous α-tubulin was co-precipitated by S-HA-tagged ECRG2, but not by S-HA-tag-

only. These results clearly indicate that ECRG2 binds to microtubules. 
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Figure 1. Exogenous ECRG2 associates with microtubules.  

A. Exogenous ECRG2 colocalizes with microtubules during interphase. RKO and HeLa 

cells were transiently transfected with pSRα-ECRG2-HA. After 24 hours of transfection, 

the cells were fixed and co-stained with anti-HA (green) and anti-α-tubulin (red) 

antibodies. DNA was counterstained with DAPI nuclear dye (blue). The representative 

photomicrographs of RKO cells (upper panel, a-d) and HeLa cells (middle and lower 

panels, e-k) were captured using a confocal microscope. The white rectangles in f-h 

indicate the enlarged area shown in i-k. B. Exogenous ECRG2 colocalizes with 

microtubules during mitosis. RKO and HeLa cells were transfected, fixed and stained as 

described in (A). The images of RKO (upper panel, a-d) and HeLa (lower panel, e-h) cells 

were captured using a confocal and a fluorescence microscope, respectively. C. Exogenous 

ECRG2 binds to endogenous α-tubulin.  Hela cells were transiently transfected with either 

empty vector or ECRG2-S-HA expressing vector. After 24 hours, the cells were lysed and 

total lysates were subjected to pull-down assay using the S-protein agarose beads. The 

precipitated proteins were analyzed by Western blotting using anti-α-tubulin, anti-HA and 

anti-vinculin antibodies.  
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We also performed the immunofluorescence studies to examine the interactions of 

endogenous ECRG2 and tubulin proteins. As shown in Fig. 2A, endogenous ECRG2 was 

largely distributed to cytoplasm in the interphase cells. Interestingly, in the metaphase 

mitotic cells, endogenous ECRG2 was localized to the mitotic spindle (Fig. 2A, lower). 

Additionally, endogenous ECRG2, which exhibited both network-like and punctate 

patterns, evidently overlapped with staining of α- or β-tubulin (Fig. 2B, d,h,k). Enlarged 

images reveal microtubule fibers decorated with ECRG2 puncta that extends towards the 

edge of the cells (Fig. 2B, k). Fig. 2C also shows that endogenous ECRG2 colocalizes with 

mitotic spindle in metaphase (a-d) and telophase cells (e-h). Together, our results show that 

endogenous ECRG2 colocalizes with microtubules in the different cell cycle phases. 

 

Substitution mutation at residue 30 (V30E) did not alter microtubule association of 

ECRG2    

We had previously identified a cancer-derived ECRG2 mutant (V30E), which unlike wild-

type ECRG2, lacks the ability to induce cell death and also conferred resistance against 

multiple anticancer drugs1. We attempted to determine whether dysfunction of ECRG2-

V30E mutant is due to its inability to interact with microtubules. Immunostaining by anti-

HA antibody revealed that ECRG2-V30E mutant acquired similar distribution pattern as 

the wild-type protein in RKO and HeLa cells and it colocalized with microtubules in both 

interphase (Fig. 3, a-d and i-l) and mitotic cells (Fig. 3, e-h and m-p). Thus, it appears that 

the inability of V30E mutant to induce cell death is not linked to losing microtubule 

association. 



Chapter 3 
 

108 
 

 



Chapter 3 
 

109 
 

Figure 2. Endogenous ECRG2 colocalizes with microtubules.  

A. Intracellular localization of endogenous ECRG2. Representative images showing 

intracellular distributions of endogenous ECRG2 (green) during interphase (top panel, a-

c) and mitosis (bottom panel, d-f) in RKO cells. DNA was counterstained with DAPI 

nuclear dye (blue). B. Endogenous ECRG2 colocalizes with microtubules in the interphase 

cells. RKO (upper panel, a-d) and HeLa (middle and lower panel, e-k) cells were fixed and 

costained with anti-ECRG2 antibody (green), anti-α-tubulin or anti-β-tubulin antibody 

(red) and DAPI nuclear dye (blue). The images were captured using a fluorescence 

microscope. The white rectangle in f-h indicates the enlarged area shown in i-k. C. 

Endogenous ECRG2 associates with microtubules during mitosis. RKO and HeLa cells 

were fixed and stained as described in (B). The images of RKO (upper panel, a-d) and 

HeLa (lower panel, e-h) cells were captured using a fluorescence microscope. White 

arrows in a-d indicate the RKO cell in metaphase and in e-h indicate the HeLa cell in 

telophase. 



Chapter 3 
 

110 
 

 

Figure 3. Mutant ECRG2-V30E also associates with microtubules.  

RKO cells (top two panels, a-h) and HeLa cells (bottom two panels, i-p) were transiently 

transfected with either empty vector or HA-tagged ECRG2-V30E expressing vector. After 

24 hours, the cells were fixed and co-stained with anti-HA (green) and anti-α-tubulin (red) 

antibodies. DNA was counterstained with DAPI nuclear dye (blue). The images of RKO 

and HeLa cells were captured by a confocal and a fluorescence microscope, respectively.  
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ECRG2 alters microtubule dynamics and stabilizes microtubules 

We investigated whether ECRG2 could alter microtubule stability by its interaction with 

microtubules. As shown in Fig. 4A upper panel (a, b), cold treatment (1 h) in vector-only 

expressing cells caused microtubule depolymerization and diffused distribution pattern. On 

the contrary, in ECRG2-HA overexpressing (both wild-type and V30E) cells, the 

distribution of microtubules appeared to be less diffused and exhibited more network like- 

and aggregated pattern (Fig. 4A, lower panels, c-f and g-j, arrows). In addition, ECRG2 

evidently co-localized with microtubules in these cells. Similarly, ECRG2 also appeared 

to alter microtubule organization in nocodazole-treated cells; microtubules were less 

diffused and more network-like in ECRG2 overexpressing cells (Fig. 4B, lower panels, c-

j, arrows) when compared to that of the vector-only expressing control cells (Fig. 4B, upper 

panel, a,b). These results together suggest that ECRG2 acts against cold- and nocodazole-

induced microtubule depolymerization and stabilizes them. 
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Figure 4. ECRG2 stabilizes microtubules.  

A. Expression of ECRG2 prevents cold treatment induced depolymerization of 

microtubules. (Upper panel) HeLa cells were fixed without cold exposure (a) or after 

incubation on ice for 1 hour (b). The cells were labeled with anti-α-tubulin antibody (red) 

and DAPI nuclear dye (blue). (Lower panel) HeLa cells were transiently transfected with 

vectors expressing wild-type ECRG2 (c-f) or V30E mutant (g-j). After 24 hours, the cells 

were incubated on ice for 1 hour and fixed. The cells were co-stained with anti-HA 

antibody (green), anti-α-tubulin antibody (red) and DAPI nuclear dye (blue). White arrows 

indicate the cells expressing wild-type ECRG2 (c-f) or V30E mutant (g-j). B. ECRG2 

protects against nocodazole-induced disruption of microtubules. (Upper panel) HeLa cells 

were left untreated (a) or treated with 20 µg/ml nocodazole for 30 min (b) before fixing 

and staining as described in (A). (Lower panel) HeLa cells were transiently transfected 

with the vector expressing wild-type ECRG2. After 24 hours, the cells were treated with 

20 µg/ml nocodazole for 30 min before fixing and staining as described in (A). The cells 

expressing wild-type ECRG2 are indicated with white arrows. All the images were 

captured using a fluorescence microscope. 
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ECRG2 increases microtubule acetylation 

Numerous studies have previously shown that increased acetylation of α-tubulin at lysine 

40 (Lys40) is associated with enhanced microtubule stability37-39 and several of 

microtubule associated proteins (MAPs), such as MAP1B, MAP2 and tau, were shown to 

increase α-tubulin acetylation and microtubule stability40. To determine the mechanism of 

ECRG2-mediated microtubule stabilization, we next examined whether ECRG2 affects 

microtubule acetylation. As shown in Fig. 5A, immunostaining of endogenous ECRG2 

colocalized with acetylated α-tubulin (Lys40) in HeLa cells. Similarly, exogenously 

expressed ECRG2-HA also clearly colocalized with acetylated α-tubulin (Lys40) (Fig. 5B). 

To further confirm our finding, we transiently expressed wild-type ECRG2, V30E mutant 

or empty vector in HeLa cells and analyzed the level of acetylated α-tubulin (Lys40). As 

shown in Fig. 5C, expression of both wild-type ECRG2 and V30E mutant caused marked 

increase in microtubule acetylation. These results suggest that ECRG2 stabilizes 

microtubule network, at least in part, by promoting its acetylation. 

 

ECRG2 modulates cell proliferation and cell cycle regulatory proteins 

We sought to examine the regulatory roles of ECRG2 on cell growth and cell cycle 

progression. To that end, we used a CRISPR/Cas9 based approach to target endogenous 

ECRG2 in RKO cells and studied the effects of ECRG2 disruption on cell proliferation and 

proteins that regulate cell growth. Western blot analyses validated the on-target editing and 

showed reduction of ECRG2 protein expression in the cells edited with ECRG2 specific 

(T1 or T3) sgRNA/Cas9 compared to the cells edited with non-specific scramble 
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Figure 5. ECRG2 elevates microtubule acetylation.  

A. Endogenous ECRG2 colocalizes with acetylated microtubules. HeLa cells were fixed 

and co-stained with antibodies against endogenous ECRG2 (green) and endogenous 

acetylated α-tubulin (Lys40) (red) (upper and lower panel, a-d and e-h). DNA was 

counterstained with DAPI (blue). B. Exogenous ECRG2 associates with acetylated 

microtubules. HeLa cells were transiently transfected with the vector expressing wild-type 

ECRG2 (a-d). After 24 hours, the cells were fixed and co-stained with anti-HA antibody 

(green), anti-acetylated α-tubulin (Lys40) antibody (red) and DAPI nuclear dye (blue). The 

images in (A) and (B) were captured using a fluorescence microscope. C. Both wild-type 

ECRG2 and V30E mutant upregulate microtubule acetylation. HeLa cells were transiently 

transfected with pSRα-empty vector, pSRα-ECRG2 wild-type or pSRα-ECRG2-V30E 

mutant. After 24 hours, the cells were lysed and lysates were analyzed by Western blotting 

using the indicated antibodies (left panel). The fold induction in acetylated α-tubulin 

(Lys40) level was calculated by normalizing the relative band intensities of acetylated α-

tubulin to that of vinculin (loading control) and plotted on right. 
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-sgRNA/Cas9 (Fig. 6A, right panel). As shown in Fig. 6A (left panel), ECRG2-deficient 

RKO cells (T1 or T3) demonstrated increased cell proliferation and shorter cell doubling 

time compared to control (scramble) cells. These results are in agreement with our recent 

findings29 and indicate that ECRG2 is important for regulation of cell proliferation. 

Previous studies have demonstrated that Akt is important for cell growth as well as cell 

cycle progression41-43. We also found that phosphorylation of Akt was increased in 

ECRG2-deficient cells (T1 and T3), while the total Akt protein levels remained relatively 

unchanged (Fig. 6B, left panel). These results suggest that ECRG2 negatively regulates 

Akt signaling pathway. 

In addition, our results also showed that cyclin A protein levels were substantially 

decreased, while cyclin-dependent kinase 2 (CDK2) protein levels remained largely 

unchanged in ECRG2-depleted RKO cells (Fig.6B, top two panels on right). Moreover, 

disruption of ECRG2 caused a significant increase in cyclin B1 protein levels, but a 

decrease in the CDK1 (CDC2) protein levels (Fig. 6B, bottom two panels on right). The 

activation of cyclin B1-CDK1 complex is essential for mitosis44, thus reduction in CDK1 

protein level or activity is expected to inhibit cell cycle progression through mitosis. Taken 

together, these results suggest that disruption of ECRG2 may adversely affect the 

progression at different cell cycle phases. Further experiments are required to ascertain the 

exact role of ECRG2 in cell cycle progression. 

 



Chapter 3 
 

118 
 

 



Chapter 3 
 

119 
 

Figure 6. ECRG2 regulates cell proliferation.  

RKO cells were infected with lentivirus containing either non-specific or ECRG2-specific 

(T1 or T3) sgRNA/Cas9. The cell population with successful editing was enriched by 

puromycin selection for at least 5 days. A. Left panel: ECRG2-deficient cells demonstrate 

increased cell proliferation and shorter cell doubling times. The cell proliferation in each 

target group (Scramble, T1 and T3) was analyzed by doubling time assay. Briefly, equal 

number of cells from each target group were seeded and cultured up to 4 days. The live 

cells from each group were counted at the indicated time points using the trypan blue 

exclusion method. The data points represent mean ± SEM of triplicate cell counts from a 

representative experiment. An independently repeated experiment generated similar results 

(n = 2). * p < 0.05, ** p < 0.01, *** p < 0.001 Right panel: The efficiency of on-target 

editing in RKO cells infected with either non-specific or ECRG2-specific (T1 or T3) 

sgRNA/Cas9 containing lentivirus was analyzed by Western blotting. Vinculin was used 

as a loading control. B. RKO cells edited with CRISPR/Cas9 system as described in (A) 

were selected with puromycin for at least 5 days. The enriched cell pool from each target 

group was harvested and analyzed by Western blotting using the indicated antibodies. 

Vinculin blots are shown as loading controls for respective set of blots. The numbers 

underneath the blots represent fold change in the levels of the respective proteins after 

normalization with respective vinculin levels, with exception to phospho Akt (Total Akt 

levels were used for normalization). The half brackets are used to identify the blots 

originated from the same SDS-PAGE gel. 
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DISCUSSION 

 

In the present study, we have provided various experimental evidence showing that ECRG2 

binds to and stabilizes microtubules. We show that exogenously expressed ECRG2 

localizes to cytoplasmic microtubules during interphase and to spindle microtubules during 

mitosis (Fig. 1). Endogenous ECRG2 showed similar expression pattern and also 

colocalized with microtubules during interphase and mitosis (Fig. 2B & C). We also 

provide biochemical evidence of interaction between ECRG2 and microtubules using the 

S-tag protein pull down assay (Fig. 1C). Moreover, expression of ECRG2 protected 

microtubules against the depolymerization induced by cold exposure and nocodazole 

treatment (Fig. 4A & B), which strongly suggests that ECRG2 promotes microtubule 

stability. Interestingly, a tumor derived mutant ECRG2-V30E also colocalized to 

microtubules during interphase and mitosis (Fig. 3) and prevented microtubule 

depolymerization by cold treatment (Fig. 4A), which suggests that V30E mutation does 

not impair microtubule stabilizing property of ECRG2. 

Microtubule stability is regulated by multiple factors, which includes expression 

levels of tubulin isotypes, type and extent of tubulin post-translational modifications and 

expression of microtubule regulatory proteins45-48. Dysregulation of any combination of 

these factors can jeopardize microtubule stability and its function. Impairment of 

microtubule stability can cause spindle defects and chromosome segregation errors during 

mitosis and cytokinesis failure at a later phase49. Accumulation of these errors can further 

lead to chromosomal instability (CIN) and aneuploidy, which are frequently associated 

with various human cancers18,22. Based on our current findings and previous studies 
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showing ECRG2 downregulation in multiple human malignancies23, it is conceivable that 

inactivation of ECRG2 may disrupt microtubule stability and function in normal cell 

physiology, which may ultimately lead to chromosomal instability and aneuploidy. Under 

normal conditions, cell-cycle checkpoints halt the progression in response to chromosomal 

aberrations to allow for the repair or activate apoptotic cell death in case of severe 

irreparable damage50. Since, ECRG2 is also involved in the activation of apoptotic 

signaling1, the loss of ECRG2 can lead to hazardous combination of aneuploidy without 

adequate apoptotic response and eventually, cancer development. 

Microtubule destabilization has also been linked to loss of epithelial polarity and 

epithelial-to-mesenchymal transition (EMT) leading to increased migration and metastasis 

of cancer cells16,51,52. Existing evidence suggests that ECRG2 suppresses cancer cell 

invasion, migration and metastasis through negative regulation of uPA/plasmin activity30. 

According to our present results, however, it is possible that ECRG2 mediated microtubule 

stabilization may also suppress EMT-like phenomena and cancer metastasis.  

Next, we show that ECRG2 increases acetylated α-tubulin (Lys40) levels (Fig. 5). 

Numerous studies have demonstrated a strong correlation between lysine 40 acetylation of 

α-tubulin and microtubules with enhanced stability37-39. Accordingly, it is possible that 

ECRG2 mediated increase in acetylation is, at least in part, responsible for stabilization of 

microtubules. Conversely, it was proposed that acetylation is a consequence of microtubule 

stabilization53,54. Thus, further studies are warranted to reveal whether acetylation is a 

cause or consequence of ECRG2 mediated microtubule stabilization.  

Microtubules are proved to be one of the most efficient targets for anticancer 

treatments6. The agents targeting microtubules are divided into two broad categories: 
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microtubule-stabilizing agents (e.g. paclitaxel) and microtubule-destabilizing agents (e.g. 

vinblastine and vincristine)3. Despite its success, the clinical application of microtubule-

targeting anticancer agents is plagued by drug resistance3,6. Changes in the expression or 

function of microtubule-interacting proteins can alter the sensitivity of cancer cells to 

microtubule-targeting drugs55. For example, previous studies implicated higher expression 

of MAP4, a microtubule-stabilizing protein, in resistance to vincristine56 and stathmin, a 

microtubule-destabilizing protein, in resistance to paclitaxel57. Accordingly, expression 

levels of ECRG2 may affect the tumor sensitivity to microtubule-targeting 

chemotherapeutics. Together, our current study demonstrates that ECRG2 is an important 

microtubule binding and stabilizing protein and analyzing the status of ECRG2 in cancer 

patients may help understanding the response to anticancer drugs targeting microtubules. 

Our present study also demonstrates that ECRG2 plays an important role in cell 

growth regulation. We show that disruption of endogenous ECRG2 leads to increase in cell 

proliferation and Akt phosphorylation (Fig. 6A & B). Akt is serine/threonine kinase, which 

is phosphorylated and activated via Phosphoinositide 3-kinase (PI3K) signaling in response 

to growth factor stimulation41,43. Activated Akt stimulates cell proliferation by 

phosphorylation of several downstream targets, for example forkhead box protein 1 

(FOXO1), WEE1, glycogen synthase kinase 3 beta (GSK3b) and mammalian target of 

rapamycin complex 1 (mTORC1)41,58. In addition, Akt also promotes cell survival by 

phosphorylation and inhibition of apoptosis-promoting proteins such as Bcl2-associated 

agonist of cell death (BAD), BCL2 Associated X, Apoptosis Regulator (BAX), caspase-9 

and apoptosis signal-regulating kinase 1 (Ask1)59. Thus, our current study suggests that 

negative regulation of Akt could be a novel mechanism by which ECRG2 suppresses the  
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growth of cancer cells.  

Cyclin-dependent kinases (CDKs) are family of serine/threonine protein kinases, 

which are key components of cell cycle control system60. Activation of CDKs by their 

specific cyclin partners leads to initiation of various cell cycle phases61. Cheng et al. 

previously showed that ECRG2 depletion leads to increase in cyclin E levels and cyclin E-

associated CDK2 activity31, suggesting that ECRG2 is important for controlling G1/S 

transition. However, ECRG2’s role in other cell cycle phases remains unclear. Our current 

study shows that ECRG2 regulates the proteins levels of cyclin A, cyclin B1 and CDK1, 

but not CDK2 (Fig. 6B). Cyclin A activates CDK2 during S-phase and CDK1 (CDC2) 

during G2/M transition62. Analyses of cyclin A-associated CDK2 and -CDK1 activity in 

ECRG2-depleted cells would reveal the role of ECRG2 in cell cycle transition through S-

phase and G2/M. The activity of cyclin B1-CDK1 complex is critical for the progression 

through mitosis after G2 phase44. Thus, study of cyclin B1-associated CDK1 activity in 

ECRG2-depleted cells would shed light on ECRG2’s role in mitosis. One of the common 

experimental strategy to study the activities of cyclin-CDK complexes is by analyzing 

phosphorylation of known substrate such as histone H1 by in vitro kinas assay. While our 

current results showing ECRG2-mediated regulation of essential cell cycle proteins suggest 

that ECRG2 may be important for regulation of various cell cycle phases, in-depth analysis 

of various cyclin-CDK complex activities in ECRG2-depleted or ECRG2-overexpressing 

cells are required to ascertain exact function of ECRG2 in different cell cycle phases. In 

addition, cell cycle analysis using the flow cytometry could be performed to determine 

overall role of ECRG2 in cell cycle progression through various phases. 
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CHAPTER 4 

GENERAL DISCUSSION 

 

This dissertation aims to elucidate the regulatory mechanism and function of ECRG2 under 

DNA damage and the role of ECRG2 in microtubule dynamics and cell proliferation. 

Multiple lines of evidence have shown that ECRG2 acts as a tumor suppressor. For 

instance, it has been shown that exogenous expression of ECRG2 suppresses the growth 

of cancer cells and grafted tumors in mice1-3. ECRG2’s role as a serine peptidase inhibitor 

has also been thoroughly investigated. It has been demonstrated that ECRG2 suppresses 

extracellular matrix (ECM) degradation and prevents cancer cell migration, invasion and 

metastasis4-6. Loss of ECRG2 function has been linked to chromosomal instability (CIN) 

and aneuploidy7. Recently, our group elucidated the mechanism of ECRG2-mediated 

apoptosis induction via negative regulation of important oncogenic proteins2. This study 

also reported strong induction of ECRG2 expression following DNA damage2, however, 

the molecular mechanisms involved in ECRG2 induction ensued by DNA damage is 

unknown and remains to be investigated. In this dissertation, we have provided 

experimental evidence that ECRG2 is induced by DNA damage in a p53-dependent 

manner. Moreover, we also demonstrate that ECRG2 regulates cancer cell sensitivity to 

DNA damage-inducing anticancer drugs. Further, we report a novel biological function 

that ECRG2 interacts with and stabilizes microtubules. Lastly, we demonstrate that ECRG2 

regulates cell proliferation and important regulators of cell cycle progression. 
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ECRG2 is a novel pro-apoptotic transcriptional target of tumor suppressor p53 

The cardinal tumor suppressor p53 is a chief coordinator of cellular response to diverse 

stress stimuli including DNA damage8,9. DNA damage promotes phosphorylation and 

acetylation of p53, which lead to stabilization and accumulation of p53 protein in the 

nucleus8. The p53 protein molecules accumulated inside the nucleus form a tetramer, which 

binds to the response elements located within the promoter or intronic regions of the target 

genes to activate their transcription10. These target genes are involved in an array of 

biological processes such as cell cycle arrest (e.g., Cyclin-Dependent Kinase Inhibitor 1A 

(CDKN1A)/p21, GADD45a, 14-3-3σ), autophagy (e.g., DRAM) and apoptosis (e.g., BAX, 

PUMA, DR5)10,11. In past two decades, multiple pro-apoptotic downstream targets of p53 

have been characterized12, however, inactivation of none of these genes was able to 

phenocopy the deficiency in apoptotic signaling observed in p53-null cells8. It was 

proposed that successful tumor suppression by p53 may require functional redundancy of 

multiple downstream target genes with pro-apoptotic activity13. Alternatively, it was 

suggested that distinct pro-apoptotic target genes of p53 are induced by stress stimuli- and 

cell-type specific manner14. This conjecture paved the path for continued discovery and 

characterization of novel pro-apoptotic targets of p53. 

 In this dissertation we have established that ECRG2 is an integral part of p53-

mediated apoptotic signaling and ECRG2 expression is induced in response to DNA 

damage in a p53-dependent manner. We demonstrate that DNA damage promotes the 

recruitment of p53 to ECRG2 promoter, which further upregulates ECRG2 mRNA and 

protein expression. Once induced, ECRG2 triggers activation of caspases and stimulates 

apoptotic cell death (shown by our current results and previously reported by our group2). 
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Apoptosis induced by p53 activation is essential for eliminating the cells with severe 

irreparable DNA damage, which could otherwise lead to further accumulation of genetic 

errors and cancer development15. Thus, as a pro-apoptotic effector of p53, ECRG2 may be 

instrumental in maintaining genomic stability and preventing malignant transformation. In 

addition, p53-mediated apoptosis is critical for the success of chemo- and radiotherapy14. 

Previous studies have shown that inactivation of pro-apoptotic downstream targets of p53 

such as PUMA, NOXA and DR5 render cancer cells resistant to DNA damage-induced 

apoptosis even with functional p5316,17. Thus, proper functioning of pro-apoptotic targets 

of p53 is indispensable for its tumor suppressor activity. In this context, we show that 

ECRG2 deficiency attenuates apoptosis activation and enhances cancer cell survival under 

DNA damage, despite p53 induction. The previous publication from our group has shown 

that silencing of endogenous ECRG2 upregulates X-Linked Inhibitor of Apoptosis (XIAP) 

and Hu-antigen R (HuR) proteins levels2. Both of these proteins have been shown to 

promote cell survival under DNA damage18,19. Hence, it is conceivable that ECRG2 

optimizes cancer cell sensitivity to DNA damage-inducing anticancer drugs through 

downregulation of XIAP and HuR. Taken together, we demonstrate, for the first time, that 

ECRG2 is essential for p53-mediated apoptotic cell death in response to DNA damage and 

serves as an important modulator of cancer cell sensitivity to chemotherapy. 

 Although p53 has been shown to regulate protein translation20 and interact with 

mitochondrial proteins21, most of the core p53 functions are dependent on its ability to 

regulate gene transcription11. Seminal studies identified consensus nucleotide sequence for 

p53 binding as RRRCWWGYYY..n.. RRRCWWGYYY, where R = A/G, WW = A/T or 

T/A, Y = T/C, n = 0-13 nucleotides22,23. However, many of the functional p53 binding sites 
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discovered have one or more nucleotide mismatch with the consensus sequence24. 

According to affinity model, the degree of sequence homology with consensus binding 

motif may determine degree of affinity for p53 binding25. In fact, studies have shown that 

binding sites of target genes involved in cell cycle arrest (e.g. p21) and DNA repair (e.g. 

PCNA, GADD45) pathways display higher degree of sequence homology with consensus 

motif, which also translates into higher affinity for p53 binding26,27. Conversely, most of 

the pro-apoptotic target genes of p53 (e.g. Bax) showed wide variations in sequence 

homology with consensus motif and lower affinity for p53 biding26,27. Furthermore, it was 

noted that degree of activation based on the type and strength of the stimuli can determine 

the downstream response28,29. In simple terms, under mild stress stimuli, low amount of 

p53 molecules will accumulate inside the nucleus, which will preferentially activate cell 

cycle arrest and DNA repair because of the low binding threshold for the target promoters 

in these pathways29. However, under sustained or potent stress stimuli, large amount of p53 

will accumulate which will be sufficient to activate the pro-apoptotic targets with low 

affinity29. Interestingly, both the predicted p53-binding sites within ECRG2 promoter 

exhibit ~70% homology with the consensus p53 binding motif, which suggests that 

ECRG2, like other pro-apoptotic targets, may be transactivated by p53 under sustained 

DNA damage. Besides the intracellular accumulation, post-translational modifications of 

p53 such as phosphorylation has been shown to enhance p53 recruitment to low affinity 

binding sites for pro-apoptotic targets30. DNA damage has been shown to induce p53 

phosphorylation at multiple residues8. These findings imply that DNA damage-induced 

p53 phosphorylation may facilitate its recruitment to ECRG2 promoter.  
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The intricate network of p53 is further complicated by the existence of 

autoregulation loops that can modulate p53 activities either positively or negatively31. 

MDM2, the principal E3 ligase for p5332,33 which is also a p53 transcriptional target34, 

forms a negative feedback loop which is crucial for the determination of cells’ fate: growth 

versus death31,35. In a further layer of complexity, p53 target genes such as 14-3-3σ36 and 

Phosphatase and Tensin Homolog (PTEN)37 rescue p53 from MDM2-mediated 

degradation and thus promote p53 activity creating a positive feedback loop31. 

Interestingly, our findings show that ECRG2 upregulates p53 protein levels (Appendix I – 

Fig. 1 and 2; Appendix II – Fig. 2). Our current observations are in agreement with the 

previously published study by Cheng et al.7 showing that ECRG2 stabilizes p53 protein by 

preventing its ubiquitination and degradation, although the exact role of ECRG2 and the 

E3 ligase involved were not investigated. A previous study reported that HuR binds to and 

stabilizes MDM2 mRNA leading to its increased protein expression38. Since, ECRG2 has 

been shown to promote proteasome-mediated degradation of HuR2, it is plausible that 

ECRG2-mediated downregulation of HuR reduces MDM2 expression and function. Upon 

combining these information, a potential new model of ECRG2-p53 positive feedback loop 

emerges which suggests that p53 transactivates ECRG2 in response to cellular stressors 

such as DNA damage and accumulated ECRG2 stabilizes p53 protein via an unknown 

mechanism that needs further investigation. Additional studies are required to confirm this 

relationship and to elucidate the precise molecular mechanism of ECRG2-mediated p53 

protein stability. 

p53 family of transcription factors includes two other members, p63 and p7339. 

Both p63 and p73 have significant structural and sequence similarities with p53, especially 
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in their DNA-binding domains (DBD) (65% homology between p53 and p63 DBDs and 

63% homology between p53 and p73 DBDs)40. Consequently, both p63 and p73 are able 

to transactivate some, but not all, p53 target genes39. For example, TA isoforms (containing 

N-terminal TransActivation domain) of p63 are able to transactivate established p53 target 

genes such as CDKN1A/p21, BAX and MDM241. In this context, it was interesting to find 

predictions of two p63 binding sites within ECRG2 promoter. Moreover, studies have 

shown that TAp63γ, which has the most similarity with p53 among all p63 isoforms, is 

induced by DNA damage42 and overexpression of TAp63γ in cells induces apoptosis43. 

Significantly, we found induction of ECRG2 protein by TAp63γ expression in our 

preliminary study (Appendix I – Fig. 3). Hence, it is highly possible that in addition to p53, 

TAp63γ may also induce ECRG2 expression following DNA damage. Future in-depth 

analysis is required to confirm this hypothesis. Apart from apoptosis, p63 isoforms are also 

involved in the regulation of cancer metastasis, cell adhesion, metabolism and skin 

development40,44. A recent study highlighted the role of ECRG2 in skin differentiation and 

homeostasis45, which suggests that p63-mediated ECRG2 regulation may also be important 

in the development of dermis and epidermis. 

 Importantly, we show, for the first time, that an upstream transcript variant 

rs3214447 (TAGAATTC deletion) adversely affects ECRG2 promoter activation under 

normal conditions, as well as under DNA damage-induced stress conditions. About 5.2 % 

of world population is estimated to harbor TAGAATTC deletion in both the alleles of 

ECRG2 promoter, however its effect on ECRG2 transcription and clinical significance 

have not been reported yet46. Polymorphism in the non-coding regions such as promoters 

are known to affect the gene expression and are under increased scrutiny for their roles in 



Chapter 4 

140 
 

the tumorigenesis47,48. Insertion of single guanine nucleotide in the matrix 

metalloproteinase-1 (MMP-1) promoter at -1607 bp generates a binding site for ETS 

transcription factor, which results into enhanced transcription and expression, aggressive 

ECM degradation and increased cancer progression49. Promoter mutations in Telomerase 

Reverse Transcriptase (TERT) gene demonstrate strong association with human cancers50. 

Studies show that mutations in two hotspot positions of TERT promoter create de novo 

binding sites for ETS family of transcription factors, which lead to enhanced transcription 

and expression of TERT50. Promoter mutations causing reactivation of TERT are the most 

common point mutations in multiple cancer types including melanoma, bladder cancer, 

glioblastoma and liver cancer50. It is possible that TAGAATTC deletion within ECRG2 

promoter leads to generation of a new binding site for a repressor (silencer) or loss of a 

binding site for an important enhancer, which results into diminished promoter activation 

and reduced transcription. In addition, reduced ECRG2 expression due to TAGAATTC 

deletion in the promoter may impart resistance to DNA damage-inducing anticancer drugs 

in cancer cells. 

  

ECRG2 function in microtubule dynamics, cell proliferation and cell cycle regulation 

In addition to its role in DNA damage-induced apoptosis, we discovered a novel biological 

function of ECRG2 in microtubule dynamics. Through various experimental approaches, 

we established that ECRG2 interacts with and stabilizes microtubules. Dysregulation of 

microtubule stability can lead to mitotic and cytokinesis errors followed by chromosomal 

instability and aneuploidy51,52. Thus, impaired microtubule stability and dynamics are 

proposed as one of the fundamental steps towards malignant transformation53. In light of 
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our current findings, it is possible that inactivation of ECRG2 may destabilize microtubules 

and disrupt their function in normal cell physiology leading to spindle defects, chromosome 

segregation errors and aneuploidy. In response to chromosomal aberration, cell growth is 

arrested by cell-cycle checkpoints to allow for the DNA repair or apoptotic death is induced 

in case of significant irreparable DNA damage54. Since, ECRG2 is also instrumental in 

triggering apoptosis2, the loss of ECRG2 function can give rise to treacherous situation 

which involves aneuploidy without adequate apoptotic response. Moreover, inactivation of 

ECRG2 may also promote loss of cell polarity, epithelial-to-mesenchymal transition 

(EMT), increased cancer cell migration and metastasis through microtubule 

destabilization.  

Microtubules are among the most successful drug targets for chemotherapy, 

however, emergence of resistance has posed a major challenge to clinical utilization of 

microtubule-targeting agents55,56. Dysregulation of function or expression of microtubule-

associated proteins (MAPs) are implicated in cancer cell resistance to microtubule-

targeting drugs56. Studies have reported that high expression of microtubule stabilizing 

protein MAP4 confers resistance to microtubule destabilizing agent, vincristine57. 

Conversely, elevated function of stathmin, a microtubule destabilizing protein, led to 

resistance against microtubule stabilizing drug, paclitaxel58. Due to microtubule-stabilizing 

property of ECRG2, it is possible that downregulation of ECRG2 increases the sensitivity 

to microtubule-destabilizing drugs, but decreases the sensitivity to microtubule-stabilizing 

drugs in cancer cells. Moreover, ECRG2 mutations can also alter its interaction with 

microtubules. In the present study, a patient-derived point mutant V30E did not affect 

ECRG2’s ability to interact with and stabilize microtubules. In line with our present 
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finding, a previous study reported that V30E mutant of ECRG2 does not alter cancer cell 

sensitivity to paclitaxel2. This shows that more studies are needed to characterize tumor 

derived ECRG2 mutants in context of its microtubule stabilizing function. Overall, 

analyzing the ECRG2 status in cancer patients would help designing the rational treatment 

strategy using the microtubule-targeting anticancer drugs. 

We further demonstrate that ECRG2 inhibits cancer cell proliferation, potentially 

through suppression of Akt phosphorylation. Akt/Protein kinase B (PKB), a 

serine/threonine kinase, is phosphorylated and activated through Phosphoinositide 3-

kinase (PI3K) signaling in response to growth factor stimulation and promotes cell 

proliferation by phosphorylation of important downstream targets such as forkhead box 

protein 1 (FOXO1), WEE1, glycogen synthase kinase 3 beta (GSK3b) and mammalian 

target of rapamycin complex 1 (mTORC1)59,60. Moreover, Akt has been shown to promote 

cell survival and chemoresistance by negative regulation of apoptosis-promoting proteins 

such as Bcl2-associated agonist of cell death (BAD), BCL2 Associated X, Apoptosis 

Regulator (BAX), caspase-9 and apoptosis signal-regulating kinase 1 (Ask1)59,61. Thus, 

inhibition of Akt phosphorylation could be a novel mechanism through which ECRG2 

sensitizes cancer cells to chemotherapy. Akt is one of the highly sought after target for 

cancer therapy due to its role in cell proliferation and frequent overactivation in various 

human malignancies62. In this context, identification of ECRG2-mediated inhibition of Akt 

activation is extremely significant and merits further investigation. The transcription of 

PTEN tumor suppressor, a phosphatase and negative regulator of PI3K/Akt pathway, is 

regulated by p5363. Hence, ECRG2 may induce PTEN transcription by stabilizing p53 

protein and inhibits Akt phosphorylation. Surprisingly, microtubules were also shown to 
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modulate PI3K/Akt signaling pathway by multiple mechanisms64. For example, 

microtubules influence intracellular localization and spatial activity of vesicle-bound 

PTEN65. Microtubules comprising acetylated α-tubulin (Lys40) can sequester Akt and limit 

its full activation which requires phosphorylation at both Ser473 and Thr308 residues66. 

Thus, ECRG2’s ability to stabilize microtubule and increase Lys40 acetylation may, at 

least in part, play a role in controlling Akt phosphorylation and activation in cells. 

 ECRG2’s ability to regulate protein levels of cyclin A, cyclin B1 and CDK1 

(CDC2) suggests that ECRG2 is potentially involved in cell cycle regulation. We 

demonstrate that ECRG2 increase cyclin A, but decreases cyclin B1 and CDK1 protein 

levels in cells. Activation of maturation promoting factor (MPF), which is a complex of 

cyclin B1/CDK1(CDC2), is required for G2/M transition in cell cycle67. Interestingly, 

tumor suppressor p53 has been shown to repress the transcription of cyclin B1 and regulate 

G2/M checkpoint68,69. Thus, ECRG2-mediated p53 stabilization may be responsible for 

negative regulation of cyclin B1 by ECRG2. Cyclin A plays an important role in cell cycle 

progression through S phase by activation of CDK2 and through G2/M by activation of 

CDK1(CDC2)70. Studies have shown that transforming growth factor-β (TGF-β) represses 

cyclin A transcription71,72. A recent study showed that inactivation of ECRG2 causes 

increase in TGF-β production73. Thus, ECRG2-mediated increase in cyclin A protein level 

may be an end result of ECRG2-mediated inhibition of TGF-β. Further studies are required 

to explore the exact molecular mechanism and full potential of ECRG2 in regulating cell 

cycle progression. 

 As discussed earlier, cancer development is a multistep process and usually arises 

from the gradual acquisition of genetic or epigenetic alterations that enables gain of 
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oncogene functions and/or loss of tumor suppressor functions74-76. Based on the tumor 

suppressor activity of ECRG2 by multiple biological mechanisms, it is unsurprising that 

ECRG2 is inactivated in several human malignancies77-80. Our independent investigation 

based on the publicly available cancer microarray databases also found that ECRG2 

expression is significantly downregulated in human cancers of esophagus, oral cavity, 

stomach (intestinal type) and cervix. Pivotal tumor suppressor p53 is inactivated through 

mutations in DNA binding domain or expression of viral oncoproteins in these cancer 

types81-84. This strongly suggests that loss of p53 transcriptional function either by 

mutations or protein degradation is one of the mechanisms through which ECRG2 

expression is downregulated in these cancer types. Decreased ECRG2 activity may further 

lead to increased cell proliferation through enhanced Akt activation and loss of cell cycle 

control via dysregulation of CDK1, cyclin A and B1. Reduced ECRG2 levels may also 

destabilize microtubules and eventually lead to increased cell migration and metastasis and 

altered sensitivity to microtubule-interacting drugs. Finally, loss of ECRG2 function may 

give rise to elevated cell survival under DNA damage through diminished activation of 

apoptosis and reduced cancer cell sensitivity to genotoxic anticancer agents. In this context, 

we found that patients with lower expression of ECRG2 in their tumors exhibit shorter 

disease-free survival compared to their counterparts, which suggests that reduced ECRG2 

levels impart survival benefit to cancer cells and enables the relapse of the disease. To 

summarize, ECRG2 function is not only important for the prevention of cancer 

development and relapse, but it is also significant for the effectiveness of anticancer 

treatment which relies on the pro-apoptotic signaling downstream of wild type p53 in 

response to DNA damage.  
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Figure 1. The model depicting ECRG2 regulation & function in context of DNA 

damage, microtubule dynamics and cell proliferation. ECRG2 expression is induced by 

DNA damage in p53-dependent manner. Once induced, ECRG2 suppresses XIAP and HuR 

levels and triggers apoptotic cell death. Under unstressed conditions, ECRG2 interacts with 

and stabilizes microtubules. ECRG2 also regulates cell proliferation by controlling Akt 

phosphorylation and modulation of important cell cycle regulatory proteins such as cyclin 

A, cyclin B1 and CDK1.  
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APPENDIX 1 

EXTRA DATA 

 

 

 

Figure 1 Overexpression of ECRG2 upregulates p53 protein levels.  

RKO, A549 or MCF-7 cells were transiently transfected with empty vector or vector 

expressing ECRG2-HA for indicated duration. The cells lysates were probed with indicated 

antibodies and analyzed by Western blotting as described in Chapter 2. GAPDH or actin 

were used as a loading control. 
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Figure 2. Loss of ECRG2 expression leads to downregulation of p53 protein levels.  

RKO cells were infected with lentivirus expressing scrambled sgRNA/Cas9 or ECRG2-

specific (T1 or T3) sgRNA/Cas9 and selected with puromycin for at least 5 days before 

harvesting. Western blot analyses were performed using the indicated antibodies as 

described in Chapter 2. Actin was used as the loading control. The efficiency of on-target 

editing and loss of ECRG2 expression was confirmed by Western blotting and shown in 

results sections of Chapter 2 (Fig. 7d) and 3 (Fig. 7a). 
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Figure 3. TAp63γ upregulates endogenous ECRG2 protein levels.  

H1299 lung cancer cells were transiently transfected with empty vector or vector 

expressing FLAG-tagged TAp63γ for 24 hours. The cells lysates were probed with the 

indicated antibodies and analyzed by Western blotting as described in Chapter 2. Actin was 

used as the loading control. 
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ABSTRACT 

 

Esophageal cancer related gene 2 (ECRG2) has previously been shown to possess 

tumor suppressive capabilities including the ability 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 compared to adjacent/normal tissues. We further report 

that ECRG2 expression caused marked upregulation of cell death inducing receptor, DR5 

(death receptor 5). This upregulation of DR5 was attributed to ECRG2’s ability to induce 

the expression of transcription factor ATF3 in a p53-dependent manner. Independent of 

p53 and ATF3 upregulation, ECRG2 expression also caused increased expression of 

transcription factor NFⱪB. We show that ECRG2 collaboratively regulates DR5 gene 

expression through the upregulation of p53, ATF3 and NFⱪB. 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.  
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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 cancers1. ECRG2 is a small protein 

composed of 85 amino acids with a molecular weight of 9.23kDa2. Structurally, the first 

20 amino acids contain a predicted N-terminal secretory tag, and residues 31-85 constitute 

a Kazal-type serine protease inhibitor domain3,4. Interestingly, ECRG2 can protect p53 

from ubiquitination via interactions with p53’s MDM2 binding domain3. 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 mice5,6. 

Recently, our group discovered that ECRG2 can 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 down regulation of both HuR and XIAP. 

Interestingly, a single somatic point mutant for ECRG2, V30E, was unable to downregulate 

HuR and XIAP, nor induce apoptosis7. Together, the data represents 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. 

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 cascade8. DR5 is activated via binding of its death inducing ligand TNF-



Appendix 2 

164 
 

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 

which eventually induce apoptosis9. 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 99. Owing to DR5’s ability to induce apoptosis in cancer cells it 

is being explored as a possible drug target10.  

DR5 promoter regulation following cytotoxic stress has been thoroughly inspected. 

Cytotoxic stress induced a 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 

gene11. 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 gene12. Other transcription factors like c-Myc and CHOP have 

also been cited to be involved in DR5 promoter regulation 12,13. Following genotoxic stress 

NF-ⱪB binds to the first intronic region concurrent with p53 binding to induce DR5 

expression14. More recently, ATF3 was shown to contain three binding sites proximal to 

exon 1 in the DR5 gene and behaves as a co-transcription factor that directly binds with 

p53 inducing DR5 protein expression9. 

In this study, we illuminate how 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 
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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 to induce 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). 

Antibodies against caspase 3, caspase 8 (1C12), caspase 9 (C9), DR5 and cleaved PARP 

were from Cell Signaling Technology (Danvers, MA), while 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 
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with 10% fetal bovine serum (FBS) (Gemeni Bioproducts Inc., Calabasas, 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 where transfected using LipoJet™ per 

manufactures protocol (SignaGen Laboratories).  

 

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 as 

previously reported7. 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 described15. 
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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. 

 

mRNA expression and DR5 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 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′.  

 

Promoter Studies 

Vectors for DR5-Full and DR5-(A) were a kind gift from Dr. WS El-Deiry and generation 

of the vectors was previously described11. Cells were transfected with either DR5 luciferase 

promoter for 6 hours before being split into 4 identical plates. 18 hours later the cells were 
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transfected with empty vector, wt-ECRG2, mt-V30E or ECRG2 truncation mutant tm-20-

85. Luciferase assay was previously described7.    

 

Western blot studies 

Western blot analyses were performed as previously described16.  

 

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 tissues1. 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 kDa. 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 techniques7. 

Further reaffirming specificity of our antibody, figure 1B shows that by knocking down 

endogenous ECRG2, utilizing an shRNA approach, band intensity of both the 26 kDa as 

well as 20 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 posttranslational 

modifications and/or mutations. Together, we elucidated that in 90% of patient tumor 

samples, there was a loss and/or modification of ECRG2 protein, further supporting that  
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Figure 1. Lung cancer patient samples show decreased ECRG2 protein levels.  

A. 30 tumor and matching normal/adjacent lung tissue samples were run on an SDS-PAGE 

gel followed by western blotting techniques. ECRG2 bands (10kDa, 20kDa, and 26kDa) 

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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Sample ID: Age Sex Pathology ECRG2 Expression *
D-50624 72 Male Normal
D-50625 72 Male Squamous cell carcinoma Aberrant expression
D-50642 76 Male Normal
D-50643 76 Male Large cell carcinoma Not detected
D-50668 48 Male Normal
D-50669 48 Male Adenocarcinoma Reduced
D-50662 70 Male Normal
D-50663 70 Male Adenocarcinoma Aberrant expression
D-50644 70 Female Normal
D-50645 70 Female Squamous cell carcinoma Aberrant expression
D-50685 68 Male Normal
D-50686 68 Male Adenocarcinoma Aberrant expression
D-50666 47 Male Normal
D-50667 47 Male Adenocarcinoma Not detected
D-50616 68 Male Normal
D-50617 68 Male Squamous cell carcinoma Aberrant expression
D-50618 76 Male Normal
D-50619 76 Male Squamous cell carcinoma Aberrant expression
D-50632 80 Female Normal
D-50633 80 Female Squamous cell carcinoma Aberrant expression
D-50638 66 Male Normal
D-50639 66 Male Squamous cell carcinoma Aberrant expression
D-50654 60 Male Normal
D-50655 60 Male Adenocarcinoma Aberrant expression
D-50676 78 Male Normal
D-50677 78 Male Squamous cell carcinoma Aberrant expression

10-03-A123 68 Male Normal
10-03-A122 68 Male Adenocarcinoma Not detected
10-09-A127 74 Female Normal
10-09-A126 74 Female Adenocarcinoma Aberrant expression
10-04-A114 68 Male Normal
10-04-A113 68 Male Adenocarcinoma Aberrant expression
10-04-A140 59 Female Normal Not detected
10-04-A139 59 Female Squamous cell carcinoma Not detected
10-04-A160 77 Male Normal
10-04-A159 77 Male Adenocarcinoma Reduced
10-04-A165 64 Male Normal
10-04-A164 64 Male Squamous cell carcinoma Normal
10-04-A082 77 Female Normal
10-04-A081 77 Female Adenocarcinoma Reduced
11-02-A064 67 Male Normal
11-02-A063 67 Male Adenocarcinoma Not detected
11-03-150 66 Female Normal
11-03-151 66 Female Adenocarcinoma Not detected 
11-03-846 72 Female Normal
11-03-845 72 Female Squamous cell carcinoma Reduced

11-00-292B 67 Male Normal
11-00-292A 67 Male Adenocarcinoma Reduced
11-11-097B 74 Male Normal
11-11-097A 74 Male Adenocarcinoma Not detected
3091427B 57 Female Normal
3091427A 57 Female Malignant Aberrant expression
3100487B 73 Female Normal
3100487A 73 Female Adenocarcinoma Reduced
3091218B 66 Female Normal
3091218A 66 Female Adenocarcinoma Reduced

48549T-008 76 Female Normal
48548T-012 76 Female Adenocarcinoma Normal
49259T-003 60 Female Normal
49258T-007 60 Female Adenocarcinoma Reduced

Table 1: Patient Data

* ECRG2 expression in tumor samples compared to matched normal tissue.  



Appendix 2 

173 
 

-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 cells lines. Further, we 

showed that ECRG2 expression in MCF-7 breast cancer and A549 lung cancer cells let to 

activation of both the intrinsic (caspase 9) and extrinsic (caspase 8) apoptotic cascade7. To 

further confirm that ECRG2 is eliciting cell death by activating the apoptotic pathway, we 

treated HeLa cervical cancer cells with PAN caspase inhibitor prior to transfection with 

empty vector or wild-type ECRG2. In support of previous studies, ECRG2 failed to induce 

cell death in cells treated with the PAN caspase inhibitor, further backing that ECRG2-

induced cell death is mediate by the activation of apoptotic cascade (fig. 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, the upregulation was not nearly as robust as seen in wild type-ECRG2 or 

mutant-V30E expressing cells (figure 2B). This observation further supports 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 protein3. Interestingly, truncation 

mutant tm-20-85 was shown to run at a higher molecular weight than wild type ECRG2 

possibly suggesting that ECRG2’s n-terminus is necessary for proper posttranslational 

modifications, however more studies are needed to determine if this is true. Collectively,  
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Figure 2. 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). 

 

 

B 

A 

C 



Appendix 2 

175 
 

-we determined that ECG2 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 

As our results indicated that ECRG2 is capable of activating caspase 8, we sought 

to understand how ECRG2 is achieving this effect. We have previously reported that 

ECRG2 induces caspase 8 activity7. 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 may be 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 after DR5 mRNA 

had declined, suggesting that ECRG2 may be stabilizing DR5 protein. Nonetheless, further 

scrutiny is necessary to confirm these results.   
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Figure 3 A-C. ECRG2 induces DR5 gene expression 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. Asterisk (*) represents P 

value < 0.05.       
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Figure 3 D-F. ECRG2 induces DR5 gene expression and protein levels. 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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ECRG2 has been previously shown to protect p53 from ubiquitination, thus 

stabilizing p53 protein levels3. It is also well known that p53 is capable of inducing DR5 

protein expression11, and we sought to determine if p53 stabilization via ECRG2 was 

causing increased DR5 protein expression. To address this question, RKO p53 wild type 

and RKO p53-/- cell lines were transfected with wild type-ECRG2 and mutant-V30E. At 24 

hours post transfection, both wild type and mutant ECRG2 showed increased DR5 protein 

expression (figure 3C). Unlike RKO p53 wild type cells, the RKO p53-/- cells showed no 

increase in DR5 expression following exogenous expression of either wild type-ECRG2 or 

mutant-V30E, suggesting 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 (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 2C), was unable to induce DR5 promoter response 

suggesting p53 is also 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 
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response further 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 DR5 promoter response suggesting that wild type-ECRG2 may also be 

modulating other regulator elements in the full DR5 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. 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 

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  
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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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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 can increase 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, clearly suggesting 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 also induced 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 

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  
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Figure 5 A-C. ECRG2 modulates NFⱪB protein levels influencing DR5 gene 

transcription. 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 gene 

transcription. D. RKO cells were treated for 1 hour with NFⱪB inhibitor before 

transfection with wt-ECRG2 for 24 hours. E. H1299 expressing 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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-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 4D), we next sought to discern if this increase in NFⱪB is dependent for 

ECRG2’s ability to increase DR5 promoter response. To address this question, the DR5-

Full promoter construct was co-expressed in ECRG2 expressing cells, in the presence or 

absence of the NFⱪB inhibitor. Figure 5E demonstrates that inhibition of NFⱪB was 

capable of reducing ECRG2-mediated upregulation of DR5 promoter response further 

supporting the decrease in DR5 expression in figure 5D. These data, along with the 

promoter studies, suggest that ECRG2 may be regulating DR5 promoter response through 

cooperative regulation of p53 and ATF3, as well as NFⱪB. 

 

ECRG2 influences cell death through TRAIL and genotoxic agents    

 Since ECRG2 upregulates DR5 protein expression, we next examined if ECRG2 

can enhance 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 and then 

treated these cells 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 protein7. Using an shRNA approach, we silenced endogenous ECRG2 

protein levels in RKO cells and then treated the cells with etoposide or doxorubicin for 24  
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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 E. The proposed model for ECRG2 regulation of DR5 gene expression and 

cell death. ECRG2 is able to upregulate the protein levels of tumor suppressor p53 and 

transcription factors ATF3 and NFκB. Via a cooperative regulation of p53, ATF3 and 

NFκB, ECRG2 induces the expression of the DR5 gene increasing DR5 protein levels. 
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-hours. Knockdown of ECRG2 protected the cells from genotoxic stress, as shown by 

increased cell viability using 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 too 

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 

highlights 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 is shown in figure 6E.  
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DISCUSSION 

 

In this study we have uncovered ECRG2 downregulation at the protein level in lung cancer 

patient samples and an important regulator of DR5 gene expression. We show that ECRG2 

protein expression is lost and/or changed in 90% of lung tumor samples tested (figure 1). 

This data further supports that ECRG2 mRNA levels are suppressed in lung cancer 

patients1, and  that the suppression of ECRG2 mRNA leads to decreased protein 

expression. ECRG2 protein expression was previously shown to induce apoptosis by our 

group 7. In support of our earlier findings, ECRG2 expression induced apoptosis in HeLa, 

RKO and RKO p53-/- 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 protein expression 

is significant due to the fact that the DR5 gene is an attractive therapeutic target and often 

downregulated in cancers12,17. Through binding to its death receptors (DR4/DR5), TRAIL 

has been demonstrated to induce apoptosis selectively in cancer cells without cytotoxic 

effects in normal cells18. 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 antibodies19-21. However, TRAIL 

targeted therapies have been shown to have marginal success, since many tumor cancer 

cells are resistant to recombinant TRAIL and agonistic antibodies17. TRAIL resistance can 

occur from reduced caspase expression22, induced expression of caspase inhibitors (c-

FLIP, XIAP, and Bcl-2)19 and degradation of truncated Bid23. Further, it has been shown 

that DR5 protein expression can be downregulated in cancer tissues24. 
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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 expression14. 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 

expression14. 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 only has ATF3 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 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 3A). While wild type and mutant ECRG2 

induced DR5 mRNA levels at 6 hours, 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 
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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 expression9. While other regulatory 

elements exist in DR5’s promoter region, such AML-1a, c-MYb, SP1, GATA-1 and c-

Ets2,12 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 apoptosis25. 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 death25,26. However, NFⱪB has 

also been shown to be necessary for p53-induced apoptosis, whereby, inhibition of NFⱪB 

completely abolished p53-induced cell death27. We previously reported that ECRG2 causes 

the downregulation of XIAP7. ECRG2’s ability to upregulate NFⱪB and induce DR5 

expression, while downregulating XIAP protein levels suggests that ECRG2 may be 

capable of pushing NFⱪB activity from pro-survival to pro-apoptotic.  We show that 

ECRG2 is capable of inducing NFⱪB independently of p53, 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 family28. ATF3 has been shown to be a stress sensor for a vast amount of 
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cytotoxic stresses including oxidative stress, ER stress, hypoxia, hyponutrition as well as a 

number of genotoxic stresses29,30. 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 death31. Interestingly, ATF3 confers 

resistance to p53 ubiquitination by directly interacting with p53, thereby protecting it from 

proteolytic degradation32. Further, it has been demonstrated that 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 

TRAIL receptor therapies33. 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 27,31. 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 



Appendix 2 

192 
 

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. The loss of ECRG2 may result in decreased DR5 

protein expression as well as decreased response to genotoxic stresses as well as TRAIL 

treatment. This reduction in response to TRAIL addition, and genotoxic stress, may be a 

contributing factor to cancer cell drug resistance.       
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ABSTRACT 

 

Plants are major source for discovery and development of anticancer drugs. Several plant-

based anticancer drugs are currently in clinical use. Fagonia indica is a plant of medicinal 

value in the South Asian countries. Using mass spectrometry and NMR spectroscopy, 

several compounds were purified from the Fagonia indica extract. We have used one of 

the purified compounds quinovic acid (QA) and found that QA strongly suppressed the 

growth and viability of human breast and lung cancer cells. QA did not inhibit growth and 

viability of non-tumorigenic breast cells. QA mediated its anticancer effects by inducing 

cell death. QA-induced cell death was associated with biochemical features of apoptosis 

such as activation of caspases 3 and 8 as well as PARP cleavage. QA also upregulated 

mRNA and protein levels of death receptor 5 (DR5). Further investigation revealed that 

QA did not alter DR5 gene promoter activity, but enhanced DR5 mRNA and protein 

stabilities. DR5 is one of the major components of the extrinsic pathway of apoptosis. 

Accordingly, Apo2L/TRAIL, the DR5 ligand, potentiated the anticancer effects of QA. 

Our results indicate that QA mediates its anticancer effects, at least in part, by engaging 

DR5-depentent pathway to induce apoptosis. Based on our results, we propose that QA in 

combination with Apo2L/TRAIL can be further investigated as a novel therapeutic 

approach for breast and lung cancers. 

 

Keywords: Natural product; Breast cancer; Lung cancer; Anticancer potential; Quinovic 
acid; DR5; Apo2L/TRAIL 
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INTRODUCTION 

 

Plants from land and aquatic sources have proven to be a rich source for the discovery and 

development of anticancer drugs. The agents isolated from these natural sources generally 

fall under a variety of groups including diterpenes, diterpenoquinone, lactonic 

sesquiterpene, alkaloids, macrocyclic polyethers, proteins, purine-related compounds, 

peptides, cyclic depsipeptide and similar others1. Several important anticancer drugs 

currently in the clinic have their origins linked to plants. For example (i) vinca alkaloids, 

isolated from the plant Madagascar periwinkle, (ii) paclitaxel, a taxane diterpenoid, 

isolated from the bark of pacific yew tree Taxus brevifolia Nutt, (iii) camptothecin, isolated 

from the stem of Camptotheca acuminate2-4. Etoposide and teniposide, also extensively 

used anticancer drugs, are derivatives of podophyllotoxin that is present in the plant 

Podophyllum peltatum L, also known as mayapple or American mandrake 5. 

The incidence of cancer has been increasing worldwide and thus, newer and more 

efficacious therapeutics are needed to better manage human malignancies. In this context, 

we have investigated the potential of plant Fagonia indica (Zygophyllaceae) as a source of 

newer cancer therapeutics. Fagonia indica is utilized by the practitioners of traditional 

medicine to treat various aliments in parts of Pakistan and India. Fagonia indica has a rich 

source of secondary metabolites such as phenolics, flavanoids, alkaloids, triterpenoids, 

coumarins and tannins6,7. In Pakistan, parts of the plants are also used by local healers to 

treat malignancies. However, the scientific basis for the use of this plant in traditional 

medicine has not been systematically investigated. There is some scientific evidence to 

implicate anticancer potential attributable to this plant. For example, it has been reported 
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that the aqueous extract of Fagonia indica (reported as Fagonia cretica) induced growth 

arrest and apoptosis in human breast cancer cells in culture8. In another study, steroidal 

saponin glycoside was isolated from Fagonia indica that was found to induce apoptosis or 

necrosis in MDA-MB-468, MCF-7 breast cancer cells and Caco-2 colon cancer cells9.  

Previously, bioactivity-guided isolation was performed on the crude extract of 

Fagonia indica (reported as Fagonia cretica) to isolate ursane type pentacyclic triterpenoid 

quvinovic acid (QA) and its derivatives. Experimental evidence indicated that QA and its 

derivatives harbored anti-diabetic properties10,11. For example, in one study, these agents 

were found to exhibit dipeptidyl peptidase-4 (DPP-4) inhibitory activities11 and in another 

study, these agents activated Takeda G-protein-coupled receptor 5 (TGR5) and stimulated 

glucagon-like peptide (GLP-1) secretion10.  

In view of the medicinal value of QA, we sought to also investigate its potential as 

an anticancer therapeutic. Here, we report that QA strongly suppressed the growth and 

viability of various human cancer cell lines including breast and lung cancer cells. QA did 

not inhibit growth and viability of non-tumorigenic cells. QA mediated its anticancer 

effects by inducing cell death coupled with upregulation of death receptor 5 (DR5). 

Apo2L/TRAIL, the DR5 ligand, also potentiated the anticancer effects of QA. Our results 

indicate that QA mediates its anticancer effects, at least in part, by engaging DR5-depentent 

pathway to induce apoptosis. Thus, QA in combination with Apo2L/TRAIL can be further 

investigated to develop as a novel therapeutic approach for breast and lung cancer. 
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MATERIALS AND METHODS 

 

Cell lines and cell culture 

The cell lines used in this study include, A549 and H1299 human lung cancer cells (from 

NIH), MCF-7 and MDA-MB-231 human breast cancer cells (from NIH), Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gemini 

Bio-Products Inc., West Sacramento, CA) was used for culture. Non-tumorigenic MCF-

10A human breast epithelial cells were grown in mammary epithelial cell growth medium 

with supplements provided in the SingleQuots kit (Lonza). MCF-10A were purchased from 

American Type Culture Collection (ATCC). 

 

Reagents 

The antibodies used in this study are anti-vinculin (Santa Cruz Biotechnology, Dallas, TX), 

antibodies against cleaved PARP, pro-caspase 3, pro-caspase 8 and DR5 (Cell Signaling 

Technologies, Danvers, MA). The peroxidase-conjugated horse anti-mouse, goat anti-rat 

and goat anti-rabbit antibodies were obtained from Vector Laboratories (Burlingame, CA, 

USA). DMEM was purchased from Mediatech Inc. (Manassas, VA, USA) and fetal bovine 

serum from Gemini Bio-Products Inc. (West Sacramento, CA). For transfections, PolyJet 

and LipoJet reagents were purchased from SignaGen Laboratories (Rockville, MD, USA). 

Plasmid preparation and RNA extraction kits were purchased from Qiagen (Hilden, 

Germany). The quantitative PCR reagents were from Bio-Rad (Hercules, CA, USA). Most 
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of the other chemicals and molecular and cell biology reagents were obtained from Sigma-

Aldrich and Thermo Fisher Scientific.  

 

Plant Fagonia indica material collection and identification 

The fresh aerial parts of the plant were collected from Mianwali (a city in the Punjab 

Province of Pakistan). It is locally known as “Dhamasa/Suchi booti”. DNA was extracted 

from the plant material using previously reported method12. Plant identification was carried 

out by DNA barcoding approach that has been adopted as the standard barcoding method 

for land plants13. Chloroplast region ribulose-1, 5-bisphosphate carboxylase/oxygenase 

large subunit (rbcL) gene was selected for DNA barcoding. rbcL gene was amplified by 

PCR using forward primer 5′-ATATTTTGGCAGCATTCCGA-3′ and reverse primer 5′-

TCACATGTACCTGCAGTAGC-3′ respectively. Rapid PCR Purification System 9700 

(Marligen Biosciences, Ijamsville, MD, USA) was employed to purify the PCR product, 

which was then sequenced via the dideoxy-chain termination method using an ABI Prism 

310 Automated DNA Sequencer (PE, Applied Biosystems, Foster City, CA, USA). 

Sequences were aligned and identified via the BioEdit sequence alignment tool.  

The DNA sequence obtained as a result of DNA barcoding on the plant material was 

analyzed by nucleotide BLAST analyses. The sequence was found to be 96% similar to 

that of plant Fagonia indica, a member of family Zygophyllaceae. The DNA sequence is 

as follows: 

5’-GTGCATCGCGTCACCTGAGGAGCAGGGGCTGCAGTAGCTGCTGAATCTTC 

TACTGGTACATGGACAGCTGTGTGGACAGATGGTCTTACCAGTCTTGATC 
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GTTACAAAGGACGATGCTACAACCTAGAGGCTGTTCCTGGAGAAGACAAT 

CAATACATTGCTTATGTAGCTTACCCTTTGGACCTTTTTGAAGAAGGTTC 

TGTTACTAACATGTTGACTTCCATTGTGGGTAACGTATTTGGGTTCAAAG 

CCCTACGTGCTCTACGTTTGGAAGATTTACGAATCCCTACTGCGTATACT 

AAAACTTTCCAAGGGCCTCCTCACGGTATCCAAGTTGAGAGAGATAAATT 

AAATAAGTATGGTCGTCCATTATTGGGCTGTCCTATTAAGCCTAAATTGG 

GGCTATCCACAAAGAATTATGGTAGAGCAGTTTATGATGGTCCTCGACGT 

GGAGGTGCTATTACCACCGAATATGAGAAAGTCACGGGCCACCTATAATC 

TGTATAGAGAGACGTTCTCCTTTGTCATGGCTGCGCATTCTTCGCGCTAC 

TAGCTCAGGGGGGAGATCTGGGGGGGGTTAAGTGGGAGTAGTGGCTGAAA 

AAAAAGTCTCGGTGTGGAGTTTATTTTCTATTGTGTGTATTTGTGTGGGT 

TATTGGTGTTTTTGTTTTAGTTAGTGGTTGGA-3’ 

 

Extraction and isolation of quinovic acid (QA) from Fagonia indica 

The fresh aerial parts of Fagonia indica yielded 22 kg (dry weight of plant material), which 

was macerated in methanol–chloroform (1:1) solution to obtain the crude plant extract. It 

was later suspended in ethyl acetate to obtain an ethyl acetate fraction. Quinovic acid (QA) 

was isolated from ethyl acetate fraction on a silica gel column through chromatographic 

separation. Its isolation and identification have been described in detail11. Briefly, the 
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identification of QA was achieved via a combination of mass spectrometry and NMR 

spectroscopy (Bruker AVANCE 400 MHz NMR). Chemical structures were confirmed by 

comparison of its chemical and spectroscopic properties. The compound was isolated 

yielding a white amorphous powder having molecular formula as C30H46O5 (m/z 486). 1H 

and 13C NMR analysis of the compound was performed that revealed its triterpenoid nature 

with ursane-type characteristics and distinctive signals for the presence of 30 carbons: six 

methyl groups, nine methylenes, seven methines, eight quaternary carbons along with the 

presence of two carboxyl groups. Accordingly, the compound was named as (3β)-3-

Hydroxyurs-12-ene-27, 28-dioic acid or quinovic acid.  

 

Crystal violet staining and MTT assay  

Crystal violet staining was performed to determine adherent cell viability according to the 

protocol described by Dr Ole Gjoerup14. Briefly, cells were washed with PBS, and then 

fixed with 4% paraformaldehyde. Fixed cells were subjected to 0.1% crystal violet staining 

solution. After the excessive stain was drained, the plates were water-washed and air-dried. 

The plates were later scanned using a flat-bed scanner (Perfection V550, Epson, Japan) and 

images were captured as presented in the results section. 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-based assays 

for cell growth were done as we have described previously15. Briefly, the cells seeded in 

12-well plates were treated with vehicle or QA, then at the end of the treatment incubated 

with MTT 1 mg/ml for approximately 1 to 2 hours.  The formazan precipitate resulted after 

MTT incubation were dissolved into isopropanol containing 0.1 N HCl and 10% triton X-
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100. The sample absorbance was read using a Bio-Rad Smart-Spec 3000 

spectrophotometer at the wavelengths 570 nm and 690 nm. Quantitative values were 

obtained after subtracting the absorbance at 690 nm wavelength for each sample, blank 570 

nm and blank 690 nm wavelengths from the original A570 value to eliminate background 

readings respectively. 

 

Western blot analyses 

Western blot analyses were performed according to the procedures we have described 

previously16,17. Proteins of interest (~60 μg/sample) were separated via 10% SDS-PAGE 

and transferred to a nitrocellulose membrane. Membranes were blocked using TBST and 

5% milk for 1 hour and then incubated with primary antibodies (at 40 C) overnight on a 

shaker. Membranes were washed 3 times with TBST or TBST plus 5% milk and probed 

with secondary antibodies. Signals were developed following peroxidase reactions using 

SuperSignal Pico and Femto West chemiluminescent substrate (Thermo Fisher Scientific) 

and detected by BioRad ChemiDoc XRS+ imaging system. Image Lab v4.1 software (Bio-

Rad, Hercules, CA, USA) or ImageJ (NIH) was used to measure the band intensities for 

quantitative analyses.  

 

Luciferase assays 

DR5 luciferase promoter construct pGL2-Full was a kind gift from Dr. WS El-Deiry; 

cloning of the vector has been described previously18. This vector contains ~ 3.6 kb DR5 

genomic sequence of which ~1.6 kb is upstream of ATG and remaining runs through intron 
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218. The promoter regulation analyses were performed using Luciferase Assay System 

(Promega, Madison, WI, USA) according to the manufacturer’s protocol and also as we 

have described previously16. Briefly, MCF-7 breast cancer cells and A549 lung cancer cells 

were transiently transfected with the DR5 gene promoter luciferase construct using LipoJet 

transfection kit (SignaGen Laboratories, Rockville, MD, USA). After 24 hours, the media 

with transfection mix was removed, and fresh media containing either DMSO (control) or 

indicated doses of QA was added to the cells. After completion of the treatment, the cells 

were lysed with the lysis buffer and equal amount (~20 µg/sample) of protein lysates were 

mixed with 100 μl of Beetle luciferin substrate solution (Promega, Madison, WI, USA) 

followed by immediate measurement of luminescence using the luminometer (Lumat LB-

9507, Berthold Technologies, Germany). 

 

RNA extraction and quantitative RT-PCR 

RNA was extracted using RNeasy Plus Mini kit (Qiagen, Hilden, Germany) per the 

manufacturer’s instructions. Analyses of mRNA expression were done via two-step 

quantitative real-time PCR (qRT-PCR) assays using the iScript cDNA Synthesis Kit and 

iQ SYBR Green Supermix from Bio-Rad (Hercules, CA, USA) according to 

manufacturer’s protocol. Ct values for DR5 were normalized with respect to the Ct values 

for GAPDH mRNA within the same sample; fold changes in mRNA expression were 

ascertained via the ΔΔCt method as reported earlier19. The following primer sets were used: 

DR5 –  

forward: 5′- AAGACCCTTGTGCTCGTTGT -3′;  
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reverse: 5′- AGGTGGACACAATCCCTCTG -3′;  

GAPDH –  

forward: 5′- CACCATCTTCCAGGAGCGAG -3′;  

reverse: 5′- GCAGGAGGCATTGCTGAT -3′ 

 

Statistical analysis 

For statistical analyses, Rcmdr 2.5-3 package based on R software (version 3.6.1) was 

used20. Mean values were compared using the two-tailed student’s t test or one-way 

ANOVA. The p < 0.05 values were considered statistically significant.  
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RESULTS 

 

 

QA, (3β)-3-hydroxy-urs-12-ene-27,28-dioic acid, is a ursane-type triterpene; its structure 

is shown in Fig. 1A. To investigate the anticancer potential of QA, its effect was tested on 

cancer cell lines representing human breast and lung cancers. QA effect on cell growth and 

viability was assessed by multiple approaches including phase contrast morphology, DAPI 

fluorescent (nuclear) staining, MTT assays and crystal violet staining. Our results indicated 

that QA inhibited proliferation and survival of these cell lines. Fig. 1B shows representative 

results of crystal violet staining performed on A549, a human non-small cell lung cancer 

(NSCLC) cell line and MCF-7, a human breast cancer cell line. As is shown, QA inhibited 

cell viability of lung and breast cancer cells in a concentration-dependent manner. Fig. 2A 

shows cellular morphology of A549 cells that were either vehicle-treated or treated with 

QA for 24 hours, and Fig. 2B shows results of MTT assays performed on A549 cells treated 

with increasing concentrations of QA for 24 hours. Lower concentrations of QA also 

inhibited A549 cell growth when they were treated with QA for 48 hours (Fig. 2C) or 72 

hours (Fig. 2 D). QA also inhibited growth and viability of other cancer cell types including 

MDA-MB-231 human breast cancer cells (Fig. 2E) and H1299 human lung cancer cells 

(data not shown). QA effect on normal cells (non-tumorigenic cells) was also investigated, 

and to that end, MCF-10A non-tumorigenic breast cells were used. As is shown (Fig. 2F), 

QA did not affect the viability of non-tumorigenic MCF-10A cells even at higher 

concentrations up to 40 M. Thus, QA affected cell growth and viability of cancer cells, 

but did not have such effects on non-tumorigenic (normal) cells. 
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Figure 1. (A) Structure of QA. (B) QA inhibits lung and breast cancer cell growth as 

a function of dose.  A549 human lung cancer cells and MCF-7 human breast cancer cells 

were vehicle (DMSO)-treated or treated with QA at the indicated concentrations in M 

for 72 hours and 48 hours, respectively. Cells were fixed and stained with crystal violet.  
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Figure 2 A-D. QA inhibits growth of cancer cells, but not that of non-tumorigenic 

cells.  

(A) Phase contrast photomicrographs show morphologic features of DMSO-treated 

(control) and QA-treated A549 human lung cancer cells. Cells were treated with the 

indicated dose of QA for 24 hours. (B) Dose-dependent growth inhibition of A549 human 

lung cancer cells as determined by MTT assay. Cells were treated with the indicated doses 

of QA for 24 hours. (C) MTT assay showing growth inhibition of A549 cells with the 

indicated doses of QA for 48 hours. (D) MTT assay showing growth inhibition of A549 

cells with the indicated doses of QA for 72 hours.   
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Figure 2 E&F. QA inhibits growth of cancer cells, but not that of non-tumorigenic 

cells.  

(E) MTT assay showing growth inhibition of MDA-MB-231 human breast cancer cells 

with the indicated doses of QA for 24 hours.  (F) Growth of non-tumorigenic MCF10A 

human breast epithelial cells is not inhibited by QA. Non-tumorigenic MCF-10A human 

breast epithelial cells were treated with increasing concentrations of QA for 24 hours.  

Photomicrographs were captured using a phase contrast microscope. 
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Next, we performed biochemical analyses to confirm that QA indeed induced cell 

death in cancer cells. Representative results shown in Fig. 3 indicate that QA induced 

caspases 8 and 3 activation (demonstrated by reduction in procaspase levels) and PARP 

cleavage (cleaved PARP, a marker of apoptosis) in MDA-MB-231 human breast cancer 

cells. Biochemical features of QA-induced cell death were also noted in A549 lung cancer 

cells and MCF-7 breast cancer cells (data not shown). Caspase 8 is an initiator caspase that 

is activated by death receptors. QA-induced caspase 8 activation suggested that QA 

appeared to have engaged extrinsic apoptotic pathway. Death receptors are important 

components of the extrinsic pathway of apoptosis. Therefore, we investigated QA effect 

on death receptor 5 (DR5) and found that QA indeed, upregulated DR5 protein levels in 

multiple cancer cell lines including A549 and H1299 human lung cancer cells, and MCF-

7 and MDA-MB-231 human breast cancer cells. Representative results for A549 lung 

cancer cells and MDA-MB-231 breast cancer cells shown in Fig. 4 indicate that QA 

upregulated DR5 protein levels as a function of time. We also investigated whether QA 

upregulation of DR5 protein levels was coupled with DR5 mRNA levels. Results for MCF-

7 breast cancer cells (Fig. 5) indicate that QA also upregulated DR5 mRNA levels coupled 

with QA regulation of DR5 protein levels.  

 

We also sought to investigate the mechanism by which QA upregulated DR5 

mRNA and protein levels. First, we performed DR5 promoter reporter assays and for that 

purpose, we used DR5 gene promoter fused to promoter-less luciferase reporter 

(Supplementary Fig. 1A). A549 lung cancer cells were transiently transfected with DR5  
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Figure 3. Biochemical features of cell death in QA-treated MDA-MB-231 human 

breast cancer cells.  

The cells were vehicle-treated or treated with the indicated doses of QA for 24 hours. 

Western blot analyses were performed to detect the indicated molecules. Same blot was 

probed with the antibodies against the indicated molecules.  
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Figure 4. QA upregulates death receptor 5 (DR5) levels.  

A549 human lung cancer cells and MD-MB-231 human breast cancer cells were treated 

with 25 M QA for the indicated periods of time. Western blot analyses were performed 

to detect DR5 using anti-DR5 antibodies. Same blot for each cell line was sequentially 

probed for DR5 and vinculin, the latter serving as a loading control. The plotted values 

are relative normalized DR5 band intensities. The values are relative to their respective 

controls at 4 hours. The 24 hour values are with respect to their respective controls at 24 

hours. 

  



Appendix 3 

218 
 

 

Figure 5 A & B. QA upregulates DR5 protein and mRNA levels in MCF-7 human 

breast cancer cells.  Cells were treated with DMSO or QA (25 μM) and harvested at the 

indicated time-points and DR5 protein and mRNA levels were determined by Western 

blotting and quantitative real-time PCR (qRT-PCR), respectively. The plotted values 

(panel B) represent mean ± SEM of triplicate measurements from each time point. *** p < 

0.001.  (C) QA enhances DR5 mRNA stability. MCF-7 human breast cancer cells were 

pretreated with QA (25 μM) or DMSO as a control for 24 hours, and then treated with 

actinomycin D (4 µg/ml) for up to 4 hours without changing the media. The cells were 

harvested at the indicated timepoints and DR5 mRNA levels were determined by 

quantitative real-time PCR (qRT-PCR). The plotted values represent mean ± SEM values 

of triplicate measurements from two independent experiments.  
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gene promoter-luciferase construct, and treated with QA for 24 hours; control cells were 

treated with DMSO-vehicle. Our results indicated that QA did not increase DR5 promoter 

activity in A549 cells (Supplementary Fig. 1B). We have previously shown that 

thapsigargin (TG) upregulates DR5 mRNA and DR5 protein levels and TG also 

upregulated DR5 gene promoter activity21. Therefore, we used TG as a positive control in 

these experiments. As is shown (Supplementary Fig.1B), TG upregulated DR5 gene 

promoter activity in A549 cells, a finding consistent with our previous report21, however, 

induction of DR5 promoter activity was not noted in QA-treated cells. It was possible that 

QA could increase DR5 gene promoter activity in a different cell line and at an early 

timepoint. To investigate that possibility, we transiently transfected MCF-7 cells with DR5 

promoter luciferase construct and treated them with QA for 4 hours, 8 hours and 24 hours, 

then performed luciferase assays. Our results indicated that QA also did not upregulate 

DR5 gene promoter in MCF-7 breast cancer cells. Representative results for 4-hour and 8-

hour time-points are shown in (Supplementary Fig. 1C).   

 

These results suggested that QA-mediated DR5 mRNA upregulation did not 

correlate with concomitant regulation of DR5 promotor activity. Therefore, we further 

investigated whether QA altered DR5 mRNA stability and thus, upregulated DR5 mRNA 

via post-transcriptional mechanism(s). To that end, MCF7 cells were treated with QA for 

~24 hours to induce DR5 mRNA expression; the control cells were treated with DMSO-

vehicle; cells were then treated with actinomycin D to block gene transcription and 

harvested at different timepoints thereafter. Our results in Fig. 5C indicate that QA-treated  
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Supplementary Figure 1. QA does not regulate DR5 gene promoter.  

(A) Schematic of DR5 gene promoter luciferase construct used in this study. (B) QA effect 

on DR5 promoter activity in A549 lung cancer cells. QA does not upregulate DR5 

promoter. In the same experiments, cells were separately treated with thapsigargin (TG), 

used as a positive control that is known to upregulate DR5 promoter activity. As expected, 

TG upregulates DR5 promoter activity. QA or TG treatment was for 24 hours. (C) QA does 

not upregulate DR5 promoter activity in MCF-7 human breast cancer cells. 
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-cells exhibited DR5 mRNA half-life of ~4 hours, whereas vehicle-treated cells had DR5 

mRNA half-life of ~2 -hours. These results indicate that QA upregulated DR5 levels, at 

least in part, by increasing DR5 mRNA stability.  

 

Because QA also enhanced DR5 protein levels, we investigated QA effect on DR5 

protein stability. To that end, MCF-7 and A549 cells were treated with QA for ~24 hours; 

the control cells were treated with DMSO; cells were then treated with cycloheximide to 

stop protein synthesis and harvested at different time-points. Representative results in Fig. 

6 indicate that QA-treated cells exhibited increased DR5 protein half-life compared to the 

vehicle-treated cells. These results indicate that QA upregulates DR5 protein levels also by 

increasing DR5 protein stability.  

 

TRAIL is the natural ligand for DR522. Given that QA upregulated DR5, next we 

investigated the biological significance of QA-mediated DR5 upregulation. We reasoned 

that because QA upregulates DR5 levels, QA-mediated cell death should be potentiated by 

concomitant treatment with TRAIL. Accordingly, we investigated the effects of QA in 

combination with TRAIL and for that purpose, MCF-7 and A549 cells were treated with 

QA and TRAIL either agent alone and in combination; control cells were treated with 

vehicle. Fig. 7 shows morphological features of A549 lung cancer cells and MCF-7 breast 

cancer cells, and as is shown, TRAIL potentiated the anticancer effects of QA in both the 

lung and breast cancer cells.  
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Figure 6. QA enhances DR5 protein stability.  

MCF-7 human breast cancer cells were pretreated with DMSO or QA (25 μM) for 24 hrs. 

Then, the medium was replaced with the medium containing 25 µg/ml cycloheximide 

(CHX). Cells were harvested at the indicated time-points and the protein levels of DR5 and 

vinculin were analyzed by Western blotting. (A) images of representative experiment are 

shown. Similar results were obtained in four independent experiments. (B) The plotted 

values of relative normalized DR5 band intensities as mean ± SEM from four independent 

experiments. (C) The values showing QA enhances DR5 protein stability in A549 human 

lung cancer cells.  
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Fig. 7 TRAIL potentiates QA–mediated effects on breast and lung cancer cells.  

MCF-7 human breast cancer cells were treated with DMSO, QA (15 M), TRAIL (50 

ng/ml) and the combination at these concentrations for 48 hours.  A549 human lung cancer 

cells were treated with DMSO, QA (20 M), TRAIL (50 ng/ml) and the combination at 

these concentrations for 24 hours.  Photomicrographs were captured using a phase contrast 

microscope. 
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DISCUSSION 

 

Cancer remains a major cause of morbidity and mortality and thus, newer and better 

therapeutic approaches are highly desirable. Biomedical research in the past decades has 

led to the development of a number of FDA-approved anticancer drugs; molecular targets 

of which have also been identified. These targets include kinases, cell surface proteins such 

as growth factor receptors and cell adhesion molecules, growth factors such as vascular 

endothelial growth factor (VEGF), PARP (Poly ADP ribose polymerase), proteasomes and 

components of apoptotic machinery23-25. 

Plants are rich source of natural products of medicinal value. Many plants-derived 

anticancer drugs such as paclitaxel, camptothecin, etoposide, vinblastine and the like have 

proven effective in the clinic.  Here, we have investigated the potential of QA, isolated 

from plant Fagonia indica, as an anticancer therapeutic. Our results indicate that QA 

strongly suppressed the growth and viability of breast and lung cancer cells. QA was 

specific towards cancer cells as it did not inhibit growth and viability of non-tumorigenic 

cells. QA-mediated anticancer effects were associated with caspases 8 and 3 activation, 

cleavage of PARP and upregulation of death receptor 5 (DR5). Apo2L/TRAIL, the DR5 

ligand, also potentiated the anticancer effects of QA. From mechanistic standpoint, our 

results indicate that QA mediates its anticancer effects, partly, by engaging DR5-depentent 

pathway to induce cell death.  

QA upregulated both mRNA and protein levels of DR5. Because QA also 

upregulated DR5 mRNA levels, its effect on DR5 gene promoter activity was investigated 
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and the results indicated that QA did not induce DR5 gene promoter activity when tested 

in breast and lung cancer cells. However, QA treatment was associated with increased DR5 

mRNA stability suggesting that QA-mediated increase in DR5 mRNA levels could occur, 

at least in part, via its effect on DR5 mRNA stability. We noted that QA effect on DR5 

mRNA stability was evident until 4 hours following actinomycin treatment; the effect after 

4 hours and until 6 hours following actinomycin D treatment was not informative. Given 

that QA effect on steady state DR5 mRNA levels was more pronounced compared to the 

extent of its effect on DR5 mRNA stability, it is possible that QA may upregulate DR5 

mRNA levels also via other mechanisms.   

It is also possible that QA may increase DR5 mRNA production via epigenetic 

modification of the DR5 gene. Epigenetic changes, such as DNA methylation, histone 

modification and microRNA (miRNA) expression, could affect DR5 gene expression 

following treatment with QA. It is also possible that, QA may enhance DR5 gene 

transcription via response elements residing further upstream of the DR5 gene promoter 

region utilized in our study. Interestingly, QA also enhanced DR5 protein stability 

indicating that QA regulates DR5 levels via multifaceted mechanisms.   

Lung cancer is the most common cancer is the world. In 2018, a total of 2,093,876 

new cases of lung cancer were diagnosed for both men and women. With about 1.8 million 

deaths in 2018, lung cancer remains as one of the leading causes of deaths globally26,27. In 

the US, 228,150 cases of lung cancer were expected to be diagnosed and 142,670 deaths 

occurring due to lung cancer for both genders in 2019. Thus, lung cancer was expected to 

account for 23%-24% of cancer-related deaths in both men and women in 201928. Clearly, 

lung cancer remains a major cause of morbidity and mortality.  
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In the past decades, identification of driver mutations/alterations has led to the use 

of targeting agents, but this therapeutic strategy is useful for relatively smaller subset of 

patients. A large number of patients without targetable abnormalities cannot benefit from 

the targeted therapies. In the recent years, immunotherapies such as monoclonal antibodies 

against PD-1 or PD-L1 have been approved for the treatment of NSCLC29,30. Although a 

promising approach, immunotherapies involving checkpoint inhibitors as monotherapy 

yield about 25%-30% 5-year overall survival rate31. There is also the problem of relapse 

after initial response30,31. Clearly, discovery and development of newer agents that can be 

used alone or in combination with existing therapeutics are highly desirable to manage lung 

cancer. 

Breast cancer in women is the most common cancer in the world. In 2018, a total 

of 2,088,849 new cases of breast cancer were diagnosed, a figure that reflects 25.4% of all 

cancers diagnosed in women worldwide27. Breast cancer is also one of the common causes 

of cancer-related deaths in women globally. In the US on the other hand, 268,600 cases of 

breast cancer were expected to be diagnosed in 2019, a figure that  corresponds to 30% of 

all cancers diagnosed in women28. In the US, although mortality due to breast cancer has 

declined since 1989, management of metastatic breast cancer remains challenging28. Thus, 

there is an urgent need to also develop novel therapeutic approaches for this debilitating 

and deadly disease. 

In context to morbidity and mortality associated with lung and breast cancers, our 

results that QA strongly suppressed the growth and viability of breast and lung cancer cells 

are relevant. Because QA upregulated DR5, Apo2L/TRAIL, the natural ligand for DR5, 

potentiated the effects of QA in breast and lung cancer cells. Apo2L/TRAIL (named as 
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dulanermin), an important anticancer agent with selective toxicity towards cancer cells, is 

currently in clinical trials32. Recently, a phase III study reported the effectiveness and safety 

of Apo2L/TRAIL in combination with vinorelbine and cisplatin in advanced NSCLC 

patients 33. It was found that Apo2L/TRAIL when combined with chemotherapy 

significantly improved progression-free survival and overall response rate33. Clearly, 

Apo2L/TRAIL can also be regarded as a promising agent particularly for use in the 

combination therapy. Based on our results, which indicate that the combination of QA and 

Apo2L/TRAIL exhibits stronger cancer cell killing effect than either agent alone, we 

propose that QA in combination with Apo2L/TRAIL can be developed as a novel 

therapeutic approach for breast and lung cancer. 
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