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Abstract 
 

Abrus agglutinin (AGG), a type II ribosome inactivating protein has been found to induce 

mitochondrial apoptosis. Initially, we documented that AGG mediated Akt 

dephosphorylation led to ER stress resulting in the induction of autophagy dependent cell 

death through the canonical pathway in cervical cancer cells. At the molecular level, AGG 

induced ER stress in PERK dependent pathway and inhibition of ER stress by salubrinal, 

eIF2α phosphatase inhibitor as well as siPERK reduced autophagic death in the presence of 

AGG. Further, our in silico and colocalization study showed that AGG interacted with 

pleckstrin homology (PH) domain of Akt to suppress its phosphorylation and consequent 

downstream mTOR dephosphorylation in HeLa cells. Besides autophagy, we investigated 

mitophagy inducing potential of PUMA triggered by AGG in U87MG cells and established 

AGG induced ceramide as a chief mediator of mitophagy dependent cell death through 

activation of mitochondrial ROS and ER stress. Mechanistically, we identified a LC3 

interacting region (LIR) at C-terminal end of PUMA which interacts with LC3 to induce 

mitophagy. Furthermore, we identified senescence inducing potential governed by AGG 

induced autophagy in prostate cancer cell line. Our study showed that accelerated expression 

of SIRT1 facilitated LAMP1 deacetylation in response to AGG insult and modulated 

autophagy. Likely, AGG induced colon CSC differentiation by increasing expression of 

BMP2. As per retrospective tumor specimen analysis, BMP2 expression was down regulated 

with colon cancer progression indicating its tumor suppressor function. Significant 

interaction of AGG induced BMP2 with hVps34 may be a breakthrough in autophagy 

machinery. The present study provided deep insight into the mechanism of AGG mediated 

tumor inhibition through activation of autophagy for the development of cancer therapeutics. 

Key words: Autophagy, Mitophagy, Lipophagy, Senescence, Differentiation, SIRT1, 

hVPS34 
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1. Introduction 

1.1. Autophagy 

Autophagy is an evolutionarily conserved catabolic process where a cell self digests its 

cytoplasmic contents (the expression derives from Greek; “auto” – self and “phagia” – 

eating), and it is a critical adaptive response that recycles energy and nutrients during 

starvation or stress. Autophagy is regulated by a limited number of highly conserved genes 

called ATGs (for AuTophaGy genes). Forty ATGs have been identified that are required for 

the autophagy process to occur. Autophagy maintains cellular homeostasis by engulfing 

damaged organelles, protein aggregates and cytoplasmic materials for degradation and in 

turn nurturing the cellular nutrient pool to cope with different types of stress. In addition to 

its constitutive role in housekeeping functions, autophagy is induced by various stimuli, such 

as cytokines, stress, pathogens, misfolded or aggregated proteins, damaged organelles, and 

even inhibition of protein synthesis (Panda et al., 2014; Bhutia et al., 2013;  Mizushima et 

al., 2010). 

Autophagy plays a very prominent role in physiological and pathological conditions, 

such as cancer. It is vital for the removal of damaged or long-lived proteins and organelles, 

for which defects are associated with susceptibility to genome damage, metabolic stress, and 

tumorigenesis. Although autophagy acts as a tumor suppressor, it can lead to stress 

tolerance, which allows tumor cells to survive under adverse conditions. Thus, the pro-

survival role of autophagy is a major obstacle for successful cancer therapy (Bhutia et al., 

2013).  

1.2. Mitophagy  

Other than general autophagy, organelles specific selective autophagy has been explored for 

easy selection of cargo by autophagosome –lysosomal process. Several specific autophagy 

like autophagy in ribosomes (ribophagy), endoplasmic reticulum (endoplasmic reticulum–

phagy/reticulophagy), peroxisomes (pexophagy), and mitochondria (mitophagy) have been 

recently reported (Kraft et al., 2008; Lipatova et al., 2013; Schuck et al., 2014; Nazarko et 

al., 2014;  Saito et al., 2015). The study shows that both general autophagy and mitophagy 

share similar machinery for the formation of autophagosome as well as mitophagosome 

(Itakura et al., 2012). Mitochondria are the most dynamic organelles which move within the 

cell and mitochondrion needs to be separated from the mitochondrial network to be 

entrapped by the autophagosome. Autophagic adapters and mitochondrial receptors take part 

for selective removal of mitochondria. However, during severe stress excessive mitophagy 



 

3 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

prevents the mitochondrial biogenesis and depletion of bioenergetics pool in other 

mitochondria lead to subsequent cell death (Kubli et al., 2012). 

1.3. Autophagy and Cancer stem cells 

Accumulating evidence shows that cancer stem cells (CSCs) refer to a  subset of tumor cells 

that has the ability of  exclusive self-renewal capacity, aggressive invasive potential, 

hierarchical differentiation as well as sustained tumorigenicity encourage for tumor initiation 

and chemoresistance (Wicha et al., 2014, Naik et al., 2016). Several rationalizations have 

been formulated for the origin of the CSC, like dynamic transitions of non-CSCs to CSCs. 

Similarly, oncogenic genetic mutations in the progenitor or partly differentiated cells and 

matured cells may lead to the dedifferentiation cells into stem-like cells. However, 

accumulating observation indicates that during cancer therapy some of the non-killed 

residual tumor cells acquire stemness property. Cancer stem cells provide a protective effect 

against current cancer therapeutics through autophagy, and therefore inhibition of autophagy 

results in better therapeutic responses. 

1.4. Autophagy and Senescence  

Cellular senescence is defined as a biological state of irreversible cell cycle arrest in which 

cells limit the ability to proliferate without alteration of metabolic activity (Panda et al., 

2015, Evan et al., 2009). Generally, three types of senescence have been investigated like 

replicative senescence, oncogene-induced senescence, and premature (accelerated or stress-

induced) senescence. Replicative senescence occurs due to shortening of telomere while 

oncogene induced senescence corresponds to the delay in the expression of the oncogene 

like RAS while premature, accelerated, or stress-induced senescence occurs due to exposure 

of the exogenous cytotoxic assault normally associated with DNA damage (Rachel et al., 

2012). Stress induced senescence (SIS) is involved in the clearance of the tumour through 

help of the immune system as well as it is a sharp indication of  lack of self-renewal 

potential in the tumour population besides that SIS gets delayed by inhibition of the 

autophagy (Xue et al., 2007; Gewirtz et al., 2008). Although interconnection between 

autophagy and apoptosis is clearly investigated but crosstalk between senescence and 

autophagy is poorly understood. The first direct connection between autophagy and 

senescence reported by Young et al., 2009 where genetical and pharmacological inhibition 

of autophagy abrogated the senescence phenotype (Young et al., 2009, Gewirtz et al., 2013). 

1.5. Ribosome inactivating protein type II and Abrus agglutinin   

Lectins are ubiquitous proteins, or glycoproteins, that are non-immunoglobulin in nature and 

contain at least one non-catalytic domain that binds reversibly to specific carbohydrates 

without altering their structure (Panda et al., 2014). Out of three major lectin families like i) 
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the legume lectin, ii) the type II ribosome inactivating proteins (RIPsII) and GNA related 

lectins, the type II ribosome inactivating protein has been extensively studied due its 

antitumour and immune modulatory activities. 

Ribosome-inactivating proteins (RIPs) are proteins which inhibit protein synthesis 

irreversibly. RIPs exert their cytotoxicity effect by binding to the larger 60S ribosomal 

subunit on which they act as N-glycosidase by cleaving the A-4324 in the 28S ribosomal 

rRNA subunit. Although, RIPs ubiquitously present in nature but they are predominantly 

found in the plants, fungi as well as in bacteria. Generally RIPS have been categorized into 

three types (i) type-I (consists of single polypeptide chain having molecular weight 

approximately 30 kDa (ii) type-II (consists of toxic A chain and carbohydrate binding B 

chain) (iii) type-III RIPs which acts as a inactive precursor (ProRIPs) to form RIPs (Wesche 

et al., 1999). As type II RIPs contained carbohydrate binding B chain, therefore, it was 

considered as a lectin and also categorized as one the major family of lectins (Dang et al., 

2015). 

Generally, type II RIPs uses an efficient strategy for entering to the mammalian cells 

and for that cause they are generally potent toxins even at picomolar range. For example, 

Abrus agglutinin binds to glycoconjugate receptors on the cell surface with their 

carbohydrate binding B chain which facilitates the entry of the protein into the cell following 

endocytic pathway. Subsequent transport from the endosome to the Golgi, RIPs reach the 

ER lumen by retrograde transport mechanism, where the catalytic A chain reductively 

separated from the carbohydrate binding B chain domain and enters the cytosol and escape 

degradation due to its low lysine content, therefore blocking the interaction between the 

Elongation factor 2 (EF-2) and ribosome resulting arrest of protein synthesis ultimately 

inducing apoptotic or autophagic cell death. Very often type-II RIPs are more efficient for 

animal ribosomes (Fig.1.1).  
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Fig.1.1. Mechanism of action of type II ribosome inactivating proteins in mammalian cells.  

AGG is a type II ribosome inactivating proteins isolated from the seeds of Abrus 

precatorius, a hetero-tetrameric glycoprotein of 134-kDa molecular weight, composed of 

two A and two B chains linked through disulfide bridges. AGG has specificity towards [gal 

(β 1→3) gal NAC] with a protein synthesis inhibitory concentration (IC50) of 0.469 µg/ml 

and a lethal dose (LD50) 5 mg/kg body weight in mice (Hegde et al., 1991; Bhutia et al., 

2008). AGG contains cytotoxic A chain having ribosomal RNA N-glycosidase activity 

which cleaves glycosidic bond at position A-4324 within the universally conserved α-sarcin 

loop of the 28S ribosomal RNA of eukaryotes while the B chain binds to carbohydrate 

moieties on the cell surface and facilitates the internalization of the entire toxin into the cell 

(Bagaria et al., 2006).  
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2. Introduction 

Autophagy in cancer is an intensely debated concept in the field of translational research. 

The dual nature of autophagy implies that it can potentially modulate the pro-survival and 

pro-death mechanisms in tumor initiation and progression. There is a prospective molecular 

relationship between defective autophagy and tumorigenesis that involves in the 

accumulation of damaged mitochondria and protein aggregates, which leads to the 

production of reactive oxygen species (ROS) and ultimately causes DNA damage that, can 

lead to genomic instability. Moreover, autophagy regulates necrosis and is followed by 

inflammation, which limits tumor metastasis. On the other hand, autophagy provides a 

survival advantage to detached, dormant metastatic cells through nutrient fuelling by 

tumour-associated stromal cells. Manipulating autophagy for induction of cell death, 

inhibition of protective autophagy at tissue and context dependent for apoptosis modulation 

has therapeutic implications. 

Cancer is known to comprise a deadly array of many diseases in which tissues grow 

and spread throughout the body, ultimately leading to death, and it is manifested by various 

hallmarks such as high proliferative signal, resistance to cell death, avoidance of growth 

suppressors, a high replication potential and sustained angiogenesis along with activation of 

tissue invasion and metastasis, as well as the avoidance of immune attacks (Hanahan et al., 

2011). 

2.1. Autophagy and its Regulation  

Autophagy initiation occurs with the formation of a phagophore, or isolation membrane 

(Fig.2.1). In mammals, Unc-51-like kinases 1/2 (Ulk1/2) exist in a complex with Atg13 

along with the scaffold protein FIP200 (ortholog of yeast Atg17) and the mammalian target 

of rapamycin (mTOR). The activity in this complex is controlled by nutrient sensing. 

Between mTORC1 and mTORC2, mTORC1 is the predominant form that is associated with 

autophagy. Under nutrient starvation, a decrease in mTORC1 activity leads to 

dephosphorylation of Ulk1/2 and activates Ulk1/2 to phosphorylate mAtg13 and FIP200. A 

new mAtg13 interacting protein, Atg101, which interacts with Ulk1 in an mAtg13 dependent 

manner, is essential for autophagy. The Ulk complex accumulates during the initiating time 

of isolation membrane formation. The phagophore formation is controlled by the activation 

of the class III phosphatidylinositol 3-kinase (PI3K) (Vps34), which exists in a complex with 

BECN1 and p150 (homolog of Vps15) and can convert phosphatidylinositol (PtdIns) to 

PtdIns(3)P. Two Vps34 positive mediators, ultraviolet irradiation resistance-associated gene 

(UVRAG) and bax interacting factor-1 (Bif-1) can enhance the activity by interacting with 
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BECN1. In contrast, Bcl-2, Bcl-xL, and run domain BECN1 interacting cysteine-rich 

containing protein (Rubicon) inhibit this interaction. The Vps34 interacts with Atg14, which 

directs the complex to the nascent autophagosomal membrane and then the PtdIns(3)P 

recruits PI3P effector proteins to the phagophore sites for guiding the growth of the 

autophagic membrane (Simonsen et al., 2009; Funderburk et al., 2010). 

Elongation of the isolation membrane and conversion to a nascent closed 

autophagosome is mediated by the two ubiquitin like protein conjugated systems. The 

ubiquitin-like Atg12 is activated by the E1-like enzyme Atg7 and binds to the E2-like 

enzyme Atg10 before being transferred to Atg5. The Atg12–Atg5 conjugate noncovalently 

interacts with the small coiled coil protein, Atg16L (ortholog of yeast Atg16), finally 

oligomerizing to form a large multimeric Atg12–Atg5–Atg16L complex. Atg16L directs this 

complex to the outer autophagosomal membrane, which is, partially responsible for the 

membrane’s concave nature, and it dissociates from the membrane upon completion of the 

autophagosome (Geng et al., 2008). The second ubiquitin like pathway involves LC3 

(mammalian ortholog of Atg8) lipidation, which plays an essential role in membrane 

dynamics during autophagy. LC3 is synthesized as a precursor protein, proLC3, and it is 

then cleaved at its C-terminus by the protease Atg4B, resulting in the cytosolic isoform LC3-

I. LC3-I is conjugated to phosphatidylethanolamine (PE) in a reaction involving Atg7 (E1-

like) and Atg3 (E2-like) to form membrane-bound LC3-II. LC3-II is recruited to both the 

outer and inner surfaces of the autophagosomal membrane. It specifically targets the 

elongating autophagosome membrane and remains the completed autophagosomes until 

fusion with lysosomes. After fusion, LC3-II on the cytoplasmic face of autolysosomes can 

be delipidated by Atg4 and recycled, whereas proteins found on the internal surface of 

autophagosomes are degraded in autolysosomes (Kabeya et al., 2000). 

The maturation process first involves fusion of the autophagosome with endosomes 

or endosome-derived vesicles to form an amphisome, and then with lysosomes to form an 

autolysosome. Lysosomal-associated membrane protein 2 (LAMP2) and Ras-related protein 

Rab-7a is essential for the docking and fusion of autophagosomes with lysosomes to form 

autolysosomes. UVRAG is also involved in the maturation step by recruiting tethering 

proteins to the autophagosomal membrane, thus activating Rab7 by promoting fusion with 

lysosomes. After fusion, autophagosomal cargo is digested by acidic hydrolases, resulting in 

nutrient and energy reflux (Bhutia et al., 2013; Kimura et al., 2008).  
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Fig. 2.1. The process of autophagy. Autophagy is initiated with the formation of a phagophore, which is 

regulated by the Ulk1/2–Atg13–FIP200 complex. Phagophore formation is promoted by activation of the class 

III phosphatidylinositol 3-kinase, (Vps34) which exists in a complex with BECN1, and p150 (homolog of 

Vps15). The phagophore elongation is mediated by two ubiquitin-like protein conjugated systems, Atg12–Atg5 

and PE-conjugated Atg8 (LC3-II), and is converted to an autophagosome. The autophagosome fuses with 

endosomes or endosome-derived vesicles to form an amphisome and then with lysosomes to form the end-stage 

vessicle of autophagy: the autolysosome. 

 

Although autophagy is considered to be a random degradation process engulfing the 

cargo indiscriminately, recently, showed that phagophore membrane can interact with 

specific protein aggregates and organelles for selective autophagy. The best example in this 

process is the targeting polyubiquitinated protein aggregates through multi-adaptor molecule 

p62 which interacts with Atg8/LC3 on the phagophore for degradation (Panda et al., 2015). 

Similarly, damaged lysosomes are selectively engulfed by autophagosome through ubiquitin 

dependent autophagy to control lysosome biogenesis (Maejima et al., 2013). Moreover, 

Atg32 present on the surface of mitochondria during oxidative stress has been identified in 

yeast enables mitophagy, selective uptake of mitochondria (Okamoto et al., 2009). For 

pexophagy in yeast, Atg36 interacts with peroxisomal membrane protein Pex3 at the 

peroxisomal membrane which recruits Atg8 and the adaptor Atg11 for peroxisomes 

degradation (Motley et al., 2012). In addition, Ypt/Rab GTPase, regulators of vesicular 

transport in association with autophagic protein Atg11 regulates ER-phagy to clear excess 

and/or misfolded proteins on aberrant ER structures for maintenance cellular homeostasis 

(Lipatova et al., 2013). 

 



 

10 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

2.2. Autophagy and Cancer 

Autophagy is connected to cancer through its pro-survival and pro-death functions (Fig.2.2). 

Its pro-survival function helps cancer cells to survive in nutrient-limited conditions and resist 

ionizing radiation and chemotherapies. Alternatively, the pro-death function helps to kill 

cancer cells, either spontaneously or when they are exposed to radiation and chemotherapy. 

2.2.1 Autophagy and Tumor Suppression 

A substantial amount of circumstantial evidence exists to support a role for autophagy 

inhibition in tumorigenesis, indicating that autophagy may be a bonafide tumor suppressor 

mechanism. Among autophagy genes, BECN1 was initially identified as a tumor suppressor 

(Liang et al., 1999 and Qu et al., 2008); the BECN1 locus is located at 17p21, and this 

region is deleted in up to 75% of ovarian cancers and 50–70% of breast cancers. 

Heterozygous BECN1 increases the frequency of spontaneous malignancies and accelerates 

the development of hepatitis B virus induced premalignant lesions. Atg4C knockdown mice 

showed increased susceptibility to developing fibrosarcoma induced by chemical 

carcinogens (Marino et al., 2007). A recent report showed that frameshift mutations in 

Atg2B, Atg5, Atg9B, and Atg12 are associated with gastric and colorectal cancers (Kang et 

al., 2009). Loss of Bif-1 suppresses programmed cell death and promotes colon 

adenocarcinomas. Although Bif-1 null mice develop normally, with the exception of an 

enlarged spleen, they have an increased incidence of spontaneous tumor formation; 82.8% of 

Bif-1 null mice developed lymphoma compared with 14.3% of their wild type counterparts 

(Coppola Qu et al., 2008). Similarly, a mutation in another autophagy gene, exon 8 of 

UVRAG, resulted in decreased autophagy activity and increased the occurrence of colorectal 

and gastric carcinoma (Kim et al., 2008). Interestingly, loss of UVRAG is correlated with 

increased tumorigenesis, and the UVRAG-/- tumorigenic phenotype, whereas the 

administration of exogenous UVRAG shows the reverse effect (Liang et al., 2006). 

Likewise, MAP1LC3 is localized to 16q24.1, a locus frequently deleted in the liver, breast, 

prostate, and ovarian cancers (Jin et al., 2006). The liver of Atg7 conditional knockout mice 

developed hepatomegaly, which may lead to malignant transformation, and their hepatocytes 

accumulate abnormal mitochondria as well as polyubiquitinated protein aggregates 

(Komatsu et al., 2005). Overall, there is strong evidence that ATG proteins display tumor 

suppression characteristics, and the associated reduction in autophagy might lead to 

tumorigenesis. 
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Fig.2.2. Pro- and anti-tumor roles of autophagy in different stages of cancer. The antitumor potential of 

autophagy manifests in several ways, such as the tumor suppressive role of Atg proteins, oncogene induced 

senescence, mitigating oxidative stress, removing damaged mitochondria and protein aggregates, inhibiting 

necrosis and inflammation, and preventing DNA damage and genome instability. The pro-tumor activity of 

autophagy is characterized by increasing resistance to apoptosis, avoiding anoikis, metastasis and survival 

during therapy. However, the pro-tumor role of autophagy during the initial period of tumor progression is not 

clear when therapy is introduced. 

 

2.2.2 Autophagy and Senescence  

Cellular senescence is a state of irreversible cell cycle arrest that limits the proliferation of 

damaged cells. It is considered as a tumor suppressor mechanism. Autophagy limits 

tumorigenesis by inducing tumor senescence via regulation of oncogenes (Young et al., 

2009). Accordingly, autophagy is activated during oncogene- and DNA damage-induced 

senescence. For example, autophagy was shown to mediate Ras oncogene induced 

senescence. RNAi mediated depletion of Atg5 or Atg7 facilitates the ability of cells to 

bypass oncogene induced senescence and delays senescence-associated cytokine production, 

indicating that autophagy may contribute to senescence arrest. Similarly, a subset of Atgs 

(Ulk1/3) is upregulated during senescence; overexpression of Ulk3 was shown to induce 

autophagy and senescence simultaneously. These results indicate that basal autophagy plays 

an important role in restricting cell growth and proliferation during oncogenic stress as well 

as precluding further genomic insults. Additionally, senescence induced by hyperactivation 

of Akt was mediated through mTORC1, although details regarding the involvement of 

autophagy in this mechanism need to be elucidated (Astle et al., 2012). Moreover, it was 
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observed that combining autophagy inhibitors with radiation treatment could trigger 

premature senescence in both cancer cells and xenograft models, which is an approach to 

restoring radiosensitivity (Nam et al., 2013). 

2.2.3 Autophagy and Oxidative Stress 

Oxidative stress plays a vital role in the induction of autophagy, and particularly mitophagy, 

to prevent tumor growth and progression. Autophagy suppresses tumors by regulating 

intracellular ROS levels through the removal of damaged mitochondria and protein 

aggregates. The excessive accumulation of damaged mitochondria and unfolded protein 

masses in autophagy defective cells leads to increased ROS levels, which causes DNA 

damage as well as p62 accumulation (Karantza-Wadsworth et al., 2007 and Komatsu et al., 

2010). During this process, damaged mitochondria lose membrane potential by activating 

PTEN induced putative kinase 1 (PINK1) following activation of the E3 ligase parkin 

(PARK2) to ubiquitylate mitochondrial outer membrane proteins, thus providing the 

autophagic degradation signal. PARK2 is a tumor suppressor gene and its deletion causes 

hepatocellular carcinoma in mice (Fujiwara et al., 2008). In addition to hepatocellular 

carcinoma, PARK2 was frequently mutated in colorectal cancer in mouse and human 

glioblastomas (Veeriah et al., 2010). Moreover, p62 accumulation in response to metabolic 

stress leads to ROS generation, thereby producing a positive feedback loop. In this system, 

constitutive p62 accumulation activates NF-κB and other antioxidant defenses to protect 

autophagy deficient damaged cells from oxidative stress, thus favoring tumorigenesis (White 

et al., 2012).  

2.2.4 Autophagy and Genome Damage 

In autophagy deficient cells, there is an accumulation of DNA damage and chromosomal 

instability, including double stranded DNA breaks, centrosome abnormalities, and increased 

DNA content before the onset of tumorigenesis (Mathew et al., 2007). When autophagy is 

defective, misfolded proteins, dysfunctional mitochondria, generation of ROS and oxidative 

stress, and failure of energy homeostasis potentially induce genome damage when autophagy 

is defective. Autophagy defects activate the DNA damage response in vitro and in mammary 

tumors in vivo, promoting gene amplification and it also synergizes with defective apoptosis 

to promote mammary tumorigenesis (Luo et al., 2013). It is speculated that autophagy 

inhibition induces genome damage by promoting toxic ROS or by directly regulating DNA 

repair mechanisms. Studies have shown that compromised autophagy can activate the DNA 

damage response and encourage genome damage, potentially challenging DNA repair 

mechanisms; additionally, ROS generation promotes a cascade of events, including 

increased oxidative stress, DNA damage, and chromosomal instability, which ultimately 
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lead to inhibition of the NF-κB pathway and development of hepatocarcinoma (Bhutia et al., 

2013; Karantza-Wadsworth et al., 2007). 

2.2.5 Autophagy and Metastasis 

Another important autophagy mediated tumor suppression mechanism is the inhibition of 

necrotic cell death of apoptosis resistant cells during metabolic stress (Bhutia et al., 2013). In 

the tumor microenvironment, necrosis that occurs in response to hypoxia and metabolic 

stress induces inflammation and leads to the invasion of inflammatory cells to tumor sites 

(DeNardo et al., 2009). Although certain inflammatory cells, including cytotoxic T cell and 

natural killer cells, are antimetastatic, tumor inflammation associated with severe hypoxia 

and metabolic stress largely supports pro-tumor immunity. Importantly, infiltration of pro-

tumor, inflammatory macrophages correlates with poor clinical prognosis (DeNardo et al 

2009). The tumor suppressive activity of autophagy functions by restricting necrosis in 

apoptosis resistant cells and preventing macrophage-associated tumor inflammation 

(Degenhardt et al., 2016). Apoptosis deficient, autophagy incompetent cells are more prone 

to becoming necrotic in response to metabolic stress, thus promoting cancer progression. 

Moreover, this study showed that growth factors promote tumor growth and progression 

enhanced necrotic cell death, which are achieved through suppression of autophagy by 

activating the PI3K–Akt–mTOR pathway. 

Anoikis is a form of apoptosis that serves as a protective mechanism against cancer 

progression when cells are detached from the extracellular matrix. Matrix detachment 

promotes cell survival by inducing autophagy in nontumorigenic epithelial lines and primary 

epithelial cells. Although autophagy-mediated cell death was initially recognized to be 

associated with anoikis, a more recent study provided evidence to support the protective 

nature of autophagy in anoikis (Funget al., 2008; Kenific et al., 2010). The AMP activated 

protein kinase (AMPK) stress response pathway is involved in mediating anoikis resistance 

by inhibiting mTOR and suppression of protein synthesis. The Ras/mitogen activated protein 

kinase (MAPK) and PI3K/Akt pathways are common mechanisms utilized by cancer cells to 

evade anoikis (Ng et al., 2012). During dormancy, autophagy may allow residual or 

metastasizing tumor cells to tolerate metabolic deprivation and recover when favorable 

growth conditions occur. This is a daunting clinical problem, and the frequent reemergence 

of tumors occurs even after treatment because of prolonged dormancy (Aguirre-Ghiso et al., 

2006). In ovarian cancer cells, autophagy is upregulated by the tumor suppressor aplasia Ras 

homolog member I (ARHI), which promotes in vivo survival of dormant cells in tumor 

microenvironments (Bhutia et al., 2013; Lu et al., 2008). In fact, dormant cells are not 
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proliferative and are thus resistant to conventional chemotherapy that typically targets 

rapidly growing cells. 

2.2.6 Autophagy and Cancer Metabolism 

During tumorigenesis, cancer cells trigger oxidative stress in bystander cells, including 

adjacent tumor-associated fibroblasts (TAFs) and possibly other stromal cells, to feed cancer 

cells. This is known as the reverse Warburg effect (Martinez-Outschoorn et al., 2010). ROS 

driven oxidative stress induces autophagy and mitophagy as well as loss of mitochondrial 

function. It increases aerobic glycolysis, which releases nutrients, such as lactate and 

ketones, into stromal cells in the tumor microenvironment; this leads to stromal 

overproduction of recycled nutrients, including energy rich metabolites (Lisanti et al., 2010). 

The recycled nutrients or chemical building blocks then help drive mitochondrial biogenesis 

in cancer cells, which in turn “fuel” mitochondrial generation and oxidative phosphorylation 

in cancer cells, thereby promoting the anabolic growth of cancer cells. These results showed 

that ketones and lactate stimulate tumor growth and metastasis and could serve as chemo-

attractants for cancer cells (Pavlides et al., 2010). Autophagy in TAFs and mitochondrial 

metabolism in cancer cells produce an aggressive tumor phenotype. Recently, damage 

regulated autophagy modulator (DRAM) and liver kinase B1 (LKB1) overexpressing 

autophagic fibroblasts showed mitochondrial dysfunction and increased production of 

mitochondrial fuel. Alternatively, GOLPH3 overexpressing autophagy resistant breast 

cancer cells had signs of increased mitochondrial biogenesis and function, which resulted in 

increased tumor growth (Salem et al., 2012). 

 2.3. Autophagy and Apoptosis Connection in Cancer Therapy 

In response to cancer therapy, tumor cells undergo apoptosis and/or autophagic cell death. 

The connection between autophagy and apoptosis is complex and is currently being 

investigated. The interactions between apoptosis and autophagy manifest in various ways, 

such that the induction of autophagy/apoptosis can be simultaneous, sequential, independent, 

synergistic, or antagonistic of one another (Fig.2.3).  

2.3.1 Inducing both Apoptosis and Autophagic Cell Death –“Simultaneous” Approach 

Apoptosis and autophagic cell death may occur simultaneously and inhibition of autophagic 

activity in cells may switch responses to death signals from autophagic cell death to 

apoptotic cell death and vice versa. Molecules that induce both autophagic death and 

apoptosis would have better therapeutic potential for cancer treatment. Several studies have 

shown that certain anticancer drugs, including both natural and synthesized molecules are 

able to simultaneously elicit both the type I and II forms of programmed cell death. For 

example, butyrate and suberanilohydroxamic acid (SAHA), which are HDAC inhibitors, 
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induce both mitochondria mediated apoptosis and caspase independent cell death, which has 

therapeutic implications for treating different types of cancers. Similarly, the multiple 

tyrosine kinase inhibitor sorafenib induces both autophagic and apoptotic cell death in 

prostate cancer cells (Ullén et al., 2010). Additionally, cannabidiol is an inherently potent, 

natural compound that inhibits the AKT/mTOR/4EBP1 signaling pathway and induces both 

apoptosis and autophagic cell death in breast cancer cells (Shrivastava et al., 2011). 

 
 

Fig.2.3. Apoptosis–autophagy interaction during cancer therapy. In response to cancer therapy, tumor cells 

undergo apoptosis and/or autophagic cell death. (A) Apoptosis and autophagy may occur in a simultaneous 

manner, and inhibition of autophagic cell death switches to apoptosis or vice versa (Simultaneous approach). 

(B) Apoptosis and autophagy occur at the same time; inhibition of protective autophagy shifts to apoptosis 

(Survival approach). (C) Apoptosis is preceded by or depends on autophagy; inhibition of autophagy delays 

apoptosis but the reverse does not occur (Successive approach). (D) Autophagic cell death is an alternative to 

apoptosis-resistant/deficient cancer cells (Substitutive approach). (E) Apoptosis is promoted, and protective 

autophagy is inhibited (Suppressive approach). 

 

2.3.2 Inducing Apoptosis and Autophagy – “Survival” Approach 

In this case, anticancer drugs induce apoptosis and protective autophagy, and both processes 

are manifested simultaneously. Inhibition of protective autophagy increases apoptotic cell 

death and inhibition of apoptosis, by broad-range caspase inhibitors, fails to affect or 

enhance protective autophagy. These types of responses are widely observed to have clinical 

implications for several currently used chemotherapeutic agents. Anticancer drugs in 

combination with autophagy inhibitors, including CQ/HCQ, inhibit protective autophagy 

and may provide better therapeutic outcomes in cancer patients. 

2.3.3 Autophagy Switches to Apoptosis – “Successive” Approach 

In some situations, a manifestation of apoptosis is preceded by and even depends on the 

occurrence of autophagy. In these situations, inhibition of autophagy delays apoptosis, 

whereas broad range caspase inhibitors fail to inhibit autophagy. Our previous report showed 

that ATGs are involved in autophagy to apoptosis switching in different cellular settings 

(Panda et al., 2014). Activation of caspases and calpains cleave autophagic proteins that 

inhibit autophagy and was followed by apoptosis. For example, we showed that protective 

autophagy mediated by mda-7/IL24 switches to apoptosis through cleavage of ATG5 in 
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prostate cancer cells (Bhutia et al., 2010). Moreover, different anticancer molecules have this 

approach to induce cancer cell death. Interestingly, selenite, a common dietary 

chemotherapeutic agent, inhibited heat shock protein 90 mediated activation of NF-κB, 

which switches autophagy to apoptosis through BECN1 transcriptional inhibition in NB4 

cells (Jiang et al., 2011). Moreover, MS-275, a synthetic benzamide derivative of HDAC, 

induced autophagy switching to apoptosis through p38 modulation in human colon cancer 

cells (Ullén et al., 2010;  Zhan et al., 2012). Similarly, inhibition of Akt reverses the 

acquired resistance to sorafenib by switching protective autophagy to apoptosis in 

hepatocarcinoma (Zhai et al., 2014). These findings demonstrate that excessive autophagy 

regulates the apoptotic pathway, and the potential for autophagy and apoptosis crosstalk as a 

possible mechanism of action for effective antitumor responses can be exploited as a unique 

strategy for treating cancer. 

2.3.4 Inducing Autophagic Cell Death in Apoptosis Deficient/Resistant Cells – 

“Substitutive” Approach 

Autophagic death or type II programmed cell death, as an alternative mechanism in 

apoptosis-deficient/resistant cells could enhance the effect of cancer therapy as well as 

address the emerging problem of drug resistance. The clinical utility of taxanes in advanced 

cases of breast and ovarian cancers is limited because of their chemoresistance. With respect 

to this interaction, Ajabnoor et al. induced paclitaxel resistance in MCF-7 cells at clinically 

relevant drug doses with profound downregulation of apoptotic molecules and showed a 

progressive mechanistic shift to autophagic death as the principal mechanism of drug 

induced cytotoxicity (Ajabnoor et al., 2012). Similarly, naturally occurring alkaloid 

molecules, including isoliensinine, dauricine, and cepharanthine induce autophagic death in 

apoptosis defective cells. In most invasive carcinoma cases, particular molecules like PI3K, 

Akt, mTOR, NF-κB, and MEK/ERK were aberrantly expressed, resulting in apoptotic 

resistance to various therapeutic approaches (Shackelford et al., 2009, Santarpia et al., 2012). 

Interestingly, Akt inhibition stimulated autophagy and sensitized PTEN null tumors to 

lysosomotropic agents (Degtyarev et al., 2008). 

2.3.5 Inducing Apoptosis and Inhibition of Autophagy –“Suppressive” Approach  

In this case, anticancer molecules activate apoptosis and simultaneously inhibit protective 

autophagy, which acts as a survival mechanism of cancer cells. In this context, protective 

autophagy inhibition is induced by the same anticancer molecules that induce apoptosis. For 

example, progesterone, in combination with epirubicin, was shown to increase apoptosis and 

decrease protective autophagy in human hepatoma HA22T/VGH cells (Chang et al., 2014). 

Similarly, dihydroselenoquinazoline, a seleno-compound, induced apoptosis and inhibited 
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autophagy through downregulation of S6 ribosomal protein signaling in MCF-7 cells, 

revealing a valuable approach for preventing and overcoming resistance in cancer cells 

(Moreno et al., 2014). 

2.4. Autophagy as Cancer Preventive 

Diet associated autophagy may be an effective approach to cancer prevention. Autophagy 

induction by carotenoids, lycopene, lutein, polyphenols, resveratrol, curcumin and 

epigallocatechin-3-gallate has been implicated in the ability of these dietary compounds to 

inhibit reactive oxygen/nitrogen species accumulation. For example, curcumin treatment 

stimulated G2-M arrest along with nonapoptotic cell death in malignant glioma cells 

following the inhibition of the Akt/mTOR/p70S6 kinase pathway and activation of the 

ERK1/2 pathway (Shinojima et al., 2007). On the other hand, treatment with soyasaponins in 

human colon cancer cells was shown to suppress proliferation and induce autophagy by the 

pronounced accumulation of autophagosomes. Besides apoptosis, the food polyphenol 

quercetin can specifically stimulate autophagic vacuolization in Ha-Ras transformed human 

Caco2 colon cancer cells (Ellington et al., 2005). Acting as a vital tool in cancer prevention, 

vitamin D induced autophagy was shown to abrogate the risk of developing blood, prostate, 

colon, and breast cancers (Wang et al., 2008 and Bristol et al., 2012). Studies report that 

calorie restriction extended life span by stimulating autophagy, reducing insulin and glucose 

levels, and decreasing growth hormone insulin like growth factor-I axis signaling (Yang et 

al., 2014). Some epidemiological factors can increase autophagy that is associated with 

decreased cancer risk. For example, physical exercise stimulates Bcl-2 regulated autophagy, 

which maintains muscle glucose homeostasis (Grumati et al., 2011). Exercise induces 

autophagy in muscle, liver, pancreatic cells, and adipose tissue and mice that exhibit 

increased autophagy in these tissues are protected against glucose intolerance, leptin 

resistance, as well as increased serum cholesterol and triglyceride levels induced by a high 

fat diet (He et al., 2012). It remains a paramount concern whether autophagy-based 

preventive approaches can be developed into suitable therapeutic strategies. 

2.5. Abrus Agglutinin: The Golden Bullet 

Use of plant products in cancer research are extensively studied for their cost effective and 

ease available. Moreover, AGG, the plant lectin showed early tumoricidal activity in both rat 

and mice (Bhutia et al 2016). Besides, our group reported several antitumors and 

immunomodulatory activity in AGG in both in vitro and in vivo. Both native and heat 

denatured AGG found to proliferate splenocytes derived T cells and B cells acting as a 

potential immune regulator (Ghosh et al., 2009, Ghosh et al., 2007, Tripathi et al., 2005; 

Tripathi et al., 2003). Importantly, Abrus agglutinin derived peptide from 10 kDa molecular 
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weight cut-off membrane showed significant antitumor and immunostimulatory induction 

potential in tumor loaded mice (Bhutia et al., 2008; Bhutia et al., 2008a; Bhutia et al., 2009). 

Likely, AGG induces caspase dependent cell death by inhibiting the expression of HSP90 

and phosphorylation of Akt in liver cancer HepG2 cells. It also suppresses the growth of 

liver cancer xenograft and decreases the staining of both CD-31 and Ki-67 in AGG treated 

mice (Mukhopadhyay et al., 2014). Recently our group documented AGG induces both 

intrinsic and extrinsic apoptosis through ROS dependent manner and inhibits IGFBP-2 

expression and consequently angiogenesis. AGG also reduces the size of the of the tumor 

xenograft in nude mice (Bhutia et al., 2016). 

2.6. Objectives of the PhD Work 

With this background support of significant antitumor potential of Abrus agglutinin both in 

vitro and in vivo, we have tried to decipher the autophagy inducing potential of Abrus 

agglutinin as an alternative tumor suppressor mechanism. The objective of the present piece 

of work as follows: 

  Abrus agglutinin inhibits Akt/PH domain to induce endoplasmic reticulum stress 

mediated autophagy dependent cell death 

 PUMA dependent mitophagy by Abrus agglutinin contributes to apoptosis through 

ceramide generation  

 SIRT1/LAMP1 signaling activation by Abrus agglutinin regulates autophagy 

mediated senescence 

 Abrus agglutinin induces cancer stem cell differentiation through BMP2 mediated 

autophagy 
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Abrus agglutinin inhibits Akt/PH domain to 

induce endoplasmic reticulum stress mediated 

autophagy dependent cell death 
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Abstract 
 

Abrus agglutinin (AGG), a type II ribosome-inactivating protein has been found to induce 

mitochondrial apoptosis. In the present study, we documented that AGG mediated Akt 

dephosphorylation led to ER stress resulting in the induction of autophagy dependent cell 

death through the canonical pathway in cervical cancer cells. Inhibition of autophagic death 

with 3-Methyladenine (3-MA) and siRNA to BECN1 and ATG5 increased AGG induced 

apoptosis. Further, inhibiting apoptosis by Z-DEVD-FMK and N-acetyl cysteine (NAC) 

increased autophagic cell death after AGG treatment, suggesting that AGG simultaneously 

induced autophagic and apoptotic death in HeLa cells. Additionally, it observed that AGG 

induced autophagic cell death in Bax knock down (Bax-KD) and 5-FU resistant HeLa cells, 

confirming as an alternate cell killing pathway to apoptosis. At the molecular level, AGG 

induced ER stress in PERK dependent pathway and inhibition of ER stress by salubrinal, 

eIF2α phosphatase inhibitor as well as siPERK reduced autophagic death in the presence of 

AGG. Further, our in silico and colocalization study showed that AGG interacted with 

pleckstrin homology (PH) domain of Akt to suppress its phosphorylation and consequent 

downstream mTOR dephosphorylation in HeLa cells. We showed that Akt overexpression 

could not augment GRP78 expression and reduced autophagic cell death by AGG as 

compared to pcDNA control, indicating Akt modulation was the upstream signal during 

AGG's ER stress mediated autophagic cell death. In conclusion, we established that AGG 

stimulated cell death by autophagy might be used as an alternative tumor suppressor 

mechanism in human cervical cancer.  

Key words: Abrus agglutinin; autophagic cell death; apoptosis; ER stress; Akt; PH domain 

3.1. Introduction 

Autophagy is an evolutionary conserved catabolic process in which stressed cells form 

cytoplasmic, double layered, crescent shaped membranes known as phagophores, which 

mature into complete autophagosomes. The autophagosome engulfs damaged cytoplasmic 

organelles and long lived proteins to provide cellular energy and building blocks for cellular 

biosynthesis (Panda et al., 2015 and Bhutia et al., 2013). The autophagosome fuse with 

lysosome to form autolysosome and cargo are digested by lysosomal hydrolases to 

metabolites and released back to the cytosol for recycling. The autophagic process is 

regulated by the ATG genes (autophagy-related genes) and the proteins encoded by the 

autophagy related genes (ATG) are required for the regulation of autophagic vesicles. 

Initially, the autophagic pathway functions as an adaptive response to stress. However, in the 
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face of extreme or protracted stress, cells are committed to autophagic cell death; type II 

programmed cell death (PCD) (Panda et al., 2015; Panda et al., 2014). 

Cervical cancer is the fourth leading cause of cancer cell death and third most 

commonly diagnosed cancer occur in developing countries including India, and other parts 

of Asia due to inadequate access to screening services and lack of human papillomavirus 

(HPV) vaccination (Jemal et al., 2011;Suneja et al., 2015). In the era of cancer therapy, 

apoptosis induction in tumor cells is increasingly seen as prime candidates for the 

development of anticancer therapeutics for cervical cancer. However, development of 

resistance phenomena to apoptosis and ineffectiveness of single treatment modality allow 

cancer cells to survive, consequently escape current cancer therapy. Therefore, novel 

therapeutic strategies are needed to enhance the effect of cancer therapy as well as address 

the emerging problem of drug resistance. Induction of autophagic death, a type II 

programmed cell death, could be a potentially useful therapeutic approach in apoptosis 

resistant cancer cells. (Panda et al., 2015; Dalby et al., 2010). Moreover, because cancer 

cells often display defective apoptotic propensity, autophagy is considered as a tumor 

suppressor mechanism. As an alternative therapy for cancer, recently more efforts are made 

for the development of novel molecules that specifically targets the autophagic cell death 

mechanism (Liu et al., 2013; Fu et al., 2011;  Moustapha et al., 2015). 

Abrus agglutinin (AGG) is one such prime candidate whose autophagic attributes are 

being documented in this work. AGG isolated from the seeds of A. precatorius is a hetero-

tetrameric glycoprotein of 134-kDa molecular weight, composed of two A and two B chains 

linked through disulfide bridges. AGG has specificity towards [gal (β 1→3) gal NAc] and 

belongs to type II ribosome inactivating protein family (RIP II) with a protein synthesis 

inhibitory concentration (IC50) of 0.469 µg/ml and a lethal dose (LD50) 5 mg/kg body weight 

in mice (Hegde et al., 1991; Bhutia et al., 2008). AGG contains cytotoxic A chain having 

ribosomal RNA N-glycosidase activity which cleaves glycosidic bond at position A-4324 

within the universally conserved α-sarcin loop of the 28S ribosomal RNA of eukaryotes 

while the B chain binds to carbohydrate moieties on the cell surface and facilitates the 

internalization of the entire toxin into the cell (Bagaria et al., 2006). Our groups have 

previously elucidated the anticancer effects of AGG in several tumor models at sublethal 

doses by direct killing of tumor cells through extrinsic and intrinsic apoptosis (Ghosh et al., 

2007; Mukhopadhaya et al., 2014; Bhutia et al., 2016). Along with direct antitumor 

potential, AGG generates potent humoral and cellular immune responses in normal as well 

as tumor-bearing animals (Ghosh et al., 2009; Tripathi et al., 2003;Tripathi et al., 2005). The 

adjuvant property of AGG is reported in oil emulsion and an aqueous solution for 



 

22 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

potentiating the systemic immune response (Tripathi et al., 2003). AGG activates 

splenocytes and induces production of a Th1 type of immune response. Further, AGG 

stimulates the innate effector arms like macrophage and natural killer cells. Furthermore, 

heat denatured and tryptic digested AGG show potent antitumor as well as 

immunomodulatory activity in normal as well as tumor bearing mice (Bhutia et al., 2008; 

Tripathi et al., 2003; Bhutia et al., 2008;  Bhutia et al., 2009). 

Although the apoptotic potential of AGG has been extensively investigated and well 

characterized, its ability to induce autophagy dependent cell death in mammalian cells has 

not been documented. In this report, the study was designed to decipher the role of AGG in 

autophagic death and discuss the possible role of autophagic death in relation with apoptosis 

in HeLa cells. Further, we examined that AGG inhibited Akt/PH domain to induce 

endoplasmic reticulum stress mediated autophagy dependent cell death. 

3.2. Materials and Methods 

3.2.1 Reagents 

4,6-Diamidino-2-phenylindole dihydrochloride (DAPI), Dihydrorhodamine 123, Propidium 

iodide (PI), 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT), 

Dimethylsulfoxide (DMSO), Caspase inhibitor Z-DEVD-FMK, 3-Methyl adenine (3 MA), 

N-acetyl-L-cysteine (NAC), 5-fluorouracil (5-FU), and Agarose were purchased from 

Sigma–Aldrich (St. Louis, MO). Minimal essential medium (MEM), Fetal bovine serum 

(FBS) (sterile-filtered, South American origin), Dulbecco’s minimal essential medium 

(DMEM), antibiotic- antimycotic (100X) solution, LysoTracker red, ER-Tracker Green, and 

Lipofectamine® 2000 were purchased from Invitrogen (Waltham, MA). Salubrinal obtained 

from Millipore (Billerica, MA). 

3.2.2 Antibodies 

LC3 (NB100-2220) from Novus Biological (Littleton, CO); Phospho mTOR (Ser2448) 

(2971), mTOR (2983), BECN1 (3738S), ATG5 (2630S), PARP (9542S), Akt (pan) (4691S), 

Phospho Akt (Ser473) (4060S), Bax (2772BC), Phospho eIF2α (Ser 51) (9721S), GRP94 

(2104BC), CHOP (5554BC)  and PERK (3192) from Cell Signaling Technologies (Danvers, 

MA); GRP78 (610978), p62/SQSTM1 (610832) from BD Biosciences (Franklin Lakes, NJ); 

Phospho-PERK(Thr 981) (sc-32577), siPERK (sc-36213), and ATF6 (sc-22799) were 

procured from SantaCruz (Dallas, TX); actin (A5316) was purchased from Sigma (St. Louis, 

MO). 
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3.2.3 Purification of AGG 

Purification of AGG was carried out according to the previously reported method. The crude 

extract of Abrus precatorius seed kernels was extracted with 30–90 % ammonium sulfate 

precipitation followed by affinity chromatography using lactamyl Sephadex G-100 affinity 

column. Purified AGG from Abrus abrin was obtained performing Sephadex G-100 gel 

permeation chromatography using FPLC. Lectin activity of AGG was analyzed by 

haemagglutination assay and purity of AGG was checked by SDS and Native PAGE 

analysis (Hegde et al., 1991). 

3.2.4 Cell Culture 

Human cervical cancer cell lines HeLa, SiHa, and CaSki were obtained from the National 

Centre for Cell Science, Pune, India. HeLa, SiHa were cultured in modified eagle medium 

(MEM) and supplemented with antibiotic-antimitotic and 10 % fetal bovine serum. CaSki 

cells were grown in RPMI 1640 medium supplemented with antibiotic-antimitotic and 10% 

fetal bovine serum. HaCaT (human keratinocyte cell line) were maintained in Dulbecco’s 

modified Eagle medium (DMEM) containing similar supplements. After that, all cells were 

incubated at 37°C in a humidified 95 % air, 5 % CO2 incubator. The 5-FU resistant HeLa 

cell line was achieved by continuous stepwise exposure to 5-FU with an initial concentration 

of 10 µM to final 100 µM (Liu et al., 2013). 

3.2.5 MTT Assay 

Cells from the logarithmic phase were maintained in culture after that they were counted in a 

hemocytometer using trypan blue solution. About 5×104 HeLa cells/ml was incubated with 

various concentrations of AGG in a 96 well plate. The efficacy of AGG on the viability of 

various cancer cell lines was determined using MTT dye reduction assay by determining the 

optical density at 595 nm using a micro-plate reader spectrophotometer (Perkin-Elmer, 

Waltham, MA) (Bhutia et al., 2008).  

3.2.6 Plasmids, Small Interfering RNA and Transfection  

HeLa cells were cultured in 60mm Petri plate and transfected with an 80% confluency using 

Lipofectamine® 2000 reagent (Invitrogen) following manufacturer’s protocol. Transfections 

were done in the presence of human specific, GFP-LC3 (Addgene plasmid No-11546), Akt 

(Addgene plasmid No- 9008), pGFP-Akt-PH (Addgene plasmid No-18836), BAX knock 

down (KD), vector (Addgene plasmid No- 16575) as well as with an empty backbone 

pcDNA (Addgene plasmid No-10792) used for mock transfection. siRNA for BECN1 (sc-

29797), ATG5 (sc-41445), and PERK (sc-36213) were purchased from Santa Cruz 

Biotechnology. HeLa cells were transfected with specific siRNA by using Lipofectamine®  
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2000, following the manufacturer’s instructions. After 48 h of transfection cells were treated 

with AGG and autophagy and apoptosis were studied. 

3.2.7 Acridine Orange Staining 

Quantification of acidic organelles was done by acridine orange staining. After treatment 

with various doses of AGG for 24 h cells were stained with 0.5 µg/ml of acridine orange at 

370C in the dark for 15 min and washed twice with PBS. Images of acridine orange staining 

were taken immediately using a fluorescence microscope (Olympus IX71, Tokyo, Japan) 

(Panda et al., 2014). 

3.2.8 Transmission Electron Microscopy 

For transmission electron microscopy (TEM), HeLa cell populations were rinsed with 0.1 

Sorensen’s buffer (pH 7.5), fixed in 2.5 % glutaraldehyde for 1.5 h, and subsequently 

dehydrated and embedded in Spurr’s resin. The block was then sectioned into 60-100 nm 

ultrathin sections and picked up on copper grids. For routine analysis, ultrathin sections were 

stained with 2 % uranyl acetate and lead citrate. Electron micrographs were obtained using a 

transmission electron microscope (Salzar et al., 2009). 

3.2.9 Measurement of Autophagy by GFP-LC3 Transfection 

HeLa cells were transfected with pEGFP-LC3 (Addgene plasmid 11546) using 

Lipofectamine® 2000 reagent (Gibco) according to the manufacturer’s instructions. The 

GFP-LC3 HeLa stable clone was generated using G418 screening. HeLa cells were treated 

with different doses of AGG for 24 h and analyzed by a confocal laser scanning microscope. 

The level of autophagy was quantified by counting the mean number of puncta displaying 

intense staining and a minimum of 100 GFP-LC3 transfected cells were counted. 

3.2.10 Western Blot Analysis 

HeLa cells were treated with AGG followed by extraction of proteins. Cell extracts in cell 

lysis buffer were prepared, and equal amount of proteins were resolved by SDS/PAGE, 

transferred to PVDF membrane, and evaluated for LC3, BECN1, ATG5, p62, GRP78, 

GRP94, p-eIF2a, Akt, p-Akt, PARP, PERK, p-PERK, ATF6, Bax, actin protein level as 

described by Ref. (Bhutia et al., 2008). 

3.2.11 Immunofluorescence Analysis 

HeLa cells were treated with various doses of AGG for 24 h followed by fixation with 10 % 

formaldehyde. Cell permeabilization was done in 0.1 % Triton X 100 which followed to 

blocking in 5 % BSA. Following this, cells were incubated with primary antibodies p-eIF2α 

and CHOP . Following washing in PBST cells were incubated with secondary antibodies 

conjugated with the Alexa Flour. Imaging was done using a high end fluorescence inverted 

microscope (Olympus- IX71) using Cell Sens Standard software.  
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3.2.12 Reactive Oxygen Species (ROS) Measurement 

To detect reactive oxygen species (ROS), HeLa cells were treated with AGG for 24 h and 

incubated with 2.5 µg/ml Dihydrorhodamine123 (Dhr123) in PBS for 30 min in a CO2 

incubator. Dhr123 is rapidly taken up by cells and is converted to rhodamine 123 in the 

presence of ROS. HeLa cells were harvested and suspended in PBS, and ROS generation 

was measured by the fluorescence intensity (FL-1, 530 nm) of 5×104 cells (Bhutia et al., 

2008). 

3.2.13 Colocalization Study by ER-Tracker, LysoTracker and MitoTracker 

Cells were treated with AGG for the different time interval and stained with pre warmed ER-

Tracker™ Green (BODIPY®FLglibenclamide) (500 nM) staining solution and were 

incubated for 20-30 minutes at 37°C. Glibenclamide attaches to the sulphonylurea receptors 

of ATP sensitive K+ channels which are generally prominently present on ER. At the same 

time, cells were stained with LysoTracker Red DND-99 (100 nM) for 30 minutes at 37°C. 

LysoTracker probes are specific for acidic organelles. The dye ER-Tracker colocalized with 

LysoTracker, representing the occurrence of autophagy ER or ER-phagy. Colocalization was 

measured applying JACoP plugin in single Z-stack sections of deconvoluted images. 

3.2.14 Caspase-Glo 3/7 Assay 

Caspase 3/7 activity in HeLa cells was measured using Caspase-Glo 3/7 Assay kits 

(Promega, USA) according to the manufacturer’s instructions. Caspase activities were 

measured and expressed as relative luciferase units.  

3.2.15 15 RITC Labeling of AGG for Colocalization Study with Akt-PH Domain 

 For colocalization study, AGG were labeled with Rhodamine B isothiocyanate (RITC) 

dissolved in water (1 mg in 100 µl water) and 1 mg of AGG dissolved in 1 ml of 100 mM 

NaHCO3 buffer). After that, the mixture was incubated for 4 h in dark at room temperature 

followed by treatment with 1M Ethanolamine to inactivate the residual RITC. The solution 

was left in the dark for 2 h and dialyzed against PBS for 48 h and lyophilized. After 30 min 

of AGG (10 µg/ml ) treatment in GFP-Akt-PH domain transfected HeLa cells, cells were 

washed and colocalization study was performed on a confocal microscope (Leica TCS SP8 ) 

and colocalization was measured by using the JACoP plugin in single Z-stack sections of 

deconvoluted images (Bhutia et al., 2008). 

3.2.16 Modeling PH-AGG Complex Through Docking and Molecular Dynamics 

Simulation 

The crystal structures of the pleckstrin homology (PH) domain and AGG were obtained 

from the PDB with PDB ids: 2Q3N (Bagaria et al., 2006) for the AGG and 1UNQ (Milburn 

et al., 2003) for the PH domain. The docking algorithm was carried out by the ClusPro 2.0 
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protein–protein docking server. Finally, a structure with the highest score was considered for 

the MD simulation with the ff12SB force field and TIP3P waters in the AMBER12 package 

(Meher et al., 2012; Meher et al., 2012;  Meher et al., 2015). The system was then minimized 

in four phases and equilibrated in a total of 400 ps. The PHAGG complex trajectory was run 

for 15 ns and was used for the analysis. The binding free energies were calculated using the 

MM-PB/GBSA method implemented in AMBER 12. The MMPBSA.py method in Amber12 

was applied to calculate the binding free energy of the PH domain to the AGG.  

3.2.17 Statistical Analysis 

All the results were represented as the mean±SD. Experimental data were analyzed by 

Student’s t-test. The level of significance was regarded as P<0.05 for values obtained for 

treatment compared to control. The IC50 values of various cell lines after AGG treatment 

were calculated by using the program GraphPad Prism 5 (GraphPad Software, San Diego, 

CA) to fit a variable slope-sigmoidal-dose-response curve. 

3.3. Results 

3.3.1 AGG Induced Autophagic Cell Death in Cervical Carcinoma 

To investigate the role of AGG on growth and proliferation of cervical cancer cells, we 

performed cell viability assay. AGG was treated in various concentrations in several cervical 

cancer cell lines and the effective concentration at which cell growth inhibited by 50 % 

(IC50) for HeLa, SiHa, and CaSki are 7.2± 1.2, 9± 3, and 10.2± 2.2 µg/ml respectively. 

However, we did not observe any significant growth inhibitory activity of AGG in normal 

keratinocyte cell line (HaCaT) in comparison to cervical cancerous cell lines. This depicted 

the selective antitumor activity of AGG towards cervical cancer cells (Fig.3.1.a). 
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Fig.3.1 AGG induced autophagic cell death in cervical cell carcinoma. The normal HaCaT cell and 

different cervical cell carcinoma (HeLa, SiHa, CaSki) were treated with different concentration of AGG for 72 

h and cell viability was performed by MTT assay (a). HeLa cells were treated with different doses of AGG 

(0.1, 1, and 10 µg/ml) for 24 h, and acridine orange staining was performed for late autophagic vesicles, which 

were visualized with an inverted fluorescence microscope (Olympus IX71, 200X) (b). All images were 

quantified by using Image J (c). HeLa cells were transfected with GFP-LC3 and stable GFP-LC3 HeLa was 

generated and treated with different concentration of AGG for 24 h, localization of LC3 in transfected cells was 

examined by confocal microscopy (magnification 1000X), and autophagosome formation was quantified and 

data presented as percentage of GFP-LC3 transfected cells with puncta fluorescence to autophagosome 

formation. A minimum of 200 GFP-LC3 transfected cells were counted (d). The values are the means ± SD of 

three independent experiments. *corresponds statistically significant change in comparison to control (*P < 

0.05).   

In our initial experiment for detecting of the acidic vesicles, we used the 

lysosomotropic agent acridine orange, a weak base that moves freely across biological 

membranes when uncharged. The cytoplasm and the nucleus show dominant green 

fluorescence. Its protonated form accumulates in acidic compartments, where it forms 

fluorescence bright red color aggregates. The HeLa cells were incubated with different 

concentration of AGG for 24 h and acridine orange staining was performed to observe in a 

fluorescence microscope. The data showed that the acidic content as the red signal was 

increased in a dose dependent way (Fig.3.1.b,c). Similarly, the intracellular localization of 

LC3 in autophagic vacuoles induced by AGG was determined by transient transfection of 

HeLa cells with a plasmid expressing green fluorescent protein fused with LC3 (GFP-LC3) 

followed by AGG treatment. In control, GFP-LC3 was found predominantly as diffuse green 
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fluorescence in the cytoplasm. However, in AGG treated cells, characteristic puncta 

fluorescent patterns were observed, indicating the recruitment of GFP-LC3 during 

autophagosome formation (Fig.3.1.d, Upper panel). Moreover, the numbers of cells with 

GFP-LC3 puncta increased significantly in a dose dependent manner after 24 h of AGG 

(Fig.3.1.d, lower panel).  

 

 

Fig.3.2. Analysis of AGG induced autophagy by electron microscope and Western blot. HeLa cells were 

treated with different doses of AGG and cells were fixed and processed for electron microscopy (a). The 

numbers of autophagosomes in HeLa cells 24 h after AGG treatment was quantified (b). After 24 h of AGG 

treatment, LC3-II expression was analyzed by Western blot both dose (c) and time (d) dependent manner. For 

the occurrence of autophagic flux, LC3-II expression was analyzed in the presence of bafilomycin A1 (100 

nM) in 24 h AGG treated HeLa cells (e). The values are the means ± SD of three independent experiments. 

*corresponds statistically significant change in comparison to control (*P< 0.05). Densitometry was performed 

on the original blots, considering the ratio of LC3-II to actin in control cells was 1. 

We further verified AGG induced autophagy in HeLa cells by electron microscopy. 

Electron micrographs of control showed the normal morphology of all organelles, with 

mitochondria scattered homogenously throughout the cell (Fig.3.2.a). Images captured 24 h 

with AGG indicated a marked accumulation of membrane-bound electron dense structures 

sequestering cellular components, a distinctive feature of autophagosomes. Furthermore, the 

number of autophagosomes as well as autolysosomes was increased in AGG treated cells as 

compared to control (Fig.3.2.b). Next, we monitored changes in expression of endogenous 

LC3 in HeLa cells. Treatment of AGG led to a rapid accumulation of the LC3-II form in a 

dose- and time-dependent manner when compared to control cells (Fig.3.2.c,d). The increase 

in LC3-II accumulation can be associated with either an enhanced formation of 
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autophagosomes or impaired autophagosome degradation. To differentiate between these 

two possibilities, LC3-II accumulation was assessed in the presence of bafilomycin A1, an 

inhibitor of V-ATPase that interferes with the fusion of autophagosomes and lysosomes and 

hence blocks the autophagosome as well as LC3-II degradation. Interestingly, AGG showed 

further accumulation of LC3-II in the presence of bafilomycin A1 in HeLa cells. These 

observations suggest that the increased LC3-II association with vesicles mediated by AGG 

was a consequence of increased autophagosome formation (Fig.3.2.e).  

3.3.2 AGG Induced Autophagic Cell Death is Mediated through Canonical Pathway 

Autophagy can be induced by the canonical pathway in which BECN1 induces the 

autophagosome generation by forming a multiprotein complex with class III 

phosphatidylinositol-3-kinase or hVps34 or by the non-canonical pathway that is 

independent of BECN1 and hVps34 . Initially, the expression of different types of autophagy 

proteins was analyzed by Western blot and showed that AGG increased the expression of 

BECN1 and ATG5 in a dose dependent manner. At the same time, p62 was degraded in the 

presence of AGG (Fig.3.3.a). Further, we used an siRNA approach to knock down essential 

autophagy (ATG) genes, such as BECN1, ATG5 and quantified LC3-II accumulation and 

GFP-LC3 puncta formation. The specific siRNAs significantly were downregulated the 

corresponding proteins (Fig.3.3.b). Inhibition of BECN1 and ATG5 decreased the LC3-II 

levels and percentage of GFP-LC3 positive cells (Fig.3.3.c,d) upon AGG treatment 

indicating that AGG triggered autophagic cell death via the canonical pathway. 



 

30 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

 

Fig.3.3. AGG induced autophagic cell death was mediated through the canonical pathway. HeLa cells 

were treated with AGG for 24 h and expression of p62, BECN1, and ATG5 were analyzed by Western blot (a). 

After 48 h transfection with siRNAs (b), HeLa cells were treated with AGG for 24 h and LC3-II expression 

was determined Western blot (c). GFP-LC3 stable HeLa cells were transfected with the indicated siRNAs 

followed by AGG treatment and cytoplasmic aggregation of GFP-LC3 was determined (d). A minimum of 200 

GFP-LC3–transfected cells were counted. *P < 0.05 compared with sicontrol AGG. Densitometry was 

performed on original blots, considering the ratio of protein to actin in control cells was 1. 

 

3.3.3 Crosstalk Between AGG Induced Apoptosis and Autophagic Cell Death 

To investigate the role of AGG in apoptotic and autophagic death, HeLa cell were cultured 

in presence of PI3K-III inhibitor, 3-Methyladenine (3-MA) and caspase inhibitor (Z-DEVD-

FMK) and monitored the alteration in cell viability, and autophagic or the apoptotic 

progression. HeLa cells were pretreated with inhibitors and followed to AGG treatment for 

24 h. The microscopic image showed that AGG induced cell death and neither of the 

inhibitors could revert back the cell death (Fig.3.4.a). Inhibiting apoptosis by Z-DEVD-FMK 

found to increase LC3-II accumulation along with a decrease in caspase 3 activity in AGG 

treatment (Fig.3.4.b,c). Similarly, inhibition of autophagic cell death with 3-MA augmented 

AGG induced apoptosis in HeLa cells (Fig.3.4.b,c). In addition, AGG increased caspase 

activity in BECN1 and ATG5 deficient HeLa cells indicating that inhibition of autophagy 

increased the AGG induced apoptosis and vice versa (Fig.3.5.a,b). This study concluded that 

AGG simultaneously induced apoptotic and autophagic cell death.  
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Fig.3.4. The relationship between AGG induced apoptosis and autophagic cell death. HeLa cells were 

pretreated with PI3K-III inhibitor 3-Methyladenine (3-MA) (5 µM) and caspase inhibitor (Z-DEVD-FMK) (10 

µM) for 2 h followed by 24 h AGG treatment and photographed (a), expression LC3-II was analyzed by 

Western blot (b) and caspase activity was measured by caspase Glo assay (c). The values were the means ±SD 

of three independent experiments. *represents statistically significant change vs. AGG treated group (*P < 

0.05). Densitometry was performed on the original blots, considering the ratio of protein to actin in control 

cells was 1. 

 

 

Fig.3.5. Effect of AGG induced apoptosis in autophagy deficient cells. HeLa cells were transfected with the 

indicated siRNAs followed by AGG treatment and PARP expression was analyzed by Western blot (a) and 

caspase activity was measured by caspase Glo assay (b). The values were the means ±SD of three independent 

experiments. *represents statistically significant change vs. AGG treated group (*P < 0.05). Densitometry was 

performed on the original blots, considering the ratio of protein to actin in control cells was 1. 

 

It is well reported that AGG ROS and is associated with apoptosis induction. In the present 

investigation, we deciphered the role of ROS in AGG induced autophagic cell death in HeLa 

cells. HeLa cells were pretreated with N-acetyl-L-cysteine (NAC; a thiol-containing 

antioxidant that is a precursor of reduced glutathione, 10 µM) ROS scavenger, for 2 h 

followed by AGG treatment for 24 h and HeLa cells were analyzed by flow cytometry and 

(a)
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western blot. The data showed that AGG increased the ROS generation and AGG induced 

ROS generation was inhibited in the presence of NAC (Fig.3.6.a). The western blot analysis 

showed that AGG in presence of NAC decreased PARP cleavage and increased LC3-II 

accumulation as well as GFP-LC3 puncta formation as compared to only AGG treated group 

in HeLa cells (Fig.3.6.b,c). This study concluded that AGG induced ROS generation induced 

apoptosis and inhibition of AGG induced ROS found to switch from apoptosis to autophagic 

cell death in HeLa cells. 

 

Fig.3.6. The role of reactive oxygen species in AGG induced autophagic death. HeLa cells were pretreated 

with NAC (10 mM, 2 h) followed by AGG (10 µg/ml) for 24 h, and ROS generation was then analyzed using 

flow cytometry (a). HeLa cells were treated with AGG in the presence of NAC, LC3-II accumulation by 

Western blot (b) and GFP-LC3 puncta (c) were quantified (*P < 0.05, compared with only AGG treated 

group).  
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Fig.3.7. The role of Bax in AGG induced autophagic death. HeLa cells were transfected with shBax for 48 h 

(a). After 24 h of AGG treatment, caspase 3/7 activity by caspase Glo assay (b) and LC3-II expression by 

western blot (c) was analyzed in shBax transfected HeLa cells. Stably transfected GFP-LC3 clones were 

transfected with shBax and percentage of GFP-LC3 puncta cells was examined by confocal microscopy 

(magnification 1000X) (d). *corresponds statistically significant change in pcDNA-AGG (*P < 0.05). 

Densitometry was performed on the original blots, considering the ratio of protein to actin in control cells was 

1. 

3.3.4 AGG Induced Autophagic Cell Death in Apoptosis Deficient and Resistant Cervical  

Cancer Cells 

To examine the role of AGG mediated autophagic death in apoptosis deficient and resistant 

cells, autophagic death was investigated in BAX-KD and 5-FU resistant HeLa cells. The 

shBax HeLa cells were characterized showing that knockdown of proapoptotic protein Bax 

blocks apoptosis induction by AGG (Fig.3.7.a). However, AGG treated shBax Hela cells 

continued to exhibit higher autophagic phenotypes compared with pcDNA as evidenced by 

LC3-II accumulation and GFP-LC3 puncta vacuole formation (Fig.3.7.b,c). In addition, to 

demonstrate the effect of AGG in resistant HeLa cells we developed 5-FU resistant cells 

through continuous exposure of 5-FU to HeLa cells. Initially, we checked the cell viability 

against 5-FU and AGG in parent and resistance HeLa cells. It was found that there was a 

significant increase in cell viability in 5-FU-R HeLa cells as compared to parent HeLa cells 

against 5-FU (Fig.3.8.a). But we could not find any significant difference between AGG 

treated both parental and resistant HeLa cells (Fig.3.8.b). Further, we examined the apoptotic 

and autophagic cell death in AGG treated 5-FU resistant HeLa cells and observed there was 

significantly decrease of apoptosis level in 5-FU-R HeLa cells compare with parent HeLa as 

quantified by caspase 3/7 Glo activity (Fig.3.8.c).  
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Fig.3.8. AGG induced autophagic cell death in apoptosis resistant cervical cancer cells. HeLa (parent and 

5-FU resistant) cells were treated with different concentration of 5-FU and AGG for 72 h and cell viability was 

performed by MTT assay (a, b). *corresponds statistically significant change in comparison to control (*P < 

0.05). After 24 h of AGG treatment, caspase 3/7 activity by caspase Glo assay (c) and LC3-II expression by 

Western blot (d) was analyzed in parent and 5-FU resistant HeLa cells. Transfected GFP-LC3 HeLa cells 

(parent and 5-FU resistant cells) were treated AGG for 24 h and percentage of GFP-LC3 puncta cells was 

examined by confocal microscopy (magnification 1000X) (e). *corresponds statistically significant change in 

AGG treated group (*P < 0.05). Densitometry was performed on the original blots, considering the ratio of 

protein to actin in control cells was 1. 

On the contrary, the autophagic cell death was significantly enhanced in 5-FU-R HeLa cells 

as to parent groups as demonstrated by LC3-II accumulation and GFP-LC3 puncta vacuole 

formation, indicating the cell death mechanism by AGG was switched to autophagic cell 

death in apoptosis resistant cells (Fig.3.8.d, e). The above findings strongly support our 

hypothesis that AGG could be potential alternative tumor preventive molecule to apoptotic 

resistant cells.  

3.3.5 AGG Induced Autophagic Cell Death Mediated through PERK Mediated ER Stress 

As ROS was not the regulating factor for AGG induced autophagic death, we investigated 

whether endoplasmic reticulum (ER) stress might contribute to autophagic cell death 

through induction of ER-phagy, selective autophagy of the ER (Salzar et al., 2009). To test 

this hypothesis, HeLa cells were treated with AGG for different time periods and analyzed 

for colocalization of ER and lysosome by staining with ER-Tracker Green and LysoTracker 
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Red as well as mitochondria and lysosome by MitoTracker Green and LysoTracker Red 

through a confocal microscope. The control group did not demonstrate the interaction of ER 

and lysosome. The treatment group showed strong colocalization of the two organelles as 

intense yellow color and this interaction was significantly increased in time dependent 

manner. These studies indicated that ER interacted with the lysosome and induced ER-phagy 

(Fig.3.9). Additionally, we did not find any interaction of mitochondria and lysosome as 

demonstrated by confocal microscopy (Fig.3.10) which nullified role of mitophagy in AGG 

induced autophagic cell death.  

 

Fig.3.9. Colocalization of ER and lysosome in AGG-treated HeLa cells. HeLa cells were treated with AGG 

for indicated time periods and colocalization of ER and lysosome was analyzed with ER-Tracker green (500 

nM) and LysoTracker red (100 nM) through confocal microscopy. 

 

Fig.3.10. Colocalization of mitochondria and lysosome in AGG-treated HeLa cells. HeLa cells were treated 

with AGG for indicated time periods and colocalization of mitochondria and lysosome was analyzed with 

MitoTracker green (300 nM) and LysoTracker red (100 nM) through confocal microscopy. 
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Further, we monitored the change in ER stress regulated proteins in the presence of AGG in 

HeLa cells. C/EBP homologous protein (CHOP), which is commonly known as growth 

arrest and DNA damage inducible gene 153 (GADD153) and expression of CHOP is the 

most sensitive ER stress marker, was increased expression in dose dependent manner 

(Fig.3.11.a-d). Besides that, an increase in phosphorylation of eukaryotic translation 

initiation factor (eIF2α) in different time point after AGG treatment was observed in HeLa 

cells (Figure 6d and e). After 24 h AGG treatment, AGG found to increase the expression of 

GRP78/BiP and GRP94, the major chaperones and central regulators of unfolded protein 

response in dose dependent manner in HeLa cells. Besides that ATF6 one of the important 

ER stress sensor which induces CHOP expression was also increased in dose dependent way 

as shown by western blot (Fig.3.11.e). Moreover, AGG increased the phosphorylation of 

PERK, one of the major transducers of ER stress indicating AGG induced ER stress 

followed PERK mediated pathway (Fig.3.11.f). We next determined whether AGG mediated 

ER stress contribute to AGG stimulated autophagy using a cell permeable form eIF2α 

dephosphorylation inhibitor salubrinal, which inhibits eIF2α activity. Pretreatment of 

salubrinal reduced the expression of GRP78 and ER stress in AGG treated cells as compared 

to only AGG treated cells (Fig.3.12.a). Intriguingly, LC3-II accumulation and percentage 

GFP-LC3 puncta cells were reduced after addition of salubrinal in AGG treated the group as 

to only AGG treated HeLa cells (Fig.3.12.a,b). Further, the role of PERK mediated ER stress 

by AGG was demonstrated through siRNA approach. We found that knock down of PERK 

significantly inhibited autophagy induction by AGG as shown by LC3-II accumulation and 

GFP-LC3 puncta vacuole formation (Fig.3.13.c,d). Collectively, our data demonstrate that 

AGG influenced ER stress contributed to autophagy induction. 

 



 

37 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

Fig.3.11. AGG induced ER stress in HeLa cells. HeLa cells were treated with AGG for indicated time 

periods and expression of CHOP (a, b) and p-eIF2α (c, d) analyzed by immunofluorescence microscopy 

(Olympus IX71, 200X, All images were quantified by using Image J) and GRP78, GRP94, and p-PERK, 

analyzed by Western blot (e, f). *corresponds statistically significant change in comparison to control (*P < 

0.05). Densitometry was performed on the original blots, considering the ratio of protein to actin in control 

cells was 1. 
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Fig.3.12. The role of ER stress in AGG induced autophagic cell death. HeLa cells were pretreated with 

salubrinal (5 μM) for 2 h followed by AGG treatment (10 µg/ml) for 24 h and LC3-II expression was analyzed 

by Western blot (a). Stably transfected GFP-LC3 clones were treated with salubrinal (5 μM) prior to AGG 

treatment and autophagosome formation was quantified and data presented as a percentage of GFP-LC3 puncta 

cells by confocal microscopy (b). After 48 h transfection with siPERK, HeLa cells were treated with AGG for 

24 h and LC3-II expression was determined Western blot (c). GFP-LC3 stable HeLa cells were transfected with 

the siPERK followed by AGG treatment and cytoplasmic aggregation of GFP-LC3 was determined (d). The 

values are expressed as the mean ±SD of three independent experiments (*P < 0.05, compared with only AGG 

treated group). Densitometry was performed on the original blots, considering the ratio of protein to actin in 

control cells was 1. 

3.3.6 AGG Mediated Inhibition of Akt/PH Domain Promoted ER Stress Induced 

Autophagic Cell Death  

Akt, the active component of the phosphoinositide 3-kinase (PI3K) is well-known to 

contribute to the mTOR activation, which is a vital regulator of autophagy, either directly or 

indirectly through phosphorylation and suppression of TSC2. Akt can be activated after 

binding to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) via its pleckstrin homology 

(PH) domain which controls membrane translocation, as well as phosphorylation of Thr308 

in the activation loop and Ser473 in the hydrophobic domain (Panda et al., 2015;  

Mahadevan et al., 2008). In order to study, the interactions between the PH domain and 

AGG, we performed a 15 ns long molecular dynamics (MD) simulation of the docked PH-
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AGG complex. At the end of the simulation, the complex looked to be quite stable with root 

mean square deviations (RMSD) value of 2 to 2.5Å for the Ca backbone atoms (Fig.3.13).  

 

Figure 3.13. Interaction of Akt-PH domain and AGG. A schematic ribbon representation of the PH domain-

AGG complex structure shown in different colors. The PH domain was shown in orange color while the three 

domains (A1, A2 and A3) in chain A of AGG are shown in purple, yellow and cyan colors, respectively. The 

two domains (B1 and B2) in chain B of AGG are also shown in red and green colors respectively (a). 

Decomposition of ΔG on a per-residue basis or the pair interaction energy between PH domain and AGG chain 

A the contribution of each residue in AGG to PH domain binding; the contribution of each residue in PH 

domain to AGG binding (b). Distributions of the identified hot spot residues on the PH domain surface and 

AGG chain A surface. Coloured bars show the range of contributions by residues in the unit kcal/mol. Chain B 

for AGG protein was not shown, as it didn’t interact with the PH domain (c,d).  

 

It was observed that several residues from both the PH domain (Arg15, Arg23, Arg25, 

Arg76, Val83, Arg86, and Thr87) and AGG (Asp109, Asp113, Asn195, Glu198 and 

Asn215) interface forms the H-bonds making the stable complex (Fig.3.13.a,b). To ensure 

the interactions from energetics point of view, MM-PB/GBSA based binding free energies 

were calculated. It was found that the MM-PBSA based binding free energies are larger: -

88.91 kcal mol−1 than -56.54 kcal mol−1 the MM-GBSA based. The favorable contribution 

from the direct electrostatic interactions between PH domain and AGG was recompensed by 

the electrostatic desolvation free energy upon binding, which progressed to an unfavorable 

contribution as a whole, consistent with other MM-PB/GBSA studies. In contrast, nonpolar 

interactions, ΔGnonpolar (including van der Waals interactions and nonpolar solvation) 

contributed favorably to the binding process. Therefore, the binding of PH domain and AGG 

was largely compelled by intermolecular electrostatic interactions and nonpolar interactions, 
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including the van der Waals and nonpolar solvation. Through decomposing the binding free 

energy into the contribution from each residue, it was likely to recognize the binding hot 

spots for PH domain and AGG. For PH domain, the residues Arg15, Ile19, Thr21, Arg25, 

Lys39, Arg76, Thr82, Val83, and Arg86 provide significant contributions (>2 kcal/mol) 

were basically from three anti-parallel beta sheets present and the loops connecting them. 

For AGG Tyr73, Asp109, Asn195, Glu198, Pro199, Asn215, Ile219 and Gln223 were 

recognized as hotspots basically from the active site region and adjacent areas of A chain in 

AGG (Fig.3.13.c,d). To validate the in silico finding, HeLa cells were transfected with GFP-

Akt-PH domain for 48 h followed to RITC labeled AGG (10 μg/ml) for 30 min and analyzed 

for interaction of AGG and PH domain by confocal microscopy. Overlapping of two 

proteins (RITC-AGG and GFP-Akt-PH) were visible showing intense yellow color with 

Pearson’s coefficient (Rr-0.903) as well as total overlap coefficient (R-0.931) (Fig.3.14). 

 

Fig.3.14. Colocalization of AGG and Akt-PH domain. Colocalization of RITC-AGG treated and GFP-Akt-

PH transfected cells was performed in confocal microscopy (magnification 630X) (Leica TCS SP8) and 

colocalization was measured using JACoP plugin in single Z-stack sections of de-convoluted images. 
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Fig.3.15. Akt plays a master signal for inducing autophagy by increasing ER stress. HeLa cells were 

treated with AGG (10 µg/ml) for different times followed by analysis of Akt and mTOR expression by Western 

blot (a). The expression of LC3 II and GRP78 levels were analyzed in Akt overexpressed HeLa cells (b). 

Stably transfected GFP-LC3 clones were overexpressed with Akt and after AGG treatment autophagosome 

formation was quantified and data presented as a percentage of GFP-LC3 puncta cells by confocal microscopy 

(magnification 1000X) (c). Data represented as the mean ± S.D. of three independent experiments. *represents 

statistically significant change vs. corresponding AGG treated group (*P < 0.05). Densitometry was performed 

on the original blots, considering the ratio of protein to actin in control cells was 1. 

 

To examine the role of AGG in Akt phosphorylation, HeLa cells were treated with AGG for 

different time periods and the expression of Akt was analyzed. Treatment of AGG caused a 

significant time dependent reduction in the phosphorylation of Akt (Ser473). On the 

contrary, the total Akt expression remained unaltered at said time kinetics in the presence of 

AGG (Fig.3.15a). Further, AGG treatment resulted in diminished levels of the 

phosphorylated form of mTOR (Ser2448) without altering total mTOR (Fig.3.15a), 

revealing a potent inhibitory effect of AGG treatment on Akt/mTOR signaling. The critical 

role of Akt was further supported by the rescue experiment by transfecting constitutive 
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active Akt in HeLa cells. As expected overexpression of Akt interfere the AGG mediated ER 

stress, which was corroborated by reduced LC3-II accumulation and GFP-LC3 puncta, 

ultimately overcome the cell death by AGG (Fig.3.15.b,c). Therefore it could be firmly 

concluded that AGG induced ER stress associated with autophagic cell death by inhibition 

of Akt through PH domain in HeLa cells (Fig..16). 

 

Fig.3.16. Schematic representation of AGG induced ER stress mediated autophagy dependent cell death 

in HeLa cells.  

3.4. Discussion  

Autophagy, an alternative tumor-suppressing mechanism have evolved as a potential novel 

approach for cancer therapies for induction of cell death, either in addition to or instead of, 

apoptosis induced treatment. A number of studies have reported that autophagic cell death is 

activated in cancer cells in response to various anticancer molecules including Tamoxifen, 

Temozolomide (TMZ), γ-irradiation, sodium butyrate, and suberoylanilide hydroxamic acid 

(SAHA), arsenic trioxide (As2O3) (Panda et al., 2015; Panda et al., 2014). Moreover, 

several clinical and preclinical studies established plant lectins including 

Phytohemagglutinin, Wheat germ agglutinin, Concanavalin A, Momordica charantia lectin, 

Mistletoe lectins, Soybean lectin, and Peanut agglutinin-induced autophagic cell death in 

different types of cancer (Liu et al., 2013; Fu et al., 2011; Panda et al., 2014; Chang et al., 

2007; Roy et al., 2014; Zhang et al., 2015; Choi et al., 2012; Mukhopadhaya et al., 2014). 

For instance, a lectin from Polygonatum cyrtonema induced apoptosis and autophagy in 

human melanoma A375 cells through a mitochondria-mediated ROS-p38-p53 pathway (Liu 

et al., 2009). Another lectin Concanavalin A from Jack bean seeds inhibited hepatoma cells 

through BNIP3 mediated mitochondria autophagy (Chang et al., 2007). Similarly, Korean 

mistletoe lectins, another type II ribosome inactivating protein (RIP II) regulated self 

renewal of placenta derived mesenchymal stem cells inducing autophagy at its low 

concentrations. Accordingly, in the present study, we documented that AGG induced 
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BECN1 dependent autophagic cell death through ER stress in human cervical cancer cells 

along with apoptosis inducing potential. In addition, AGG induced downregulation of Akt 

phosphorylation modulated autophagic cell death through strengthening ER stress. 

In response to cancer therapy, cell death in tumor cells is induced in many ways 

including induction of autophagic cell death or apoptosis simultaneously, sequentially, or in 

a mutually exclusive manner (Panda et al., 2015; Li et al., 2011). Accordingly, we observed 

that AGG simultaneously induced apoptosis and autophagic cell death in cervical cells. 

Inhibition of autophagic death by 3-MA and knock down by siBECN1 and siATG5 

significantly switched the cell death to apoptosis induced by AGG. In support, a previous 

study showed that several anticancer drugs SAHA and plant lectins induced both autophagic 

death and apoptosis (Panda et al., 2015; Liu et al., 2010;  Li et al., 2014). Further, AGG 

induced significantly enhanced autophagic cell death in shBax transfected cells and 5-FU 

resistant cells indicating AGG could be very effective against apoptosis deficient and 

resistant cells. Accumulating data indicate that ER stress promotes autophagy as an adaptive 

mechanism and upon persistent stress, it can switch into cell death mechanisms, the 

autophagic cell death (Salzar et al., 2019 ; Li et al., 2008). Our study showed that AGG 

found to stimulate ER stress markers including GRP78, GRP94, CHOP, and eIF2a 

phosphorylation through PERK dependent pathway. In this connection, GRP78, a major 

chaperone is considered to be the central regulator of UPR which acts as a novel obligatory 

component of autophagy in mammalian cells. For instance, knockdown of GRP78 inhibited 

autophagosome formation, which was induced by ER stress or by nutrient starvation in HeLa 

cells (Li et al., 2008). Similarly, stress dependent CHOP is important in the transcriptional 

activation of genes involved in the formation, elongation, and function of the 

autophagosome. Intriguingly, we demonstrated that inhibition of ER stress with salubrinal 

and si PERK reduced AGG induced autophagic cell death, suggesting a potential role of ER 

stress in AGG induced autophagy. In support, it was demonstrated that Abrus abrin-induced 

ER stress through stress kinases p38 MAPK to regulate apoptosis in Jurkat cells (Mishra et 

al., 2014). Akt can mediate cell survival and growth and its activity is regulated by 

phosphorylation on two regulatory residues, Thr308 in the activation loop of the catalytic 

domain and Ser473 in the regulatory domain. Akt inhibits autophagy through mTORC1 

activation in response to growth factor stimulation (Panda et al., 2015; Bhutia et al., 2013; 

Panda et al., 2014). The mutational Akt hyperactivation diminishes autophagy during 

metabolic stress, whereas Akt inhibition by different types of antitumor molecules induces 

autophagic cell death. Our result showed that treatment of AGG caused significant time 

dependent reduction in the phosphorylation of Akt (Ser473) in HeLa cells and 



 

44 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

overexpression of Akt found to suppress AGG induced autophagic death. A previous study 

showed that naturally occurring agents including Concanavalin A and Plumbagin-induce 

autophagy by inhibiting the Akt/mTOR in cancer cells (Roy et al., 2014;  Kuo et al., 2006). 

For the first time, AGG demonstrated to bind with PH domain of Akt through the active site 

region and adjacent areas, located in the cleft made by three domains of A chain preserved 

among the type II RIPs (Bagaria et al., 2006). Apart from N-glycosidase enzymatic activity, 

our study documented an unknown function of A chain of AGG and AGG could be 

considered as nonlipid based PH domain inhibitor which needs to be deciphered in detail. 

Further, how does A chain of AGG inhibit PH domain and influence Akt phosphorylation 

and translocation are not known. In our study, induction of ER stress through inhibition of 

Akt was the master signal for AGG induced autophagic cell death. Numerous studies were 

available where Akt-mTOR pathway was associated with the ER stress induced induction of 

apoptosis as well as autophagy (Jiang et al., 2013; Jung et al., 2013; Yu et al., 2015). 

Recently it was reported that resveratrol a natural polyphenol triggers ER stress which leads 

to autophagic cell death in prostate cancer cells via down regulation of Akt-mTOR pathway 

(Selvaraj et al., 2015). In conclusion, the present results establish that AGG stimulated cell 

death by autophagy through ER stress and Akt dephosphorylation by binding with PH 

domain might be explored as an alternative tumor suppressor mechanism in cervical 

carcinoma. 
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Abstract 

PUMA, a BH3-only pro-apoptotic Bcl-2 family protein translocates from the cytosol to 

mitochondria to induce apoptosis. Interestingly, the induction of PUMA by p53 also plays a 

critical role in DNA damage induced apoptosis. In this study, we identified mitophagy 

inducing potential of PUMA triggered by Abrus agglutinin (AGG), a lectin from Indian 

medicinal plant in U87MG cells and established AGG induced ceramide as a chief mediator 

of mitophagy dependent cell death through activation of mitochondrial ROS and ER stress. 

Importantly, AGG upregulated PUMA expression in U87MG cells with the generation of 

dysfunctional mitochondria along with gain and loss of function of PUMA altered 

mitophagy induction. At the molecular level, we identified an LC3 interacting region (LIR) 

at the C-terminal end of PUMA and found to interact with LC3 to induce mitophagy. In 

addition, AGG was also shown to trigger ubiquitination in PUMA which interacted with p62 

to induce mitophagy suggesting AGG mediated mitophagy through PUMA contributed both 

in p62 dependent and independent manner in U87MG cells. Further pre treatment of Mdivi-

1, an inhibitor of Drp1, resulted in an increase in outer mitochondrial membrane protein 

TOM20 expression and decrease in caspase activity in response to AGG in U87MG cells, 

indicating AGG induced mitophagy switched to apoptosis.  

Keywords: Abrus agglutinin, Apoptosis, LC3 interacting region, Mitophagy, PUMA, p62, 

Ubiquitin 

4.1. Introduction 

Autophagy is an evolutionarily conserved self degradative process where a cell digests its 

own cytoplasmic contents to recycle nutrient pool and energy at critical times in 

development and in response to various stress stimuli. Basically, autophagy plays a pro 

survival role; however, extensive or prolonged stress may lead to the autophagic point of no 

return and ultimately cell death (Bhutia et al., 2013; Panda et al., 2015). Moreover, recent 

advancement in the field of autophagy has elucidated that in contrast to bulk degradation, 

there exists an independent process of selective degradation of cytoplasmic contents and 

organelles called as selective autophagy (Fimia et al., 2013; Van Der Vaart et al., 2008; 

Zaffagnini & Sascha., 2016). In this context, the selective clearance of damaged and 

superfluous mitochondria referred as “Mitophagy” are highly investigated in many 

pathophysiological conditions owing to the fact that mitochondria are the central regulator of 

energy balance and mitochondrial quality control is of utmost importance in maintaining 

cellular homeostasis. In fact, mitophagy plays an indispensable role in paternal 
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mitochondrial degradation, terminal differentiation of RBCs, ischemia, neurodegenerative 

diseases, cancer and or drug-induced tissue injury (Lemasters, 2005; Kim et al., 2007; Youle 

& Narendra, 2011; Ashrafi & Swartz, 2013).  

After the inception of the concept of selective clearance, the first question arose was 

to decipherer how the mitochondria are primed and recruited to the autophagosome for its 

specific degradation. In this perspective, several autophagy adaptors like p62 and NBR1 

have been identified and characterized to act as cargo receptors for degradation of 

ubiquitinated substrates which provides a mechanistic insight into the process of mitophagy. 

Moreover, several reports have documented the direct interaction between these autophagic 

adapters and the autophagosomal marker protein LC3 via a specific LIR (LC3-interacting 

region) motif (Johansen & Lamark, 2011). Depolarized ubiquitylated mitochondria were 

recruited to ubiquitin-binding adaptor protein p62 in the perinuclear region forming 

mitoaggresomes before ending with lysosomal degradation (Narendra et al., 2008; Sandoval 

et al., 2008; Narendra et al., 2010). Further, for mitophagy to happen, dysfunctional 

mitochondria must be selectively recognized through the mitophagy receptor, which is 

expressed on the outer mitochondrial membrane, to be removed (Kim et al., 2007; 

Yamaguchi et al., 2016). The involvement of specific molecules in sensing damaged 

mitochondria for selective engulfment by autophagosomes in mammalian cells remains 

elusive. A recently identified pathway that has emerged as a paradigm for mammalian 

mitophagy is mediated by the PINK1 and the E3 ubiquitin ligase Parkin. During stress, 

PINK1 is stabilized on damaged mitochondria resulting in the recruitment of Parkin for 

ubiquitinating several outer mitochondrial proteins followed by recruitment to the adaptor 

proteins like p62 which then interact with LC3 to induce mitophagy (Ashrafi et al., 2013, 

Bjorkoy et al., 2009 ; Chang et al., 2016). Several proteins that have the propensity to 

interact with autophagosomal marker protein LC3, are now identified to act as mitophagy 

receptor in directing mitochondria to autophagosomes including cardiolipin, FUNDC1, 

BNIP3, NIX, VDAC1, PINK1 and BCL2L13 (Yamaguchi et al., 2016). Ubiquitination of 

the mitochondrion, and/or the interaction of a receptor with the LC3 appear to be important 

in the targeting of the autophagosome, but in each case, the details of this recruitment remain 

unclear. Previously, C18-pyridinium ceramide treatment or endogenous C18-ceramide 

production by ceramide synthase 1 (CerS1) expression was reported to trigger autophagic 

cell death in cancer. C18 ceramide promoted LC3IB lipidation to LC3BII and provoked 

selective targeting of mitochondria by LC3B-II containing autophagolysosomes via direct 

interaction between ceramide and LC3B-II (Sentelle et al., 2012). Moreover, the 
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involvement of several BH3 only protein like Bcl-2/E1B 19 kDa-interacting protein 3-like 

protein (BNIP3) and Nix (BNIP3L) are reported to be associated with the removal of 

damaged mitochondria (Zhang & Ney., 2009, Novak et al., 2010). Recently, another BH3 

only protein Bcl-2-like protein 13 (Bcl2L13) was shown to induce Parkin independent 

mitophagy via its direct interaction with LC3 through the WXXI motif indicating the 

existence of alternate pathways for mitophagy (Murakawa et al., 2015). In response to 

therapies, cancer cells may undergo either apoptosis and/or autophagic cell death which are 

in a quite complicated relationship. Apoptosis or autophagy may occur simultaneously, or 

autophagy may follow to apoptosis, or they may occur autonomously of each other (Panda et 

al., 2015). In this context, mounting evidence indicate an intricate crosstalk between 

autophagy and apoptotic molecule to govern cell fate (Mukhopadhyaya et al., 2014). Several 

BH3only proteins BNIP3, Bad, and BH3 mimetics were shown to trigger autophagy by 

competitively inhibiting the interaction between BECN1 and Bcl-2 or Bcl-xL. Likewise, 

BH3- only proapoptotic PUMA and Bax were reported to stimulate autophagy which 

followed to apoptosis (Yee et al., 2009).  

Tumors of glial origin referred as gliomas are the most common primary brain 

tumors. The High grade gliomas (HGGs) including glioblastoma (GBM) and anaplastic 

astrocytoma (AA) are the most frequent intrinsic adult brain tumors (Phillips et al., 2006; 

Holla et al., 2016). Glioblastoma multiforme (grade IV) is reported to be one of the most 

aggressive cancers, with a median survival of less than 1 year. Despite recent advances in 

field of oncology, this median survival has not altered significantly over the past few years 

(Peterson et al., 2016). In the present study, we have investigated glioma inhibitory activity 

of Abrus agglutinin (AGG), a natural compound through induction of mitophagy mediated 

cell death as an alternative tumor suppressor mechanism. AGG, a galactose specific lectin 

isolated from the seeds of Indian medicinal plant, Abrus precatorius. It belongs to the class 

II ribosome inactivating protein family with protein synthesis inhibitory activity. It is a 

hetero-tetrameric glycoprotein of 134-kDa MW, composed of two A and two B chains 

linked through disulfide bridges. It induces both extrinsic and intrinsic apoptisis and showed 

antitumor effect in several tumor models at sub-lethal doses (Bagaria et al., 2006). 

Furthermore, it leads to the activation of macrophages and NK cells to boost immune 

response (Tripathi et al., 2005 ; Mukhopadhyay et al, 2014). AGG inhibited expression of 

the pro-angiogenic factor IGFBP-2 in an AKT-dependent manner, reducing angiogenic 

phenotypes both in vitro and in vivo (Bhutia et al., 2016). AGG derived peptides induce ROS 

dependent mitochondrial apoptosis through JNK and Akt/P38/P53 pathways in HeLa cells 

(Behera et al., 2014). In the previous chapter, AGG mediated Akt dephosphorylation led to 



 

49 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

ER stress resulting induction of autophagy dependent cell death through the canonical 

pathway in cervical cancer cells (Panda et al., 2017). In this study, we identified mitophagy 

inducing potential of PUMA triggered by AGG in U87MG cells and established AGG 

induced ceramide as a chief mediator of mitophagy dependent cell death through activation 

of mitochondrial ROS and ER stress to better cancer therapeutics. 

4.2 Materials and Methods 

4.2.1 Reagents and Chemicals 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT), 4′,6-diamidino-2-phenylindole 

dihydrochloride (DAPI), Dimethylsulfoxide (DMSO), Propidium iodide (PI), N-acetyl-L-

cysteine (NAC), Ceramide (C8104-50TST), 3-Methyl adenine (3-MA), Salubrinal (324895), 

Chloroquine, Myriocin (M1177-5mg), Methyl pyruvate (371173), Mdivi-1 (M0199) and 

Dihydroethidium (DHE) were purchased from Sigma-Aldrich (St Louis, MO, USA). Fetal 

bovine serum (FBS) (sterile-filtered, South American origin), Minimal essential medium 

(MEM), opti-MEM, Lipofectamine® 2000, MitoTracker Green (M7514), CMXRos 

(M7512) were purchased from Invitrogen. Caspase Glo- 3/7  assay kit  (T8090), Caspase 

Glo- 8 assay kit (G8200), Caspase Glo- 9 assay kit (G8210) were purchased from Promega 

(Madison, Wisconsin, USA). 

Abrus agglutinin was purified as described in chapter 3 of this thesis.   

4.2.2 Antibodies 

Antibodies are used: Ceramide (C8104-50TST) was obtained from Sigma-Aldrich; Anti-

PUMA (4976S), BECN1 (3738S), ATG5-ATG12 (2630S), Bax (2772S),  Bcl-2 (2870S), 

COXIV (4850), pDRP1 (3455), PARP (9542S), p53 (2527BC) were purchased from Cell 

Signaling Technology (Danvers, MA, USA); LC3 (NB100-2220) was obtained from Novus 

Biological (Littleton, CO); mouse secondary Alexaflour green (A11001), mouse secondary 

Alexaflour red (A11004), rabbit secondary Alexaflour green (A11008) were purchased from 

Invitrogen; p62 (610832), TOM20 (612278) and GRP78 (610978) were purchased from BD 

Bioscience, γH2AX (05363) was purchased from Millipore, β-actin (11-13012) was 

purchased from Abgenex (BBSR, India).  

4.2.3 Plasmid and siRNA  

U87MG cells were transiently transfected with pEX-HcRed-hLC3WT (Addgene plasmid # 

24991) and pEX- HcRed -hLC3ΔG (Addgene plasmid#24992) which were a gift from Isei 

Tanida (Addgene plasmid # 24991). Besides, glioblstoma cells were transfected with 

pBABEpuro-HA-p62-LIR and this plasmid was a gift from Jayanta Debnath (Addgene 

plasmid # 71306). P(40)PX-EGFP plasmid was transfected in glioma cells for 
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autophagosome clustering study which was a gift from Michael Yaffe (Addgene plasmid # 

19010). Overexpression of PUMA was performed by transfecting BI-EGFP-PUMA which 

was a gift from Bert Vogelstein (Addgene plasmid # 16590). siRNA for BECN1 (sc29797) 

from Santa Cruz Biotechnology. A corresponding empty backbone vector was transfected 

for every plasmid of interest. 

4.2.4 Cell Culture 

Human glioblastoma cell line (U87MG) was obtained from National Centre for Cell 

Sciences (NCCS), Pune, India and cultured in Minimal Essential Medium (MEM) 

containing 10% fetal bovine serum (FBS) with 1X antibiotic-antimitotic and incubated at 

370C temperature in a humidified 95% air, 5% CO2 incubator. 

4.2.5 Acridine Orange Staining 

U87MG cells were treated with various doses of AGG for 24 h and cells were stained with 

acridine orange at37°C in the dark for 15 min and washed twice with PBS. Acridine orange 

fluorescence intensity was analyzed by fluorescence microscope (Olympus IX71, Tokyo, 

Japan) (Panda et al., 2014). 

4.2.6 Measurement of Autophagy by GFP-LC3 Transfection 

U87MG cells were transiently transfected with pEGFP-LC3 (Addgene plasmid #11546) 

using Lipofectamine® 2000 reagent (Gibco) according to the manufacturer’s instructions. 

The GFP-LC3- U87MG stable clone was made using G418 screening. U87MG cells were 

treated with different doses of AGG for 24 h and analyzed by a confocal laser scanning 

microscope. Quantification was done by counting the mean number of puncta displaying 

intense staining and a minimum of 100 GFP-LC3 transfected cells were counted (Panda et 

al., 2017). 

4.2.6 Western Blot and Immunoprecipitation Analysis 

U87MG cells were treated with AGG followed by extraction of proteins. Cell were lysed 

with a lysis buffer and about 50 μg protein was subjected to SDS-PAGE electrophoresis, 

followed by transfer onto a nitrocellulose membrane, which was blocked with 5 % BSA (in 

PBST) at room temperature for 1 h. After that blots were incubated with primary antibody 

anti-BECN1, ATG5, LC3, actin, p-AMPK, p-S6K, p-mTOR, TOM20, COX-IV, DRP1, p-

DRP1, PRAP, Bax, Bcl-2, GRP78 for 14-16 hour followed by secondary antibody labeled 

with horseradish peroxidase-conjugate secondary antibody and the expression were 

documented in chemiluminescence Image Quant LAS500 (GE Healthcare, USA). For 

immunoprecipitation, the cell lysates were incubated overnight at 4οC with the mentioned 

antibodies followed by coupling with protein A-Sepharose (Invitrogen Corporation, CA, 
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USA) followed by after that  western blot was performed  with suitable antibody 

(Mukhopadhyay et al., 2015).  

4.2.7 Electron Microscopy 

After the 24 h of treatment, the cells were fixed with 2.5% glutaraldehyde buffered with 

0.1M sodium phosphate at pH 7.4. Then the samples were fixed with osmium tetroxide 

followed by staining with uranyl acetate, dehydrated in ethanol and embedded in uranyl 

acetate. After sectioning, samples were collected on uncoated nickel grids and documented 

and damaged mitochondria were photographed using a transmission electron microscope.   

4.2.8 Immunofluorescence Staining for Confocal Imaging 

Cells were grown on chamber slides and treated with AGG in a dose dependent and time 

dependent manner along with different inhibitors like ISP, salubrinal, NAC prior to 2 h of 

treatment according to the experiment setup. Cells were pretreated with Pyr-41 for observing 

effect of ubiquitination on TOM20 expression. Post-treatment with AGG, cells were fixed in 

10 % formaldehyde, washed with PBS, permeabilized with 0.2 % Triton X-100 for 20 min at 

RT and incubated overnight with primary antibody for ceramide and TOM20. Then the cells 

were washed with PBS and incubated with secondary antibody for 6 h followed by DAPI 

counterstaining. The expression pattern of concerned marker proteins was analyzed by 

confocal laser microscope (Leica TCS SP8) (Panda et al., 2017). 

4.2.9 Colocalization Study by Confocal Imaging 

The transfected cells were seeded on chambered slide and treated with AGG for 24 h hour at 

37οC. The cells were processed as described before and incubated with primary antibody 

TOM20 for overnight at 4οC followed by secondary antibody conjugated with the Alexa 

Flour. And then co-localization expression was studied by confocal laser microscope (Leica 

TCS SP8) (Panda et al., 2017).  

4.2.10 Caspase Activity Assays  

U87MG cells were grown on 6 well plates and treated with AGG for 24 h along with prior 2 

h of ISP treatment according to the experimental setup. After treatment, caspase 3/7, caspase 

8 and caspase 9 activities in U87MG cells were measured using Caspase-Glo 3/7, Caspase-

Glo 8 and Caspase-Glo 9 Assay kits (Promega Corp., Madison, WI, USA) according to the 

manufacturer's protocol. Caspase activities were analysed and quantified as relative 

luciferase units (Panda et al., 2014).  

4.2.11 Measurement of Mitochondrial Respiration Rate and Glycolysis Study 

For determination of oxygen consumption rate (OCR), 1×105 U87MG cells per well were 

seeded in a 96 well plate. OCR measurement was done using XF-24 Extracellular Flux 

Analyzer (Seahorse Bioscience, MA, USA) according to (Mukhopadhyay et al., 2015). The 
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rate of aerobic glycolysis in terms of enzymatic lactate production was determined in 

U87MG cells after AGG treatment at different time interval (Mukhopadhyay et al., 2015).  

4.2.12 Measurement of Cellular ATP Level  

Cellular ATP quantification was analyzed in  U87MG cell lysates post 24 h of AGG 

treatment by following the protocol described on the ENLITEN® ATP Assay System 

Bioluminescence kit from Promega (Madison, WI, USA) (Mukhopadhyay et al., 2015). 

4.2.13 Comet Assay  

AGG treated U87MG cells embedded in agarose were layered on the frosted slides that were 

pre-coated with 1 % agarose for both controls and treated cell suspensions. The procedure 

was followed as described before (Panda et al., 2014). The intensity of the comet tail relative 

to the head reflects the degree of DNA breaks. Imaging was done at each concentration and 

by fluorescence microscopy (Olympus IX71).  

4.2.14 Modeling PUMA-LC3 Complex through Docking and Molecular Dynamics 

Simulation 

Due to the unavailability of a crystal structure for the protein hPUMA, the 3D structure of 

the same was predicted from the FASTA sequence (Yu et al., 2001) by the ab initio 

modeling in PHYRE-2 software (Kelley et al., 2015). The sequence information for hPUMA 

describes amino acids from 128 to 165 (AA128-AA165) as an alpha-helix by Chou-Fasman 

method, that has been exactly predicted in the structure. The crystal structure of microtubule 

associated protein light chain 3 (LC3), a mammalian homologue of Saccharomyces 

cerevisiae Atg8 was obtained from the Protein Data Bank (PDB). The PDB entry was: 

1UGM (Sugawara et al., 2004). X-ray structure of the LC3 domain has some missing 

residues both in the C- and N-terminal region, which were eventually predicted by the 

PHYRE-2 software. LC3 domain contains 119 residues after the modelling through PHYRE-

2. The docking algorithm was then used to locate the optimal configuration of the LC3 

protein near to the active site of hPUMA. Initially, the LC3 domain was positioned near the 

active site, and the docking algorithm was carried out by the ClusPro 2.0 protein-protein 

docking server (Comeau et al., 2004). Using protein-protein docking algorithms, the optimal 

orientation of two proteins could be found by scoring the energy based on the van der 

Waal’s (VDW) contacts and corresponding electrostatics. Therefore, the grid based score 

was generated by calculating the nonbonded terms of the molecular mechanics force field, 

and the structure with the highest score was then considered for the MD simulation. 

4.2.15 Statistical Analysis 

All the results were represented as the mean Experimental data were analyzed by Student’s 

t-test. The level of significance was regarded as P<0.05 for values obtained for treatment 
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compared to control. The IC50 values of various cell lines after AGG treatment were 

calculated by using the program GraphPad Prism 5 (GraphPad Software, San Diego, CA) to 

fit a variable slope-sigmoidal-dose-response curve. 

4.3. Results 

4.3.1 AGG Induces DNA Damage Mediated Apoptosis 

AGG has been shown to induce apoptosis in different cellular settings and associate with 

tumor suppressor mechanism. We have described AGG induced DNA damage as upstream 

signal for induction of autophagy and in this study we were interested to examine 

involvement of DNA damage pathway in autophagy induction. Primarily, AGG induced 

DNA damage was analyzed in U87MG cells by performing γH2AX foci formation 

(Fig.4.1.a, b) and comet tail assay (Fig.4.1.c, d). We further confirmed the apoptosis 

inducing potential of AGG through Annexin V (Fig.4.2.a) and DAPI staining (Fig.4.2.b) in 

U87MG cells and data showed that chromatin condensation, nuclear blebbing was increased 

in presence of AGG in comparison to control cells. Interestingly, AGG triggered apoptotic 

cell death was evidenced by decrease of anti-apoptotic Bcl-2 protein expression and increase 

of Bax, PARP and p53 activation (Fig.4.2.c). Similarly, AGG increased the activation of 

caspase (3/7), caspase 8 and caspase 9 (Fig.4.2.d) in treated cells conforming AGG induces 

both extrinsic and intrinsic apoptosis in U87MG cells.  

 

Fig.4.1. AGG facilitates DNA damage in U87MG cells. U87MG cells were treated with AGG for 6 h and 

γH2AX staining was performed to measure foci formation by fluorescence microscopy (Olympus IX71; 400X). 

Number of foci formation per nucleus was calculated and percentage was taken to plot the histogram. U87MG 

cells were treated for 6 h with different doses of AGG (0.1, 1, 10 μg/ml) followed by comet assay. After 

propidium iodide staining, photographs were taken in fluorescence microscope (Olympus IX71, 400X) (c, d). 

Data reported as the mean ± S.D. of three independent experiments and compared to PBS control. *P value < 

0.05; **P value < 0.01 were considered significant. 
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Fig.4.2. AGG induces apoptosis in U87MG cells. U87MG cells were treated with AGG 24 h and apoptosis 

was quantified by Annexin V/PI staining through flow cytometry (a), DAPI staining (b), expression of 

apoptotic proteins by Western blot (c) and caspase activity by Caspase Glo assay (d). Data reported as the mean 

± S.D. of three independent experiments and compared to PBS control. *P value < 0.05; **P value < 0.01 were 

considered significant. Densitometry was performed on the original blots, considering the ratio of protein to 

actin in control cells was 1. 

 

4.3.2 AGG Induces Autophagy through AMPK/mTOR Dependent Pathway   

Our previous study showed that AGG induces autophagy dependent cell death in cervical 

carcinoma. We were interested in what way autophagy is induced and its molecular 

mechanism with AGG in glioblastoma model. To discover the autophagy inducing potential 

of AGG in glioblastoma cell line U87MG, the cells were treated with different concentration 

of AGG (0.1, 1 and 10 µg/ml) for 24 h and different assay for autophagy was performed. 

Our data showed that red intensity in acridine orange stained cells was increased in dose 

dependent manner showing the occurrence of autophagy in U87MG cells (Fig.4.3.a, b). 

Next, GFP-LC3 transfection was performed for quantification of punctate structure in both 

control and AGG treated U87MG cells. Diffuse GFP-LC3 green fluorescence was found in 

the cytoplasm of control group while punctate fluorescence structure was found in the 
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treated cells confirming the recruitment of GFP-LC3 during induction of autophagy. Further, 

the percentage of GFP-LC3 punctate structure was significantly increased in case of AGG 

treated cells than control (Fig.4.3.c, d). Likely, we monitored the endogenous expression of 

LC3 in U87MG cells in presence of AGG and our data showed that AGG induced increase 

in LC3-II accumulation in dose dependent manner in comparison to control. Interestingly, 

the expression of autophagic proteins including BECN1 and ATG5 were noticed in AGG 

treated U87MG cells, confirming AGG induces autophagy in glioblastoma model 

(Fig.4.3.e). To examine whether AGG follows general AMPK/mTOR signaling axis, we 

treated U87MG cells with AGG (10 μg/ml) for different time intervals and analyzed the 

expression autophagy regulatory protein in this pathway. Importantly, we noticed the 

diminished expression of the mTOR and its downstream molecule p-S6K expression in time 

dependent manner while increased in activation of AMPK (Fig.4.3.f). The mTOR is 

considered as a central cell-growth regulator while AMPK is a key energy sensor which 

maintains homeostasis is associated in AGG induced autophagy (Kim et al., 2011). 

 
 
Fig.4.3. AGG induces autophagy in U87MG cells. U87MG cells were treated AGG for 24 h and acridine 

orange staining was performed (a,b) and GFP-LC3 puncta analysis were performed (c,d), autophagic proteins 

(e) and autophagic regulator (f) by western blot was quantified. Data reported as the mean ± S.D. of three 

independent experiments and compared to PBS control. *P value < 0.05; **P value < 0.01 were considered 

significant. Densitometry was performed on the original blots, considering the ratio of protein to actin in 

control cells was 1. 

 

4.3.3 AGG Induces Mitochondrial Autophagy 

Next, we were intended in determining to what extent AGG induced autophagy contributes 

to mitochondrial degradation in U87MG cells. After 24 h of AGG treatment, we analyzed 

U87MG cells for mitophagy induction through transmission electron microscopy. The 
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electron micrograph showed that mitochondria were specifically affected in AGG treated 

U87MG cells as compared to control (Fig.4.4.a, b). The number of healthy mitochondria 

could be recognized by identifying intact cristae and was (60± 5.9 %) and (4± 0.43 %) in 

control and treated respectively. The percentage of fragmented mitochondria was 

demonstrated by observing dramatically disrupted cristae after AGG treatment and found 

28± 2.7/50± 5.1 % in control/AGG treated U87MG cells. Importantly, we identified double 

membrane autophagosome engulfed damaged mitochondria in AGG treated cells. Moreover, 

some of the depolarized fragmented swollen mitochondria more appropriately mitochondrial 

remnants were engulfed by the autophagosome and their percentage in control and in AGG 

treated was (2± 0.21) and (6± 0.61) respectively. In addition, there was significantly 

increasing in the number of autophagic structures in AGG treated cells (40± 4.1 %) in 

comparison to control (10± 0.7 %) (Fig.4.4.b). Next, we transfected the cells with GFP-LC3 

for autophagosome marker and stained with TOM20 found in the outer mitochondrial 

membrane. In control, we could not find any remarkable increase in GFP-LC3 and TOM20 

positive cells, however in AGG treated U87MG cells there was a significant increase of 

GFP-LC3 and TOM20 positive cells (Fig.4.5.a, b) which indicate AGG induced depolarized 

mitochondria undergoes mitochondrial clearance. TOM20 down regulation is generally 

associated with clearance of mitochondria resulting from mitophagy and both western blot 

and immunofluorescence analysis revealed TOM20 expression was decreased dose and time 

dependent manner after exposure with AGG for 24 h in U87MG cells. Interestingly, we 

quantified the reduction of integral inner mitochondrial membrane protein cytochrome c 

oxidase subunit IV (COX IV) after AGG treatment (Fig.4.6.a). Dynamin related protein 1 

(Drp1) is generally known as the master regulator of mitochondrial fission process was 

decreased at the phosphorylation Ser637 in AGG treatment resulting depolarized 

mitochondria generation and mitophagy (Fig.4.6). 
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Fig.4.4. TEM analysis in AGG treated U87MG cells. U87MG cells were treated with AGG for 24 h and cells 

were fixed and processed for electron microscopy (a). The numbers of healthy and damaged mitochondria with 

autophagosome was quantified (b). Data reported as the mean ± S.D. of three independent experiments and 

compared to PBS control. *P value < 0.05; **P value < 0.01 were considered significant. 
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Fig.4.5. Colocalization of GFP-LC3 and TOM20 in AGG treated U87MG cells. U87MG cells were 

transfected with GFP-LC3 and stained with TOM20 after 24 h AGG treatment and interaction of GFP-LC3 and 

TOM20 was analyzed through confocal microscopy (a, b). Data reported as the mean ± S.D. of three 

independent experiments and compared to PBS control. *P value < 0.05; **P value < 0.01 were considered 

significant.  
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Fig.4.6. Effect of AGG on mitophagy associated proteins in U87MG cells. U87MG cells were treated with 

AGG and expression of COX IV, TOM20, p-DRP1, Total DRP1 by western blot (a,b) and expression of 

TOM20 through confocal microscopy (c).  Data reported as the mean ± S.D. of three independent experiments 

and compared to PBS control. *P value < 0.05; **P value < 0.01 were considered significant. Densitometry 

was performed on the original blots, considering the ratio of protein to actin in control cells was 1. 

 

Further, we quantified AGG induced mitophagy in BECN1 knockdown cells and in 

presence of autophagy inhibitors. Our data showed that AGG significantly restores the 

decrease in expression of TOM20 in BECN1 deficient cells as compared to sicontrol 

(Fig.4.7.a, b). Similarly, the expression of COX IV was dramatically reinstated in the 

siBECN1 knock down cells as to sicontrol in presence of AGG in U87MG cells (Fig.4.7.c). 

The pretreatment of pharmacological inhibitors including 3-MA and chloroquine inhibited 

AGG induced mitophagy in U87MG cells (Fig.d-g) confirming AGG induced mitochondrial 

damage leads to mitophagy for mitochondrial clearance.   
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Fig.4.7. Effect of autophagy inhibition on AGG induced mitophagy U87MG cells. U87MG cells were 

transfected with siBECN1 and expression of TOM20 and COXIV was analyzed by confocal microscopy and 

Western blot respectively (a-c). U87MG cells were treated with AGG in presence of 3-MA (5 μM, 2 h) and CQ 

(20 μM, 2 h) and TOM20 expression were quantified by confocal microscopy (d-g). Data reported as the mean 

± S.D. of three independent experiments and compared to PBS control. *P value < 0.05; **P value < 0.01 were 

considered significant. #P value < 0.05 was considered significant as compared AGG treated group. 

Densitometry was performed on the original blots, considering the ratio of protein to actin in control cells was 

1. 

 

4.3.4 AGG Induced Ceramide Regulates Autophagy and Apoptosis 

Ceramide is one of the bioactive sphingolipids that plays a key role for autophagy and 

apoptosis in different cancers (Salazar et al., 2009; Sentelle et al., 2012). Ceramide synthase 

1 (CerS1) expression is associated with the C18-ceramide generation which takes part in 

mitophagy. Here, we investigated whether AGG could able to generate ceramide in U87MG 

cells. The increase of ceramide both dose and time dependent manner was observed in AGG 

treated U87MG cells (Fig.4.8.a-d) and ceramide synthesis was again confirmed observing a 

decrease of ceramide signaling in presence of myriocin-1 (ISP-1), an inhibitor of serine 

palmitoyltransferase (SPT) (Fig.4.8.e,f).  
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Fig.4.8. AGG induces ceramide in U87MG cells. U87MG cells were treated with AGG as indicated and 

expression of ceramide was quantified using anti-ceramide antibody through fluorescence microscopy (a-d) y. 

U87MG cells were treated AGG in presence of ISP-1(1 μM, 2 h) and expression of ceramide was quantified 

using anti-ceramide antibody through fluorescence microscopy (e-f). Data represented  as the mean ± S.D. of 

three independent experiments and compared to PBS control. *P value < 0.05; **P value < 0.01 were 

considered significant. #P value < 0.05 was considered significant as compared AGG treated group. 

 

Further, U87MG cells were treated with RITC labeled AGG and stained with CerS1 

and analyzed in confocal microscopy. Our data showed that AGG had strong colocalization 

with CerS1 evidenced from intense yellow color in U87MG cells (Fig.4.9.a). Interestingly, 
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AGG was found to increase the expression of CerS1 in dose dependent manner in U87MG 

cells (Fig.4.9.b, c) indicating AGG activated CerS1 associates with C-18 ceramide 

generation for mitophagy induction. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4.9. Effect of AGG on Ceramide synthase1 in U87MG cells. U87MG cells were treated with RITC-AGG 

for 6 h and stained with CerS1 and colocalization was studied in confocal microscopy (a). U87MG cells were 

treated with AGG for 24 h and expression of CerS1 was examined through fluorescence microscopy (b). Data 

reported as the mean ± S.D. of three independent experiments and compared to PBS control. *P value < 0.05; 

**P value < 0.01 were considered significant. #P value < 0.05 was considered significant as compared AGG 

treated group. 

 

ER stress and ROS have been shown to be associated with regulation of AGG 

induced autophagy and apoptosis respectively. In this study, we investigated whether AGG 

induced mitophagy was modulated by ROS and ER stress and their relationship with 

ceramide generation. Initially, we examined mitophagy induction in presence of ISP-1, 

ceramide inhibitor and our data showed that AGG induced decrease in TOM20 expression 

was upregulated in presence of ISP-1 as compared to only AGG treated group (Fig.4.10.a, 

b). Further, pretreatment of salubrinal and NAC in AGG insulted U87MG cells, restored the 

decrese in TOM20 expression. (Fig.4.10.c-f). Moreover, AGG triggered apoptosis and 

autophagy were suppressed in presence of ISP-1 as demonstrated with a decrease in caspase 

3/7 activity, cleaved PARP and LC3 accumulation respectively in U87MG cells. Likely, 

AGG activated ER stress and GRP78 expression in U87MG cell was suppressed in presence 

of ISP-1 (Fig.10. g, h). In addition, pretreatment of ISP-1 prevented AGG induced ROS 

generation (Fig.4.10.i) establishing ceramide generation is upstream of AGG associated ER 

stress and ROS accumulation to promote mitophagy.  
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Fig.4.10. AGG induced ceramide regulates autophagy and apoptosis. U87MG cells were treated AGG in 

presence of ISP (1 μM, 2 h), Salubrinal (5 μM, 2 h), NAC (10 μM, 2 h ) and expression of TOM20 was 

analyzed by confocal microscopy. U87MG cells were treated with AGG in presence of ISP-1 and caspase 3/7 

activity by caspase Glo assay and expression of indicated proteins by Western blot were and ROS through flow 

cytometry were analyzed. Data reported as the mean ± S.D. of three independent experiments and compared to 

PBS control. **P value < 0.01 was considered significant. ##P value < 0.01 was considered significant as 

compared AGG treated group. Densitometry was performed on the original blots, considering the ratio of 

protein to actin in control cells was 1. 

 

4.3.5 AGG Activates Class III PI3K around Depolarized Mitochondria 

We investigated whether AGG induced dysfunctional mitochondria ready for mitophagy 

induction. After AGG treatment in U87MG cells, healthy and dysfunctional mitochondria 

were analyzed using MitoTracker Green FM and MitoTracker Red CMXRos through flow 

cytometry. Our data showed that AGG upregulated percentage of damaged mitochondria in 

U87MG cells (Fig.4.11.a). Next, we analyzed activation of class III PI3K around 

depolarized mitochondria in AGG treated U87MG cells. To evaluate this hypothesis, we 

transfected the plasmid expressing p40(phox)PX–EGFP fusion protein. As PX domain of 
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p40(phox) specifically interacts with the product of class III PI3K-phosphatidylinositol 3-

phosphate (PtdIns-3-P), the p40(phox)PX–EGFP have been taken as a probe for evaluating 

the subcellular levels and distribution of PtdIns-3-P (Van Humbeeck et al., 2011). The 

transfected cells were stained with TOM20 after exposing to AGG and analyzed though 

confocal microscopy. Our data showed that mitochondrial staining had diminished in AGG 

treated U87MG cells and remaining mitochondria were concentrated in juxtanuclear clusters 

and apposed with p40(phox)PX–EGFP hotspots (Fig.4.11.b,c), confirming the hypothesis.  

 

Fig.4.11. AGG induced fragmented mitochondria and activates class III PI3K around depolarized 

mitochondria U87MG cells were treated with AGG and mitochondria dysfunction was performed through 

flow cytometry (a). U87MG cells were transfected with p40(phox)PX–EGFP and stained with TOM20 after 

AGG treatment and analyzed in confocal microscopy (b). Graph represents mitochondrial clusters apposed to 

p40(phox)PX (c). Data reported as the mean ± S.D. of three independent experiments and compared to PBS 

control. **P value < 0.01 was considered significant.  

 

4.3.6 AGG Induced Mitophagy through Abrogation of Mitochondrial Bioenergetics 

After enumerating increase of damaged mitochondria in AGG treated cells, we measured the 

oxygen consumption rate (OCR), as well as ATP depletion in AGG, treated cells for possible 

association in mitophagy. Our data showed that there was a sharp decline in the level of 

OCR as well as ATP in AGG treated U87MG cells (Fig.4.12.a,b). Importantly, we studied 

OCR in presence of methyl pyruvate (MP), cell permeable form of pyruvate for 

supplementing ATP and our data showed that AGG abrogated OCR was reappeared to 

normal in presence of MP as compared to only treated group (Fig.4.12.c). Further, we 

showed that AGG induced mitophagy and ROS was decreased in presence of MP in U87MG 

cells (Fig.4.12.d-f) suggesting AGG induced mitochondrial energy crisis regulates ROS and 

mitophagy. Further, our data showed that pretreatment of ISP-1 elevated OCR in comparison 

to only AGG treated group in U87MG cells (Fig.4.12.g) confirming involvement of 

ceramide in regulating mitochondrial energy status for mitophagy. 

a

b



 

65 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

Fig.4.12. AGG induced mitophagy through abrogation of mitochondrial bioenergetics. U87MG cells were 

treated with AGG for 24 h and, ATP and oxygen consumption rate was quantified (a, b). U87MG cells were 

treated with AGG in presence of methyl pyruvate (MP, 1 mM, 2 h) and OCR, expression of TOM20, ROS 

through flow cytometry was quantified (c-f). U87MG cells were treated with AGG in presence of ISP-1 and 

OCR was quantified (g). Data reported as the mean ± S.D. of three independent experiments and compared to 

PBS control. *P value < 0.05, **P value < 0.01 were considered significant. #P value < 0.05, ##P value < 0.01 

was considered significant as compared AGG treated group.  

4.3.7 PUMA: The Master Regulator of AGG Induces Mitophagy 

The Bcl-2 homology-3 (BH3)-only protein PUMA activation is associated with DNA 

damage mediated apoptosis and our data showed that AGG increased expression of PUMA 

in dose dependent manner in U87MG cells confirmed by immunofluorescence and Western 

blot analysis (Fig.4.13.a-c). To investigate whether PUMA could play a role in the 

degradation of depolarized mitochondria, we transfected U87MG cells with EGFP-PUMA 

and immunostained with TOM20 and studied the colocalization between PUMA and 

TOM20 through confocal microscopy in presence of AGG (Fig.4.13.d,e). The data showed 

that PUMA was colocalized with TOM20 observed as intense yellow color and PUMA 

containing cells positive for TOM20 significantly increased in AGG treated cells as 

compared to control indicating PUMA was recruited to the cluster of damaged mitochondria 

around the nucleus possibly for forming mitophagosome for degradation.  
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Fig.4.13.AGG induces PUMA and is  associates with TOM20 in U87MG cells. U87MG cells were treated 

with AGG for 24 h and expression of PUMA was measured by fluorescence microscope and Western blot. 

U87MG cells were transfected with EGFP-PUMA and stained with TOM20 after AGG treatment and 

recruitment PUMA in damaged mitochondria was analyzed and graph indicates puma containing cells positive 

for TOM 20 (b). Data reported as the mean ± S.D. of three independent experiments and compared against PBS 

control. **P value < 0.01 was considered significant. Densitometry was performed on the original blots, 

considering the ratio of protein to actin in control cells was 1. 

 

Fig.4.14. Gain and loss of function of PUMA regulates AGG induced mitophagy. U87MG cells were 

knockdown with siPUMA and overexpression with PUMA containing plasmid and expression of TOM20 in 

AGG treated cells were quantified by confocal microscopy. Data reported as the mean ± S.D. of three 

independent experiments and compared to PBS control. **P value < 0.01 was considered significant. ##P 

value < 0.01 was considered significant as compared AGG treated group.  

 

Further, we analyzed the involvement of PUMA in mitophagy through gain and loss of 

function of PUMA in presence of AGG in U87MG cells. The data showed that the knocking 

down of PUMA inhibited AGG induced mitophagy  showing decrease in percentage of low 

or no mitochondrial TOM20 staining in U87MG cells.(Fig.4.14.a, b). In addition, transient 
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overexpression of PUMA in AGG treated cells resulted in a increase in the percentage of 

cells showing low or no mitochondrial TOM20 staining expression in comparison to mock 

control groups (Fig.4.14.c, d).  

 

Fig.4.15. Gain and loss of function of PUMA regulate AGG induced mitochondrial bioenergetics. 
U87MG cells were knockdown with siPUMA and overexpression with PUMA plasmid and treated with AGG. 

The dysfunctional mitochondria through flow cytometry (a, b) OCR (c, d) and ATP (e, f) were analyzed in 

U87MG cells. Data reported as the mean ± S.D. of three independent experiments and compared to PBS 

control. *P value < 0.05, **P value < 0.01 were considered significant. #P value < 0.05, ##P value < 0.01 were 

considered significant as compared AGG treated group. 
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In agreement with the above findings, we quantified the percentage of healthy and 

dysfunctional mitochondrial mass in both PUMA overexpressed as well as knock down 

conditions in AGG treated U87MG cells. Interestingly, percentage of depolarized 

mitochondria mass was increased and healthy mitochondrial mass decreased with treatment 

of AGG in PUMA deficient and overexpressed cells respectively as compared to 

corresponding controls (Fig.4.15.a, b). To strengthen our findings we quantified the OCR 

and ATP and our data showed that AGG induced abrogation in OCR and ATP was altered in 

U87MG cells (Fig.4.15.c-f) confirming PUMA triggered mitophagy through disturbing 

mitochondrial energy demands. 

4.3.8 PUMA Interacts with LC3 for Mitophagy Induction 

In order to study, the interactions between PUMA and LC3, we performed a 15 ns long 

molecular dynamics (MD) simulation of the docked PUMA-LC3 complex. At the end of the 

simulation, the complex looked to be quite stable with root mean square deviations (RMSD) 

value of 3 to 4.5 Å for the Cα backbone atoms. In the current study, 15 ns MD simulation 

was performed for the LC3-hPUMA complex (Fig.4.16.a, b). The MM-GBSA method was 

used to calculate the binding free energy and to analyze the binding interactions in detail. 

Binding free energy decomposition results showed that intermolecular electrostatic and Van 

der Waals interactions (and to some extent nonpolar solvation) direct the binding of LC3 

domain and hPUMA. Through decomposing the binding free energy into the contribution 

from each residue, it was likely to recognize the binding hotspots for LC3 domain and 

hPUMA. For LC3 domain, the residues Arg10, Glu14, Glu18, Leu22, Ile23, Phe52, and 

Ile66 provide significant contributions (>2 kcal/mol). For hPUMA, Ser36, Gln157, Gln161, 

Arg162, Arg169, Tyr172, Asn173, Met176, Leu181, Pro182 and His185 were recognized as 

hotspots (Fig.4.16.c-e). 

Next, we validated our findings by performing confocal study and 

coimmunoprecipitation. U87MG Cells were cotransfected with hLC3WT and EGFPPUMA 

and colocalization was analyzed with confocal microscopy. The data showed that PUMA 

was interacted with LC3 as evident with strong yellow color in AGG treated U87MG cells. 

Importantly, the number of LC3 dots per cell positive for PUMA increased significantly in 

AGG treated group as compared to control (Fig.4.17.a, b). Moreover, our 

coimmunoprecipitation data showed that AGG triggered PUMA was shown strongly 

interacted with LC3 to induce mitophagy in U87MG (Fig.4.16.c). To verify whether 

lipidated LC3 is necessary for mitophagy induction in AGG treated U87MG cells, we 

transfected the cells with hLC3ΔG in which the C-terminal Gly(120) essential for LC3-

lipidation is deleted. Intriguingly, we noticed that cotransfection of hLC3ΔG and 
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EGFPPUMA did not show significant colocalization between PUMA and mutant LC3 in 

AGG treated U87MG cells (Fig.4.16.d) suggesting PUMA specifically binds with LC3 II for 

induction of degradation of damaged mitochondria.  

 

 

Fig.4.16. PUMA contains LIR to interact with LC3. A schematic ribbon representation of the predicted 

structure of hPUMA from ab initio modeling by PHYRE-2 software (a). A schematic ribbon representation of 

the LC3 domain-hPUMA complex structure shown in different colors. LC3 domain is shown in violet colour 

while th hPUMA structure is shown in green colour. Residues showing the interactions are shown in sticks 

along domain interface for both LC3 and hPUMA (b). Decomposition of ΔG on a per-residue basis or the pair 

interaction energy between LC3 domain and hPUMA: Tthe contribution of each residue in hPUMA to LC3 

domain binding and the contribution of each residue in LC3 domain to hPUMA binding (c). Distributions of 

the identified hotspot residues on the LC3 (d) and PUMA (e) domain (a) surface representation and (b) cartoon 

representation. Coloured bars show the range of contributions by residues in the unit kcal/mol. 
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Fig.4.17. PUMA interacts with LC3 for mitophagy induction. U87MG cells were cotransfected with vectors 

encoding pLAMP1-mCHERRY and pBIEGFPPUMA and treated with AGG for 6 h. cells and analyzed by 

confocal microscopy (a). The graph depicts the quantification of LC3 and PUMA colocalization and the 

numbers of colocalized puncta were observed and counted, and the relative percentage of colocalized puncta 

was counted (b). U87MG cells were treated with AGG for 24 h and immunoprecipitated with anti–PUMA and 

anti-LC3 followed by immunoblotting with anti–LC3 or anti–PUMA antibodies (c). U87MG cells were 

cotransfected with HcRed hLC3ΔG and GFP-PUMA and treated with AGG and analyzed colocalization 

between PUMA and LC3 through confocal microscopy (d). Data reported as the mean ± S.D. of three 

independent experiments and compared to PBS control. **P value < 0.01 was considered significant. 

 

4.3.9 Effect of PUMA Ubiquitination on AGG Induced Mitophagy Induction 

In the initial observation we have noticed mitochondria recruited to the autophagosome and 

then we tried to investigate the chronological events executed by PUMA for induction of 

mitophagy. Whether PUMA translocation to mitochondria leads its ubiquitination for 
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induction of mitophagy for which we tried to observe the colocalization between ubiquitin 

and PUMA by staining with both PUMA and ubiquitin. Importantly, significant 

colocalization between ubiquitin and PUMA were observed in AGG treated cells 

(Fig.4.18.a, b). The PUMA ubiquitination is further confirmed by performing 

immunoprecipitation study (Fig.4.18.c). Intriguingly, pretreatment of PYR41, inhibitor 

ubiquitin activating enzyme reduced the interaction of ubiquitin with PUMA in AGG 

exposed U87MG cells as shown in immunoprecipitation study (Fig.4.18.d). In this 

connection, ubiquitination of PUMA might be an important step for priming of mitochondria 

undergoing mitophagy in AGG treated cells. Further, we investigated whether such 

interaction has any role for AGG induced mitophagy in U87MG cells. Surprisingly, 

pretreatment of Pyr41 in AGG treated cells did not decrease significantly in percentage in 

mitochondrial staining in comparison to AGG treated cells (Fig.4.18.e, f) confirming the 

existence of a direct association of PUMA-LC3 as an alternative pathway for mitophagy 

apart from ubiquitination dependent mitophagy. 

 

Fig.4.18. Effect of PUMA ubiquitination AGG induced mitophagy induction After AGG treatment 

U87MG cells was stained with ubiquitin and PUMA and colocalization was studied through confocal 

microscopy (a, b). After treatment with AGG, PUMA/Ub interaction in U87MG cells was studied in absence 

and presence of PYR-41 (1 μM, 2 h) by immunoprecipitation analysis (c, d). U87MG cells were treated with 

AGG in presence of PYR41 and expression of TOM20 was analyzed through confocal microscopy (e, f). Data 

reported as the mean ± S.D. of three independent experiments and compared to PBS control. **P value < 0.01 

was considered significant. 

 

4.3.10. PUMA Interacts with Adaptor Protein p62/SQSTM1 for Mitophagy Induction 

After observing the strong interaction between PUMA and ubiquitin, it is imperative to 

investigate whether PUMA interacts with p62, selective adapter molecule for autophagy. 

Our confocal data showed colocalization of p62 and PUMA were observed in AGG treated 

cells in comparison to control in U87MG cells (Fig.4.19.a, b). Moreover, the interaction of 

PUMA and p62 was confirmed by our coimmunoprecipitation analysis (Fig.4.18.c).  



 

72 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

Fig.4.19. PUMA interacts with adaptor protein P62 for mitophagy induction. After AGG treatment 

U87MG cells were stained p62 and LC3 and colocalization was studied through confocal microscopy (a, b). 

U87MG cells were treated with AGG for 6 h and immunoprecipitated with anti–p62 and anti-PUMA followed 

by immunoblotting with anti–PUMA or anti–p62 antibodies (c). U87MG cells were transfected with p62 LIR 

mutant and stained with PUMA and LC3 after treated AGG and analyzed colocalization between PUMA and 

LC3 through confocal microscopy (d, f). U87MG cells were transfected with p62 LIR mutant and treated with 

AGG and expression of TOM20 was analyzed through confocal microscopy (f, g). Data reported as the mean ± 

S.D. of three independent experiments and compared to PBS control. **P value < 0.01 was considered 

significant. 

Next, we tried to analyze the significant contribution of p62 in connection with AGG 

induced mitophagy. The p62 LIR mutant (W338) was transfected in U87MG cells and 

colocalization of PUMA and LC3 was examined by confocal microscopy. Our data showed 

that AGG induced PUMA and LC3 colocalization was did not get affected and percentage of 

number of LC3 dots per cells positive for PUMA was notably enhanced as compared to 

control in p62 LIR mutant U87MG cells (Fig.4.19.d, e). Further, AGG induced mitophagy 

was studied and it was clearly observed that percentage of less mitochondrial staining was 

did not change in in p62 LIR mutant in U87MG cells as compared to mock control 

(Fig.4.19.f, g) concluding that AGG induced mitophagy was both p62 dependent and 

independent way in U87MG cells. 

4.3.11 AGG Induced Mitophagy Switches to Apoptosis 

Mitophagy may be cytoprotective or lethal deepening on cellular context and in this study, 

we investigated whether AGG induced mitophagy is associated with cell death. Initially, we 

studied mitophagy inducing activity of AGG in presence of mitochondrial fission inhibitor 

Mdivi-1. Our data showed that AGG induced mitophagy was strongly inhibited in presence 

of Mdivi-1 (Fig.4.20.a, b) conforming AGG prompted mitophagy was DRP1 dependent. 
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Further, U87MG cells were treated with AGG in presence of Mdivi-1 and cell viability and 

apoptosis was studied. The data showed that AGG caused decrease in cell viability was 

enhanced in presence of Mdivi-1 (Fig.4.20.c) indicating inhibition of mitophagy suppressed 

cell death. Interestingly, the pretreatment of Mdivi-1 reduced the caspase (3/7) activity as 

compared to control (Fig.4.20.d) confirming mitophagy leads to apoptosis in U87MG cells.  

Fig.4.20. AGG induced mitophagy switches to apoptosis. U87MG cells were treated with AGG in presence 

of Mdivi-1 and expression of TOM20 was analyzed through confocal microscopy (a,b). U87MG cells were 

treated with AGG in presence of Mdivi-1 and cell viability (c) and caspase (3/7) activity (d) was quantified. 

Data reported as the mean ± S.D. of three independent experiments and compared to PBS control. *P value < 

0.05, **P value < 0.01 were considered significant. #P value < 0.05, ##P value < 0.01 were considered 

significant as compared AGG treated group. 

4.4 Discussion  

The connecting link between autophagy and mitophagy could be joined by the 

autophagosome biogenesis. Earlier it has been reported autophagosomal double layer 

vesicles originates from the different sources like ER, Golgi, plasma membrane and 

currently from the mitochondrial degradation (mitophagy) (Hailey et al., 2010). 

Interestingly, mitochondria form autophagosome biogenesis for its own degradation. The 

protective role of mitophagy supported by the clearance of damaged mitochondria and saves 

from different types of mitochondrial disorder associated diseases. In the other hand, process 

of mitophagy used as alternative therapeutic mechanism induced by phototherapeutics like 

plant lectin; particularly here in the present experimental settings, we have taken Abrus 

agglutinin as a mitophagy inducer mediated by PUMA in U87MG cells. Results from the 

present finding revealed that AGG could generate ceramide in U87MG cells in dose and 

time dependent manner. AGG induced ceramide synthesis regulates autophagy, apoptosis, 

ER stress and mitochondrial ROS.  For regulation of apoptosis by ceramide, emerging 
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evidence suggest that ceramide could translocate to the mitochondria from the plasma 

membrane which led to the accumulation of mitochondrial ceramide and finally apoptosis 

induction (Babiychuk et al., 2011; Babiychuk et al., 2008). Beside that ceramide is 

considered as an important second messenger that participates in the induction of non-

apoptotic cell death in glioblastoma by activating mitochondrial BNIP3. Ceramide acts as an 

upstream signal during mda-7/IL-24-induced ER-stress (Sauane et al., 2010). So, ceramide 

could be considered as a master regulator for controlling different types of a cellular 

mechanism including autophagy, mitophagy as well as apoptosis in U87MG. 

 Accumulating evidence indicate that Abrus agglutinin induces apoptosis in vitro 

as well as in vivo (Bhutia et al., 2016) but autophagic degradation potential of cancer cells by 

AGG was not revealed. Therefore in the first objective, we have deciphered autophagy 

induction capacity of AGG. It inhibits Akt/PH domain to induce endoplasmic reticulum 

stress mediated autophagy dependent cell death in cervical cancer cells (Panda et al., 2017). 

However selective autophagy induction, more specifically mitophagy inducing potential of 

AGG was not found in available literature till the present investigation was documented. 

AGG induces massive autophagy by decreasing TOM20 and COXIV dose dependently and 

inhibition of phosphorylation of pDRP1 was noticed in AGG treated cells. Besides that 

electron microscopic study was performed for physical significance of AGG induced 

mitophagosome formation in AGG treated cells. Several types of mitochondrial receptors 

including p62, Nix, BNIP3 are recruited in the damaged mitochondria for execution 

mitochondrial degradation. As we know BH3 only proteins are involved in death signaling 

process specifically apoptosis. Very fewer reports are available where BH3 only proteins 

take part in autophagy and among them, we selected PUMA as our initial report says that 

AGG induces PUMA upregulation in oral cancer (unpublished data), therefore we choose 

PUMA a suitable mitochondrial receptor for mitochondrial degradation. Earlier report 

reveals recruitment of PUMA to the mitochondria (Yee et al., 2009) however detailed 

molecular mechanisms how PUMA execute mitophagy has not been elucidated. 

PUMA interacts with LC3 as we confirmed from the initial docking and simulation 

study and subsequently validated through confocal and immune precipitation analysis. 

Moreover AGG activated PUMA contains conserved Tyr 172 earmarked for LIR (LC3 

interacting region). The interaction of PUMA containing LIR might be crucial for puma 

induced mitophagy (Yu et al., 2001; Hamacher-Brady et al., 2016) but the detailed 

mechanistic approach is needed for exploring PUMA mediated selective autophagy. In 

agreement with our present findings accumulating evidence indicate that BH3 only protein 

like Nix and BNIP3 induce mitophagy induction. BH3-only proteins, belongs to Bcl-2-
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related proteins activate BAX and BAK by inhibiting Bcl-2 related proteins activation 

(Willis et al., 2007). Other BH3 only proteins like BNIP3 and NIX (BNIP3L) have been 

characterized by containing LIR (LC3 interacting region) motif to induce mitophagy. Nix 

acts as a receptor containing LC3 binding motif for sequestration of mitochondria into 

autophagosome for mitochondrial clearance (Novak et al., 2011, 2010). Similarly, BNIP3 

interacts with LC3 functioning as a receptor for mitophagy induction (Shi et al., 2014). More 

importantly, our data indicate that PUMA binds only to the lipidated LC3 (LC3-PE) as we 

failed to find significant colocalization signaling between PUMA and hLC3ΔG (C-terminal 

Gly 120 of LC3 is deleted). The interaction of PUMA with lipidated LC3 influence for 

mitophagy induction in AGG treated U87MG cells. In agreement with our study, C18-

ceramide also binds with the lipidated form of LC3 for implementing mitophagy (Sentelle et 

al., 2012). 

Initially, we have reported AGG activated PUMA binds directly with LC3, besides 

that PUMA also binds with ubiquitin as well as p62 for the promotion of mitophagy, which 

may conclude AGG induced mitophagy is independent of p62 as well as ubiquitin. 

Interestingly accumulating evidence indicate that p62 is dispensable in case of Parkin 

mediated mitophagy (Narendra et al., 2010; Okatsu et al., 2010) which supports our present 

investigation AGG induced mitophagy in PUMA dependent and independent manner. 

Interestingly, AGG induced massive DRP1 dependent mitophagy ends with apoptosis 

induction in U87MG cells. Understanding the varied dynamics of damaged mitochondria 

and molecular machinery associated with PUMA mediated AGG induced mitophagy will 

ease to unravel the contribution of superfluous mitochondria in the development of 

glioblastoma. Besides that how does PUMA interacts with the basic autophagy machinery at 

different stages of mitophagosome formation remain unanswered? More importantly, it may 

be investigated whether PINK1 is stabilized in PUMA recruited dysfunctional mitochondria. 

In conclusion, AGG activated PUMA induces mitophagy mediated cell death which may 

have implication in the treatment of glioblastoma.  
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Fig. 4.21. Schematic representation of PUMA and LC3 interaction. 

 

Fig. 4.22. Schematic representation of PUMA induced mitophagy ends with apoptosis. 
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Chapter 5 

SIRT1/LAMP1 signaling activation by Abrus 

agglutinin regulates autophagy-mediated 
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Abstract 

Accumulating evidence indicate that therapy induced senescence is an indicator of loss of 

self-renewal capacity in the tumor mass. Previously, we have shown that Abrus agglutinin 

(AGG), a type II ribosome inactivating lectin induces apoptotic and autophagy dependent 

cell death; however senescence induction potential in tumor cell remains obscure. The 

present study revealed that AGG induced senescence through autophagy as a tumor 

inhibitory mechanism in prostate carcinoma. We noticed an increase in β-galactosidase 

activity, upregulation of p16, p21 and degradation of pRb and PCNA in dose dependent 

manner in AGG treated PC3 cells. Moreover, AGG found to induce autophagy and 

inhibition of autophagy with 3-Methy adenine (3-MA) reduced β-galactosidase activity in 

PC3 cells. AGG resulted in the lipophagy-mediated accumulation of free fatty acids (FFA), 

with a concomitant decrease in the number of lipid droplets and lalistat, a lysosomal acid 

lipase inhibitor blocked AGG induced lipophagy and senescence in PC3 cells. More 

importantly for the first time, our group reported AGG prompted SIRT1 facilitate LAMP1 

deacetylation in response to AGG insult to trigger autophagy. The present study suggests 

that SIRT1 mediated deacetylation of LAMP1 may be a breakthrough in autophagy 

machinery to induce senescence for better cancer therapeutics.  

Key words: Abrus agglutinin, autophagy, senescence, SIRT1, LAMP1 

5.1. Introduction 

Senescence, a state in which cells were not proliferated but remain metabolically active, for 

a prolonged period of time (Kuilman and Peeper, 2009). Senescence have been classified 

into three different categories: replicative senescence where telomere shortening leads to 

proliferative arrest (Shay and Roninson, 2004), oncogene-induced senescence where 

expressed oncogene forced the cells to enter (Lee et al., 1999) and premature (accelerated or 

stress-induced) senescence when cells are exposed to cytotoxic agent causing DNA damage 

(Gewirtz et al., 2008). Autophagy is a catabolically driven process whereby stressed cells 

form cytoplasmic, double-layered, crescent-shaped membranes known as phagophores, 

which mature into complete autophagosomes. The autophagosomes engulf long-lived 

proteins and damaged cytoplasmic organelles to provide cellular energy and building blocks 

for biosynthesis (Panda et al., 2014). In the recent time, few report came showing the 

existence of a close relationship between the autophagy and senescence in the tumor cells 

treated with chemotherapeutic drugs. According to Zhu et al when cells undergo excessive 

cellular damage, it will enter to senescence (Zhu et al., 2014). The presence of various 

autophagic markers were also detected in the different types of senescent cells like 
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keratinocytes, endothelial cells and ovarian cells. It reported that during oncogene induced 

senescence autophagy related genes were highly expressed (Young et al., 2009). As 

autophagy is often considered to be a cytoprotective response to stress, whereas stress-

induced senescence could also reflect efforts by the cell to evade direct cell. Interestingly, a 

blockade to autophagy using 3‐MA in fact, resulted in a collateral interference with 

senescence, with suppression of senescence in glioma cells (Knizhnik et al., 2013). 

Silent mating type information regulation 1 (Sirtuin 1; SIRT1), a nuclear histone 

deacetylase is associated multifunctional role in cancer and ageing (Houtkooper et al., 2012). 

In mammals, SIRT1 levels increase upon the nutrient starvation condition and deacetylate 

non-histone proteins thereby allowing mammalian cell survival under oxidative stress (Chen 

et al., 2005). Moreover, SIRT1 found to reduce oxidative stress by increasing mitochondrial 

function and autophagic cell death through interference with BECN1 and the mTOR 

signaling pathways (Ou et al., 2014). Interestingly, SIRT1 found to regulate autophagy 

through the deacetylation of autophagy-related genes and mediators of autophagy. It showed 

that SIRT1 deacetylates nuclear LC3 at Lys49 and Lys51 to initiate autophagy during serum 

starvation (Huang et al., 2015). The regulation of other autophagic protein by SIRT1 is not 

revealed. In this study, we proposed to investigate the role of SIRT1 for autophagy 

modulation through deacetylation of lysosome-associated membrane protein 1 (LAMP-1), a 

membrane glycoprotein of lysosomes.  

Abrus agglutinin (AGG), a plant lectin isolated from the seeds of Abrus precatorius 

having molecular weight 134 kDa. It is a homodimer glycoprotein consisting of two 30 kDa 

toxic A chain and two 31 kDa B chains linked through disulphide bond having different 

functions. The B chain of AGG has a high specificity towards β-galactosides which 

facilitates translocation of the molecule into the cells and the A chain inhibits protein 

synthesis (Bagaria et al., 2006). The inhibition of protein synthesis induces apoptosis 

through extrinsic and intrinsic pathway. It has been reported that AGG affects apoptosis by 

modulating representative signaling pathways involved in Bcl-2 family, caspase family, p53, 

p38, PI3K/Akt, ERK in different cancers (Bhutia et al., 2008a, Bhutia et al., 2008b.). 

Moreover, AGG inhibits angiogenesis by reducing the expression of IGFBP-2 (Bhutia et al., 

2016). Recently our group draws an attention towards the AGG induced autophagy and 

autophagy depended cell death through inhibiting Akt/PH domain followed by endoplasmic 

stress. In the previous objectives, we showed that the highest doses of AGG induce apoptosis 

and autophagy depended cell death. In this study, we examined the antitumor potential of 

AGG at its lower doses (25, 50 and 100 ng/ml) in prostate cancer cells. Moreover, AGG 

found to accelerate therapy induced senescence through autophagy dependent pathway. 
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AGG induced SIRT1 activation promoted LAMP1 deacetylation to initiate autophagy in 

PC3 cells. Interestingly, inhibition of autophagy suppressed AGG induced senescence 

conforming autophagy by AGG leads to therapy-induced senescence as a tumor suppressor 

mechanism.  

5.2. Materials and Methods 

5.2.1 Reagents 

5-Bromo-4-chloro-3-indolyl β-D-galactopyranoside (X-gal) (B4252), 4,6-Diamidino-2-

phenylindole dihydrochloride (DAPI) (D9542), 3-Methyl adenine (3-MA) (M9281), Oil Red 

O (O0625) and  Sirtinol (S7942) were purchased from Sigma–Aldrich (St. Louis, MO, 

USA). Lalistat was procured from Chemical Synthesis and Drug Discovery Facility, 

University of Notre Dame, USA.  Fetal bovine serum (FBS) (sterile-filtered, South 

American origin), Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

(DMEM/F12), antibiotic-antimycotic (100X) solution, and Lipofectamine® 2000 were 

purchased from Invitrogen (Waltham, MA). AGG was purified as described in chapter 3 of 

this thesis.  

5.2.2 Antibodies 

LC3 (NB100-2220) from Novus Biological (Littleton, CO); p21 (556430), p16 (554079), 

PCNA (610664), pRb (554136) and Cyclin B2 (554179) were purchased from BD 

Biosciences (Franklin Lakes, NJ); SIRT1 (2493S), BECN1 (3738S), Atg5 (2630S), and  

acetylated lysine (9681S) were procured from Cell Signalling and Technologies (CST, 

Danvers, MA). β-actin (A2066) was purchased from were purchased from Sigma–Aldrich 

(St. Louis, MO, USA). 

5.2.3 Cell Culture 

Human prostate cancer cell lines PC3 were obtained from the National Centre for Cell 

Science (NCCS), Pune, India. PC3 cells were cultured in DMEM-F12 and supplemented 

with antibiotic-antimitotic and 10 % fetal bovine serum (FBS) at 37°C in a humidified 95 % 

air, 5 % CO2 incubator.  

5.2.4 β-Galactosidase Assay 

For detection of Senescence-associated β-galactosidase (SA-β-gal) positive cells, treated 

cells were washed with PBS and fixed with 2 % formaldehyde/0.2 % glutaraldehyde/PBS for 

5 min. Cells were washed and stained with 5-bromo-4-chloro-3-inolyl-D-galactopyranoside 

in dimethylformamide (20 mg/ml), 40 mM citric acid/sodium phosphate, pH 6.0, 5 mM 

potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2 and 

incubated at 37°C for 24 h. After incubation, cells were washed with PBS and imaged by 
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using an Olympus inverted microscope. All images within a given figure were taken at the 

same magnification. The percentage of SA-β-gal-positive cells was determined by counting 

the number of blue cells under bright-field illumination and the total number of cells in the 

same field under phase contrast. At least eight random fields were counted for each culture 

dish.  

5.2.5 Acridine Orange Staining 

Quantification of acidic organelles was done by acridine orange staining. After treatment 

with various doses of AGG for 72 h cells were stained with acridine orange at 37°C in the 

dark for 15 min and washed twice with PBS. Images of acridine orange staining were taken 

immediately using a fluorescence microscope (Olympus IX71, Tokyo, Japan). 

5.2.6 Western Blot and Immunoprecipitation Analysis 

PC3 cells were treated with AGG followed by extraction of proteins. Cell were lysed with a 

lysis buffer and about 50 μg protein was subjected to SDS-PAGE electrophoresis, followed 

by transfer into a nitrocellulose membrane, which was blocked with 5 % BSA (in PBST) at 

room temperature for 1 h. Subsequently, the blots were incubated with respective antibodies 

(LC3, SIRT1, LAMP1, acetylate lysine,  p16, p21, Rb, PCNA, and actin) for overnight at 

4°C followed by incubation with secondary antibodies for 1h at room temperature. The 

expression of the protein of interest was detected using a chemiluminescence method and 

quantified by Image J software. For immunoprecipitation, the cell lysates were incubated 

overnight at 4°C with the mentioned antibodies followed by coupling with protein A-

Sepharose (Invitrogen Corporation, CA, USA) followed by western blotting as described 

(Mukhopadhyay et al., 2015).  

5.2.7 Flow Cytometry Analysis of Cell Cycle Distribution 

After treatment with AGG, PC3 cells were harvested and fixed in 70 % ethanol (stored at -

20°C). Then, the cells were washed with ice-cold PBS (10 mM, pH 7.4) and resuspended in 

200 μl of PBS followed by incubation with 20 μl DNase-free RNase (10 mg/ml) and 20 μl of 

DNA intercalating dye propidium iodide (PI) (1 mg/ml) at 37°C for 1 h in dark. The 

distribution of cells in the different cell cycle phases was analyzed from the DNA histogram 

using BD ACCURI C6 flow cytometer and FCS EXPRESS software.  

5.2.8 Immunofluorescence 

After treatment, PC3 cells were fixed, permeabilized and incubated with primary antibodies 

(1:500; Anti-SIRT1 antibody from Cell Signalling and Technologies (CST, Danvers, MA) 

for overnight. The cells were further incubated with the secondary anti-rabbit and/or anti-

mouse antibodies conjugated with Alexa Fluor to study the fluorescence of our desired 

proteins. Imaging was performed at 40X fluorescence microscope (Olympus IX71). 
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5.2.9 Total Lipid and Free Fatty Acid Analysis 

After 72 h post treatment with AGG cells were washed in PBS and fixed in formalin for 10 

min at room temperature.  Cells were washed with ddH2O twice followed by washing in 60 

% isopropanol and dried completely. Then the cells were incubated with Oil Red O at room 

temperature for 10 min. After washing with ddH2O Oil Red O dye was eluted by adding 1 

ml of 100 % isopropanol and incubated for 10 min with gentle shaking. The OD at 500 nm 

was measured using l00 % isopropanol as blank. 

For quantification of free fatty acid, to 100 μl of control and treated sample, 1ml 

PBS, 6 ml extracting buffer (chloroform: hexane: methanol, 5:5:1) and 2.5 ml copper reagent 

was added and incubated for 15 min. After incubation organic layer was transferred to 

another tube containing 500 μL diphenyl carbazide. The absorbance was measured at 550 

nm against PBS as blank.  

5.2.10 Statistical Analysis 

All data are representative of at least five independent experiments which were quantified 

and plotted as the mean ± standard deviation. Student’s t test was used for evaluating 

statistical differences between experimental groups. Further, a nonparametric test for 

statistical analysis among groups was also done by a one-way ANOVA Kruskal-Wallis test, 

with Dunn’s multiple group comparison tests as appropriate.  

5.3. Results 

5.3.1 AGG Induces Senescence and Growth Arrest 

To investigate the antitumor activity of AGG at lower doses, we have treated PC3 cells with 

different concentration of AGG (25, 50 and 100 ng/ml) for 72 h and analyzed for induction 

of senescence and growth arrest. It is well known that senescent cells express a senescence 

associated β–galactosidase (SA-β–Gal). We found AGG increase β–Gal in a dose dependent 

way (Fig. 5.1.a) and AGG induced senescence up to 12.0±  1.5 %,  28.7± 4.3 % and 40.8± 

5.5 for AGG dose of 25, 50 and 100 ng /ml respectively in contrast to 6.5± 0.5 % for the 

control group (Fig. 5.1.b). Further, we found a time dependent increase in the β–Gal staining 

with AGG treatment (Fig. 5.1.c, d) suggesting that even 100 ng/ml of AGG is able to induce 

the senescence of PC3 cells. Besides SA-β-gal staining, the flat and hyper sized morphology 

which is marked as an important hallmark of cellular senescence was observed in presence 

of AGG.   
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Fig.5.1. AGG induces SA-β–Gal staining in dose and time dependent way in PC3 cells. PC3 cells were 

treated with different doses of AGG (25, 50 and 100 ng/ml) for 72 h and SA-β–Gal staining performed 

photographed and quantified (a, b). PC3 cells were treated with AGG concentration of 100 ng/ml for different 

time intervals (24, 48 and 72 h) and senescent cells were quantified (c, d). Data reported as the mean ± S.D. of 

three independent experiments and compared to PBS control. *P value < 0.05; **P value < 0.01 were 

considered significant. 

Next, we examined the role of AGG in cell cycle progression in PC3 cells at different 

dose by PI staining using flow cytometry. The number of cells in the G0/G1 phase increased 

in a dose-dependent manner with AGG treatment in PC3 cells. On the contrary, we did not 

observe any significant alteration in other phase of cell cycle, conforming AGG only arrest 

G0/G1 phase for senescence induction at lower doses (Fig.5.2.a, b). Further, we evaluated 

the effect of AGG on a group of proteins that are known to regulate cellular proliferation. 

Cyclin B is necessary for the progression of the cells into and out of M phase of the cell 

cycle. Because cyclin B is necessary for cells to enter mitosis and therefore necessary for 

cell division, cyclin B levels are often deregulated in tumors. When cyclin B levels are 

elevated, cells can enter M phase prematurely and strict control over cell division is lost, 

which is a favorable condition for cancer development. Overexpression of cyclin B1, 

therefore, shortens the G2 phase and occurs in many types of human cancer, whereas 

inhibition of its expression blocks G2-M transition. Accordingly, our Western blot analysis 

showed that there was a decrease in the expression of cyclin B1 with increasing dose. 

Remarkably, the expression of PCNA, an auxiliary protein involved in the control of 

eukaryotic DNA replication and required for cell cycle progression from G1 to S phase, was 
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also downregulated in response to AGG. Further, we checked for the expression of the tumor 

suppressor and cell cycle regulator gene retinoblastoma (Rb). Rb restricts the cell's ability to 

replicate DNA by preventing its progression from the G1 to S phase of the cell division 

cycle. When the cell is ready to divide, Rb is phosphorylated, becomes inactive and allows 

cell cycle progression (Fig.5.2.c).  

Fig.5.2. Effect of AGG on cell cycle. PC3 cells were treated with different dose of AGG (25, 50, 100 ng/ml) 

for 72 h and were analyzed for cell cycle distribution by PI staining through Flow cytometry (a, b). After 72 h 

treatment with AGG, PC3 cells were analyzed for expression of p21, p16, PCNA, pRb, and Cyclin B1 by 

western blot (c). Data reported as the mean ± S.D. of three independent experiments and compared to PBS 

control. Densitometry was performed on the original blots, considering the ratio of protein to actin in control 

cells was 1. 

 

5.3.2 AGG Induced Autophagy Regulates Senescence 

We found that AGG is able to induce senescence in PC3 cells but the mechanism underlying 

senescence still needs to be established. For which, we analyzed the autophagy induction 

with AGG. As expected, AGG was also able to effectively induce autophagy at low doses i.e 

100 ng/ml. The increase in red intensity of acridine orange standing with different doses of 

AGG indicates autophagy induction (Fig. 5.3.a, b). We also analyzed the expression of 

autophagy signature molecules through western blot analysis (Fig 5.3.c). Satisfying our 
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hypothesis, we again found a dose dependent increase in ATG5, BECN1 with increased 

LC3-I lipidation to LC3-II suggesting that AGG mediated autophagy induction in PC3 cells.  

 

 

Fig.5.3. AGG induces autophagy in PC3 cells. PC3 cells were 

treated with AGG for 72 h and acridine orange was performed through 

fluorescence microscopy (a,b) and expression of autophagy markers 

were analyzed by Western blot (c). Data reported as the mean ± S.D. 

of three independent experiments and compared to PBS control. *P 

value < 0.05; **P value < 0.01 were considered significant. 

Densitometry was performed on the original blots, considering the 

ratio of protein to actin in control cells was 1. 

 

In order to establish the connection between autophagy 

and senescence we inhibited the autophagy using 3-MA 

and examined the SA-β–Gal staining. Interestingly, we found that inhibition of autophagy 

led to reduced SA-β –Gal staining and AGG is not able to increase the SA-β–Gal staining in 

presence of 3-MA (Fig.5.4.a,b). This suggests that AGG induced senescence in PC3 cells 

was dependent on autophagy. 

 

Fig.5.4. AGG induced autophagy regulates senescence in PC3. PC3 cells were treated with AGG (100 

ng/ml) in presence of 3-MA (10 mM, 2 h) and SA-β–Gal staining to quantify senescence (a,b). Data reported as 

the mean±S.D. of three independent experiments *P value < 0.05 was considered significant as compared to 

control and #P value < 0.05 was considered significant as compared AGG treated group.  

AGG (100ng/ml)
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5.3.3 AGG Induced Lipophagy Modulates Senescence 

Autophagy to senescence is well established but specific induction of lipophagy (lipid-

specific autophagy) by AGG and its role in senescence has not been yet deciphered. 

Lipophagy is the selective degradation of lipid droplets (LDs) by the lysosomal acid lipase 

which converts them into free fatty acids (FFAs). 

 

Fig.5.5. AGG abrogates lipid store and escalates free fatty acid content in PC3 cells. PC3 cells were 

treated with AGG for different doses and time periods and relative content of lipid droplet and free fatty acids 

were measured. Data reported as the mean ± S.D. of three independent experiments and compared against PBS 

control. *P value < 0.05; **P value < 0.01 were considered significant. 

 

In curiosity to establish a connection between lipophagy and senescence, we first 

investigated the lipid degradation ability of AGG. Intriguingly, we found dose dependent 

decrease in the LDs with AGG treatment. Correspondingly, we checked the FFAs content 

and as expected the FFAs content increased with increased AGG concentration suggesting 

the potential lipophagy inducing ability of AGG (Fig. 5.5). Further we validated our 

hypothesis by inhibiting the lipophagy by lysosomal lipase inhibitor lalistat and examined 

the LDs and FFA profile. Corroborating our hypothesis, AGG in presence lalistat is unable 

to carry out the degradation of LDs into FFAs (Fig. 5.6).  
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Fig.5.6. Effect of lalistat on AGG induced lipophagy in PC3 cells. PC3 cells were treated with AGG (100 

ng/ml) in presence of lalistat (10 μM, 6 h) and relative content of lipid droplet and free fatty acids were 

measured. (a,b). Data reported as the mean±S.D. of three independent experiments and compared to PBS 

control. *P value < 0.05 was considered significant as compared to control and #P value < 0.05 was considered 

significant as compared AGG treated group. 

Furthermore, we studied autophagy induction with AGG in presence of lalistat and 

our data showed that AGG decreased the red intensity of acridine staining in presence of 

lalistat as compared to only AGG treated PC3 cells (Fig.5.7.a,b). In order to validate that 

AGG induced lipophagy is associated with senescence, we analysed the β–Gal staining with 

in presence of lalistat. The data showed that β–Gal staining was significantly reduced in both 

lalistat and AGG treated cells as compared to only AGG treated cells (Fig.5.7.c,d). 

 

Fig.5.7. AGG induces lipophagy to prompt senescence PC3 cells were treated with AGG (100 ng/ml) in 

presence of lalistat (10 μM, 6 h) and acridine orange staining (a, b) and SA-β–Gal staining (c, d) was 

performed. Data reported as the mean ± S.D. of three independent experiments and compared to PBS control. 

*P value < 0.05 was considered significant as compared to control and #P value < 0.05 was considered 

significant as compared AGG treated group. 
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5.3.4. SIRT1 Regulates AGG Induced Autophagy 

Nuclear histone deacetylase is previously reported to associate with apoptosis under 

different stress conditions (Houtkooper RH et Al., 2015). In order to examine whether 

SIRT1 is involved in the AGG induced autophagy, we treated PC3 cells with different doses 

of AGG (25, 50 and 100 ng/ml) and analyzed the expression of SIRT1 through fluorescence 

microscopy and Western blot. Our data showed that the SIRT1 expression was found to 

increase in dose dependent manners in PC3 cells (Fig. 5.8.a-c).  

 

Fig.5.8. Effect of AGG on expression of SIRT1 in PC3 cells. PC3 cells were treated with different doses of 

AGG (25, 50 and 100 ng/ml) treatment for 72 h and expression of SIRT1 was analyzed through fluorescence 

microscopy and Wetsern blot. Data reported as the mean ± S.D. of three independent experiments and 

compared to PBS control. *P value < 0.05; **P value < 0.01 were considered significant. Densitometry was 

performed on the original blots, considering the ratio of protein to actin in control cells was 1. 

Next, we studied the molecular mechanism of AGG induced autophagy through 

SIRT1 in PC3 cells. SIRT1 have been shown to deacetylate several different autophagic 

molecules to initiate autophagy. Here, we examined whether SIRT1 has any role in 

regulating LAMP1, lysosomal membrane protein, indispensable for autolysosome formation 

through deacetylation for autophagy induction. Our immunoprecipitation data showed that 

SIRT1 interacted LAMP-1 upon AGG treatment in PC3 cells (Fig.5.9.a). Further, as SIRT1 

is deacetylase, we thought that LAMP1 deacetylation might be the possible outcome of their 

interaction and it showed that AGG induced strong deacetylase activity in LAMP1 in PC3 

cells (Fig.5.9.b). Although detail mechanism of SIRT1 and LAMP1 deacetylation in AGG 

induced autophagy remains to be identified, it is accepted that SIRT1 activation leads to 

deacetylation of LAMP1 to initiate AGG induced autophagy.  
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Fig.5.9. SIRT1 interacts and deacetylates LAMP in PC3 cells. PC3 cells were treated with AGG for 72 h 

and immunoprecipitated with anti–SIRT1 and anti–LAMP1 followed by immunoblotting with anti–LAMP1 or 

anti–SIRT1 antibodies (a). After treatment with AGG, acetylation of LAMP1 in PC3 cells was studied by 

immunoprecipitation analysis (b). 

 

Fig.5.10. Effect of SIRT1 inhibition of AGG induced lipophagy in PC3 cells. PC3cells were treated with 

AGG (100 ng/ml) in presence of sirtinol for 72 h and expression of SIRT1 by fluorescence microscopy, 

autophagy by acridine orange staining and lipophagy by relative content of lipid droplet and free fatty acids 

were measured. Data reported as the mean ± S.D. of three independent experiments. *P value < 0.05 was 

considered significant as compared to control and #P value < 0.05 was considered significant as compared 

AGG treated group. 

 

Further, we inhibited the SIRT1 activity by a specific inhibitor sirtinol and examined 

the AGG induced autophagy. Our data showed that SIRT1 expression by AGG was 
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significantly inhibited in presence of sirtinol as compared to only AGG treated group 

(Fig.5.10.a,b). Importantly, AGG induced autophagy was significantly reduced with the 

SIRT1 inhibition confirming that SIRT1 play a pivotal role in AGG induced autophagy 

(Fig.5.10.c,d). Moreover, we inhibited SIRT1 activity by sirtinol and further analysed the 

LDs and FFA profile. The data showed that when we inhibited the SIRT1 activity, the LDs 

content increased in both AGG and sirtinol treated group as compared to only AGG treated 

group. In accordance with our hypothesis, the FFAs content decresed in both AGG and 

sirtinol treated group as compared to only AGG treated group (Fig.5.10.e,f). This data 

suggest that AGG induced autophagy is mediated by SIRT1 dependent lipophagy. 

5.4. Discussion 

As a mechanism of anticancer therapy, a promising approach to cytostasis induction in 

cancer cells is therapy induced senescence (TIS) (Ronnison, 2003; Gewirtz, 2008; Ewald et 

al., 2010). Substantial evidence propose that phytochemicals can effectively promote cancer 

cell death through autophagy induction (Xhang et al., 2012). Moreover, many reports claim 

that the process of senescence linked to autophagy (Gewwirtz, 2013). In the present study, 

we investigated senescence inducing potential of Abrus agglutinin on prostate carcinoma. 

Here we provide experimental data demonstrating that low doses of AGG were able to 

induce autophagy dependent senescence which is specifically regulated by lipohagy in 

prostate cancer cells. The results disclose that AGG may exert its anticancer and 

chemopreventive activities via the induction of autophagy mediated senescence in prostate 

cancer cells. 

TIS were reported to occur in cancer cells both in vitro and in vivo when exposed to 

various cytotoxic agents. Growth arrest in senescence is primarily accomplished in either the 

G1 or G2/M phase of the cell cycle (Ewald et al., 2010). Senescent cells, in particular, are 

reported to have increased SA-β–Gal activity. Here, we showed that AGG induced 

senescence associated upregulation expression of SA-β–Gal in both dose and time dependent 

manner. In fact, we demonstrated that SA-β-Gal expression was robustly increased at a 

concentration of AGG (100 ng/ml) that induced senescence in PC3cells. Senescence, in 

contrast to apoptosis, requires much lower concentration of AGG, suggesting that AGG 

could be useful clinically. Consistent with our observations, it is previously reported that 

treatment with resveratrol, a phytochemical, has a propensity to generate senescence-like 

phenotype in cancer cells (Rusin et al., 2009). In contrast to mitotic catastrophe or apoptosis 

induced by to conventional cytotoxic agents, senescent cells are believed to persist for 

indefinite time period. Growth arrest at G1 or G2/M stage of the cell cycle occurs in part, by 
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the increased expression of specific cyclin-dependent kinase inhibitors (CDKIs), including 

p16Ink4a (CDKN2A),  p21Waf1 (CDKN1A, CIP1), and p27Kip1 (CDKN1B). Accordingly, 

corresponding to the observation by El Hansana et al., (2015) AGG induced cell cycle arrest 

at G1 phase and promoted the upregulation of p21, cyclin B1, p16, down regulation of 

proliferation marker PCNA and hypophosphorylation of the tumor suppressor RB. Similarly, 

Luo et al., (2013) reported that Resveratrol is able to trigger premature senescence in lung 

carcinoma via ROS-mediated DNA damage. Based on these data, we propose that 

senescence in AGG would be promising therapeutic agent clinical by virtue of its ability to 

stimulate the TIS at a low nonlethal dose.   

We discovered that AGG induced autophagy was associated with activation of 

SIRT1. Substantial evidences support the notion that SIRT1 has a Janus-faced role in 

carcinogenesis. SIRT1 play a pivotal role in genomic stability and cancer cell death and anti-

inflammation, suggesting its tumor-suppressor properties. However, SIRT1 may trigger the 

oncogenic signaling pathways to create a supportive tumor microenvironment as part of its 

protumorigenic property (Song et al., 2012). On the ground of tumor suppressor role, SIRT1 

could be downregulated in many tumors. In this regard, SIRT1 expression was found to be 

reduced in human skin tumors (Ming et al., 2010). Inconsistently; as an oncoprotein SIRT1 

can be overexpressed in cancer (Huffman et al., 2007). Recent reports suggest that as a part 

of its anticancer activity, natural molecules resveratrol was shown to induce SIRT1 

expression (Bora et al., 2005; Singh et al., 2011; Cao et al., 2015; Hou et al., 2016). In 

accordance, our molecule AGG was shown to induce SIRT1 expression substantially in 

treated condition. Moreover, the involvement of SIRT1in autophagy regulation is also well 

established. According to reports, resveratrol is shown to induce autophagy through the 

activation of SIRT1 (Guo et al., 2013). Likely, Ou et al., (2014) proposed that SIRT1 

positively govern autophagic processes in embryonic stem cells under oxidative stress. 

Moreover, in cellular models of Parkinson’s disease, resveratrol was shown to trigger 

AMPK/SIRT1/Autophagy signaling (Wu et al., 2011). Likewise, in the present investigation, 

we showed that low doses of AGG in PC-3 cells effectively induce canonical autophagy as 

evidenced by the marked increase in the expression of BECN1, ATG5 and increased LC3-II 

lipidation. Moreover, the induction of autophagy was categorically dependent on SIRT1 

activation by AGG as pharmacological inhibition of SIRT1 by sirtinol dramatically reduced 

the acridine orange staining.  

Regulation of senescence is controlled by different cellular processes including 

autophagy. The phytochemical resveratrol was reported to induce autophagy and senescence 
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in human cancer cells (Patel et al., 2013). In accordance with the prior report, the present 

investigation proposes that autophagy and its resultant protein turnover induction by AGG 

facilitates the acquisition of the senescence phenotype whereas inhibition of autophagy by 3-

MA substantially reduced the percentage of senescent cells. The lysosomal degradative 

pathway of lipid metabolism is termed lipophagy where intracellular lipid droplets (LDs) 

and metabolized by cytoplasmic neutral hydrolases to supply free fatty acid during stress. 

The free fatty acids generated by lipophagy fuel cellular rates of mitochondrial β-oxidation. 

Recently, our group reported that lipophagy in cancer induces ER stress mediated apoptosis 

(Mukhopadhyay et al., 2017). Likely, in the current investigation, the phytolectin AGG was 

shown to induce lipid degradation by autophagy dependent manner which was further found 

to regulate the process of senescence in prostate cancer.  

Deacetylation lysine by SIRT1 has been recognized as critical events in the 

regulation of stability, activity and subcellular localization of proteins including autophagic 

proteins. A recent report demonstrated that galangin, a flavonoid compound induced 

autophagy through deacetylation of LC3 by SIRT1 in HepG2 Cells (Li et al., 2016). In 

corresponding to these finding, the current investigation unraveled SIRT1 mediated 

deacetylation of lysosomal membrane protein LAMP1. LAMP proteins constitute 50 % of 

lysosomal membrane and deficiency in LAMP1 is reported to impede lysosome biogenesis 

and autophagy (Eskelinen et al., 2006). Here, we found that AGG induced SIRT1 

deacetylates Lys residue of LAMP1, an important molecule in the formation of 

autolysosome and deciphered involvement of SIRT-1 mediated deacetylation of LAMP1 by 

AGG to promote lipophagy stimulated senescence. In conclusion, AGG leads to therapy 

induced senescence through autophagy as a tumor suppressor mechanism. 
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Fig. 5.11. Schematic representation of AGG induced lipophagy mediated senescence 
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Chapter 6 

Abrus agglutinin induces cancer stem cell 

differentiation through BMP2 mediated 

autophagy 
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Abstract 

Cancer stem cells (CSCs) in colorectal cancer (CRC) are the prime culprits in the initiation, 

progression, relapse, and therapy resistance which necessitates the quest for novel 

therapeutic molecules to target colon bulk tumor population as well as CSC population. In 

the present study, we showed that Abrus agglutin (AGG), a plant lectin substantially induced 

colon CSC differentiation by inducing a member of TGF-β superfamily Bone 

Morphogenetic Protein 2 (BMP2). As per our retrospective tumor specimen analysis, BMP2 

expression was downregulated with colon cancer progression indicating its tumor suppressor 

function. Moreover, β-catenin, a factor responsible for self-renewal potential of CSCs was 

shown to be upregulated in colon tumor tissue during cancer progression. AGG was shown 

to induce differentiation and stemness in HT-29 cells derived colonospheres. AGG induced 

differentiation was shown to be critically dependent on autophagy in colonospheres. Our 

study showed that AGG increased expression of BMP2 and has interacted with hVps34 

suggesting BMP2 was associated in the process of autophagy. Interestingly, inhibition of 

autophagy by 3-Methyl adenine (3-MA), a known hVps34 inhibitor was shown to prevent 

AGG induced β-catenin degradation and self-renewing potential in colonoshperes. In 

subcutaneous HT-29 xenograft model, AGG profoundly inhibited the growth of tumors with 

an increase in LC3 and BMP2 expression conforming antitumor potential of AGG through 

induction of differentiation in colorectal cancer. 

Key words: Abrus agglutinin, BMP2, β-catenin, Cancer stem cells (CSCs), Differentiation, 

hVps34 

6.1. Introduction 

Autophagy is a ubiquitous and dynamic conserved catabolic process which is essential for 

survival, differentiation, development and cellular homeostasis. Moreover, autophagy is 

regarded as a double-edged sword in cancer as experimental evidence substantiates the role 

of autophagy in both cancer progression and suppression (Bhutia et al., 2013). Recently, 

many documents portray the autophagic regulation of cellular differentiation in cancer 

(Panda et al., 2015). Mutation in the autophagy factor UVRAG (Beclin 1/Vps34 complex) 

leads to abnormal left–right axis formation subsequenting in heterotaxy (Liang et al., 2006). 

Further, depletion of BECN1 is reported to inhibit both autophagy and differentiation 

capabilities (Wang et al., 2008). 

Colorectal cancer (CRC) is the third most common cancer in men (10.0%) and the 

second in women (9.4%) worldwide (Ferlay et al., 2008). Despite the availability of early 

diagnosis techniques and modern treatment choices including surgical resection and adjuvant 
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chemo/radio-therapy depending on the stage of malignancy, the efficacy of many first line 

therapeutics are exhausting day by day and 50 % of CRC patients develop recurrent disease, 

and patients with advanced and metastatic CRC are susceptible to death (Kumar et al., 

2014). A growing body of evidence accuses a subset of tumor cells referred as cancer stem 

cells (CSCs) for such failure of current treatment modules. CSCs refers to a rare 

subpopulation of tumor cells that have the exclusive ability of self-renewal capacity, 

aggressive invasive potential, hierarchical differentiation and tumorigenicity (Naik et al., 

2016). The CSCs have the important feature of self-renewal, which is a property in common 

with stem cells. Developmental pathways like Wnt/Notch/Hedgehog have been identified to 

be essential for the self-renewal behavior of cancer stem cells (Katoh et al., 2007; Tang et 

al., 2007). The Wnt/β-catenin signaling is one of the key pathways reported to promote self-

renewal of cancer stem cells. Activation of Wnt target genes is mediated by β-catenin, which 

translocates to the nucleus and binds to the transcription factors T-cell factor/lymphoid 

enhancer factor (TCF/LEF) to activate the downstream signaling (Liu et al., 2002; Fodde et 

al., 2007).  

Colonic epithelium undertakes continual rejuvenation maintained by colon stem cells 

located at the very base of the crypt of the epithelium. Bone morphogenetic proteins 

(BMPs), a TGFβ superfamily of proteins, are important players in colon stem cell self-

renewal and differentiation (Lombardo et al., 2011). Moreover, BMP2 is reported to control 

a crucial early commitment step in the differentiation of human embryonic stem cell (Pera et 

al., 2004). Reports also elucidate that BMP pathway is inactivated in the majority of 

sporadic CRCs (Lombardo et al., 2011). Recent report also indicates the elevated expression 

of Atg7 and Wnt signaling during BMP2 mediated human osteoblastic differentiation (Ozeki 

et al., 2016). Moreover, BMP2 was shown to induce chondrogenic differentiation in vitro 

involves by downregulating of membrane bound β-catenin (Zhang et al., 2004).  

Identification and development of drugs, especially non-toxic agents, which target 

this  ‘tumor initiating cells’ through differentiation with a loss of self-renewal capacity of 

CSC might offer prospects to ensure promising results at a late stage in cancer therapy. 

Differentiation therapy is a relatively less toxic therapeutic modality than classical 

chemotherapy that centers on reactivating endogenous differentiation program and compels 

tumor cells to restore terminal maturation. Differentiation agents are basically engaged in the 

reprogramming of cancer cells that provokes the terminal differentiation of cells, even 

inducing apoptosis leading to cell death (Pierce et al., 1971). Clinically, all-trans retinoic 

acid (ATRA) is reported to induce terminal differentiation of acute promyelocytic leukemia 



 

97 
 

          Prashanta K. Panda, Department of Life Science, National Institute of Technology Rourkela, India 

blasts (Warrell et al., 1991; Ge et al., 2014). In this study, our focus was to examine and 

establish the efficacy of Abrus agglutinin (AGG) on colon CSC expansion, self-renewal and 

differentiation in the context of anti-CRC efficacy. AGG, a plant lectin isolated from the 

seeds of Abrus precatorius is [gal β (1–3) NAc gal] specific and belongs to type II ribosome-

inactivating proteins having molecular weight 134 kDa. AGG composed of a toxic 

enzymatic A subunit of 30 kDa and the galactose-binding B subunit of 31 kDa linked 

covalently by a single disulfide bond (Panda et al., 2015). AGG were found with a protein 

synthesis inhibitory activity (IC50) of 3.5 nM and lethal dose (LD50) of 5 mg/kg of body 

weight (Liu et al., 2000).  AGG inhibits growth and proliferation of tumors at sub-lethal 

doses in vitro and in vivo (Bhutia et al., 2008 a, b). Further, AGG was found to induce anti-

proliferative activity and apoptosis induction in Dalton’s lymphoma mice model (Bhutia et 

al., 2008a, 2009b). It also induced apoptosis in a caspase 3/7, 8 and 9 activities dependent 

manner in vitro and in vivo model in human hepatocellular carcinoma (Mukhopadhyay et al., 

2014b). Tryptic digestion of Abrus precatorius agglutinin protein inhibited Ehrlich’s ascites 

carcinoma (EAC) and B16 melanoma (B16M) bearing mice models and showed increased 

ex vivo proliferation of splenocyte and thymocyte isolated from tumor bearing mice and 

increase in TNF-α and Interferon-γ in splenocyte culture supernatant (Behera et al., 2014). In 

human breast cancer, AGG has inhibited tumor growth and angiogenesis as confirmed by the 

lower expression of Ki-67 and CD-31, respectively in a xenograft model (Bhutia et al., 

2016). Based on these finding, the present study is intended to investigate the role of AGG in 

the differentiation of colon CSC through modulation BMP2 induced autophagy and β-

catenin degradation. Furthermore, this study also sheds lights on the interaction of BMP2 

with hVPS34, class III phosphatidylinositol 3′-kinase, a key player in the autophagosome 

biogenesis suggesting the potential involvement of BMP2 in the autophagosome synthesis. 

6.2. Materials and Methods 

6.2.1 Reagents 

4,6-Diamidino-2-phenylindole dihydrochloride (DAPI) (D9542), dimethylsulfoxide 

(DMSO) (D8418) and 3-Methyl adenine (3-MA) (M9281) were purchased from Sigma-

aldrich (St. Louis, Missouri, United States). Dulbecco’s minimal essential medium 

(DMEM), Fetal bovineserum (FBS) (sterile-filtered, South American origin), Fibroblast 

growth factor (FGF) (Gibco), Epidermal growth factor (EGF) (Gibco), N2 supplement 

(Gibco), antibiotic- antimycotic (100X) solution were purchased from Invitrogen. Tissue 

array with 59 spots of different normal and cancerous colon tissue types from Imgenex, 
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India; RNeasy kit from Qiagen; IHC kit from BioGenex, Primers from IDT was purchased. 

Abrus agglutinin was purified as described in chapter 3 of this thesis.   

6.2.2 Antibodies 

LC3 (NB100-2220) was purchased from Novus Biological (Littleton, CO); BMP2 (ab14933-

46), CK7 (ab9021), CK20 (ab76126) from abcam; CD44 (21810441) from Immunotools 

(Germany); β-actin (A2066) from Sigma; ATG5 (2630S), BECN1 (3738S), β- Catenin 

(#9562), were purchased from Cell Signaling Technology, USA. hVps34 (38-2100) was  

purchased from Invitrogen (Carlsbad, California, USA). 

6.2.3 Cell and Sphere Culture 

HT-29, a Human colorectal cancer cell line was purchased from the National Centre for Cell 

Science, Pune, India. HT-29 cells were maintained in Dulbecco’s modified Eagle medium 

(DMEM) supplemented with 10% heat inactivated fetal bovine serum (FBS) containing 1X 

antibiotic-antimitotic at 370C in a humidified 95% air and 5% CO2. 

For sphere formation, HT-29 cells were seeded at 5000 cells per well in ultralow 

attachment plates in serum-free DMEM media in the presence of fibroblast growth factor 

(FGF; 20 ng/mL), epidermal growth factor (EGF; 20 ng/mL), and 1% N2 supplemented with 

1% penicillin-streptomycin. It was maintained at 37°C temperature in a humidified 5 % CO2 

incubator and media was replaced every 3 days. After 10-12 days of culture, cells were 

multiplied to form floating single cell cloned spheres, known as colonospheres in colon 

and/or CRC cells. The colonospheres were treated with AGG for 3 days and analyzed for 

different assays. For differentiation study, the AGG treated colonospheres were cultured in 

presence of serum for another 3 days.  

6.2.4 Immunofluorescence Staining of Colonospheres Confocal Imaging  

Colonosphere were grown on chamber slides fixed in 10 % formaldehyde, washed with 

PBS, permeabilized with 0.2 % Triton X-100 for 20 min at RT and incubated overnight with 

primary antibody CD44, β- Catenin, CK7 and CK20. Then the cells were washed with PBS 

and incubated with secondary antibody for 6 h followed by DAPI counterstaining. The 

expression of those marker proteins was analyzed by a confocal laser microscope (Leica 

TCS SP8). 

6.2.5 RNA Extraction and Semiquantitative RT-PCR 

Total RNA from spheres of HT-29 cells were harvested by using a RNeasy kit from Qiagen 

following manufacturer’s instruction. The cDNA was synthesized using total RNA with 

reverse transcriptase enzyme usiing manufacturers’ instruction. RT-PCR was used to study 

the expression of mRNA for CD44, CK7, CK20 and GAPDH (internal control). The 
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respective primers (Sigma) and conditions were as follows: for CD44, forward 5’-

AGATCAGTCACAGACCTGCC-3’ and reverse 5’-GCAAACTGCAAGCCAAGCC-

3’(annealing at 56.5°C, 35 cycles); for CK7 forward 5’-

TGAATGATGAGATCAACTTCCTCA-3’and reverse 5’-TGTCGGAGATCTGGGACTGC 

-3’ (annealing at 54.5°C, 35 cycles); CK20 forward 5’-CAGACACACGGTGAACTATGG-

3’ and reverse 5’-GATCAGCTTCCACTGTTAGAC -3’ (annealing at 55.5°C, 35 cycles); 

for GAPDH, sense 5’- CAC AAT GCC GAA GTG GTC GT-3’ and antisense 5’-TCA CCA 

TCT TCC AGG AGC GA-3’ (annealing at 62°C, 35 cycles). Amplified products were 

separated by electrophoresis on 1.5 % agarose gel and visualized using gel document system 

(BioRad) after ethidium bromide staining. 

6.2.6 Western Blot Analysis 

Spheres from HT-29 cells were treated with different concentration of AGG followed by 

extraction of proteins. Cells were lysed with lysis buffer and an equal amount of proteins 

were resolved by SDS/PAGE, transferred to nitrocellulose membrane, which was blocked 

with 5 % BSA (in PBST) at room temperature for 1 h. Subsequently, the blots were 

incubated with anti-BECN1, ATG5, p62, β-catenin, BMP2, hVps34 and LC3 antibodies for 

overnight at 4°C followed by corresponding secondary antibodies for 1 h at room 

temperature. The expression of the protein of interest was analyzed using 

chemiluminescence Image Quant LAS500 (GE Healthcare, USA). 

6.2.7 Alkaline Phosphatase Assay 

To detect the differentiation capacity of AGG, HT-29 colonospheres were treated with 3-

MA (10 mM) for 2 h prior to AGG treatment. The treated cells were lysed and equal amount 

of protein mixed with reaction buffer followed by pNPP solutionand equlibreate at 37°C. 

The absorbance was recorded at 450 nm immediately. 

6.2.8 Colocalization Study by Immunofluorescence Analysis  

HT-29 cells were treated with various 100 ng/ml AGG for 72 h followed by fixation with 10 

% formaldehyde. Cell permeabilization was done in 0.1 % Triton X 100 which followed to 

blocking in 5 % BSA. Following this, cells were incubated with primary antibodies BMP2 

(1:500) and hVps34 (1:500). Following washing in PBST, cells were incubated with 

secondary antibodies conjugated with the Alexa Flour. Imaging was done using high-end 

fluorescence inverted microscope (Olympus IX71) using Cell Sens Standard software. 

Colocalization was measured applying JACoP plugin in single Z-stack sections of 

deconvoluted images. 
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6.2.9 In Vivo Mice Experiment 

To study the therapeutic potential of AGG in human colon carcinoma, athymic balb/c nude 

mice were implanted with colon carcinoma HT-29 cells (2×106 cells) subcutaneously. The 

tumors were first propagated and subsequently implanted in experimental animals. By this 

way, tumor induction rate is 90-100 %. When tumors have reached 0.2 cm in diameter the 

actual therapeutic study was initiated. The mice were administrated intraperitoneally either 

vehicle control (1X PBS) or AGG 5μg/kg body weight and positive control 5-fluorouracil 30 

mg/kg b.w. i.p 5 times a week for 4 weeks. The tumor volume and body weight of the mice 

was measured at the end of every week, for 4 weeks. On completion of the treatment period, 

tumors diameter was measured. The tumor volume was calculated using the formula 

[L×W2]/2, where W and L are the width (short diameter) and the length (long diameter) of 

the tumor. At the end of treatment period, all the mice were euthanized using carbon-di-

oxide followed by cervical dislocation to ensure complete immobilization of mice prior to 

collecting tumor tissues samples for biochemical and histological analysis. 

6.2.10 Immunohistochemical Staining and Scoring 

For the immunohistochemical study, formalin-fixed and paraffin-embedded specimens of 3–

4 mm thickness were sectioned. The tissue sections were stained with anti-BMP2, anti-β-

catenin and LC3 as described previously. Immunohistochemical analysis was done by 

determining the percentage of positive cells by counting the number of positively stained 

cells (weak, moderate and strong) and the total number of cells from control and treated 

samples at 40X magnification. IHC score was analyzed for control and treated as 0+ (no 

staining), 1+ (weak staining), 2+ (moderate staining), 3+ (strong staining), 4+ (very strong 

staining). 

6.2.11 Statistical Analysis 

All data are representative of at least five independent experiments which were quantified 

and plotted as the mean ± standard deviation. Student’s t test was used for evaluating 

statistical differences between experimental groups. Further, a nonparametric test for 

statistical analysis among groups was also done by a one-way ANOVA Kruskal-Wallis test, 

with Dunn’s multiple group comparison tests as appropriate. 

6.3. Results 

6.3.1 Expression of BMP2 and β-Catenin in Colorectal Cancer and Non-Cancer Tissue 

Samples 

Colorectal cancer undergoes continual regeneration which is sustained by cancer stem cells. 

Bone morphogenetic protein 2 (BMP2) shows  its tumor suppressive function by inhibiting 
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tumor initiating ability of renal cancer stem cells (CSCs). Here, we analyzed the expression 

of BMP2 and β-catenin in human normal, cancer and metastatic tissue samples through 

immunohistochemical analysis. The clinicopathological representation of the cohoht is given 

in Table.6.1. We found that there was a decrease in the expression of BMP2 as the tumor 

progresses suggesting BMP2 as a tumor suppressor (Fig. 6.1.a). Likewise, the stemness and 

self–renewal protein β-catenin expression increased as the colon cancer progresses from 

normal to cancerous to metastatic stages (Fig.6.1.b). From the immunoreactive score, it is 

evident that the expression of BMP2 and β-catenin decreased and increased during the onset 

of cancer and progression through stage I to metastasis respectively (Fig.6.1c,d).  

6.3.2 AGG Inhibits HT-29 Colonospheres Formation  

AGG, a type II RIP lectin is previously reported to have many anticancer attributes including 

the induction of programmed cell death apoptosis and autophagy. However, there is little in-

depth in the study its effects on cancer stem cells. In order to investigate the effect of AGG 

in attenuating growth of colonospheres, we treated the HT-29 derived colonospheres in 

different doses (10, 50, and 100 ng/ml) for 72 h and for different time intervals (24, 48 and 

72 h) with 100 ng/ml and examined the number and size of the sphere produced in respective 

well. We noticed a significant decrease in the number of colonospheres in a dose as well as 

time dependent manner. Further, the sphere size reduced remarkably with an increase in 

dose and time (Fig. 6.2.a-d). 

 

Fig. 6.1. Expression of BMP2 and β-catenin in human colorectal cancer and non-cancer tissue samples.  

Slide shows representative images of BMP2 (a) and β-catenin (b) staining in normal colon tissue and different 

grades of colon cancer tissues. The average immunoreactive score was calculated from percentage of positive 

cells and staining intensity for different tissue samples (c,d). *P value < 0.05; **P value < 0.01; ***P value < 

0.001 were considered significant as compared with control. 
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Fig.6.2. AGG inhibited formation of HT-29 colonospheres. The colonosphere were treated with 

different concentration of AGG (25, 50 and 100 ng) for 72 h and at for different time interval (24, 48 and72 h) 

at 100 ng/ml, the colonospheres were photographed and quantified for its number and size (a-d). Data reported 

as the mean ± S.D. of three independent experiments and compared to control. *P value < 0.05; **P value < 

0.01 were considered significant as compared with control. 
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Table.1 Clinicopathologiacal representation of the cohort 

   Variables Categories Cases 

(n=59) 

% 

 

Age 

(Median age 68 

year) 

 

≤ 58 years 

 

32 

 

54.23 

>58 years 26 40 

NA 

 

1 0.01 

 

Sex 

 

Male 

 

42 

 

71.1 

Female 17 28.8 

   

 

 

 

 

Site of cancer 

 

Ascending Colon 

 

6 

 

10 

Transverse colon 3 5 

Descending colon 4 6 

Caecum 2 3 

Sigmoid colon 11 19 

Rectum 14 24 

 

 

Normal 

  

9 

 

 

15 

 

Metastatic 

  

10 

 

 

17 

 

Tumor 

Differentiation 

 

Well 

 

14 

 

24 

Moderate 23 40 

Poor 3 

 

5 

 

 

 

Tumor Stage 

 

Stage I 

 

2 

 

3 

Stage II 12 20 

Stage III 14 23 

Stage IV 

 

12 20 

 

 

pT 

 

T2 

 

3 

 

5 

T3 3 5 

T4 

 

35 59 

 

 

pN 

 

N0 

 

15 

 

25 

N1 11 19 

 N2 12 20 

    

 

pM 

 

M0 

 

28 

 

47 

M1 

 

12 20 
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6.3.3 AGG Inhibits Stemness and Induces Differentiation in Colonospheres 

As we saw a sharp decline in the colonosphere formation, we next sought to investigate how 

AGG is responsible for the inhibition of colonosphere growth for which we analysed the 

expression of two important molecules responsible for stem properties i.e. CD44, a CSC 

surface marker and β-catenin, a self-renewal marker. As expected, we found a significant 

reduction in the expression of CD44 (Fig.6.3.a) and β-catenin (Fig.6.3.b) in HT-29 

colonosphere in dose dependent manner. 

 
Fig.6.3. AGG inhibits the stemness and preferentially targets self-renewal potential in colonospheres. 
Colonospheres were treated with different concentration (25, 50  and 100 ng/ml ) of AGG for 72 h and 

expression of stemness surface marker CD44 (a) and self-renewal marker β-catenin (b) was analyzed through 

confocal microscopy. Data reported as three independent experiments and compared against control. 

By virtue of its enhanced resistance to cytotoxic therapies, CSCs are resilient to current 

therapeutics for which specific targeting of CSCs has become the need of the hour. In view 

of that, differentiation therapy is being explored for specific killing of CSCs. So, we 

investigated the differentiation inducing ability of AGG. We checked the expression of 

differentiation markers CK7 and CK20 in AGG insulted colon spheres. Interestingly, the 

expression of CK7 and CK20 (Fig.6.4.a) decreased as well as  increased respectively  in a 

dose dependent manner. The increase in the ratio of CK20/CK7 expression indicates 

increased differentiation in AGG treated groups. Likewise, our RT-PCR data showed that 

AGG treatment could potentially reduce the relative mRNA expression of CK7 and 

increased the mRNA level of CK20 (Fig.6.5.a). Further, we analyzed the alkaline 

phosphatase (AP) activity assay as a measure of differentiation ability and got an appreciable 

dosewise increase in the AP activity in AGG treated groups (Fig.6.5.b).  
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Fig.6.4. AGG induces differentiation in colonosphere. Colonospheres were treated with different 

concentration (25, 50 and 100 ng/ml) of AGG for 72 h and expression of differentiation marker CK7 (a) and 

CK20 (b) was analyzed by confocal microscopy. Data reported as three independent experiments and compared 

against control. 

 
Fig.6.5. Effect of AGG on expression of stemness and differentiation gene and alkaline phosphate 

activity in colonospheres. Colonospheres were treated with different concentration (25, 50 and 100 ng/ml) of 

AGG for 72 h and expression of CD44, CK7 and CK20 was quantified by RT-PCR (a) and alkaline phosphate 

activity (b). Data reported as the mean ± S.D. of three independent experiments and compared to control. *P 

value < 0.05; **P value < 0.01 were considered significant as compared with control. 

 

6.3.4 AGG Induces Autophagy in HT-29 Colonospheres 

Next, we intend to investigate whether AGG induces autophagy in HT-29 derived 

colonospheres which might regulate AGG elicited differentiation. Colonospheres were 

treated with different concentration of AGG and analyzed the autophagy induction by 

western blot. As expected, AGG was also able to effectively induce autophagy at low doses 

i.e 100 ng/ml. It showed that AGG could increase LC3-II accumulation in dose dependent 

manner  suggesting AGG mediated autophagy induction. Further, the autophagic molecules 

including BECN1, ATG5, hVps34 were increased in presence of AGG in colonospheres. 

Likely, we found that the expression of p62, selective adaptor for autophagic clearance was 

decreased in dose depedent manner conforming AGG induces autophagy in colonospheres.  
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Fig.6.6. AGG induces autophagy in HT-29 colonospheres. 

Colonospheres were treated with different concentration of AGG 

for 72 h and expression of autophagic proteins were analyzed by 

Western blot. Data reported as three independent experiments 

and compared against control Densitometry was performed on 

the original blots, considering the ratio of protein to actin in 

control cells was 1. 

 

 

 

 

 

 

6.3.5 AGG Promotes BMP2 Expression in Colonospheres 

Bone morphogenetic proteins (BMPs) elicit a plethora of actions and regulate different 

cellular processes including autophagy and differentiation. Moreover, previous data also 

showed that BMP2 acts as a tumor suppressor protein in colon cancer. These findings led us 

to investigate its implications in AGG mediated CSCs inhibition and surprisingly we 

observed that there was a steep increase in the expression of BMP2 with an increase in AGG 

doses in colonospheres as demonstrated in western blot and confocal microscopy suggesting 

the potential role of BMP2 in AGG modulated cellular processes (Fig. 6.. a, b). 

 

 

 

 

 

 

Fig.6.7. AGG promotes BMP2 expression in 

colonosphere. Colonospheres were treated with 

different concentration of AGG for 72 h and 

expression of BMP2 was measured through 

confocal microscopy and western blot. Data 

reported as three independent experiments and 

compared against control Densitometry was 

performed on the original blots, considering the 

ratio of protein to actin in control cells was 1. 
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6.3.6 Role of Autophagy in AGG Induced Differentiation In Colonospheres 

Earlier findings suggested the internalization of BMP2 to late endosomal vesicles that might 

take part in autophagosome biogenesis. Besides, it is documented that hVps34 is essential 

for the formation of internal vesicles within multivesicular bodies. Based on this reports, we 

tried to investigate whether and how AGG induced autophagy is related to BMP2. Analyzing 

the spatial distribution of BMP2 and hVps34 by performing double immunofluorescence 

analysis using confocal microscopy, we observed that the two concerned proteins visibly 

overlap to show a dense yellow signal in the merged image (Fig.6.8), which depicted a total 

overlap coefficient and Pearson's coefficient of 0.87 and 0.83, respectively, in the 

cytofluorogram scatter plot. Next, we examined the role of autophagy in the inhibition of 

self-renewal potential with AGG treatment. It is reported that self-renewal protein β-catenin 

is degraded independent of proteasomal degradation via the lysosomal degradation pathway. 

In this context, we examined the expression of β-catenin in presence of 3-Methyladenine (3-

MA), an inhibitor of hVps34 activity. We found that AGG was not able to inhibit the 

expression of β-catenin in presence of 3-MA suggesting that AGG mediated inhibition of 

colonosphere is dependent on autophagic degradation of β-catenin that hinders the self- 

renewing ability of colonospheres (Fig. 6.9.a). Further, the differentiation activity of AGG 

was studied in presence of 3-MA. The decrease in the AP activity in 3-MA and AGG treated 

colonospheres as compared to only AGG treated (Fig.6.9.b) indicates that autophagy is 

essential for AGG induced differentiation of colonospheres (Fig.6.9.c). 

 

 

Figure 6.8. Interaction of BMP-2 and hVps34. The interaction of BMP2 (Red) and h Vps34 (Green) was 

analyzed in confocal microscope after 72 h of AGG (100 ng/ml) treatment. The colocalization parameters were 

analyzed by using JaCoP plugin in Image J software. 
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Fig.6.9. Effect of AGG induced autophagy colonosphere differentiation. Colonospheres were treated with 

AGG (100 ng/ml) in presence of 3-MA (10 mM; 2 h) for 72 h  and expression of β-catenin through confocal 

microscopy (a) and alkaline phosphatase activity was quantified in colonospheres (b). *represents a statistically 

significant change in comparison to Control (**P < 0.01) and # represents a statistically significant change as 

compared to AGG treated group (##P < 0.01). 

6.3.7 AGG Induced Differentiation Potential in Mouse Xenograft Model 

The in vivo study showed that the tumor burden in control and AGG treated animals for 4 

weeks significantly reduced the tumor growth by the end of 3rd and 4th week in AGG treated 

mice. It was also noted that there was no significant loss of body weight in AGG (5 μg/kg 

body weight) treated mice compared to control mice (Fig.6.10.a, b). In addition, AGG at the 

dose level of 5 μg/kg body weight was found well tolerated by the mice, while in the 5-

fluorouracil treated group, three mice died in this group on the 4th week of treatment. 

Though there was no significant difference between the total body weights, there was a 

significant reduction of tumor volume from 201± 31.5 mm3 to 50.4± 23.7 mm3 at the end of 

4th week. Overall, AGG produced significant anti-tumor activity in a colon carcinoma 

xenograft mouse model. The tumor tissues were subjected to immunohistochemistry for 

BMP2 and autophagy marker LC3. In the xenograft, the AGG treated group showed a 

significant increasing in the expression of BMP2 and LC3 staining compared to the control 

(Fig.6.10.c).  
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Fig.6.10. AGG elicits the expression of BMP2 and LC3 in HT-29 xenograft tissue. HT-29 cells were 

subcutaneously injected (5×106 cells/mouse) to each mouse. The mice in control group were treated with 

normal saline (0.9%) and in the treatment group with intraperitoneal AGG at a dose of 5 µg/kg body weight. 

Tumor weight and tumor volume were plotted in the form of histogram and graph (a,b). Tumor tissues were 

harvested followed by fixation with formalin and paraffin-embedded sections were immunostained for BMP2 

and LC3 in control and treated groups (c). 

6.4. Discussion 

Despite the development of new targeted therapeutic modalities, none of the treatment 

options available is satisfactorily successful in patients with advanced colorectal cancer due 

to the subsistence of colorectal cancer stem cells (Vaiopoulos et al., 2012). Substantial 

reports reveal that during cancer treatment some of the nonkilled residual tumor cells may 

acquire stemness property. Moreover, it is hypothesized that drugs that target bulk tumor 

cells can result in considerable tumor reduction but ultimately leads to CSC enrichment due 

to the inability to kill therapeutic resistant CSCs (Naik et al., 2016). Based on above 

perspectives, nonlethal agents with anti-CSC potential would be a coherent attempt for CRC 
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prevention and treatment. One of the latest hopes in specific targeting of cancer stem cell is 

the pristine differentiation therapy. Differentiation therapy is focused on restoring the 

endogenous differentiation programs in leading to the terminal maturation of cancer stem 

cells making it available to be targeted by routine therapeutic approach (Sell, 2004). Hence, 

we selected low doses of plant lectin AGG (Max. of 100 ng/ml) as one such investigational 

drug, because our recent studies have shown that it causes strong anticancer efficacy through 

acute programmed cell death in cancer cells. The present investigation focusses on the 

differentiation inducing ability of AGG at a nontoxic dose for its promising candidature a 

suitable anticancer agent against cancer stem cells. Moreover, we have shown that AGG 

induced BMP2 activation and autophagy mediated β-catenin degradation is responsible for 

the differentiation of colonosphres. The autophagy regulatory molecule Class III 

phosphatidic inositol-3 kinase, hVps34 was found to interact with BMP2 suggesting its 

potential involvement in autophagy regulation. 

According to report, while the typically activated Wnt/β-catenin pathway exerts a 

significant influence in the initiating CRC development, abrupt of BMP pathway was shown 

to induce juvenile polyposis syndrome again suggesting the potential role BMP signaling in 

CRC progression (Zhang et al., 2014). Similarly, we found that the expression of BMP2 

decreased during tumor progression, on the contrary, the expression of β-catenin increased. 

Using CSC enriched population of CRC cells; we have demonstrated that AGG has an 

efficient inhibitory effect on both number and size of colonospheres. Since the formation of 

colonospheres is a measure of stemness, our results provide the evidence portraying AGG as 

a promising agent to target the self-renewal of CSC as well as bulk tumor cells in CRC. 

Moreover, the expression of BMP2 increased in colonosphere with AGG treatment. 

Moreover, consistent to the report of Kumar et al., 2016, AGG was shown to promote the 

decrease of self-renewal properties through the downregulation of CD44 and β-catenin and 

increase in the CK20/CK7 ratio indicating increased differentiation. More importantly, 

intestinal stem cells are brought to terminally differentiate in the deficiency of Wnt- β-

catenin signaling subsequent in a shortfall of basic intestinal function (Fevr et al., 2007). 

Again, loss of β-catenin was shown to impair the self-renewal of normal and chronic 

myelogenous leukemia stem cells in vivo (Zhao et al., 2007). Interestingly, recent report 

describes that β-catenin is selectively degraded via autophagy through the formation of a β-

catenin-LC3 complex, attenuating the adaptation during metabolic stress (Petherick et al., 

2013). Moreover, operational autophagy and low β-Catenin levels are documented to be 

indispensable during differentiation. Consistent to this, a high β-Catenin level was shown to 
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inhibit autophagy and stabilize the proliferation ensuing low differentiation ability in acute 

myeloid leukemia (Kühn et al., 2015). Correspondingly, we have shown that Abrus 

agglutinin was shown to decrease β-catenin content. This decrease in β-catenin content is 

autophagy mediated degradation of the same as 3-MA treatment reduces the expression of β-

catenin as compared to only treated groups.  

BMP signaling plays a master role in various stages of development and organ 

homeostasis. BMP2 in particular, are known to promote differentiation and growth 

inhibition in gliopblastoma cells. For this reason, we investigated whether a AGG based 

treatment would increase BMP2 response in drug resistant colon cancer cells. Here we show 

that BMP2 was induced strongly in colon cancer initiating cells and subsequent addition of 

AGG caused a dramatic increase of BMP2 expression and tumor size reduction. Previously, 

it is reported that BMP2 induces osteogenic differentiation of rat bone marrow‐derived 

mesenchymal stem cells (Hanada et al., 1997). Recently, it is also reported that BMP2 is 

induced differentiation involves autophagy protein Atg7 in human stem cell derived 

osteoblastic cells (Ozeki et al., 2016). Substantial studies have elaborated the participation of 

autophagy in the cellular differentiation. Genetic knockout studies of ATG genes in lower 

eukaryotes was reported to play a vital role in the autophagy regulated differentiation and 

development (Mizushima et al., 2010). Also, it documented that stimulation of autophagy 

encourages differentiation of glioma-initiating cells and their radiosensitivity (Zhuang et al., 

2011). Likely, here we have shown that AGG effectively, induces autophagy at lower doses 

of AGG (25, 50 and 100 ng/ml) and inhibition of autophagy by autophagy inhibitor 3-MA 

reduces the differentiation induced by AGG as confirmed by alkaline phosphatase assay. 

Concomitant with our result, Zhuang et al., 2012 reported that curcumin elevates 

differentiation of glioma-initiating cells by stimulating autophagy. Earlier findings indicated 

that internalization of BMP2 to late endosomal vesicles takes place following receptor 

dependent clathrin mediated endocytosis. However, significantly degradation of BMP2 was 

not found after its internalization to late endosomal vesicles which may provide a reservoir 

for BMP2 for participating in other cellular functions (Alborzinia et al., 2013). The report 

says that inhibition of clathrin mediated endocytosis halted autophagosome biogenesis. 

Therefore, remnant BMP2 associated with endosomal vesicles may take part in 

autophagosome biogenesis.  Besides that hVps34 is essential for the formation of internal 

vesicles within multivesicular bodies (Futter et al., 2001; Obara et al., 2008). Interestingly, 

in the current investigation, we have noticed significant colocalization of BMP2 and 

hVps34, depicting its combined probable role for phagophore formation. In conclusion, 

AGG induced BMP2 regulates differentiation of colon cancer stem cells through autophagic 
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degradation of β-catenin in colorectal carcinoma promising its candidature as a suitable 

differentiation agent in cancer therapeutics. 

 

 

Fig. 6.11. Schematic representation of BMP2 mediated autophagy induces 

differentiation. 
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7.1. Summary 

Autophagy is a conserved catabolic process which plays a very significant role in several 

patho-physiological conditions including cancer. It is an extremely discussed concept in the 

field of translational cancer research by virtue of its Janus role. The pro-survival and pro-

death autophagy governs the fate of cancer related events like tumorigenesis, invasion, 

metastasis and necrosis. The pro-death function of autophagy helps in killing cancer cells, 

either spontaneously or when they are exposed to radiation and chemotherapy. However, 

Autophagy, as a tumor suppressor, can lead to stress tolerance which allows tumour cells to 

thrive under adverse conditions like nutrient starvation, hypoxia and chemo-radio-

therapeutics. On the other hand, autophagy provides a survival advantage to detached, 

dormant metastatic cells through nutrient fueling by tumour associated stromal cells.  

Manipulating autophagy for induction of cell death, inhibition of protective autophagy at 

tissue-and context-dependent for apoptosis modulation has noteworthy therapeutic 

implications. 

Our group has reported the antitumor and immunomodulatory activity of phytolectin 

AGG in both in vitro and in vivo system. AGG induces both intrinsic and extrinsic apoptosis 

through ROS dependent manner. However, AGG in the field of autophagy is little explored. 

With this background support, the goals of the present investigation were set up to 

investigate the (a) Role of Abrus agglutinin in inhibiting the Akt/PH domain to induce 

endoplasmic reticulum stress mediated autophagy dependent cell death (b) Mechanism of 

PUMA dependent mitophagy by Abrus agglutinin in inducing apoptosis through ceramide 

generation (c) SIRT1/LAMP1 signalling activation by Abrus agglutinin in regulation of 

autophagy mediated senescence and (d) The role of Abrus agglutinin in cancer stem cell 

differentiation through BMP2 mediated autophagy. 

In this thesis, we documented that AGG mediated Akt dephosphorylation led to ER 

stress resulting in the induction of autophagy dependent cell death through the canonical 

pathway in cervical cancer cells. We found that AGG induced ER stress in PERK dependent 

pathway. Moreover, the in silico study emphasized that AGG interacted with pleckstrin 

homology (PH) domain of Akt to suppress its phosphorylation and consequent downstream 

mTOR dephosphorylation in cervical cancer cells. We also established that Akt modulation 

is the upstream signal during AGG's ER stress mediated autophagic cell death. Next, we 

monitored the mitophagy inducing potential of AGG via PUMA activation in glioblstoma. 

Surprisingly, we identified AGG induced ceramide as a chief mediator of mitophagy 

dependent cell death through activation of mitochondrial ROS and ER stress. At the 
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molecular level, we identified an LC3 interacting region (LIR) at the C-terminal end of 

PUMA which interacts with LC3 to induce mitophagy. AGG was also shown to trigger 

PUMA mediated mitophagy via both in p62 dependent and independent manner. More 

interestingly, the study reflected that mitophagy induced by AGG finally switched to 

apoptosis. Further, we monitored senescence inducing potential of AGG in prostate cancer. 

Notably,  for the first time, our group reported accelerated expression of SIRT1 in AGG 

treated cells is associated with cellular senescence. Besides, we have documented SIRT1 

facilitated LAMP1 deacetylation in response to AGG insult to promote autophagy. The 

present study suggests that SIRT1 mediated deacetylation of LAMP1 may be a breakthrough 

in autophagy machinery. In the last objective, we showed that AGG was strikingly able to 

induce colon CSC differentiation in vitro by inducing a member of TGF-β superfamily Bone 

Morphogenetic Protein 2 (BMP2). Further, AGG induced differentiation was discovered to 

be critically dependent on autophagy. Furthermore, our study established a significant 

interaction of BMP2 with hVPS34, a class III PI 3-Kinase (involved in phagopore formation 

and elongation) suggesting a probable involvement of BMP2 in the early events of 

autophagic process. 

7.2. Scope of the Present Investigations  

The present investigation depicts AGG induced autophagy as a promising mean for 

anticancer phytotherapeutics. The study also involves the molecular dynamics that interplay 

during AGG induced autophagy, mitophagy or lipophagy leading to either autophagic cell 

death, apoptosis or senescence. Our investigation obviously explains how AGG binding at 

the Akt PH domain is responsible for its dephosphorylation and lead to ER stress mediated 

autophagic cell death. However, this study further demands to identify potential Akt 

inhibitor from peptides A chain of AGG by exploring AGG-Akt-PH domain interaction for 

the development of novel anticancer peptide for different types of cancer. In the second 

objective, we confirmed PUMA as a master regulator of mitophagy as we identified an LIR 

(LC3 interacting region) in its C-terminal domain which is a primary requisite to be an 

autophagy adaptor. This study further requires investigating whether the inability to undergo 

mitophagy in diseases such as Molecular dystrophy, Parkinson’s disease, Alzheimer’s 

disease and cancer is due to any mutation in LIR domain of PUMA. This study also 

demands to elucidate the status of PUMA-LIR mutant in human cancer patients. 

Furthermore, we can investigate PUMA-LIR mutated mice as an in vivo disease model that 

establishes a significant contribution in the field of physiology and medicine. Moreover, we 

investigated AGG induced autophagy mediated senescence as a promising approach in 
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inducing cytostasis in cancer cells. Here we identified a novel mechanism in which AGG 

was shown to promote SIRT1 mediated deacetylation of LAMP1 that promotes autophagy. 

In the future, it will be of great impact to unravel the intricate mechanism how the 

deacetylation of LAMP1 contributes to the process of autophagy. Lastly, we vividly 

discussed how AGG induced BMP2 upregulation is responsible for inducing differentiation 

in both CSC model and in vivo mice model. The key finding that BMP2 significantly interact 

with hVps34, an enzyme involved in the formation of autophagosome necessitates further 

detailing of how this interaction is regulating the autophagosome biogenesis. Lastly, it 

concluded that investigations in the field of autophagy as an alternative approach by 

phytotherapeutics will broaden the arena of opportunities for the betterment of overall cancer 

patient survival rates in the coming years.  In this context, AGG will serve as a magic bullet. 
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Fig.7.1. Schematic presentation of the present PhD thesis. AGG induces Akt 

dephosphorylation led to ER stress mediated autophagic cell death. Proapoptotic protein 

PUMA is the master regulator of AGG prompted mitophagy. AGG induced lipophagy 

modulates senescence. AGG induced autophagy regulates cancer stem cells differentiation. 
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