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Cancer is the second leading cause of death in the United States. To date, over 

60% of current anticancer drugs were inspired by the discovery of chemical 

structure from nature, commonly known as a natural product. This work represents 

the biological characterization of several marine natural product compounds and 

their use as pharmacological tools to study mitochondrial and secretory functions 

in human cancer cells. The natural product mandelalide A was recently found to 

be a direct inhibitor of ATP synthase. We revealed that mandelalide A induces 

transient activation of the AMP-activated protein kinase pathway in an LKB1-

dependent manner in several human cancer cells. Mandelalide A induces a 

synergistic affect in combination with first-line antitumor agents erlotinib and 

paclitaxel on EGFR mutant non-small cell lung cancer cells. Another new class of 

cytotoxic marine natural products, coibamide A and apratoxin A, were found to use 

autophagy-related protein 5 (ATG5) to promote cell death signaling. Mouse 

embryonic fibroblasts (MEFs) with a functional autophagy pathway were more 

sensitive to these rare natural product compounds which are inhibitors of the 

secretory pathway. The secretory pathway is a potentially novel, and future target 

for cancer therapy. We developed a workflow for discovery of new secretion 

inhibitors by combining a functional Gluc secretion assay with recognized cell 

viability assays. We used this workflow to identify 6 small molecules out of 3906 

screened, and characterized the inhibitory activity of coibamide A in this screen. 

Using a cellular thermal shift assay, we identified the translocon protein Sec61 

alpha as a direct binding target of coibamide A. We discovered that the resident 



 

 

endoplasmic reticulum (ER) chaperone protein glucose regulated protein 78 

(GRP78) is a critical, indirect target of coibamide A. High basal expression of 

GRP78 and distribution to cellular compartment outside the ER has been 

increasingly associated with human cancers. We identified upregulation of GRP78 

expression in canine osteosarcoma cells and investigated the use of an anti-

cancer drug OSU-03012 to target GPR78 overexpression in these cells. In 

summary, we concluded that activation of AMPK pathway by mandelalide A-like 

compounds, and inhibition of secretory function or secretory client proteins by 

coibamide A-like compounds could be beneficial as therapeutical strategies in 

cancer treatment.   
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Antitumor drugs from natural products 

As the 2015 Nobel Prize has been awarded for the discovery of natural products, 

the greatest pride and optimism have been brought into the community of natural 

products. Natural products are evolutionarily optimized to be a ready-made drug 

and are still the best sources of drugs and drug leads [1]. The discovery of new 

compounds every year not only reveals many unique structures, but also helps to 

study novel mechanisms of actions through the addition of new molecular probes 

for biological studies. In addition to terrestrial plants, which historically have 

dominated as the original source of therapeutic agents, the marine enviroment, 

bacteria and fungi have also provided remarkable pharmaceutical agents, most 

notably in the areas of antibiotics and cancer therapies.  

Nowadays, cancer is the second leading cause of death in the United States. In 

2018, it is estimated that there will be 1,735,350 new cases of cancer of any site 

and an estimated 609,640 people will die of this disease (National Cancer Institute. 

http://seer.cancer.gov/statfacts/html/all.html). There is still a great need for the 

discovering of new anticancer drugs and new targets. Even though in the late 

1990s targeted therapies, which were largely identifed from small molecule high 

throughput screening, drew much attention from pharmaceutical companies, 

chemotherapeutic agents derived from natural products still provide significant 

benifits and remain part of standard-of-care in the treatment of many solid tumors. 

Moreover, although targeted agents can produce significant effects in tumors with 

specific oncogenic addictions, the vast majority of common tumors were found to 

be not dependent on a single oncogenic mutation, which revitalized the 

development of natural products in cancer treatment [2]. Statistical analyses have 

revealed that natural products tend to have more chiral center, oxygen atoms and 

varied ring system [3]. This structural complexity gives natural products a tendency 

to be more selective to their target than fully synthetic drugs, and display less off-

target effects [4].  

To date, over 60% of the current anticancer drugs were developed from the 

discovery of natural products [1]. Historically, terrestrial plants have been used by 

various cultures for the treatment of many diseases, and they are still the primary 
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source for drug discovery. Taxanes are the most widely used drugs and they are 

semisynthetic analogues from the leaves of taxus, which has been used for 

thousands of years in traditional medicine in Asia. Paclitaxel and docetaxel are two 

of the most clinically effective drugs in chemotherapy and are used in the treatment 

of non-small cell lung cancer (NSCLC) [5], breast cancer [6] and ovarian cancer 

[7]. Some analogues have been approved for the treament of prostate, or are in 

clinical trials for bladder and brain cancers [8].  

The marine habitat has also produced a significant number of anti-tumor agents 

that show high potency for inhibition of cancer cell growth in vitro, in preclinical in 

vivo models and in humans [9]. Cytarabine (cytosine arabinoside) as a 

chemotherapy medication to treat leukemia is the analogue of arabinose 

containing nuclesides discovered from Caribbean sponge Tethya crypta [10]. From 

2004 [11], other marine product derivatives like trabectedin (ET473 [12], eribulin 

mesylate [13] and brentuximab vedotin (SGN-35) [14] have also been approved 

for cancer treatment. Even though covering 71% of the planet’s surface, the deep 

sea is still the least explored and understood that only 5% of the deep sea has 

been pharmacologically expored [15].  

In 2008, a new N-methylated lariat cyclic depsipeptide natural product structure 

coibamide A was discovered by Dr. Kerry McPhail. It was isolated from a 

cyanobacterial assemblage found in the Coiba National Park, Panama. The 

structure displayed significant selectivity and potent cytotoxicity at nanomolar 

concentrations against the National Cancer Institution-60 panel which indicated a 

potentially unique mechanism of action [16]. Recently we revealed that coibamide 

A induces mTOR-independent autophagy [17]. In addition,  coibamide A inhibits 

the expression of vascular endothelial growth factor receptor 2 (VEGFR2) and the 

secretion of VEGF A, and suppresses tumor growth in glioblastoma xenografts 

[18]. In chapter 3, we continued the study of the mechanism of coibamide A-

induced cell death and revealed that coibamide A promotes cross-signaling 

between ATG5-dependent autophagy and caspase-dependent apoptosis [19]. In 

chapter five we ulitlized a functional assay of cellular secretion to reveal that 

coibamide A is a secretory inhibitor and interacts directly with the translocon 

protein Sec61α.  
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A  macrolide series of natural products, the mandelalides, were originally isolated 

from a South African Lissoclinum tunicate by Kerry McPhail’s laboratory in small 

quantities in 2012. The original analogies were named mandelalide A-D [20] [21] 

[22]. Among them, mandelalide A shows low nanomolar cytotoxicity to cancer cell 

lines in NCI-60 panel with selectivity. These series of cytotoxic compounds 

attracted synthetic attention from multiple laboratories all over the world. Now the 

total synthesis of mandelalide A has been achieved [23, 24]. One other natural 

congener of ‘A-type’ mandelalides -- mandelalide L, was purified and revealed to 

have similar cytotoxic and antiproliferative potency as mandelalide A. In the 

meantime, we proved that mandelalide A inhibits ATP-linked respiration in living 

cells and inhibited complex V activity in isolated mitochondria. As a result, 

mandelalide A triggers caspase-dependent apoptosis in HeLa cells [25]. In view of 

the fact that mandelalide A shows differential activity in cancer cell lines, in chapter 

2 we hypothesized that cells with an oxidative phenotype and/or compromised 

adaptive survival responses are most likely to exhibit mandelalide-induced 

changes in proliferation rate and activation of cell death signaling in vitro.  
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AMP-activated protein kinase in cancer 

Just like motorcycles, living cells need inter-convertible chemicals that can provide 

energy. In cells, ADP and ATP are the pair of chemicals that create fuel by the 

reaction ATP ↔ ADP + phosphate.  A high ratio of ATP to ADP maintained by 

catabolism is needed to drive energy-requiring processes in cells. For most 

eukaryotic organisms, cellular energy is generally produced in mitochondria by 

oxidation of the major products of glucose: pyruvate and NADH. The “molecular 

machine” – ATP synthase within the inner mitochondrial membrane is the enzyme 

that creates ATP [26].  Inhibition of ATP synthase is crucial to cells viability. The 

macrocyclic polypeptide mandelalide A was recently found to be a direct ATP 

synthase inhibitor, and it displayed nanomolar cytotoxic potency to cancer cell lines 

[25]. 

In living cells, ATP consumption and ATP generation need to maintain a balance 

between each other, which requires regulatory proteins that sense the ratio of 

ADP/ATP and AMP/ATP.  The principal energy sensor in most eukaryotic cells is 

the AMP-activated protein kinase (AMPK). Once it detects increases in AMP/ATP 

and ADP/ATP ratios caused by an energetic stress, AMPK is activated to restore 

energy homeostasis by switching on catabolic pathways that generate ATP, while 

switching off ATP-consuming processes, including anabolic pathways required for 

cell growth and proliferation [27].   

AMPK is a heterotrimeric protein kinase comprising of a catalytic α-subunit and 

regulatory β- and Υ-subunits. The catalytic α-subunit contains a conventional 

Ser/Thr residue referred as Thr172 in the activation loop. In basal level two sites 

in the Υ-subunit are occupied by ATP. During moderate stress, where the ratio of 

ADP/ATP increases, the ATP in Υ-subunit are replaced by ADP, which promotes 

phosphorylation of Thr172, [28] causing a 100-fold increase in kinase activity [29]. 

During more severe stress, replacement of ATP by AMP at another site in the Υ-

subunit causes a further 10-fold allosteric activation.  In mammals, the two major 

upstream kinases are the LKB1-STRAD-MO25 complex [30] and the 

Ca2+/calmodulin-activated protein kinase kinases, especially CaMKKβ [31].  What 

need to be noticed is that the effects of AMP and /or ADP on Thr172 
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phosphorylation status are a result of their binding to AMPK, and such effects are 

independent of the upstream kinases and phosphatases that phosphorylate or 

dephosphorylate Thr172 [27]. The AMPK system can be activated by a large 

variety of metabolic and cellular stresses which increase ADP/ATP or AMP/ATP 

ratio, including glucose deprivation, hypoxia, oxidative stress, and anti-diabetic 

drugs including metformin and thiazolidinediones [32]. Activation of AMPK triggers 

phosphorylation of a group of substrates and results in the inhibition of ATP 

utilizing anabolic processes such as glycogen, protein, and lipid synthesis, as well 

as the activation of ATP-generating catabolic processes including fatty acid 

oxidation and glycolysis [27].   

According to Warburg, most cancer cells predominantly produce their energy 

through a high rate of glycolysis followed by lactic acid fermentation even in the 

presence of oxygen. This aerobic glycolysis, also called Warburg effect [33], 

represents a fundamental metabolic difference between cancer and normal cells. 

AMPK as a key metabolic regulator can possibly play an active role in the inhibition 

of tumorigenesis through regulation of cell growth, cell proliferation, autophagy, 

stress response and cell polarity [34]. Indeed, several known drugs that are AMPK 

activators, such as salicylate and phenformin, have been shown to provide 

protection against development of cancer [35].  It has been revealed that AMPK 

regulation is associated with cancer at multiple molecular levels. Firstly, AMPK 

activation will down-regulate the activity of mammalian target of rapamycin 

complex-1 (mTORC1) by direct phosphorylation of both tuberous sclerosis 

complex 2 (TSC2) and raptor (mTORC1 binding partner) [36] [37]. As a key 

regulator of cell growth, activated mTORC1 promotes cell growth and proliferation, 

and ultimately result in tumor development. AMPK inhibits the mTOR pathway to 

reduce the tumor growth. Also AMPK-induced apoptosis and cell cycle arrest 

through activation of p53 [38], which is a most frequently mutated tumor 

suppressor gene in human cancer.  

Given the critical functions of AMPK in cellular energy sensing and signaling, it is 

not surprising that AMPK plays an important role in normal cell growth regulation 

and tumorigenesis. Recent progress in the AMPK field implies an exciting potential 

for the use of AMPK activators in cancer treatment. In chapter 2, we investigate 
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the effect in AMPK signaling by exposure to the new ATP synthase inhibitor 

mandelalide A, and also explored the potential of utilizing mandelalides as 

adjuvant agent in chemotherapy in non-small cell lung cancer treatment.   
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Autophagy, apoptosis and their crosstalk 

Apoptosis is the process of programmed cell death that has morphologically 

characteristic forms. It is considered a vital component of various processses, 

including cell development, cell turnover, functionality of the immune system, 

atrophy and chemical-induced cell death [39]. The mechanims of apoptosis are 

highly complex and sophosticated, involving an energy-dependent cascade of 

molecular events. One branch of the apoptotic pathway is the extrinsic death 

receptor  pathway that is triggered by death ligand and activates cysteine-aspartic 

proteases 8 (caspase 8). Another apoptosis pathway is the intrinsic or 

mitochondrial pathway and initiates caspase 9 activation. Each pathway will 

converge on the execution pathway which begins with caspase 3, caspase 6 and 

caspase 7 activation, following the cleavage of various substrates including poly 

(ADP-ribose) polymerase 1 (PARP-1), cytokeratins and others. The whole process 

of apotosis is  completed by the formation of apoptotic bodies and finally 

phagocytosis of the apoptotic bodies by adjacent parenchymal cells, neoplastic 

cells or macrophages [39].  

Macroautophagy (hereafter known as autophagy) is the degradation of 

dysfunctional cellular components through the fusion of double-membrane 

vesicles (autophagosomes) with lysosomes [40]. This protective response, 

activated by cell stress or nutrient deprivation, is essential for cellular adaptation 

to recycle nutrient resources [41]. The autophagy pathway starts with the formation 

of an isolation membrane initiated by the ULK1 (UNC-51-like kinase) complex 

which is negatively regulated by the mTOR complex (mTORC1). The lipid kinase 

vacuolar protein sorting 34(VPS34)-Beclin 1complex, which is usually inactivated 

by anti-apoptotic BCL-2 family, activates the nucleation of the isolation membrane. 

The elongation of autophagasomal membrane then relies on two ubiquitin-like 

(UBL) protein conjugation systems: ATG12-ATG5 and the protein light chain 3 

(LC3)-phosphatidylethanolamine system [42]. Conjugation of phosphatidylethan-

olamine to the C terminus of LC3-I produces the LC3-II form that tightly associates 

with the autophagosomal membrane [43]. In addition, the polyubiquitin-binding 

protein p62/SQSTM1 is found directly interacting with LC3 during the formation of 

autophagosome formation, and it will be destroyed in autophagy, hence a 
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reduction in p62/SQSTM1 abundance can be used as a useful indirect 

measurement of autophagy [44].  Autophagy is known to play a role in many 

diverse disease processes including cancer, aging, and autoimmune disease. It 

can paradoxically have pro-death or pro-survivial functions depending on the 

context.  

Autophagy and apoptosis often occur in the same cell, mostly in a sequence in 

which autophagy precedes apoptosis [45]. Many stimuli that ultimately cause cell 

death also trigger autophagy because many signal tranduction pathways that are 

activated by intrinsic cell stress regulate both autophagy and apoptosis. This 

applies to transcription factor p53, several BH3 (BCL-2 homology 3)-only proteins, 

death associated protein kinase (DAPK) and JUN N-terminal kinase (JNK) [46]. 

Although autophagy generally constitutes a cytoprotective process, 

autophagosomes or autophagy-related (ATG) proteins may participate in cell 

death signaling in some context. Autophagosome formation, in which caspase 8 

forms a complex with ATG5 and colocalizes with LC3 and P62, rather than the 

degradative process, has been implicated in the activation of caspase 8 [47]. ATG 

proteins, such as ATG12 and ATG7, also contribute to lethal signaling 

independently of the autophagic process[46].    

By contrast, there is inhibitory crosstalk between autophagy and apoptosis. For 

example, autophagy can attenuate cell death by selectively reducing the 

abundance of pro-apoptotic proteins in the cytosol. The modification of 

ubiquitylation enable the proteins to interact with autophagy receptors including 

p62/SQSTM1, that bind both ubiquitylated substrates and LC3 to process 

autophagy [48]. In the other way, caspases can digest several essential autophagy 

proteins, resulting in the inactivation of the autophagic programme, perhaps in the 

purpose to abort  its cytoprotective function and accelerate cellular demise [46].  

In our study of the marine natural product coibamide A, we found that this 

depsipeptide induces mTOR-independent autophagy in cultured human cells and 

mouse fibroblasts within an hour of treatment [17]. Moreover, coibamide A 

effectively induced caspase-dependent apoptosis in ATG5-null cells, which implies 

that autophagy serves as an indirect stress response that persists in dying cells. 
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In the following study (chapter 3) we extended our analysis of wild-type and 

autophagy-deficient mouse embryonic fibroblast (MEFs) to gain a better 

understanding of the role of coibamide-induced autophagy in cell fate.  

  



 

 

11 

The Secretory Pathway and GRP78 as potential targets for cancer 
therapy 

In mammalian cells, almost one third of proteins reside in or transit through the 

secretory pathway. Secretory proteins are segregated from the cytosol and 

translocated across the ER membrane [49]. Nascent peptide chains are co-

translationally translocated through the ER membrane at sites termed translocons 

[50]. The heterotrimeric Sec61 complex forms the structural core of the translocon 

channel [51]. After entering the ER lumen, most nascent polypeptide chains are 

rapidly modified by covalent addition of one or more oligosaccharides to nitrogen 

of asparagine or arginine side-chains, called N-linked glycosylation. Recent 

studies have revealed the critical contribution of the secretory pathway in cancer 

development, which raises the possibility of targeting the secretory pathway, such 

as inhibition of translocation in cancer treatment. One translocation inhibitor with 

anticancer properties is the natural product apratoxin A [52]. Given the increasing 

need for discovery of more secretory inhibitors, in chapter 5 we developed a novel 

screening workflow using the combination of a functional Gluc secretion assay with 

assessment of cell viability. We performed an initial high-throughput screening 

from small molecule library and characterized the activity of several known natural 

products in preparation for future use of these assays to screen new natural 

product libraries for both general inhibitors of secretory function and/or specific 

inhibitors of the Sec61 translocon complex.  

Glucose regulated protein 78 (GRP78) is a member of heat shock protein 70 

(Hsp70) family and mainly stays in the ER as a resident chaperone protein [53]. 

GRP78 associates with the Sec61 channel complex on the luminal side of the ER 

and is the only soluble protein necessary and sufficient to control the closure of the 

translocon channel and engaged in the early stages of translocation [54]. Working 

with other ER chaperones, GRP78 binds to nascent proteins to prevent 

aggregation as most of them will be N-linked glycosylated [55].On the other hand, 

GRP78 also regulates the unfolded protein response (UPR) by association with 

the major ER stress sensors on the ER membrane [56]. In past decades, genome 

wide and immunohistochemical analyses of clinical samples from patients has 

shown that GRP78 is overexpressed in several aggressive tumors refractory to 
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therapy like prostate cancer [57], breast cancer [58] and glioblastoma [59]. 

Increased levels of GRP78 seems to be the key survival feature for cancer cells in 

that they are able to chronically upregulate the UPR without however inducing 

apoptosis. Even though the role of GRP78 in development of chemoresistance is 

just revealed, and the mechanism is still under study [60], it has been widely 

believed that GRP78 inhibition will be a promising direction for chemotherapy 

development and that GRP78 will emerge as a druggable target. In chapter 4, we 

sought to characterize GRP78 expression and patterns of cell signaling in cultured 

canine osteosarcoma cells, relative to a range of human cancer cell types that 

included those known to display high-level GRP78 expression.  We find that canine 

osteosarcoma and human cancer cells share a similar adaptive survival response 

to ER stress and that GRP78 may eventually be exploited in canines and humans 

for therapeutic advantage. 

In our collaborative studies of the chemistry and biology of coibamide A we have 

found that the marine natural product coibamide A is a putative secretory pathway 

inhibitor. Coibamide A selectively inhibits vascular endothelial growth factor 

receptor 2 (VEGFR2) expression in human umbilical vein endothelial cells 

(HUVECs) and behaves like apratoxin A in several basic cellular assays [18]. In 

chapters 3 and 5 we investigated the effect of coibamide A on the secretory 

pathway with a particular emphasis on changes in GRP78. As a client of the Sec61 

translocon, we find that nascent GRP78 is particularly vulnerable to coibamide A. 

We found that coibamide A decreases the expression of GRP78 consistent with 

the hypothesis that GRP78 is an indirect target of coibamide A. This particular 

aspect of coibamide-induced toxicity, and the potential for indirect targetting of 

GRP78 biosynthesis to disprupt ER proteostasis, is a particularly exciting 

consequence of coibamide A action. In general, translocon inhibitors may be 

attractive as a future class of chemotherapeutic agents especially for aggressive 

human (and canine) cancers characterized by GRP78 overexpression and poor 

prognosis.  
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Abstract 

Microbial secondary metabolites have historically been an important source of 

inspiration for  new drugs.  Mandelalide A, originally isolated from Lissoclinum 

tunicate, was found to have selective cancer cell cytotoxicity and was recently 

revealed to be a direct inhibitor of mitochondrial ATP synthase. We investigated 

the action of mandelalide A in representative human glioblastoma cells, lung 

cancer cells and mouse embryonic fibroblast (MEFs) to better understand it’s 

mechanism.  Mandelalide A showed anti-proliferative and cytotoxic effects in 

human HeLa cervical and U87-MG glioblastoma cells. Type A mandelalide (A and 

L) induced transient AMPK activation in a liver kinase B1(LKB1) – dependent way. 

AMPKα deficient MEFs lacked AMPK activation by mandelalide A and were more 

vulnerable to mandelalide-induced toxcity than AMPKα wild-type MEFs. The 

dominant upstream kinase of AMPK, LKB1, is frequently mutated in human Non-

Small Cell Lung Cancer cells (NSCLC). We found AMPK activation by mandelalide 

A in NSCLCs to be dependent on LKB1 status but is not predictive of the anti-

proliferative action of mandelalide A. However, when mandelalide was tested in 

combination with clinically relevant compounds, we found the combination of 

erlotinib or paclitaxel with mandelalide A has a synergistic effect on EGFR mutant 

NSCLC 11-18 and pC-9 cell lines. The selective cytotoxicity of mandelalide A, and 

the potential for a synergistic action when used in combination with first-line anti-

cancer drugs, raises the biological significance of mandelalide and warrants further 

pre-clinical evaluation of this compound as an anti-cancer agent. 
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Introduction  

Marine secondary metabolites from invertebrates such as tunicates and sponges 

are important sources of novel drugs with diverse structures and biological 

mechanisms [1, 2]. In past decades, several marine natural products have been 

advanced for consideration as anticancer drugs [3, 4]. Macrolide natural products 

mandelalides were originally isolated from a South African Lissoclinum tunicate by 

Kerry McPhail’s laboratory in small quantities in 2012. These compounds were 

named mandelalide A-D [5] [6] [7]. Among them, mandelalide A, B and L showed 

low nanomolar cytotoxicity to mouse Neuro-2A neuroblastoma (A and B), human 

HeLa cervical cancer and NCI-H460 lung cancer cell lines [8]. Mandelalide B also 

showed low nanomolar cytotoxicity to human U87-MG glioblastoma and HCT116 

colon cancer cells [7] [9]. This series of cytotoxic compounds attracted synthetic 

attention from multiple laboratories all over the world [10] [11] [12] [13] [14], leading 

to the total synthesis of mandelalide A [13, 15]. In the meantime, we determined 

that mandelalide A inhibits ATP-linked respiration in living cells and through 

inhibition of mitochondrial complex V activity. As a mitochindrial toxin, mandelalide 

A eventually triggers caspase-dependent apoptosis in sensitive cell types [8]. In 

view of the fact that mandelalide A shows selective and differential activity in 

cancer cell lines, we hypothesized that cells with an oxidative phenotype and/or 

compromised adaptive survival responses are most likely to exhibit mandelalide-

induced changes in proliferation rate and activation of cell death signaling.  

AMP-activated protein kinase (AMPK) is the principal energy sensor in most 

eukaryotic cells. In mammalian cells, AMPK is activated by metabolic stresses that  

induce increases in cellular AMP/ATP ratio, ADP/ATP ratio or cytosolic Ca2+ 

concentration. AMPK is a heterotrimeric protein complex comprised of a catalytic 

α subunit and regulatory β and γ subunits. Competitive Binding of AMP and ADP 

to the γ subunit allosterically activates the complex, improving the ability of AMPK 

α subunit to serve as a substrate for phosphorylation on in the activation loop of 

the α subunit by the primary upstream kinase Liver Kinase B1 (LKB1) [16].  

Activation of AMPK switches on catabolic pathways that generate ATP while 

switching off biosynthetic pathways that consume ATP. For example, AMPK 
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phosphorylation leads to the inactivation of acetyl CoA carboxylase (ACC2), and 

ultimately activates fatty acid oxidation. On the other hand, AMPK phosphorylates 

ACC1 to inhibit fatty acid synthesis.  [17]. In our previous studies of mandelalide 

A, we found that the cytotoxic potential of this structure is based primarily on the 

basal metabolic phenotype of cell rather than histological selectivity or genetic 

background [8]. We hypothesized that cells switch metabolic phenotype and also 

utilize the AMPK signaling pathway to adapt to changes such as energy stress 

caused by mandelalide exposure.  

LKB1 is known as a tumor suppressor,  is the crucial upstream kinase for activation 

of the AMPK pathway [18, 19]. It has been shown that biguanide structures are 

more effective in the treatment of mouse tumors that lack a functional LKB1-AMPK 

pathway [20]. Moreover, LKB1 is one of the most commonly mutated genes in 

sporadic human lung cancers [21], particularly in non-small cell lung carcinoma 

(NSCLC) with a least 15-35% of cases have this lesion [22].  In addition, 20% of 

cervical carcinomas were found to be somatically mutated in LKB1 [23].  Therefore, 

LKB1 and AMPK responses could identify new targets and drugs for cancer 

therapy. 

In the present study we utilized human HeLa cervical cancer cells, glioblastoma 

cells, non-small cell lung carcinoma (NSCLC) cells and mouse embryonic 

fibroblasts (MEFs) to study the status of AMPK signaling in response to 

mandelalides A and L.  

About one quarter of NSCLC had muations in the epidermal growth factor receptor 

(EGFR) tyrosine kinase domain and these were associated with increased 

receptor expression in 75% of cases [24]. EGFR receptor tyrosine kinase inhibitors 

(TKIs), such as erlotinib have been used in EGFR mutated cases to improve the 

effectiveness of treatment. We also tested the effect of combining mandelalide A 

with two clinically relevant chemotherapeutic agents: erlotinib and paclitaxel in 

EGFR mutated NSCLCs.  
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Materials and Methods 

Mammalian Cell culture  

All cell lines were maintained as adherent cultures under standard laboratory 

conditions at 37°C with 5% CO2. U87-MG and HeLa were cultured in Minimum 

Essential Media (Corning Cellgro, Manassas VA) with 10% fetal bovine serum 

(FBS; VWR, Radnor PA), L-glutamine (2mM), and 1% penicillin and streptomycin.  

MEFs wildtype and AMPK dKO cells were cultured in Dulbecco’s modified Eagle’s 

medium (Corning Cellgro) with 10% FBS, 1% penicillin and streptomycin. NCI-

H460, H292, H3122, 11-18 and PC-9 cells were cultured in RPMI-1640 (Sigma 

Aldrich, St. Louis US) supplemented with 10% FBS; and 1% penicillin and 

streptomycin. A549 cells were cultured in F-12K medium (Thermo Fisher Scientific 

Inc., Waltham CA) with 10% FBS, 1% penicillin and streptomycin.  

Chemicals and reagents  

The synthesis of mandelalides A and L has been described previously [15]. 

Oligomycin A was purchased from Santa Cruz Biotech (cat# sc-201551, Dallas 

TX). Dorsomorphin was from Abcam (cat# ab120843, Cambridge UK). Paclitaxel 

was from Sigma Aldrich (cat #T7402, Darmstadt, Germany). Erlotinib was from 

Enzo Life Sciences (Farmingdale, NY USA). 

All of the reagents were reconstituted in 100% DMSO, aliquot and stored in amber 

borosilicate glass vials at -20°C for use in biological studies. Cell culture-grade 

DMSO was used as the vehicle for all treatments and final concentrations of DMSO 

for in vitro experiments never exceeded 0.1%.  

Primary and secondary antibodies were from Cell Signaling Technology, Inc. 

(Danvers, MA, USA). Specific codes were as follows: AMPK (#5831), pAMPKα 

T172 (#50081), ACC (#3676), pACC S79 (#11818), GAPDH (#5174). General 

laboratory reagents were from VWR International (Radnor, PA, USA). General 

laboratory reagents for biological studies were obtained from VWR.  
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Cell lysis and immunublot analysis   

Cell lysates were prepared using freshly made ice-cold Lysis Buffer containing 

50nM Tris-HCl (PH 7.5), 1mM EDTA, 1mM EGTA, 1% Triton X-100, 0.27 M 

Sucrose, 50mM sodium fluoride, 1mM sodium orthovanadate, 5mM sodium 

pyrophosphate, 1mM PMSF and 1mM benzamidine. All cell lysates were cleared 

by centrifugation at 16,000xg for 20min at 4°C and the protein concentration was 

determined by bicinchoninic acid (BCA) method indicated by the manufacturer’s 

recommendations (Thermo Fisher Scientific) 

For immunoblot analysis, cell lysates were adjusted by protein concentration and 

equal amounts (50μg) separated by SDS-PAGE gel. Then proteins were 

transferred onto PVDF membrane (Thermo Fisher Scientific) in transfer buffer 

contains 25nM Tris, 192mM glycine, 10%methanol. Membranes were then 

blocked in 5%(w/v) non-fat milk in 50mM Tris-HCl, pH7.4, 150mM NaCl (TBS) with 

0.05% Tween-20 (TBS-T), and incubated at 4°C for 16hrs with appropriate primary 

antibody in 5%(w/v) bovine serum albumin (BSA) in TBS-T. On the following day, 

membranes were washed with TBS-T for 2 x 5min, then incubated in appropriate 

HRP-conjugated secondary antibody for 1hr at room temperature. Membranes 

were then washed in TBS-T for 3 x 5min, and target proteins were detected by 

chemiluminescence (AmershamTM ECLTM Chemiluminescent Labeling and 

detection Reagents for Proteins, GE Healthcare), using myECLTM Imager system 

(Thermo Scientific). 

Cell viability assay 

Cells were seeded at a density of 3000 cells/well in 100µL of complete medium in 

96-well plates.  After 18 hr, cells were treated with mandelalide A or vehicle 

(0.1%DMSO). Cell viability was assessed using a CellTiter-Glo® Luminescent Cell 

Viability Assay kit (Promega Corp., Madison, WI) or standard 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays, with the 

viability of vehicle-treated cells defined as 100%. 
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To determine 50% of Growth inhibition, the cell viability at the time of treatment 

was determined as T0. After 72hr, Cell viability was measured as C. Then the 

percentage of growth was decided by the formula as follows [25] [26] : 

Percentage	of	Growth	(%	Growth) = 	
(T4 − T6)
C − T6

×100% 

T0 --- the cell viability at time starting the treatment. 

T1 – the cell viability of drug treated group.  

C-- the cell viability in vehicle treatment 

Non-linear regression analysis was done using Graphpad Prism Software (La 

Jolla, CA). 50% reduction in cell growth (GI50), total growth inhibition (TGI) and 

50% cytotoxcity (LC50) were determined at the concentrations of % Growth = 50%, 

0, -50%, respectively.  

Drug combination assay  

Human 11-18 or PC-9 lung cancer cells were seeded at density of 1,000/well in 

384 well white-wall solid flat bottom plates (Greiner Bio-One) with 50µL of complete 

medium. After 18hr, cells were treated with vehicle (0.1% DMSO) or titration of 

mandelalide A (0.6 nM-1 µM) in combination with paclitaxel (0.2 – 100 nM) or 

erlotinib (1nM-1µM). Treatment was completed by Hewlett-Packard (HP) Tecan 

D300 Digital dispenser. After 72hr of treatment, cell viability was assessed using 

a CellTiter-Glo® Luminescent Cell Viability Assay kit (Progema Corp). The 

heatmap was generated to depict the average percentage cell viability normalized 

to vehicle (0.1%DMSO) at different concentrations and combinations.  

To evaluate the effect of drug combination, the method of Chou and Talalay [27, 

28] was used with the help of CompuSyn program (ComboSyn, Inc,. Paramus, NJ. 

USA). The percentages of cell viability of cells treated with mandelalide A , erlotinib 

and paclitaxel alone, or combination of constant ratio of mandelalide A with 

erlotinib (1:1), or mandelalide A with paclitaxol (30:1)  were used for the analysis.  

Median-effect relationships were determined by generating dose-response curves 

for mandelalide A, erlotinib, paclitaxel, and their combinations. Medium-effect dose 
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(Dm indicating concentrations that inhibits cell growth by 50%)  and slope of the 

curve (m) from each median-effect relationships were used in the equation as 

follows to calculate Dx  .  

𝐷< = 	𝐷= 𝑓?/ 1 − 𝑓? 4/=  [27] 

Where the fa is fraction affected (fa=0.5 mean 50% reduction of cell viability.) 

Combination index (CI) value is a quantitative measure of the degree of drug 

interaction and were then calculated at different combinations of drug 

concentrations. The Combination Index (CI) was calculated by the CompuSyn 

software which takes into account both the potency (Dm) and shape of the dose-

effect curve (m).  CI equation for two drugs 

𝐶𝐼 =
𝐷 4

𝐷C 4
+

𝐷 E

𝐷C E
[27] 

where in the denominators, (Dx)1 is the dose of Drug1 alone that inhibits x%, 

likewise for (Dx)2. In the numerators, (D)1 is the portion of Drug 1 in combination 

(D)1 + (D)2 also inhibits x%, likewise (D)2. 

According to Chou and Talalay, a CI of <1 indicates a synergistic interaction, a CI 

of 1 indicates an additive interaction, and a CI of >1 indicates an antagonistic 

interaction[27] [29].  

Data Analysis 

Dose-response relationships were analyzed using GraphPad Prism Software 

(Graphpad Software Inc. San Diego, CA). GI50, TGI, LC50, or EC50 values were 

determined by nonlinear regression analysis fit to a logistic equation. For 

immunoblot analysis, target protein signals were normalized to the intensity of 

controls (Tubulin or GAPDH) and quantified relative to control using ImageJ 

software (rsbweb.nih.gov/ij). Statistical significance of data derived from cell 

viability assays and quantification of immunoblot assay were performed using a 

one-way analysis of variance(ANOVA) followed by a Student’s t-test comparing 
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untreated controls and treatment groups. p-values of 0.05 or less were considered 

statistically significant.  
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Results 

Analysis of LKB1/AMPK status in representative mandelalide-sensitive cell 

types.  

As the mandelalides represent a series of natural product inhibitors of ATP 

synthase [8], we reasoned that activation of AMPK signaling could represent one 

mechanism by which cancer cells may adapt to decreases in intracellular ATP and 

remain viable.  To test this hypothesis we compared the growth characteristics of 

human HeLa cervical cancer and U87-MG glioblastoma cells in response to 

mandelalide A (Figure 2.1), and also the status of LKB1/AMPK signaling in 

response to acute treatment (Figure 2.2). In earlier studies we found human HeLa 

cervical cancer cells to be a particularly sensitive to mandelalides, to the extent 

that they were a useful model cell line for comparative analysis of natural and 

synthetic mandelalides, whereas U87-MG cells tended to be less sensitive [8] [9].  

These cell types were seeded at low density and concentration-response 

relationships were generated to compare the antiproliferative and cytotoxicity 

activity of mandelalide A against both cell types. By recording the cell density at 

the time of mandelalide addition (time = zero; black dashed line), as well as the 

assay end point, it was possible to distinguish the transition from an 

antiproliferative response (above the dashed line) to a cytotoxic response (below 

the dashed line) using non-linear regression analysis of the data. These results 

demonstrated strong antiproliferative activity, and partial cytotoxic efficacy, of 

mandelalide A against both cell types (Figure 2.2A). HeLa cells remained slightly 

more sensitive than U87-MG cells under these conditions, with GI50 values of 1.0 

nM versus 1.5 nM and TGI values of 3.7 nM and 8.2 nM for HeLa and U87-MG, 

respectively (Table 2.2).   

We compared the status of AMPK and liver kinase B1 (LKB1) in both cell types 

after short exposures to mandelalide A. Liver kinase B1 (LKB1) is the major kinase 

that phosphorylates the AMPKα at Thr172 in conditions of energy stress [18, 19]. 

Treatment of cells with, or without, 30nM or 100nM mandelalide A for 30min and 

90min produced differential effects on these cell types. Using immunoblot analysis, 

we detected a statistically significant increase in the phosphorylation of 
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AMPKα (Thr172), and phosphorylation of ACC (Ser79), a direct downstream target 

of AMPK, in U87-MG cells that express functional LKB1, but no evidence of 

activation in HeLa cells (Figure 2.2B-C) which lack LKB1 (Figure 2.2B-C).  AMPK 

activation in U87-MG cells appeared to be transient and influenced by both time 

and concentration, in that phosphorylation of AMPKα (Thr172) was significantly 

higher than vehicle-treated control cells at 30min (in response to 100nM 

mandelalide A) but had declined by 90 min exposure (Figure 2.2C). This result 

indicated that the lack of LKB1 may render HeLa cells more vulnerable to 

mandelalide A exposure.  

We then tested whether a natural mandelalide analogue, with the same  type A 

macrocycle, known as mandelalide L [8] can also induce the activation of AMPK 

pathway in U87-MG cells under similar conditions. Similar to mandelalide A, 

mandelalide L also induced a statistically significant increase in the 

phosphorylation of AMPKα (Thr172), and ACC (Ser79) that was influenced by time 

of exposure and/or mandelalide concentration (Figure 2.3A, B). Activation of 

AMPK by mandelalide L was also transient in that when the concentration was 

fixed phospho-AMPKα (Thr172), and phospho-ACC (Ser79) immunireactivity 

declined by  4 hrs (Figure 2.3C, D).  

Mandelalide A is an indirect activator of the AMPK signaling pathway 

We used immortalized mouse embryonic fibroblasts (MEFs) as a model cell type 

to extend our analysis of mandelalide-induced signaling to a non-cancer cell type. 

Wild-type MEFs responded in an identical manner to HeLa and U87-MG cells and 

showed a statistically significant, but transient, increase in the phosphorylation of 

AMPKα (Thr172) and ACC (Ser79) (Figure 2.4A,B). Activation of the AMPK 

pathway in wild-type MEFs by mandelalide A showed an identical pattern to the  

ATP synthase inhibitor oligomycin A, and both signals were attenuated when cells 

were treated with mandelalide A in the the presence of the AMPK inhibitor 

dorsomorphin (also known as compound C.). Immunoblot analysis of MEF cell 

lysates treated with dorsomorphin alone, revealed no evidence of AMPK activation 

(Figure 2.4C, D). 
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AMPK is a heterotrimeric protein complex comprised of a catalytic α subunit and 

regulatory β and γ subunits [30]. We utilized double knockout MEFs, devoid of α1 

and α2 isoforms of AMPK, to determine if the catalytic subunit of AMPK was 

required for the observed activity. Wild-type and knockout cells were treated in 

parallel with, or without, mandelalide A (30nM) or oligomycin A (1μM) for 1hr. 

Immunoblot analysis revealed statistically signifcant increases in the 

phosphorylation of AMPKα (Thr172) and ACC (Ser79) in wild type MEFs in 

response to mandelalide A or oligomycin A (Figure 2.5). In contrast, 

phosphorylation of ACC (Ser79) was not detected in AMPKα-null MEFs treated 

with either compound (Figure 2.5A and B). These results indicate that the presence 

of the AMPKα subunit is required for activation of AMPK by mandelalide A or 

oligomycin A.  

AMPKα deficient MEFs are more vulnerable to mandelalide A than wild-type 

MEFs. 

We next treated wild-type and AMPKα-null MEFs with increasing concentrations 

of mandelalide A (0.3nM to 1μM) or vehicle (0.1% DMSO) then analyzed cell 

viability at 24 h, 48 h or 72 h. By using CellTiter Glo assay, which determines the 

number of viable cells in culture by quantifying ATP, we observed a clear 

deference in sensitivity of wild-type versus AMPKα-null MEFs (Figure 2.6). When 

end point were determined at 24 h, mandelalide A displayed limited cytotoxic 

efficacy against wild-type MEFs with only up to 40% cell viability inhibition and 

higher efficacy against AMPKα-null MEFs with 60% cell viability inhibition with the 

concentration of 100nM to 1μM (Figure 2.6A).  If exposure times were extended to 

48 h or 72 h, the efficacy of mandelalide A was greatly enhanced against both wild-

type and AMPKα-null MEFs. In all of the three end points, the dose-response 

curves of AMPKα-null MEFs constantly fall to the left of wild-type MEFs (Figure 

2.6A-C). More importantly, nonlinear regression analysis of these cell viability data 

revealed that EC50 of mandelalide A to AMPKα-null MEFs was statistically 

significantly lower than wild-type MEFs in both 48 h (13.5 ± 1.4nM versus 37.1 ± 

0.1nM) and 72 h (10.6 ± 1.9nM versus 33.0 ± 4.9nM) (Table 2.1). The result shows 

that MEFs with functional AMPK are more resistant to mandelalide A.  
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Analysis of AMPK activation by Mandelalide A in Non-Small Cell Lung 

Cancer Cells  

Having established that the status of LKB1/AMPK pathway can influence 

mandelalide sensitivity we investigated a panel of NSCLC cell types.  LKB1 is 

wildly mutant in human NSCLC cells and is considered a clinically significant 

mutation [22]. We investigated the status of LKB1 in six NSCLCS including NCI-

H460, H292, H3122, A549, 11-18 and PC-9 cells. In addition, we analysed lysates 

derived from NCLCS and HeLa cells treated with, or without, mandelalide A for 

changes in the AMPK signaling pathway. As anticipated for these well 

characterized and validated laboratory cell lines, LKB1 was detected in H292, 

H3122 and PC-9 cells, whereas A549, 11-18 and NCI-H460 cells lacked the LKB1 

protein. More importantly, while all of the cell lines in this survey had similar basal 

expression of AMPKα, they displayed a differential pattern of phospho-

AMPKα (Thr172) and phospho-ACC (Ser79). The pattern of responses to 

mandelalide A across this panel showed statistical significance  corresponding to 

the presence of LKB1.  Activation of AMPK was associated with the presence of 

LKB1 in H292, H3122 and PC-9 cells, whereas cells lack LKB1, including NCI-

H460, A549, 11-18 and HeLa, don’t have detectable AMPK activation (Figure 2.7A, 

B).  

We’ve known that type A mandelalides shows different cytotoxic or antiproliferative 

effect to different cell lines. We then tested if the status of LKB1 and the AMPK 

pathway is a general determinant of the sensitivity of these cell lines to mandelalide 

A. Six NSCLCs cell lines were treated with increasing concentrations of 

mandelalide A (0.1nM to 3 μM) for 72 h. By recording the cell density at the time 

of mandelalide addition (time = zero; black dashed line), we distinguished 

antiproliferative response (above the dashed line) to a cytotoxic response (below 

the dashed line) as before. These studies demonstrated variation in the 

antiproliferative activity of mandelalide A against the NSCLCs tested (Figure 2.8. 

In NCLCLs with wild-type LKB1 (H3122, H292, PC-9), mandelalide A showed a 

consistent antiproliferative effects (Figure 8A). In those cells LKB1 mutated cells, 

mandelalide A showed wide variations in antiproliferative activity and with 

especially limited efficacy to A549 (Figure 2.8B). Using nonlinear regression 
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analysis, we summarized the 50% of growth inhibition, the total growth inhibition 

and 50% cytotoxicity of all the cell lines (Table 2.2). Unlike to what we expected, 

the rank order of sensitivity to mandelalide A of the six NSCLC cell lines is not 

consistent with their status of LKB1 or AMPK pathway activity against mandelalide 

A. Thus, LKB1 status is likley not the sole determinant of mandelalide A sensitivity. 

Analysis of mandelalide in combination with clinically relevant drugs in 

EGFR mutant NSCLCs 

Mutation of endoplasmic growth factor (EGF)-receptor is a major determinant of 

chemotherapeutic resistance in NSCLCs. We selected 11-18 and PC-9 cells or 

further analysis as these two cell lines harbor mutations in EGFR: EGFR (L8848R) 

or EGFR (E746-A750). Tyrosine kinase inhibitor (TKI) erlotinib and the microtubule 

stabilizer paclitaxel [31]  have been used as two of the first-line medicine in NSCLC 

treatment [32]. We first characterized the effect of inhibition of cell viability for 

paclitaxel, erlotinib and mandelalide A alone on 11-18 and PC-9 cells. After 72 h 

treatment, consistent with growth inhibition assay (Figure 2.9), we observed limited 

anti-proliferative efficacy by mandelalide A to both 11-18 and PC-9 cells (Figure 

2.9A). In the meantime, 11-18 cell line displays the similar extent of resistance to 

erlotinib as it does to mandelalide A as only half of cell viability was inhibited, 

whereas PC-9 is more sensitive to erlotinib where more than 90% of inhibition of 

cell viability can be achieved at 30nM concentration (Figure 2.9B). In contrast, 

paclitaxel displayed similar cytotoxic efficacy to both 11-18 and PC-9 cells (Figure 

2.9C). 

In order to test whether mandelalide A has a potential synergistic action with 

erlotinib or paclitaxel, we utilized these two hard-to-treat cell lines 11-18 and PC-9 

to examine their viability after exposure to titration of mandelalide A in combination 

with erlotinib or paclitaxel. The drug matrix heatmap (Figure 2.10, 2.11) indicates 

that there are slightly argumentations for inhibition of cell viability while combining 

medium range of mandelalide A and paclitaxel for 11-18 and PC-9 cells, or 

mandelalide A and erlotinib for PC-9 cells (Figure 2.10, 2.11) compare to these 

drugs alone. In addition, there is a significant enhancement of sensitivity of 11-18 

cells in response to the combination of mandelalide A and erlotinib compared to 
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both of the drugs alone (Figure 2.10A). The the combination achieved 74% 

inhibition of cell viability (1-26%) which is much higher than the efficacy of erlotinib 

or mandelalide A alone.  

We then utilized Chou-Talalay Method [29] [28] to determine whether the observed 

change of cell viability in Figure 9 were additive or synergistic. The Chou-Talalay 

method for drug combination analysis is derived from the mass-action law principle 

and based on the median-effect equation. This method determines an interaction 

as synergistic, additive or antagonistic by calculating the difference between the 

expected additive effect and the observed combination effect. The method 

introduced a scientific term “combination index” which quantitatively depicts 

synergism (CI<1), additive effect (CI=1), and antagonism (CI>1). The CI values 

and the fraction affected (Fa) from actual experimental result were used to 

generate the Fa-CI plots with simulated curve (Figure 2.10, 2.11).  

For the clinical study of drug combination,  CI value of Fa > 0.5 has more 

therapeutical indication of synergism. When synergies are detected, it is almost 

always dependent on the dose ratio of the combination that is tested [33]. 

Therefore, we choose a subset of cell viability data from cells treated with drug 

combination carried out with constant ratio.  Under the combination of mandelalide 

A with erlotinib at constant ratio of 1:1 treated to 11-18, the CI values from actual 

experimental result were determined <0.5 (Figure 2.10 A), and the simulated CI 

values of Fa = 0.5, 0.75, 0.9 are determined between 0-0.2 (Table 2.3), which 

indicates strong synergism. However the same condition did not display synergic 

affect on PC-9 cells, which  displayed average of CI values near 1. The result might 

be attribute to the high sensitivity of PC-9 cells to erlotinib alone. We choose to 

analysis the CI values under the combination of mandelalide A with paclitaxel in a 

constant ratio of 30:1, due to the high potency of palitaxel alone to both PC-9 and 

11-18 cell lines (Figure 2.9).  All the CI value were determined nearly 0.5 which 

indicates moderate synergistic effect, and the simulated CI values of Fa = 0.5, 

0.75, 0.9 are determined between 0.3 - 1 (Table 2.3), which indicates a slight to 

moderate synergism . This data indicates a synergistic interaction between 

mandelalide A and erlotinib on 11-18 or paclitaxel on both 11-18 and PC-9 cells.  
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Discussion 

The mechanistic basis of mandelalide A selectivity to cancer cell types has been 

attributed to it’s molecular target -- ATP synthase. Given the advanced 

understanding for the complexity of cancer cells metabolism, our goal in the 

present study was to evaluate the mechanistic basis for the selectivity profile of the 

mandelalides and explore their value when used in combination with first-line 

chemotherapic agents in human lung cancer cell lines. Using wild-type and 

genetically-modified MEFS as a model system,  we demonstrated here that 

mandelalides induce indirect activation of then AMPK pathway.  Mandelalide A and 

L induced phosphorylation of the AMPKα subunit at Thr172 and triggered 

phosphorylation of the downstream protein ACC at Ser79 in a time- and 

concentration-dependent manner. AMP-activated protein kinase is activated in 

response to a variety of changes that depleting cellular energy, including nutrient 

starvation or mitochondrial inhibition [34]. Our finding that mandelalides are indirect 

AMPK activators is consistent with the fact that the primary binding target of the 

mandelalides is mitochondrial complex V or ATP synthase leading to eventual 

depletion of intracellualr ATP.   

The AMPK activation by mandelalide A is transient, meaning the cells were 

temporarily triggered to switch on to catabolic status in response to the change of 

ATP/ADP (or AMP) ratio caused by mitochondrial inhibition by mandelalides. In 

other words, the AMPK activation helps the cells to survive an energy stress 

caused by exposure to mandelalide A. The important role of AMPK in this adaptive 

signaling response was demonstrated when generically-manipulated MEFs with 

deficient AMPKα showed no increase in the phosphorylation state of ACC (Ser79) 

after exposure to mandelalide A. Further, mandelalide A-induced activation of 

AMPK could be a pharmacologically inhibited by the AMPK inhibitor dorsomorphin. 

More interestingly, we found that within the same conditions, AMPKα-null MEFs 

which do not have a functional AMPK pathway are more vulnerable than wild-type 

MEFs with a statistic significant smaller EC50. These enhanced efficacy and 

potency to AMPKα deficient MEFs revealed the central role of energy stress 

caused by mandelalides in their effect of antiproliferation to cancer cells.  
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As the marine environment has been relatively unexplored, most of the known 

natural product AMPK activators are found from secondary metabolites produced 

by plants and bacteria [35] [30]. Like mandelalides, those diverse natural structures 

activate AMPK indirectly as a result of targeting mitochondrial function to inhibit 

cellular respiration. These include oligomycins from microbial metabolites of 

Streptomyces, resveratrol extracted from red grapes [36] and epigallocatenchin 

gallate from green tea [37], berberine from Coptis chinensis [38] and curcumin from 

Curcuma longa [39]. The widely used anti-diabetic drug metformin is a synthetic 

derivative of guanide that is a natural product from the plant Galega officinalis [40]. 

People have found the action of metformin are attributable to AMPK activation [41]. 

Another compound Salicylate traditionally extracted from willow bark has been 

reported recently as a direct activator of AMPK [42] . What’s more interesting is 

that both of them have been revealed to reduce the incidence of cancer or reduce 

tumor growth [43] [44].  

In past decades there have been increasing number of studies to uncover the role 

of AMPK in tumorigenesis. Several reports have indicated AMPK regulated 

pathways as a potential therapeutic target for the treatment of cancer [45] . For 

example, AMPK has been shown to inhibit mammalian target of rapamycin 

(mTOR) by phosphorylation of Tuberous Sclerosis Complex 2 (TSC2) [46] [47]. 

AMPK also down-regulates rRNA synthesis by phosphorylation of RNA 

polymerase I (Pol I)-associated transcription factor TIF-IA [48]. Both mTOR and 

TIF-IA are required for rapidly cell proliferation. In addition, G1 cell cycle arrest has 

been shown as a downstream effect of AMPK activation, as the result of activation 

of p53, followed by induction of the cell cycle inhibitor protein p21 [49] [50]. 

Moreover, metabolic stress induced AMPK activation has been shown to induce 

the phosphorylation and concomitant stabilization of the cyclin-dependent kinase 

inhibitor p27(kip1) to mediate the decision to enter autophagy or apoptosis [51]. In 

other words, cancer cells can utilize AMPK activation to protect them against the 

action of cytotoxic agents, energy stress. Therefore, AMPK could be a double-

sword in the treatment of cancer. 

In our study we found that mandelalide A-induced AMPK activation is largely 

dependent upon LKB1. When two mandelalide-sensitive human cancer cell lines 
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HeLa cervical and U87-MG glioblastoma were treated with mandelalide A in a 

short period of time, AMPK activation was induced only in U87-MG which has a 

functional LKB1, whereas there was no AMPK activation detected in HeLa which 

lacks LKB1.  As a major AMPK upstream kinase, LKB1 was discovered as a tumor 

suppressor that connecting AMPK to cancer biology [16]. Genetic mutations of 

LKB1 are responsible for Peutz-Jeghers syndrome (PJS) which predisposes 

individuals to cancer [52]. LKB1 is one of the most commonly mutated genes in 

sporadic human lung cancer, particularly in NSCLC [21]. Recent studies have 

revealed that LKB1-deficient NSCLC cells showed selective response to the 

mitochondrial inhibitor phenformin, resulting in apoptosis in cancer cells and 

prolonged survival in mouse models [20]. From our present study, in growth 

inhibition assay with six NSCLC cell lines, the difference in status of LKB1 failed 

to predict the rank order of 50% growth inhibition (GI50) against mandelalide A, 

raising the possibility that LKB1 status isn’t the only factors that determine the cells 

sensitivity to mandelalide A. Even though our studies indicated that AMPK 

activation in NSCLC is LKB1-dependent, there might be other factors that affect 

the sensitivity to mandelalide A, such as the KRAS mutation status, or the 

metabolic features of cells.  

Drug combinations are widely used in the treatment of cancer and viral infections 

such as AIDS. The basic goals are to improve the probability and magnitude of 

therapeutic responses by reducing the dose of the drug, and in turn, the potential 

for toxicity and development of drug resistance [53]. EGFR mutations account for 

10-17% of all NSCLC cases in North American and Europe, and 30-50% of 

NSCLCs in Asian countries [54, 55]. Recently tyrosine kinase inhibitors (TKIs) 

targeted against the human EGFR have become standard treatment in the clinic 

for patients with advanced EGFR-mutant NSCLC. The first generation of TKIs - 

Erlotinib - is approved by the U.S. Food and Drug Administration (FDA) as a first-

line treatment of metastatic NSCLC in patients with tumors that have EGFR exon 

19 deletion or exon 21(L858R) substitution mutations [56]. One of the most 

intriguing findings here is that the combination of mandelalide A with the tyrosine 

kinase inhibitor erlotinib has a synergy effect on EGFR mutant (L858R) lung cancer 

cells 11-18. Even though both erlotinib and mandelalide A only have limited 

efficacy in 11-18 cells with 50% and 40% of cell viability inhibition, respectively, the 
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combination of both compounds achieved almost 80% reduction of cell viability. 

The microtubule stabilizer paclitaxel is also widely used for treatment of NSCLC in 

combination with platinum compoundsthe . In our study, paclitaxel displays potent 

cytotoxicity against 11-18 and PC-9 cells. According to CI values of Fa = 0.5, 0.7, 

0.9 (Table 2.3) which were computationally simulated from the actual experimental 

result, the combination with constant concentration ratio (30:1) of mandelalide A 

with paclitaxel has a moderate synergism in 11-18 cells. Clinically, at high does or 

high effect levels (Fa >0.5), the synergistic interaction is more relevant to therapy 

than at low effect levels (e.g. Fa <0.2) [28]. The  synergism of mandelalide A in 

combination with erlotinib or paclitaxel is a powerful indication that it can be 

developed as a pre-clinical drug in cancer treatment. 
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Figure 2.1 Structure of mandelalide A and mandelalide L 
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Figure 2.2. Mandelalide A shows anti-proliferative and cytotoxic effects 
against human cervical and glioblastoma cells and mandelalide A-induced 
AMPKα activation requires liver kinase B1 (LKB1).  

(A) Percentage of Growth of human Hela cervical and U87-MG glioblastoma cells 
against increasing concentration of mandelalide A (0.3nM to 3μM). The MTT assay 
was used to calculate the effect of on the growth (positive values) and cytotoxicity 
(negative values) of cell line. The cell density at the time of drug addition is 
indicated by the dashed black line at 0% growth. Graphs represent from at least 
three independent comparisons. (B) Immunoblots of HeLa or U87-MG treated with 
30nM or 100nM of mandelalide A for 30min or 90min. Whole cell lysates were 
probed with antibodies as indicated. Graphs represent from at least three 
independent comparisons. (C) Histograms show quantification of immunoblot data 
from (B) from three independent experiments, normalized to GAPDH and relative 
to vehicle lysates (* P< 0.05, ** P < 0.01, *** P < .001, compared to vehicle, N = 
3).  
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Figure 2.3. Mandelalide L induces activation of AMPK pathway in time and 
concentration-dependent manner to U87-MG cells. 

 (A)Immunoblots of U87-MG treated with 1 μM of mandelalide L for 30 min, 1 h or 
4 h. (B) Immunoblots of U87-MG treated with 0.1nM to 1 μM of mandelalide L for 
30 min. Whole cell lysates were probed with antibodies as indicated. (C)(D) 
Histograms show quantification of immunoblot data of (A) and (B) from three 
independent experiments, normalized to GAPDH and relative to vehicle lysates (* 
P< 0.05, ** P < 0.01, *** P < .001, compared to vehicle, N = 3). 
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Figure 2.4. Wild-type MEFs showed time and concentration-dependent 
activation of AMPK pathway in response to mandelalide A. 

 (A) Immunoblots of wild-type mouse embryonic fibroblasts (MEFs) treated with 
30nM or 100nM of mandelalide A for 30min or 90min. Whole cell lysates were 
probed with antibodies as indicated. (B) Histograms show quantification of 
immunoblot data of (A) from three independent experiments, normalized to 
GAPDH and relative to vehicle lysates (* P< 0.05, ** P < 0.01, *** P < .001, 
compared to vehicle, N = 3). (C)Mandelalide A-induced phosphorylation of ACC is 
attenuated by the AMPK inhibitor dorsomorphin. Immunoblots of MEFs treated 
with, or without, mandelalide A (30nM) and dorsomorphin (10 mM) in standard 
medium for 1 h. Whole cell lysates were probed with antibodies as indicated. 
Graphs represent from at least three independent comparisons. (D) Histograms 
show quantification of immunoblot data of (C) from three independent experiments, 
normalized to GAPDH and relative to vehicle lysates (* P< 0.05, ** P < 0.01, *** P 
< .001, compared to vehicle, N = 3).  
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Figure 2.5. Mandelalide A - induced AMPK activation is blocked in AMPKα-
null MEFs. 

 (A) Immunoblots of wildtype and AMPKα dKO mouse embryonic fibroblasts 
(MEFs) treated with 30nM of mandelalide A or oligomycin A for 90min. Whole cell 
lysates were probed with antibodies as indicated. (B) Histograms show 
quantification of immunoblot data from three independent experiments, normalized 
to GAPDH and relative to vehicle lysates (* P< 0.05, ** P < 0.01, *** P < .001, 
compared to vehicle, N = 3).   
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Figure 2.6. AMPKα-null MEFs are more vulnerable to mandelalide A than 
wild-type MEFs.  

The CellTiter Glo assay was used to determine the cell viability of AMPKα-null 
MEFs and wild-type MEFs after 24hr (A), 48hr (B) and 72hr (C) treatment of 
increasing mandelalide A concentration. Graphs represent from at least three 
independent comparisons.  
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Figure 2.7. Mandelalide A - induced AMPKα activation in non-small cell lung 
cancer (NSCLC) cells is dependent on the status of LKB1, which is 
commonly mutated in cancer cells.  
(A) Immunoblots of NSCLC cells and HeLa cells treated with 30nM of 
mandelalide A or vehicle (0.1% DMSO) for 1hr. Whole cell lysates were probed 
with antibodies as indicated. (B) Histograms show quantification of immunoblot 
data from three independent experiments, normalized to GAPDH and relative to 
vehicle lysates (* P< 0.05, ** P < 0.01, *** P < .001, compared to vehicle, N = 3). 
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Figure 2.8. Sensitive of molecularly diverse NSCLC cell lines to the anti-
proliferative and cytotoxic effects of mandelalide A. 

 The MTT assay was used to calculate the effect of increasing mandelalide A 
concentration on the growth (positive values) and cytotoxicity (negative values) of 
cell line. The cell density at the time of drug addition is indicated by the solid black 
line at 0% growth. (A) sensitivity of LKB1 wild-type NSCLS cell lines to mandelalide 
A in 72hr. (B) sensitivity of LKB1 mutant NSCLS cell lines to mandelalide A in 72hr. 
(C) Histogram of 50% Growth inhibition (GI50) (mean viability ±SEM, N = 3 wells 
per treatment) of human cervical cancer HeLa and NSCLS cell lines.  

  



 

 

48 

 
 
 
Figure 2.9. Cell viability of NSCLC cell lines 11-18 and PC-9 to mandelalide A 
and first-line clinical chemotherapeutic agents.  

The cell viability of 11-18 and PC-9 were determined by CellTiter Glo assay after 
72hr treatment of increasing concentration of mandelalide A(A), erlotinib (B) or 
paclitaxel (C). Graphs represent from at least three independent comparisons.  
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Figure 2.10. Effects of combination of mandelalide A and erlotinib on the cell 
viability of 11-18 and PC-9 and combination index (CI) vs Fraction affected 
(Fa) plots for evaluation of combination. 

(A)(C) Drug matrix heatmap grid illustrating percentage cell viability for NSCLC 11-
18 cells and PC-9 for mandelalide A in combination with erlotinib (up to 1 μM). 
Drug matrix heatmap grids represent from at least three independent experiments. 
(B) (D) The Chou and Talalay CI method was used by running CompuSyn program. 
(B) Fa-CI plot of erlotinib in combination with mandelalide A for 11-18. (D) Fa-CI 
plot of erlotinib in combination with mandelalide A for PC-9.   
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Figure 2.11. Effects of combination of mandelalide A and paclitaxel on the 
cell viability of 11-18 and PC-9 and combination index (CI) vs Fraction 
affected (Fa) plots for evaluation of combination..  

(A)(C) Drug matrix heatmap grid illustrating percentage cell viability for NSCLC 11-
18 cells and PC-9 for mandelalide A in combination with paclitaxel (up to 100nM). 
Drug matrix heatmap grids represent from at least three independent experiments. 
(B) (D) The Chou and Talalay CI method was used by running CompuSyn program. 
(B) Fa-CI plot of paclitaxel in combination with mandelalide A for 11-18. (D) Fa-CI 
plot of paclitaxel in combination with mandelalide A for PC-9.   
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Table 2.1 Average EC50 ± SEM of AMPKα-null MEFs and WT MEFs after 24hr 
- 72hr treatment of mandelalide A.  

Experiments are replicated three times. The average EC50 of AMPK dKO was 
compared to WT in each time points using unpaired t-test. ( * p < 0.05, ** p < 
0.005 ) 

 

 

 

 

 

  

Mouse Embryonic 
Fibroblasts 

Relative EC50 (nM) ± SEM 

24 h 48 h 72 h 

WT 28.2 ± 6.3 37.1 ± 0.1 33.0 ± 4.9 

AMPK dKO 9.3 ± 1.3 13.5 ± 1.4 ** 10.6 ± 1.9* 
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Cell line Cancer type EGFR   
Status 

LKB1   
Status 

GI50 (nM)  
± SEM 

TGI (nM) 
± SEM 

LC50 (nM) 
± SEM 

HeLa Cervical WT loss 1.0 ± 0.2 3.7 ± 1.3 6.9 ± 1.6 

U87-MG Glioblastoma WT WT 1.5 ± 0.1 8.2 ± 0.7 1180 ± 
115.5 

A549 Lung WT loss >3000 >3000 >3000 

11-18  Lung L848R  loss 2.9 ± 0.9 31.1 ± 4.3 >3000 

H460 Lung WT loss 3.1 ± 0.7 11.0 ± 0.8 >3000 

H3122 Lung WT WT 3.7 ± 0.8 24.2 ± 2.6 >3000 

H292 Lung WT WT 4.5 ± 1.9 29.9 ± 0.6 >3000 

PC-9 Lung Delta E746-
A750  WT 4.9 ± 1.7 33.3 ± 5.2 >3000 

 

 

 
Table 2.2. Average anti-proliferative and cytotoxic potencies (Mean viability 
± SEM) of mandelalide A in cancer cell lines with different EFGR and LKB1 
status.  

GI50 stands for 50% reduction in cell growth. TGI stards for total growth inhibition. 
LC50 stands for 50% cytotoxicity. 

  



 

 

53 

Drug 
combinations 

Cell 
Lines 

Parameters  Combination Index (CI) 

Dm 
(nM) m r  Fa=0.5 Fa=0.75 Fa=0.9 

Erlotinib 
+ Mandelalide A 11-18 236.1 0.68 0.97  0.16 0.12 0.09 

PC-9 12.8 1.39 0.95  0.96 0.85 0.73 

Paclitaxel 
+ Mandelalide A 11-18 53.6 1.38 0.98  0.35 0.34 0.32 

PC-9 136.3 0.74 0.98 
 
 
 

0.35 0.52 0.86 

 

 
 
 
 
 
 
 
 
 
Table 2.3. Calculated Combination Index (CI) by Chou and Talalay’s equation. 
11-18 cells and PC-9 cells were treated with combination of mandelalide A and 
erlotinib or paclitaxel at different concentrations for 72 h. CI was calculated by 
Chou and Talalay’s CI equation. Dm is median-effect dose (concentration in nM 
that inhibits cell viability by 50%), m is shape of the dose-effect curve (where m=1, 
m>1, m<1 indicate hyperbolic, sigmoidal, and negative sigmoidal curves, 
respectively), r linear correlation coefficient of the simulation Fa-CI plot indicating 
conformity of data. Fa = 0.5, Fa = 0.75, Fa = 0.9 mean fraction affected by drug 
combination for 50%, 75%, 90% cell viability inhibition, respectively.  
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Abstract 

Our understanding of autophagy and lysosomal function has been greatly 

enhanced by the discovery of natural product structures that can serve as chemical 

probes to reveal new patterns of signal transduction in cells. Coibamide A is a 

cytotoxic marine natural product that induces mTOR-independent autophagy as 

an adaptive stress response that precedes cell death. Autophagy-related (ATG) 

protein 5 (ATG5) is required for coibamide-induced autophagy but not required for 

coibamide-induced apoptosis. Using wild-type and autophagy-deficient mouse 

embryonic fibroblasts (MEFs) we demonstrate that coibamide-induced toxicity is 

delayed in ATG5−/− cells relative to ATG5+/+ cells. Time-dependent changes in 

annexin V staining, membrane integrity, metabolic capacity and caspase activation 

indicated that MEFs with a functional autophagy pathway are more sensitive to 

coibamide A. This pattern could be distinguished from autophagy modulators that 

induce acute ER stress (thapsigargin, tunicamycin), ATP depletion (oligomycin A) 

or mTORC1 inhibition (rapamycin), but was shared with the Sec61 inhibitor 

apratoxin A. Coibamide- or apratoxin-induced cell stress was further distinguished 

from the action of thapsigargin by a pattern of early LC3-II accumulation in the 

absence of CHOP or BiP expression. Time-dependent changes in ATG5-ATG12, 

PARP1 and caspase-3 expression patterns were consistent with the conversion of 

ATG5 to a pro-death signal in response to both compounds. 
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Introduction 

Although macroautophagy (hereafter abbreviated to autophagy) and apoptosis are 

most conveniently studied as two distinct signal transduction pathways, the 

capacity for cross-talk between these processes has been appreciated for many 

years [1–4]. Autophagy can be induced beyond normal physiological levels as an 

early adaptive response to internal or external stress as cells attempt to maintain 

homeostasis through the “self-eating” of proteins and organelles [2]. In this survival 

mode, such as that triggered by starvation or exposure to an exogenous chemical, 

autophagy is favored and apoptosis signaling is inhibited [5]. However, if internal 

or environmental stress is sustained or cells fail to adapt, autophagy signaling can 

be suppressed or actively used by the cell to favor death signaling. These cell fate 

decisions can proceed efficiently through the use of intracellular signals that serve 

dual functions, in that autophagy-related (ATG) protein complexes regulate 

apoptosis and apoptotic proteins regulate autophagy [1,4]. The dynamic and 

context-specific nature of autophagy represents a current challenge to the 

development of autophagy modulators as therapeutic agents for the treatment or 

prevention of human disease and thus a better understanding of pro-survival 

versus pro-death roles of autophagy in cell fate is needed [6]. This is especially 

important in cancer where the function of autophagy changes over time at different 

stages of the disease [7]. 

With respect to pharmacological manipulation of autophagy, natural macrocyclic 

peptides and polyketides represent an important source of molecular structures 

with the potential to bind complex intracellular targets and reveal new aspects of 

cell signaling [8,9]. The utility of these molecules is demonstrated by the fact that 

some well-characterized macrocycles are already widely used as chemical probes 

for autophagy research [10]. For example, bafilomycin A1 was one of several 

bafilomycin structures originally isolated from Streptomyces griseus strains, that is 

now routinely used as a tool compound to assess autophagic flux [10,11]. The 

binding target of bafilomycin A1 is vacuolar (H+) ATPase (V-ATPase), a hetero-

oligomeric proton pump that is critical for autophagosome-lysosomal fusion [12–

16]. Bafilomycin A1 can be used as a pharmacological inhibitor to block 

autophagosome-lysosomal fusion, and therefore autophagosomal degradation, in 
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cultured cells [10]. Many more natural products are known to reliably modulate 

autophagy signaling by indirect mechanisms through binding to a specific 

regulatory target that lies outside the main autophagy pathway [17]. The 

macrocyclic polyketide rapamycin (sirolimus), originally from Streptomyces 

hygroscopicus, is perhaps the most famous natural product inducer of autophagy 

[10,18]. Through direct binding to FK506 binding protein 12, the rapamycin-FK506 

complex can subsequently bind, and inhibit the function of, the serine/threonine 

kinase mechanistic Target of Rapamycin (mTOR) to induce autophagy [19,20]. 

The utility of natural products to probe very specific aspects of cell signaling is 

demonstrated by the fact that mTOR forms two distinct protein complexes in 

mammalian cells but these complexes display differential sensitivity to rapamycin 

(20). Acute rapamycin treatment inhibits the activity of mTOR complex 1 

(mTORC1), whereas mTOR complex 2 (mTORC2) is generally considered 

rapamycin-insensitive or inhibited only after long exposures in some cell types [20–

22]. 

In our studies of the chemistry and biology of the marine natural product coibamide 

A (Figure 1), we previously noted that this highly N-methylated lariat depsipeptide 

induces autophagy in cultured human cells and mouse fibroblasts within an hour 

of exposure [23]. This autophagy response displayed specificity, in that it was not 

due to a global block in the endocytic capacity of the cell, and occurred via a 

mechanism that is independent of mTOR kinase inhibition [23]. Autophagosome 

accumulation in response to coibamide A exposure was dependent on the 

presence of ATG protein 5 (ATG5), a highly conserved protein that is an essential 

component of the ubiquitin-like conjugation system, which sequentially drives 

formation of autophagosomes [24]. However, the presence of ATG5 was not 

required for cell death; coibamide A effectively induced caspase-dependent 

apoptosis in ATG5-null cells leading us to conclude that autophagy serves as an 

indirect stress response that persists in dying cells [23]. Given that coibamide A is 

capable of triggering apoptosis in the presence or absence of autophagy, we 

extended our analysis of wild-type and autophagy-deficient mouse embryonic 

fibroblasts (MEFs) to gain a better understanding of the role of coibamide-induced 

autophagy in cell fate. Genetically-modified and wild-type MEFs represented a 

convenient, non-cancer cell system for these studies as coibamide-induced cell 
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death in human cancer cells is context dependent, and can proceed via apoptosis 

or alternate death pathways [23]. In the present study, the pharmacological action 

of coibamide A in MEFs was compared to that of other compounds for which the 

mechanism of action is known. We find evidence of a functional relationship 

between autophagy and apoptosis following coibamide A exposure, and show that 

the marine cyanobacterial natural product apratoxin A (Figure 1) produces the 

same pattern of responses in cells. 
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Materials and Methods 

Chemicals, Reagents and Antibodies  

Coibamide A was re-isolated from material collected by hand using SCUBA from 

Coiba National Park, Panama, and apratoxin A was isolated from a laboratory 

culture of a Red Sea strain of Moorea producens [33,60]. Rapamycin, thapsigargin, 

and tunicamycin were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). 

Oligomycin A was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA) and 

Z-VAD-fmk from ApexBio (Houston, TX, USA). All compounds were reconstituted 

in 100% cell culture grade DMSO and stored at −20 °C until the day of treatment. 

The final concentration of DMSO was 0.1% for all studies. General laboratory 

reagents were from Sigma-Aldrich Corp. or VWR International (Radnor, PA, USA). 

Primary and secondary antibodies were commercial sources and used according 

to recommended protocols. Codes for primary antibodies from Cell Signaling 

Technology, Inc. (Danvers, MA, USA) were as follows: LC3A/B (#4108), ATG5 

(D5F5U; #12994) as conjugated ATG5-ATG12, CHOP (#5554), BiP/GRP78 

(#3177), acetyl-CoA carboxylase (#3676), GAPDH (#5174), alpha-tubulin (#2125), 

beta-actin (#4970S), caspase-3 (#9662S), and PARP-1 (#9532). Anti-

SQSTM1/p62 (#ab91526) was from Abcam (Cambridge, MA, USA) and a second 

anti-ATG5 (N-term; # AP1812a) antibody was from Abgent, San Diego, CA, USA. 

Mammalian Cell Culture 

Wild-type and ATG5−/− embryonic fibroblasts prepared from 13.5 day mouse 

embryos were a kind gift from Dr. Noboru Mizushima, Tokyo Medical and Dental 

University [46]. ATG5-null MEFs transduced to re-express ATG5 in the null 

background have been described and tested previously [32]. All MEFs were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Mediatech Inc., 

Manassas, VA, USA), supplemented with 10% fetal bovine serum (FBS; HyClone, 

Logan, UT, USA), L-glutamine (2 mM), 100 I.U./mL penicillin, and 100 µg/mL 

streptomycin (1% penicillin/streptomycin; Mediatech Inc.).  
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Analysis of Cell Morphology, Viability and Caspase Activity 

Cell morphology was examined and recorded using a Leica DM IL LED microscope 

fitted with a Leica DFC400 digital camera. Cell viability was assessed using a 

WST-8 proliferation/cytotoxicity assay (Cayman Chemical Company, Ann Arbor, 

MI, USA; #10010199) or a Trypan blue exclusion test, with the viability of vehicle-

treated cells defined as 100% in all analyses. For WST-8 assays, MEFs were 

seeded into 96-well plates at a density of 2000 cells/well in 50 µL of medium. After 

18 h, cells were treated with a range of concentrations of coibamide A (0.3 nM–1 

µM), apratoxin A (0.3 nM–1 µM) or vehicle (0.1% DMSO) delivered in 50 µL of 

medium. In separate studies, cells were treated with or without coibamide A in the 

presence of Z-VAD-fmk (50 µM). For Trypan blue exclusion assays, MEFs were 

seeded at a density of 3000 cells/well prior to treatment with coibamide A (3 nM 

and 10 nM) or vehicle (0.1% DMSO). Cells were collected up to 48 h after 

treatment using Trypsin/EDTA (0.25%) and re-suspended in serum-free medium. 

Trypan blue reagent (Mediatech Inc., 25-900-Cl) was added to the cell suspension 

at a ratio of 1:1, and cells counted and scored (stained and unstained) by 

microscopy using a hemocytometer. For caspase activation assays, cells were 

seeded at a density of 2000cells/well into clear bottom white-walled plates (Greiner 

CellStar®, Kremsmünster, Austria) and caspase 3/7 activation assessed using a 

Caspase-Glo® 3/7 luminescent assay (Promega, Fitchburg, WI, USA) according to 

the protocol for multi-well plate formats.  

Detection of Annexin V-FITC and Propidium Iodide by FACS 

Wild-type and ATG5-null MEFs were exposed to coibamide A (10 nM) or vehicle 

(0.1% DMSO) for up to 12 h under standard culture conditions, washed in cold 

phosphate-buffered saline (PBS), and resuspended in annexin binding buffer (50 

mM HEPES, 700 mM NaCl, 12.5 mM CaCl2, pH 7.4) before the addition of Annexin 

V-FITC (2.5 µL per 100 µL cells) and propidium iodide (0.02 µg/µL) (Invitrogen). 

Cells were incubated at room temperature for 15 min, washed in binding buffer 

and analyzed immediately by FACS using a CytoFLEX Flow Cytometer (Beckman 

Coulter Life Sciences, Brea, CA, USA). A number of 50,000 events were recorded 

and represented as density plots. MEFs treated with 1 µM of Staurosporine (Enzo 
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Life Sciences Inc., Farmingdale, NY, USA) for 6 h was used as positive control for 

apoptosis.  

Immunoblot Analysis 

At the end of treatment, plates were placed on ice and the cell monolayers rinsed 

with PBS, lysed and processed as described previously [23]. Briefly, cells were 

collected by gentle centrifugation, the cell pellet rinsed in PBS and then re-

suspended in lysis buffer. Cell lysates were cleared by centrifugation at 16,000× g 

for 20 min at 4 °C and the protein concentration determined using the bicinchoninic 

acid (BCA) (Thermo Fisher Scientific Inc., Waltham, MA, USA). Cell lysates were 

adjusted for protein content and equal amounts of total protein were separated by 

SDS-PAGE and immobilized onto PVDF membranes. Membranes were then 

blocked in 5% (w/v) non-fat dry milk in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl 

(TBS) plus 0.1% Tween-20 (TBS-Tween), and subsequently incubated for 16 h at 

4 °C with the appropriate primary antibody in 5% (w/v) bovine serum albumin 

(BSA). The following day, membranes were washed in TBS-Tween (3 × 10 min) 

and incubated with the appropriate HRP-conjugated secondary antibody for 1 h at 

room temperature. Finally, membranes were washed in TBS-Tween (4 × 5 min), 

and proteins revealed using an enhanced chemiluminescence (ECL) reagent. 

Data Analysis 

Concentration-response relationships were analyzed using Graphpad Prism 

Software (Graphpad Software Inc., San Diego, CA, USA), and EC50 values derived 

using nonlinear regression analysis fit to a logistic equation. Statistical significance 

of cell viability was assessed using a one-way analysis of variance (ANOVA) 

followed by a student’s t-test to compare control and treatment groups.  
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Results 

Wild-Type and ATG5-Null MEFs Show Differential Sensitivity to Coibamide 
A  

Using standard end-point viability assays we previously showed that autophagy is 

not needed for coibamide-induced cell death. Exposure to coibamide A (100 nM) 

resulted in caspase-dependent apoptosis in both wild-type cells and those lacking 

a functional autophagy pathway [23]. However, during routine examination of 

treated wild-type and ATG5-null MEFs by phase-contrast microscopy, 

morphological changes in the wild-type cultures were consistently detected first. 

To pursue this observation, we treated wild-type and ATG5-null MEFs with 

coibamide A or vehicle (0.1% DMSO) and assessed changes in cell morphology 

and viability over time. By 24 h more wild-type than ATG5-null MEFs showed 

characteristic signs of cell rounding and detachment from culture plates when 

exposed to low nanomolar concentrations of coibamide A (Figure 3.2A). This 

difference in response to coibamide A (3 nM) was more evident at 36 h, with very 

few wild-type MEFs showing normal morphology relative to ATG5-null MEFs 

(Figure 3.2A). When cell viability was quantified using a basic Trypan blue 

exclusion assay, it was apparent that the rate of cell death was accelerated in 

MEFs with a functional autophagy pathway (Figure 3.2B). Although coibamide A 

induced time- and concentration-dependent losses in membrane integrity in both 

wild-type and ATG5-null MEFs, relative to vehicle-treated control cells, wild-type 

cells were more sensitive to coibamide A than ATG5-null MEFs (Figure 3.2B). 

FACS was used to quantify the potential for coibamide A to induce early apoptosis 

in each cell line as defined by expression of phosphatidylserine (PS) residues on 

the outer surface of the plasma membrane [25]. Wild-type and ATG5-null MEFs 

were treated with or without coibamide A (10 nM) for up to 12 h and then incubated 

with annexin-V conjugated to FITC and propidium iodide (PI) to distinguish early 

apoptosis versus secondary death signaling in response to treatment. Although 

the majority of cells were viable (annexin V negative/PI negative) under these 

conditions, a population of early apoptotic (annexin V positive/PI negative) cells 

was detected in wild-type cells after exposure times of 6 h and 12 h (Figure 3.3A). 

In contrast, ATG5-null MEFs remained viable, and indistinguishable from vehicle-
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treated control cells, at 6 h but acquired an early apoptotic signature by 12 h 

exposure to coibamide A (Figure 3.3B,C). To determine if the observed differences 

in response could be easily explained by inherent differences in cellular 

proliferation rate, we used real time impedance-based monitoring of cell spreading 

and growth, and also calculated the average doubling time of each cell line. These 

studies revealed no clear differences between the untreated wild type and 

knockout MEFs. Using seeding densities and culture conditions that were 

comparable to those used in our cell-based assays we found the adhesion and lag 

phase of both cell types to be similar (Figure 3.S1A). In the period of logarithmic 

growth, corresponding to the time frame of coibamide A exposure, wild-type MEFs 

tended to proliferate more slowly than ATG5-null MEFs (Figure 3.S1A) but this did 

not translate to a statistically significant difference in the average doubling time of 

each cell type (Figure 3.S1B). 

We next treated wild-type and ATG5-null MEFs with increasing concentrations of 

coibamide A (0.03 nM to 1 µM) or vehicle (0.1% DMSO) and analyzed cell viability 

at three different end-points (24 h, 40 h, and 48 h). Using a WST-8 assay, which 

detects a loss in the metabolic capacity of cells as the read-out of cell viability, 

clear differences were observed in the sensitivity of wild-type versus ATG5-null 

MEFs. When assays were terminated at 24 h, coibamide A showed limited 

cytotoxic efficacy against ATG5-null MEFs (Figure 3.4A). If exposure times were 

extended to 40 h (Figure 3.4B) or 48 h (Figure 3.4C), the efficacy of coibamide A 

was enhanced against ATG5-null MEFs, however concentration-response curves 

for wild-type cells consistently fell to the left of ATG5-null MEFs (Figure 3.4A–C). 

Nonlinear regression analysis of these cell viability data revealed slight increases 

in the apparent potency of coibamide A against wild-type cells versus ATG5-null 

MEFs, but differences were not statistically significant by 48 h as anticipated from 

earlier studies [23]. 

The viability of both cell types was enhanced, however, when cells were co-treated 

with coibamide A and the pan caspase inhibitor Z-VAD-fmk (50 µM). For these 

studies assays were terminated at 24 h to better distinguish responses in wild-type 

versus ATG5-null cells. This analysis resulted in concentration-response 

relationships that were shifted in co-treated wild-type and ATG5-null MEFs relative 
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to cells treated only with coibamide A (Figure 3.5A). Z-VAD-fmk alone produced 

no change in the viability of either cell line, whereas over 50% of co-treated wild-

type cells were still viable at 24 h in the presence of high concentrations of 

coibamide A (1–3 µM) and Z-VAD-fmk (Figure 3.5A). Immunoblot analysis of 

whole-cell lysates harvested from adherent wild-type MEFs treated with coibamide 

A (3–30 nM), showed concentration-dependent accumulation of the lipidated form 

of ATG8/LC3, LC3-II, a marker of the autophagosomal membrane [10], and the 

proteolytic processed forms of PARP1 and caspase-3 [26] (Figure 3.5B). This 

biochemical evidence of apoptosis signaling in coibamide-stressed cells coupled 

with the cytoprotective effect of Z-VAD-fmk, regardless of ATG5 status, is 

consistent with caspase-dependent apoptosis as a primary death mechanism in 

MEFs in response to coibamide A. 

To understand if the absence of ATG5 confers the same pattern of differential 

sensitivity to other compounds, the activity of coibamide A was tested relative to 

several reference compounds that are known to influence autophagy via indirect 

mechanisms. When the viability of wild-type and ATG5-null MEFs was tested in 

response to increasing concentrations of pharmacological inducers of ER stress 

(thapsigargin and tunicamycin), an inhibitor of ATP synthase (oligomycin A) or 

rapamycin, none of the compounds gave a pattern that matched that of coibamide 

A (Figure 3.6A–D). The viability and/or growth characteristics of wild-type and 

knockout cells was changed in response to increasing concentrations of all four 

reference compounds, however, in each case the ATG5-null MEFs were either 

more sensitive, or as sensitive, as the wild-type cells in this assay (Figure 3.6). 

Taken together, these results demonstrate that autophagy-competent cells are 

more vulnerable to coibamide A-induced apoptosis than autophagy-deficient 

MEFs in a pattern that does not generalize to several other well characterized 

modulators of autophagy.  

Coibamide A-Induced Autophagy Is Not Triggered by Acute ER Stress 

As ATG5-null and wild-type MEFs showed contrasting patterns of sensitivity to 

thapsigargin (Figure 3.6A) and coibamide A (Figure 3.4) we tested the ability of 

coibamide A to induce a typical ER stress response. For these studies, wild-type 
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MEFs were treated for 4 and 8 h with fixed concentrations of coibamide A (30 nM), 

thapsigargin (10 μM), tunicamycin (20 μg/mL), or vehicle (0.1% DMSO) and whole 

cell lysates collected for immunoblot analysis. All three compounds induced 

accumulation of LC3-II relative to control, however, coibamide A failed to induce 

expression of common ER-stress biomarkers: binding immunoglobulin protein 

(BiP), also known as glucose-regulated protein of 78 kDa (GRP78), or CAAT-

enhancer-binding homologous protein (CHOP) [27,28] (Figure 3.5A). This lack of 

BiP and CHOP immunoreactivity was in contrast to thapsigargin- and tunicamycin-

treated cells, which showed characteristic increases in both BiP and CHOP 

expression in this time frame (Figure 3.7A). We next compared the action of 

coibamide A to the marine natural product apratoxin A. Apratoxin A is the first of a 

series of macrocyclic depsipeptides originally isolated by Luesch and co-workers 

from cyanobacteria growing in Apra Harbor, Guam [29]. In previous testing against 

normal human vascular endothelial cells (HUVECs), apratoxin A induced 

morphological and biochemical changes that, to date, most closely match the 

action of coibamide A [30]. For these studies, wild-type and ATG5-null MEFs were 

treated for 4 h with a single concentration of coibamide A (30 nM), apratoxin A (30 

nM), thapsigargin (10 μM), or vehicle (0.1% DMSO). Immunoblot analysis revealed 

accumulation of LC3-II in wild-type cells treated with all three compounds, in a 

pattern consistent with the requirement of ATG5 protein for LC3 conversion, 

however, expression of CHOP was observed only in response to thapsigargin and 

was induced in both wild-type and ATG5-null cells (Figure 3.7B). 

Comparison of Coibamide- and Apratoxin-Induced Cell Death  

To investigate the possibility that autophagy-competent cells are more sensitive to 

apratoxin A, the ability of both compounds to induce apoptosis was compared. 

Cells were treated in parallel over a range of coibamide A or apratoxin A 

concentrations (1–30 nM) and tested for activity of the major downstream effector 

caspases-3 and -7. Although apratoxin A was the more potent activator of 

caspase-3,7, the two compounds displayed similar patterns of activity in both cell 

lines (Figure 3.8). Apratoxin A and coibamide A induced concentration-dependent 

activation of caspases-3,7 with higher activity in wild-type MEFs relative to ATG5-

null cells at 24 h (Figure 3.8). These results suggest that apratoxin A and 
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coibamide A share a common pattern of cell death signaling, at least in fibroblasts. 

Both compounds: (1) induce autophagy in the absence of acute ER stress and, (2) 

induce caspase-dependent apoptosis in the absence of autophagy. Moreover, the 

absence of a functional autophagy pathway confers the same survival advantage 

in response to both compounds. 

The concentration-response relationship for caspase-3,7 activation by both natural 

products (Figure 3.8) was used to inform an assessment of the stability of the 

ATG5-ATG12 protein complex relative to biomarkers of autophagy and caspase-

dependent apoptosis. Although essential for autophagosome formation, ATG5 can 

undergo proteolytic cleavage to liberate an N-terminal, unconjugated ATG5 

fragment that functions as a pro-apoptotic signal [31]. For these studies, cells were 

treated with coibamide A (30 nM), apratoxin A (30 nM), or vehicle (0.1% DMSO) 

and cell lysates were collected for up to 30 h for immunoblot analysis of ATG5, 

SQSTM1/p62, LC3, PARP1, and caspase-3. SQSTM1/p62 is an LC3 binding 

protein that is destroyed during autophagy and can be used as an indirect measure 

of autophagy in combination with other biomarkers [2,10]. As we had previously 

noted that coibamide A induces a concentration- and time-dependent detachment 

of MEFs and human glioblastoma cells from cell culture dishes [23], we also 

collected any detaching cells (24–30 h) and analyzed this population separately. 

A statistically significant decrease in ATG5 expression (detected as loss of ATG5-

ATG12) was observed after exposure to either coibamide A  

(30 h) or apratoxin A (18 to 30 h) relative to control cells treated with vehicle (0.1% 

DMSO) for 30 h (Figure 3.7A,B). Unfortunately, efforts to detect the specific N-

terminal cleavage fragment of ATG5 were not successful due to high non-specific 

binding of the antibody in coibamide- or apratoxin-treated cell lysates (data not 

shown).  

These lysates did, however, reveal a steady decrease in expression of 

SQSTM1/p62 that was statistically significant for apratoxin-treated cells, and a 

general increase in LC3-II levels over time (Figure 3.9A,B). With respect to 

apoptosis, proteolytic processed forms of PARP1 and caspase-3 were detected by 

18 h of exposure to either coibamide A or apratoxin A, consistent with the timing 

of caspase-3,7 activation (Figure 3.8), whereas lysates harvested at earlier time 
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points (0 and 4 h) or after 30 h of vehicle treatment expressed only the 

unprocessed forms of PARP1 and caspase-3 (Figure 3.7A). Particularly strong 

immunoreactivity corresponding to the cleaved form of caspase-3 was observed 

in detached populations of both coibamide- and apratoxin-treated cells, 

accompanied by a loss of the inactive 32 kDa form of this enzyme relative to all 

adherent cells. Similarly, unprocessed PARP1 was barely detectable in the 

detached cell lysates that also showed low levels of ATG5, low SQSTM1/p62, and 

increased LC3-II relative to the adherent vehicle-treated cells (Figure 3.9A).  

Partial Rescue of the Wild-Type Phenotype by Expression of ATG5 in ATG5-
Null MEFs. 

The role of ATG5 in coibamide A- and apratoxin A-induced cell death was 

investigated further using a stable cell line, where ATG5-null MEFs had been 

transduced to re-express ATG5 in the null background [32], and then purified by 

clonal selection (Figure 3.S2). All three cell lines (wild-type, ATG5-null and ATG5−/− 

(GFP-ATG5)) were treated with vehicle (0.1% DMSO) or increasing concentrations 

of either coibamide A or apratoxin A for 24 h to better distinguish responses in wild-

type versus ATG5-null cells (Figure 3.4A). In these assays, we observed the same 

shift in the sensitivity of ATG5−/− cells expressing ATG5 to both coibamide A 

(Figure 3.10A) and apratoxin A (Figure 3.10B). These cells responded with 

intermediate sensitivity to both coibamide A and apratoxin A, relative to wild-type 

and ATG5-null MEFs, suggesting that re-expression of ATG5 resulted in a partial 

rescue of the wild-type phenotype. Taken together, these results indicate that 

ATG5 has a functional influence on coibamide A- and apratoxin A-induced cell 

death.  
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Discussion  

The cyanobacterial secondary metabolites coibamide A (The stereochemistry of 

natural coibamide A was subsequently revised by Yao and coauthors. Yao, G., 

Pan, Z., Wu, C., Wang, W., Fang, L., Su, W. (2015) Efficient Synthesis and 

Stereochemical Revision of Coibamide A. J. Am. Chem. Soc. 137, 13,488–13,491) 

and apratoxin A were discovered independently as new, structurally-unrelated 

cyclic depsipeptides with striking anti-proliferative and cytotoxic activity against 

human cancer cells [29,33]. We previously determined that both compounds 

induce macroautophagy within hours of exposure as part of a protective response 

to cytotoxic stress [23,30]. In an analysis of LC3-II turnover we observed enhanced 

autophagic flux in the early stages of exposure to coibamide A and, with longer 

exposures, a tendency for dying cells to accumulate LC3-II [10,23]. In the present 

study, we provide insight into the functional role of autophagy in mammalian cells 

after exposure to these complex natural products. Coibamide A and apratoxin A 

induced autophagy before the onset of caspase-dependent apoptosis, consistent 

with a well-recognized pattern in which cells undergo autophagy and apoptosis in 

sequence [2]. Moreover, evidence of caspase-dependent apoptosis was 

temporally correlated with a decline in ATG5 expression, suggesting that ATG5 

plays an active role in the switch from survival to pro-death signaling in response 

to a lethal concentration of either compound. Although coibamide A and apratoxin 

A also induced cell death in ATG5-null cells, side-by-side comparisons in multiple 

assays revealed a delayed response relative to cells with a functional autophagy 

pathway. The pattern of responses evoked by coibamide A and apratoxin A in wild-

type and autophagy-deficient fibroblasts could be distinguished from autophagy 

modulation as a result of mTORC1 inhibition (rapamycin), ER stress (thapsigargin 

and tunicamycin) or ATP depletion (oligomycin A). As the primary mechanism of 

action of coibamide A and apratoxin A becomes clearer, these data demonstrate 

the potential utility of these cyclic depsipeptide structures as future molecular 

probes to study the relationship between a distinct type of stress-induced 

autophagy and the conversion of ATG5 to a pro-apoptosis signal. 

Although the binding target of coibamide A has not yet been determined, 

preliminary studies suggest that coibamide A may be an inhibitor of the ER 
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secretory pathway with some similarity to apratoxin A [30]. Apratoxin A, which has 

been studied more extensively, is known to act by inhibiting cotranslational 

translocation of a subset of proteins that are sorted to the secretory compartment 

of mammalian cells, including receptor tyrosine kinases, growth factors and 

cytokines [34,35]. This action occurs as a result of direct binding of apratoxin A to 

the alpha, or channel-forming, subunit of the Sec61 protein translocation channel 

located at the entrance to the ER secretory pathway [36,37]. Inhibition of Sec61 

client proteins by apratoxin A leads to a pattern of cellular consequences, some of 

which appear to be shared with coibamide A, including induction of mTOR-

independent autophagy and a cell cycle phase-specific block in G1 that precedes 

cell death [23,30,33,34]. In the present study, loss of viability in response to 

coibamide A and apratoxin A was delayed in ATG5-null MEFs, whereas cells 

treated with pharmacologic inducers of ER or mitochondrial stress showed the 

opposite response. ATG5-null, rather than wild-type, cells were generally more 

sensitive to tunicamycin, thapsigargin, and oligomycin A. The enhanced sensitivity 

of ATG5-null cells to tunicamycin and thapsigargin is consistent with previous 

analyses of ER-stress-dependent cell death in these cells. Ogata and coworkers 

originally showed that ATG5-null cells have increased vulnerability to ER stress, in 

keeping with a well-established protective role for autophagy in response to ER 

stress [38,39]. A second feature that distinguished the action of coibamide A and 

apratoxin A from that of pharmacologic inducers of ER stress, was a lack of CHOP 

and BiP expression in response to either cyclic depsipeptide despite evidence of 

LC3-II accumulation and apoptosis signaling. In contrast, we found tunicamycin 

and thapsigargin to be strong inducers of CHOP and BiP, as anticipated from early 

characterization of these compounds [40–42]. Early studies by the Luesch 

laboratory also distinguished the action of apratoxin A from tunicamycin on the 

basis of their ability to produce opposing effects on BiP expression [35]. This lack 

of BiP and CHOP induction in response to coibamide A or apratoxin A, is instead 

more consistent with the lack of conventional ER stress biomarkers noted after 

exposure to the Sec61 inhibitor mycolactone [43]. Mycolactone, is a natural 

product macrolide, produced as a virulence factor by Mycobacterium ulcerans, 

which binds Sec61 alpha, but does not induce BiP expression, phosphorylation of 
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PERK or cause IRE-dependent splicing of XBP-1 in RAW264.7 macrophage cells 

[43,44].  

ATG5 functions in the context of a cytosolic ATG5-ATG12 protein complex that is 

essential for autophagosome formation [45]. The total knockout of ATG5 in mice 

results in animals that die hours after birth due to a failure to adapt to the normal 

state of nutrient depletion that occurs in the early phase of postnatal life [46]. ATG5 

is also an example of a protein that has functions outside the autophagy pathway 

and is recognized as a central node for conversion of a cytoprotective autophagy 

response to pro-death signaling via multiple mechanisms [2]. Cleavage of ATG5 

by calpain inactivates autophagy signaling and produces a truncated [31,47]. 

Although we were unable to detect this transient N-terminal fragment in lysates 

harvested from dying cells, immunoreactivity corresponding to the full length ATG5 

protein complex declined in response to coibamide A or apratoxin A. The 

importance of ATG5 was also demonstrated by the fact that re-expression of 

ATG5, in the ATG5-null background, partially restored the sensitivity of fibroblasts 

to either coibamide A or apratoxin A. Similar pro-death roles for ATG5 have been 

described in a number of other experimental settings when ATG5 levels were 

either enhanced or suppressed and compared to wild-type cells. In earlier studies 

by Yousefi and co-workers, silencing of ATG5 in cultured human HeLa cervical or 

MDA-MA-231 triple negative breast cancer cells, with short interfering RNA 

(siRNA), rendered these cells more resistant to staurosporine or doxorubicin for 

several days and delayed cell death [31]. ATG5 has also been shown to be strongly 

induced by the DNA-damaging agents etopside and cisplatin, and under these 

conditions is translocated to the nucleus to cause ATG5-dependent mitotic 

catastrophe and early cell death by apoptosis [48]. Furthermore, after tissue-

specific knockout of ATG5 in the acinar cells of the salivary gland, ATG5-null acinar 

cells showed delayed apoptosis and were more resistant to H2O2-induced stress 

relative to cells with a functional autophagy pathway, which showed early 

apoptosis and senescent phenotypes [49]. 

In side-by-side comparisons of untreated, non-synchronized cells, ATG-null cells 

showed no significant difference in average doubling time. As there is potential for 

cross talk between autophagy signaling and cell cycle progression [50], it is 
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possible, however, that wild-type and ATG5-null cells responded to the anti-

proliferative stress of coibamide A or apratoxin A exposure differently. Studies in 

non-synchronized cancer cells indicate that the potent anti-proliferative action of 

both natural products is due to induction of a phase-specific block in G1 of the cell 

cycle [30,33,34]. It is still unclear, however, if activation of autophagy is correlated 

with a specific phase of the cell cycle [47]. A previous analysis of different 

pharmacologic inducers of autophagy found autophagy activation to be associated 

with G1 and S phases [50], whereas other studies have shown no specific link [51]. 

A clear role for autophagy, and for ATG5 specifically, has been demonstrated for 

the mechanism by which cells exit the cell cycle and become senescent [52], and 

thus it is assumed that other phases of the cell cycle were not impacted by the 

absence of ATG5 in our experiments although we did not test this directly.  

Previous studies have shown that a distinct form of autophagy-dependent, non-

apoptotic cell death, termed autosis, can be induced by small synthetic peptides, 

which trigger death with morphological and biochemical characteristics that can be 

distinguished from apoptosis and other modes of cell death, such as necroptosis 

[53,54]. Given that wild-type and ATG5-null cells showed clear caspase-

dependent apoptosis after exposure to coibamide A or apratoxin A it is unlikely 

that either of these cyclic depsipeptides are selective inducers of autosis. Further, 

cell death by autosis is characterized by several unique features including 

increased cell-substrate adhesion [54,55], whereas coibamide A and apratoxin A 

tend to show decreased cell-substrate adhesion leading to cell detachment (Figure 

3.7 and [23]). The fungal heptadepsipeptide HUN-7293 was originally identified in 

a screen for potent inhibitors of cell adhesion before later characterization of 

natural and synthetic analogues revealed an ability of these molecules to target 

the Sec61 translocation channel [56–58]. Mycolactone has recently been reported 

to induce anoikis [59], a specific mode of cell death classified as detachment-

induced apoptosis [26]. This finding raises the possibility that cytotoxic Sec61 

inhibitors will induce cell detachment as a function of their ability to block 

biosynthesis of cell adhesion molecules. Further studies will be required to define 

the precise relationship between cell death and loss of cell-substrate adhesion in 

response to coibamide A as our previous studies indicate that coibamide-induced 

cell death can proceed via apoptosis or non-apoptotic pathways depending on the 
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cell type. For example, U87-MG glioblastoma cells and Apaf-1-null MEFs could be 

induced to detach from culture dishes without any evidence of caspase-3 activation 

[23], and thus fail to meet the criteria for anoikis.  

In summary, coibamide A and apratoxin A appear to be examples of cytotoxic 

natural products that promote cross-signaling between ATG5-dependent 

autophagy and caspase-dependent apoptosis. These relatively new cytotoxins 

may also prove to be valuable tools for the study of alternate modes of regulated 

cell death in mammalian cells. These results indicate that mTOR-independent 

autophagy, without activation of common ER stress markers, may represent an 

early adaptation to changes in proteostasis after pharmacological inhibition of 

Sec61 function. Significantly, the absence of BiP/GRP78 and CHOP as biomarkers 

of acute cell stress potentially distinguishes autophagy stress triggered by 

cytotoxic Sec61 inhibitors, such as apratoxin A and mycolactone, from that caused 

by compounds that rapidly disrupt proteostasis within the ER, such as thapsigargin 

and tunicamycin.  
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Abbreviations 

The following abbreviations are used in this manuscript: 

PVDF Polyvinylidene difluoride 

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis  

SCUBA self-contained underwater breathing apparatus 

Z-VAD-fmk N-Benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl ketone 

FACS fluorescence-activated cell sorting 

DMSO dimethylsulfoxide 
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Figure 3.1. Chemical structures of coibamide A and apratoxin A. 
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Figure 3.2. ATG5+/+ cells are more vulnerable to coibamide A than ATG5−/− 
cells.  

(A) Morphological evaluation of wild-type and ATG5-null mouse embryonic 
fibroblasts (MEFs) in the presence of coibamide A (3 nM) or vehicle (0.1% DMSO). 
MEFs were treated as indicated for 24 h (panels a–d) or 36 h (panels e–h) and 
observed using light microscopy. Scale bar = 500 µm. (B) Trypan blue exclusion 
test of cell viability in wild-type and ATG5-null MEFs. Cells were seeded at 3000 
cells/well and collected up to 48 h after treatment. Trypan Blue exclusion profiles 
represent mean cell counts ± SE of a time course performed in triplicate with the 
viability of vehicle-treated cells defined as 100%. 
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Figure 3.3. Analysis of Annexin V and propidium iodide (PI) staining of 
ATG5+/+ and ATG5−/− cells following coibamide A treatment.  

(A) Wild-type and (B) ATG5-null mouse embryonic fibroblasts (MEFs) were 
labelled with annexin-V-FITC and PI to separate populations of viable (Lower Left 
quadrant: annexin V negative/PI negative), early apoptotic (Lower Right: annexin 
V positive/PI negative), late apoptotic (Upper Right: annexin V positive/PI positive) 
and dead/necrotic (Upper Left: annexin V negative/PI positive) cells using flow 
cytometry. Cells were treated with coibamide A (10 nM) or vehicle (0.1% DMSO) 
for up to 12 h before processing for FACS. Data was collected on a CytoFLEX 
Flow Cytometer using 1 µM staurosporine-treated cells as a positive control for 
induction of apoptosis. (C) Bar graph represents the percentage of viable, early-
stage apoptotic, late-stage apoptotic and dead cells according to treatment. Figure 
is representative of comparisons made over 2–4 independent experiments. 



 

 

83 

 

 

 
 
Figure 3.4. Coibamide-induced toxicity is delayed in ATG5−/− cells. 

Time- and concentration-dependent changes in the viability of wild-type and ATG5-
null mouse embryonic fibroblasts (MEFs) after exposure to coibamide A. Cells 
were exposed to increasing concentrations of coibamide A (0.3 nM to 1 µM) for (A) 
24 h, (B) 40 h, or (C) 48 h. Cell viability was determined at each end-point with a 
WST-8 proliferation/cytotoxicity assay with the viability of vehicle-treated cells 
defined as 100%. Data points show mean viability ± SE (n = 3 wells per treatment) 
from a representative comparison that was repeated in three independent 
experiments. 
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Figure 3.5. The pan caspase inhibitor V-ZAD-fmk inhibits coibamide-induced 
cytotoxicity in MEFs. 

 (A) Cytoprotective effect of V-ZAD-fmk on both wild-type and ATG5-null mouse 
embryonic fibroblasts (MEFs) treated with coibamide A. Cells were exposed to 
increasing concentrations of coibamide A (0.3 nM to 3 µM), with or without V-ZAD-
fmk (50 µM), and the viability was determined with a WST-8 
proliferation/cytotoxicity assay at 24 h. The viability of vehicle-treated cells was 
defined as 100%. Data points show mean viability ± SE (n = 3 wells per treatment) 
from a representative comparison that was repeated in three independent 
experiments. (B) Expression of endogenous biomarkers of autophagy and 
caspase-dependent apoptosis in wild-type MEFs at 24 h. Immunoblot analysis of: 
poly [ADP-ribose] polymerase 1 (PARP-1), cleaved caspase-3 and LC3-I/II relative 
to alpha-tubulin and acetyl-CoA carboxylase (ACC), in cells treated with, or without 
(0), vehicle (0.1% DMSO) or coibamide A (3–30 nM) for 24 h. Whole cell lysates 
were probed with appropriate primary antibodies as indicated. Cleavage product 
of PARP-1 is denoted by an arrow. Each series of blots is representative of 
patterns that were observed in at least three independent experiments. 
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Figure 3.6. Comparison of ATG5+/+ and ATG5−/− cell viability in response to 
known modulators of autophagy.  

Concentration-dependent changes in the viability of wild-type and ATG5-null 
mouse embryonic fibroblasts (MEFs) after exposure to (A) thapsigargin, (B) 
tunicamycin, (C) oligomycin A, and (D) rapamycin A. ATG5+/+ and ATG5−/− cells 
were exposed, in parallel, to increasing concentrations of each compound (0.3 nM 
to 1 µM) for 48 h. Cell viability was determined by a WST-8 proliferation/cytotoxicity 
assay, with the viability of vehicle-treated cells defined as 100%. Data points show 
mean viability ± SE (n = 3 wells per treatment) from a representative comparison 
that was repeated in three independent experiments. 
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Figure 3.7. Coibamide A-induced autophagy is not triggered by acute ER 
stress.  

Expression analysis of endogenous LC3-II, CHOP, ATG5, and BiP in wild-type and 
ATG5-null mouse embryonic fibroblasts (MEFs) in response to short-term 
coibamide A treatment. Immunoblot analysis of: (A) LC3-I/II, BiP and CHOP 
relative to alpha-tubulin after treatment with vehicle (0.1% DMSO), coibamide A 
(30 nM), thapsigargin (10 μM), and tunicamycin (20 μg/mL) for 4 h and 8 h and, 
(B) LC3 I/II, ATG5, ATG12, and CHOP relative to alpha-tubulin after treatment with 
vehicle (0.1% DMSO), coibamide A (30 nM), apratoxin A (30 nM), and thapsigargin 
(10 µM) for 4 h. Whole cell lysates were probed with primary antibodies as 
indicated; note that ATG5 is detected in the context of the covalent ATG5-ATG12 
complex. Each series of blots is representative of patterns that were observed in 
at least three independent experiments. 
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Figure 3.8. Caspase-3,7 activation is delayed in ATG5−/− cells exposed to 
coibamide A or apratoxin A. 

Concentration-dependent analysis of coibamide- or apratoxin-induced caspase 
activity in wild-type and ATG5-null mouse embryonic fibroblasts (MEFs). Cells 
were exposed to increasing concentrations of coibamide A (1 nM to 30 nM), 
apratoxin A (1 nM to 30 nM), or vehicle (0.1% DMSO) for 24 h. Bars represent 
mean luminescence activity expressed as Relative Light Units ± SE (n = 3 wells 
per treatment) from three independent comparisons. Statistical significance of 
activity in treated MEFs relative to control is indicated as * p < 0.05, ** p < 0.01. 
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Figure 3.9. Time-dependent analysis of autophagy and apoptosis signals in 
ATG5+/+ cells exposed to coibamide A or apratoxin A. 

Wild-type mouse embryonic fibroblasts (MEFs) were treated with, or without (0 
unit), coibamide A (30 nM), apratoxin A (30 nM), or vehicle (Veh; 0.1% DMSO) for 
up to 30 h. Whole cell lysates were collected from adherent and detached (Det) 
cells (24 and 30 h). (A) Immunoblot analysis of ATG5 (detected in the context of 
the covalent ATG5-ATG12 complex), P62/SQSTM1, LC3, PARP1, caspase 3 
expression relative to beta-actin. (B) Quantitation of immunoblot data shown in (A). 
Bars represent intensity of bands normalized to beta-actin, relative to vehicle-
treated cells (open bars) in three independent experiments. Statistical significance 
is indicated as * p < 0.05 and ** p < 0.01. 
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Figure 3.10. Partial rescue of the wild-type phenotype after re-expression of 
ATG5 in ATG5−/− cells.  

Concentration-dependent changes in the viability of wild-type, ATG5-null, and 
ATG5-null re-expressing ATG5 (ATG5−/− (GFP-ATG5)) in mouse embryonic 
fibroblasts (MEFs), in response to (A) coibamide A or, (B) apratoxin A exposure. 
Cells were exposed to increasing concentrations of coibamide A (0.1 nM to 300 
nM), apratoxin A 0.1 nM to 300 nM), or vehicle (0.1 % DMSO) for 24 h. Cell viability 
was determined in a WST-8 proliferation/cytotoxicity assay, with the viability of 
vehicle-treated cells defined as 100%. Data points show mean viability ± SE (n = 
3 wells per treatment) from a representative comparison that was repeated in three 
independent experiments. 
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Supplementary S3.1: Comparison of cellular proliferation and doubling time 
in untreated wild-type, ATG5-nul MEFs.  
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Supplementary S3.2: Analysis of ATG5 expression in wild-type, ATG5-null 
and ATG5-null mouse embryonic fibroblasts re-expressing GFP-ATG5. 
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Abstract 

High basal expression of glucose regulated protein 78 (GRP78), and distribution 

to cellular compartments outside the endoplasmic reticulum (ER), is increasingly 

associated with several treatment-resistant human cancers. We previously 

identified peptides corresponding to GRP78 as components of the surface-

exposed proteome of cultured canine osteosarcoma cells (Milovancev et al., BMC 

Veterinary Research 2013, 9:116), raising the possibility that GRP78 may also 

participate in oncogenic signaling in this aggressive spontaneous cancer of the 

dog.  In the present study we characterized GRP78 expression in canine 

osteosarcoma cells under basal conditions and in response to treatment. GRP78 

was upregulated in D17, COS, POS and HMPOS osteosarcoma cells, relative to 

normal canine osteoblasts, and was further enhanced by pharmacological 

induction of ER stress by thapsigargin. As canine and human bone cancer showed 

a conserved ER stress response, we investigated the action of the investigational 

anti-cancer drug OSU-03012 in canine cells. OSU-03012 induced early inhibition 

of Akt phosphorylation at Thr308 and Ser473 and decreased expression of GRP78 

in POS and HMPOS cells with compensatory increases in the expression of 

cytosolic heat shock protein (HSP) family members: HSP40 and HSP70.  OSU-

03012 alone was cytotoxic to canine POS (EC50 = 3.8 µM) and HMPOS (EC50 = 

6.7 µM) cells and, in combination treatment, enhanced the cytotoxic efficacy of 

carboplatin especially at lower (1-10 µM carboplatin) concentrations. Consistent 

with the One Health initiative, these results suggest that advances in detection and 

targeting of GRP78 may eventually benefit a sub-set of canine and human cancer 

patients. 
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Introduction 

Glucose-regulated protein 78 kDa (GRP78), also known as immunoglobulin heavy 

chain binding protein (BiP) or heat shock 70 kDa protein 5 (HSPA5), is one of 

several stress-inducible proteins discovered for their ability to respond to a 

depletion in intracellular glucose [1-3]. Under normal conditions, GRP78 is located 

within the lumen of the endoplasmic reticulum (ER) where it functions as the major 

protein-folding chaperone for new polypeptides entering the secretory pathway [4]. 

Correct targeting of GRP78 to the ER is mediated by an N-terminal signal peptide 

that directs nascent GRP78 to the protein translocation machinery at the ER 

membrane and, after biosynthesis, a classic C-terminal KDEL sorting motif that 

retains mature GRP78 protein within the ER [3, 4]. In this location, GRP78 has 

been well-characterized as the major regulator of the unfolded protein response 

(UPR). In non-stressed cells GRP78 binds to, and inactivates, the function of three 

independent transmembrane stress receptors: protein kinase RNA-like 

endoplasmic reticulum kinase (PERK), activating transcription factor 6 (ATF6) and 

the serine/threonine-protein kinase/endoribonuclease inositol requiring enzyme 1 

(IRE1). In the event that the cell has an increased requirement for protein folding, 

the UPR is triggered to adequately meet this demand, restore homeostasis and 

avoid a state of stress due to protein overload in the ER [3].   

From studies in humans it is now clear that some histological cancer types have a 

high requirement for protein processing through the secretory pathway in order to 

meet their high metabolic demands and proliferation rates. These cells have 

adapted to a state whereby UPR signaling is enhanced and there is high 

constitutive expression of ER stress proteins [3]. As a major component of this 

adaptive survival response, GRP78 is increasingly found at high basal levels in 

many aggressive, chemo-resistant human cancers including glioblastoma, breast 

cancer, leukemia and castration-resistant prostate cancer (reviewed in [3, 5]).  The 

finding that GRP78 shows atypical expression patterns in cancer cells has also 

enhanced interest in the potential utility of GRP78 as a biomarker and future 

druggable target. A sub-population of GRP78 expressed on the plasma membrane 

of cancer cells, in particular, has inspired the development of monoclonal 
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antibodies and peptide-mediated targeting strategies as experimental biological 

therapeutics [6-8].  

We previously identified GRP78 and a second ER stress-inducible protein, glucose 

regulated protein 94 (GRP94), as cell surface-exposed proteins in intact canine 

osteosarcoma cells (Supplementary Data; [9]). After a sequential biotin-

streptavidin labelling and purification technique, multiple unique peptides 

corresponding to GRP78 and GRP94 were detected using liquid chromatography 

tandem mass spectrometry (LC-MS/MS).  Peptides corresponding to GRP78 and 

GRP94 were not, however, identified as components of the surface-associated 

proteome in samples prepared from normal canine osteoblasts [9]. These data 

raised the possibility that, as in human cancers, resident ER proteins may also be 

dysregulated in some aggressive canine cancers. In the present study we sought 

to characterize GRP78 expression and patterns of cell signaling in cultured canine 

osteosarcoma cells, relative to a range of human cancer cell types that included 

those known to display high-level GRP78 expression.  We find that canine 

osteosarcoma and human cancer cells share a similar adaptive survival response 

to ER stress and that GRP78 may eventually be exploited in canines and humans 

for therapeutic advantage. 
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Materials and methods 

Chemicals, reagents and antibodies 

Thapsigargin(#T9033)  was purchased from Millipore Sigma( Darmstadt, 

Germany) and OSU-03012 (AR-12; #A2846-5) was purchased from APExBIO 

Technology (Houston, TX, USA). Both compounds were reconstituted in 100% cell 

culture grade dimethyl sulfoxide (DMSO), aliquoted and stored at -20°C. Working 

concentrations of thapsigargin and OSU-03012 were prepared in DMSO on the 

day of the experiment; final concentrations of DMSO never exceeded 0.1%. 

Carboplatin (National Drug Code: 61703-339-50) was purchased as an aqueous 

solution (10 mg/mL) from Hospira Inc. (Lake Forest, IL, USA). Primary and 

secondary antibodies were from Cell Signaling Technology, Inc. (Danvers, MA, 

USA), except anti-HDAC2 (sc-9959) which was from Santa Cruz Biotechnology 

(Dallas, TX, USA). Specific codes were as follows: GRP78/BiP (#3177), HSP90 

(#4877), HSP70 (#4873), HSP40 (#4871), α-Tubulin (#2125), CHOP (#5554) 

,GAPDH (#5174) and EGFR (#4267). General laboratory reagents were from VWR 

International (Radnor, PA, USA). 

Mammalian Cell Culture  

All cells were maintained as adherent cultures under standard laboratory 

conditions at 37°C in an atmosphere of 5% CO2. Human DU145 prostate, U251-

MG and U87-MG glioblastoma, MCF-7 breast and canine D17 osteosarcoma cells 

were cultured in Minimum Essential Media (Corning Cellgro, Corning, NY, USA) 

supplemented with L-glutamine (2 mM).  Human MDA-MB-231 breast cancer cells 

were cultured in Dulbecco’s modified Eagle’s medium (Corning Cellgro). Human 

SAOS-2 osteosarcoma, SK-ES-1 Ewing’s sarcoma, HCT116 colon and SKOV-3 

ovarian cancer cells were cultured in McCoy’s 5A medium (Millipore Sigma). 

Human SF295 and canine POS, HMPOS and COS osteosarcoma cells were 

cultured in RPMI 1640 (Corning Cellgro). All medium was supplemented with 10% 

fetal bovine serum (FBS; VWR International), and 1% penicillin and streptomycin 

100 I.U./mL penicillin and 100 µg/mL streptomycin (Mediatech Inc., Manassas, 

VA). Primary canine osteoblasts (# Cn406K-05) were cultured in canine osteoblast 
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growth medium (# Cn417K-500) from Cell Applications, Inc. (San Diego, CA, 

USA).  

Cell lysis and fractionation 

Whole cell lysates were prepared using fresh ice-cold Lysis Buffer containing Tris-

HCl (50 mM; pH 7.5), EDTA (1 mM), EGTA (1 mM), 1% Triton X-100, Sucrose 

(0.27 M) , sodium fluoride (50 mM), sodium orthovanadate (1 mM), sodium 

pyrophosphate (5 mM), PMSF (1 mM) and benzamidine (1 mM). All cell lysates 

were cleared by centrifugation at 16,000 x g for 20 min at 4°C. A subcellular protein 

fractionatiion kit (Thermo Fisher Scientific Inc. , Walthan, MA) was used to 

sequentially separate and enrich protein extracts to yield nuclear, cytoplasmic and 

membrane fractions using the manufacturer’s protocol. The protein concentration 

in all extracts was determined by the bicinchoninic acid  (BCA) method (Thermo 

Fisher Scientific Inc.) and normalized for subsequent analysis.  

Western blot analysis 

Samples were prepared in 4 x SDS sample loading buffer and subjected to SDS-

PAGE. Proteins were then transferred to PVDF membranes (Thermo Fisher 

Scientific), the membranes blocked in a 5% (w/v) nonfat dry milk in Tris-Buffered 

saline (TBS): Tris-HCl (50 mM; pH7.4), NaCl (150 mM) containing 0.05% Tween-

20 (TBS-T). Membranes were then incubated for 16hrs at 4°C with gentle rotation 

in the appropriate primary antibody diluted in 5%(w/v) bovine serum albumin (BSA) 

in TBS-T. On the following day, membranes were washed with TBS-T for 2 x 5 

min, then incubated in appropriate horseradish peroxidase (HRP)-conjugated 

secondary antibody for 1hr at room temperature. Membranes were finally washed 

in TBS-T for 3 x 5min, and target proteins detected by chemiluminescence using 

detection reagents (Amersham ECL Chemiluminescent Reagents, GE Healthcare 

Bio-Sciences, Pitsburg, PA), and visulaized using a myECLTM Imager system 

(Thermo Fisher Scientific). 

Analysis of caspase activity and cell viability 

For caspase activity assays, cells were seeded at a density of 3,000 cells/well in 

96-well white-walled, clear-bottom plates (Greiner Bio-One, Monroe, NC) and 
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treated with OSU-03012 (100 nM - 3 µM) or vehicle (0.1% DMSO). At the end of 

treatment caspase-3,7 activity was measured using a luminescence-based 

Caspase-Glo 3/7 assay (Promega, WI).  The Caspase-Glo reagent, which also 

serves to lyse the cells, was added directly to each well and the resulting 

luminescence was measured every 30 min for 2hr using a Synergy HT microplate 

reader (BioTek Instruments, Vermont, USA). For viability assays, cells were 

seeded at a density of 3,000 cells/well in 100µL of complete medium in 96-well 

plates.  After 18 hr, cells were treated with OSU-03012, carboplatin or vehicle 

(0.1%DMSO). Cell viability was assessed using a colormetric 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assay  (CellTiter 96® Aqueous One, Promega) in which viable 

cells generate a formazan product detected at 490 nm viable cells using a 

microplate reader (BioTek Instruments).  In all assays, the viability of control, 

vehicle-treated cells was used to define 100% cell viability.  

Data Analysis 

Concentration-response relationships were analyzed using GraphPad Prism 

Software (Graphpad Software Inc. San Diego, CA), and EC50 values were 

determined by nonlinear regression analysis fit to a logistic equation. For 

immunoblot analysis, signals were normalized to the intensity of control proteins 

(α-tubulin or GAPDH) and quantified relative to control using ImageJ software 

(rsbweb.nih.gov/ij). Statistical significance of data derived from cell viability assays 

and quantification of immunoblot assay were performed using a one-way analysis 

of variance (ANOVA) followed by a Student’s t-test comparing untreated controls 

and treatment groups. P-values of 0.05 or less were considered statistically 

significant.  
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Results 

Canine osteosarcoma cells have high basal expression of GRP78.  

In our previous study, peptides matching GRP78 were identified as components 

of the cell surface proteome of two different canine osteosarcoma cell types (POS, 

HMPOS) but were not detected as cell surface-associated proteins in normal 

canine osteoblasts (CnOb) [9].  To understand the potential significance of this 

finding we compared the basal expression of GRP78 protein, to that of epidermal 

growth factor receptor (EGFR) in POS, HMPOS and two additional well-

characterized canine osteosarcoma cell lines (D17, COS) relative to primary 

canine osteoblasts. Immunoblot analysis of whole cell lysates prepared from these 

cells revealed significantly higher basal expression of GRP78 in all four canine 

osteosarcoma cell types relative to lysates prepared from primary cells (Figure 

4.1). GRP78 overexpression was largely consistent across the four canine 

osteosarcoma cell types and appeared less variable than EGFR expression, which 

was also elevated in osteosarcoma relative to CnOb but generally showed a more 

heterogeneous expression pattern (Figure 4.1). 

We next compared GRP78 and EGFR expression in canine osteosarcoma cells 

and several human cancer cell lines representing different histological subtypes. 

GRP78 expression in canine osteosarcoma cells was comparable, or higher, than 

that detected in human SK-ES-1 Ewing Sarcoma cells or SAOS-2 osteosarcoma 

cells, respectively (Figure 4.2).  EGFR expression in canine osteosarcoma cell 

lysates was also higher than EGFR immunoreactivity in human SAOS-2 and SK-

ES-1 cells, reflecting a trend whereby the canine osteosarcoma cells tested tended 

to be clearly positive for both GRP78 and EGFR.  Many of the human cell types 

surveyed showed this similar pattern; lysates harvested from three glioblastoma 

(U87-MG, SF295, U251-MG), a triple-negative breast cancer (MDA-MB-231), a 

prostate (DU-145) and colon (HCT116) cancer cell line showed strong co-

expression of GRP78 and EGFR (Figure 4.2). In contrast, human breast (MCF-7), 

ovarian (SKOV-3) and osteosarcoma (SAOS-2) cells with low basal GRP78 

expression did not overexpress EGFR. 
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As GRP78 has been characterized as a biomarker of aggressive, castrate-

resistant prostate cancer we selected human DU145 prostate cancer cells as a 

positive control for analysis of the subcellular distribution of GRP78 in canine POS 

and HMPOS cells.  Membrane fractions of POS and HMPOS cells were strongly 

immunoreactive for GRP78 relative to the cytoplasmic fraction, whereas the 

nuclear fractions of canine cells showed weak to no detectable GRP78 

immunoreactivity (Figure 4.3, panels A and B).  This pattern was consistent with 

that of EGFR, which was also enriched in the membrane fraction of POS and 

HMPOS cells, relative to the cytoplasmic fraction. In contrast, heat shock protein 

90 (HSP90) was most abundant in the cytoplasmic fraction consistent with the 

expected subcellular location of this chaperone protein (Figure 4.3).  All lysates 

were probed for histone deacetylase (HDAC-2) and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) which were enriched in nuclear and cytoplasmic 

fractions, respectively, and thereby served as additional controls to validate the 

efficiency of the fractionation technique. Together these findings indicate that a 

significant fraction of the total GRP78 protein in POS and HMPOS cells is 

associated with endo- or plasma membranes, consistent with our previous study 

in which GRP78 was identified as a plasma membrane-associated protein. In 

addition, the expression pattern of GRP78, and other biomarkers, in canine OS 

cells was generally similar to that seen in human DU145 prostate cancer cells 

(Figure 4.3, panel C), suggesting that GRP78 may serve a similar function in both 

cancer cell types.    

Pharmacological manipulation of GRP78 expression  

To determine if canine osteosarcoma cells respond to pharmacological modulation 

of GRP78 expression we treated cells with a fixed concentration of thapsigargin (3 

µM), a potent inhibitor of the sarcoplasmic or endoplasmic reticulum Ca2+ ATPase 

(SERCA) pump and classic inducer of ER stress [10, 11]. After short-term 

exposure to thapsigargin all four canine osteosarcoma cells showed large 

increases in GRP78 expression, relative to vehicle-treated cells, in a pattern that 

was qualitatively indistinguishable from the response of human SK-ES-1 Ewing 

Sarcoma cells or SAOS-2 osteosarcoma cells treated under the same conditions 

(Figure 4.4). Increases in GRP78 were also accompanied by induction of the ER-
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stress-associated transcription factor CCAAT-enhancer-binding protein 

homologous protein (CHOP), detected in all thapsigargin-treated canine and 

human cells (Figure 4.4).  These results indicate that canine osteosarcoma cells 

undergo a typical UPR, with the ability to upregulate GRP78 beyond basal levels, 

and likely share common mechanism of ER stress signaling.  

We next treated canine osteosarcoma cells with a derivative of the nonsteroidal 

anti-inflammatory drug celecoxib, known as OSU-03012 (or AR-12). Unlike 

celecoxib, OSU-03012 does not inhibit COX-2 but was originally developed as an 

inhibitor of 3-phosphoinositide-dependent kinase-1 (PDK1) with anticancer 

potential [12, 13]. Although OSU-03012 may affect multiple cellular targets, it has 

been proposed that the cytotoxic potential of this small molecule is, at least in part, 

through suppression of GRP78 [14, 15]. As Akt is a major downstream effector of 

PDK1, and also implicated in oncogenic signaling of cell surface GRP78, we 

analyzed the phosphorylation status of Akt as a readout of the PDK1/Akt pathway. 

Immunoblot analysis of whole cell lysates prepared from canine POS and HMPOS 

cells treated with, or without, OSU-03012 (1 µM to 10 µM) revealed an early, 

concentration-dependent decrease in phospho-Akt (Thr308 and Ser473) in POS 

(Figure 4.5 panels A and B) and HMPOS (Figure 4.5, panels C and D) cells, 

consistent with the known action of OSU-03012 as a PDK1 inhibitor. Expression 

levels of GRP78 were decreased only in HMPOS cells in this time frame (Figure 

4.5, panels C and D), however a statistically significant decrease in GRP78 

expression was observed after longer exposures to lower concentrations. After a 

24 h exposure to OSU-03012 (300 nM), GRP78 expression was dramatically 

decreased in both POS (Figure 4.6 panels A and B) and HMPOS (Figure 4.6, 

panels D and E) cells, relative to vehicle-treated cells (0.1% DMSO). GRP78 

immunoreactivity was detected after 36 h treatment, suggesting a potential for 

desensitization or reversal of this response to OSU-03012, but remained 

suppressed relative to vehicle-treated cells. In contrast, the cytosolic heat shock 

proteins (HSPs) 70 and 40 showed clear time-dependent increases in expression 

in both POS (Figure 4.6, panels A and B) and HMPOS (Figure 4.6, panels D and 

E) cells in this time frame (24 to 36 h) relative to vehicle-treated cells. These 

studies confirmed that GRP78 is a downstream target of OSU-03012-induced 

signaling in POS and HMPOS cells. 
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OSU-03012 induces cell death in canine osteosarcoma cells  

As elevations in HSP70 and HSP40 are typically associated with a pro-survival 

stress response [16], we tested the ability of OSU-03012 to induce caspase-3,7 

activity as a biomarker of apoptosis signaling. When cells were treated with 

increasing concentrations of OSU-03012 (100 nM to 3 µM), statistically significant 

increases in caspase-3,7 activity were observed in POS (Figure 4.6, panel C) and 

HMPOS (Figure 4.6, panel F) at 24h, relative to cells treated with vehicle- (0.1% 

DMSO) treated cells. Increases in caspase-3,7 activity in response to OSU-03012 

were generally higher in POS cells, relative to activity in HMPOS cells (Figure 4.6, 

panels C and F). Prolonged exposure to OSU-03012 (3 nM to 10 µM), however, 

induced a concentration-dependent reduction in the viability of both POS (Figure 

4.7, panel A) and HMPOS (Figure 4.7, panel B) cells as determined by end point 

assays at 72 hr. Using an MTS proliferation/cytotoxicity assay, which detects loss 

of metabolic capacity as the read-out, OSU-03012 induced a sharp decrease in 

cell viability with EC50 values of 3.8 µM and 6.7 µM for POS and HMPOS cells, 

respectively (Table 1). These results indicate that OSU-03012 is cytotoxic to POS 

and HMPOS, as a single agent, and provide evidence for apoptosis as a likely cell 

death mechanism at least in POS cells. 

OSU-03012 potentiates the action of carboplatin on canine osteosarcoma 

cells 

Carboplatin is widely used as an adjuvant therapy in canine OS and has been 

shown to produce a significant increase in median survival time, relative to dogs 

that receive surgery alone [17]. Using the same experimental conditions to assess 

cell viability, we tested the potency and efficacy of carboplatin treatment alone and 

in combination with OSU-03012. Carboplatin alone (1.56 to 200 µM) induced a 

concentration-dependent reduction in the viability of both POS (Figure 4.7, panel 

C) and HMPOS (Figure 4.7, panel D) cells with EC50 values of 28.4 µM and 10.1 

µM for POS and HMPOS cells, respectively (Table 1). When cells were exposed 

to carboplatin (1.56 to 200 µM) in the presence of a fixed, sub lethal concentration 

of OSU-03012 (1 µM), the concentration-response curves for combination 

treatment were shifted for both POS (Figure 4.7, panel C) and HMPOS (Figure 4.7, 
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panel D) cells. Non-linear regression analysis of these data revealed EC50 values 

of 5.5 µM and 4.6 µM for POS and HMPOS cells, respectively (Table 1).  Taken 

together, these data indicate that OSU-03012 can potentiate the action of 

carboplatin, leading to enhanced cytotoxic efficacy of carboplatin against cultured 

POS and HMPOS cells (Figure 4.7).  
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Discussion 

Primary osteosarcoma is one of several spontaneous cancers affecting humans 

and dogs  where a comparative oncology approach has the potential to accelerate 

our understanding of the disease and the development of new treatments to benefit 

both species [18, 19]. Current standard of care, for dogs and humans, proceeds 

with a combination of surgical resection, radiation and chemotherapy, however 

lung metastases are a significant complication of osteosarcoma leading to 

extremely low survival rates in patients with progressive disease [20-22]. In the 

dog, low survival rates are attributed to the fact that most patients have 

micrometastases that are clinically undetectable at the time of diagnosis [23] [17]. 

In our search for better tools for the prognosis and treatment of osteosarcoma, we 

previously identified GRP78 as a surface-exposed protein in canine osteosarcoma 

cells [9]. In the present study we expanded our analysis of this chaperone protein 

and find that GRP78 has potential utility as both a biomarker of canine 

osteosarcoma and a therapeutic target.  Comparisons of GRP78 expression in 

normal canine osteoblasts, and several different human cancer cell types, indicate 

that the pattern of GRP78 dysregulation in canine osteosarcoma cells is consistent 

with patterns reported in several aggressive human cancers associated with 

chemoresistance. Specifically, GRP78 is upregulated in canine osteosarcoma 

cells under basal conditions and expression can be further enhanced in response 

to pharmacological induction of ER stress. Canine GRP78 was localized to multiple 

sub-cellular compartments in osteosarcoma cells and although predominantly 

associated with membrane fractions was also detected in the cytoplasm. We show 

that canine osteosarcoma cells are sensitive to micromolar concentrations of the 

celecoxib derivative OSU-03012 and that the mixed pharmacologic action of this 

small molecule can be exploited to enhance the cytotoxicity of carboplatin. 

Our earlier study identified a sub-set of 113 surface-associated proteins that 

displayed distinct heterogeneity between samples and provided numerous leads 

for follow-up analyses [9]. The identification of GRP78 as a surface-exposed 

protein in intact canine osteosarcoma cells is consistent with the results of similar 

proteomic analyses of the surface proteome of human cancer cells. Using 

biotinylation enrichment and mass spectrometric analysis of several different 
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cancer cell types, Shin and coworkers identified GRP78, other glucose-regulated 

and heat shock chaperone proteins as cell surface proteins [24]. An increasing 

body of evidence indicates that cell surface GRP78 serves a distinct function and 

can promote oncogenic signaling through multiple signal transduction pathways. 

For example, GRP78 appears to be activated by circulating α2-macroglobulin to 

drive Akt/PKB signaling in cancer cells, and can form a distinct complex at the 

plasma membrane with the GPI-anchored oncoprotein CRIPTO [25-27]. Advanced 

biochemical studies have concluded that, in the absence of a membrane 

localization signal, GRP78 is likely translocated to the cell surface of cancer cells 

through interactions with other client proteins to yield distinct subpopulations [28]. 

In human cells these independent populations include: (1) extracellular GRP78, 

that is peripherally associated with the extracellular surface of the plasma 

membrane, (2) integral forms of GRP78, embedded within the plasma membrane 

or ER membranes, and (3) soluble, non-membrane associated forms [28]. Taken 

together, our analyses of intact and fractionated cells indicate that GRP78 may be 

subject to a similar heterogeneous distribution pattern in canine osteosarcoma 

cells.   

The clinical significance of ER stress signaling has been studied far less in canine 

cancer, however the same glucose-regulated proteins (GRP78 and GRP94) have 

been identified by others using global gene expression profiling and proteomics 

approaches from either patient samples or cultured cells.  In an analysis of several 

spontaneous canine tumors, the gene encoding GRP78 was found to be 

significantly upregulated in a canine hemangiosarcoma and in an osteosarcoma 

patient [29].   Moreover, peptides corresponding to GRP78 and GRP94 were 

previously detected in a proteomic analysis of tissue prepared from canine prostate 

and bladder and found to be overexpressed in the carcinomas relative to normal 

tissue [30].  In a recent proteomic analysis of human and canine osteosarcoma 

cells, GRP78 was identified as a plasma membrane protein in samples prepared 

from canine POS cells (Supplementary Data; [31]). These authors utilized a 

different biochemical extraction of plasma membrane proteins, to that used in our 

studies, followed by peptide mass fingerprinting to focus on proteins with 

differential expression in metastatic versus non-metastatic cells [31]. In a different 

study, Asling and co-authors were able to visualize GRP78 in canine D17 
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osteosarcoma cells using confocal microscopy and found it to be expressed in 

multiple cellular compartments that changed in response to treatment [32]. 

In the present study we characterized the action of OSU-03012 against canine 

POS and HMPOS osteosarcoma cells alone and in combination with carboplatin.  

Although designed as a PDK1 inhibitor, OSU-03012 has unusual pharmacology 

and has been tested in phase 1 clinical trials as an oral cancer chemotherapeutic 

agent (ASCO 2013 meeting http://meetinglibrary.asco.org/content/115148-132).  

Our results indicate that OSU-03012 alone is relatively toxic to canine POS and 

HMPOS osteosarcoma cells, in that continuous exposure to low micromolar 

concentrations resulted in loss of metabolic capacity in both cell types. With 

respect to the mechanistic basis for the observed cytotoxicity, we detected an early 

inhibition of phospho-Akt (at Thr308 and Ser473) in POS and HMPOS cells after 

short exposures to micromolar concentrations of OSU-03012.  These results were 

consistent with the original pre-clinical characterization of this compound in which 

indirect inhibition of Akt signaling was shown in cultured human PC-3 prostate 

cancer cells [12]. However, our results are also in agreement with those of other 

investigators who conclude that PDK1 inhibition alone is unlikely to account for the 

cytotoxic efficacy of OSU-03012 [14, 15, 33].  After longer exposures to sub-

micromolar concentrations of OSU-03012,  we observed statistically significant 

decreases in GRP78 expression that were temporally correlated with elevations in 

biochemical biomarkers of cell stress (HSP70; HSP40) and death signaling 

(capspase-3,7), respectively. It has been proposed, from analyses of GRP78 

expression after cycloheximide chase experiments, that OSU-03012 induces 

degradation of GRP78 resulting in a shorter half-life and loss of the mature protein 

[15]. Recent studies also suggest that OSU-03012 forms a complex with other 

chaperone proteins and therefore may not be specific to GRP78 [34, 35]. Although 

the precise mechanism of action of OSU-03012 is still an area of active 

investigation, the potential for suppression of PDK1/AKt signaling and depletion of 

the total cellular pool of GRP78 may both be considered attractive properties with 

the potential to contribute to the overall anti-cancer potential of this unusual 

compound.   
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We chose carboplatin as an example of a clinically-relevant chemotherapeutic 

agent that has been shown to produce a significant improvement in outcomes 

when used as adjuvant therapy in the treatment of canine osteosarcoma [21]. 

Carboplatin is a platinum-based drug and one of three older cytostatic agents, 

along with cisplatin and doxorubicin, that prolong median survival time in 

osteosarcoma patients relative to dogs that receive only surgery [17]. As OSU-

03012 alone was surprisingly cytotoxic to canine POS and HMPOS osteosarcoma 

cells, we studied the action of carboplatin in the presence of a sub-lethal 

concentration fixed at 4 to 7 times below the calculated EC50 for OSU-03012 

against POS and HMPOS cells, respectively. Under these conditions the 

concentration-response relationship for carboplatin was shifted to the left reflecting 

superior cytotoxic efficacy of carboplatin, particularly at low range concentrations 

(1-10 µM), when used with OSU-03012. These results suggest that OSU-03012 

has an additive, and for POS cells a possible potentiating, effect on carboplatin 

when used in combination. This finding is generally consistent with the trend 

reported by others who have studied OSU-03012 in combination with other 

clinically approved drugs over a range of different canine and human cancer cell 

types. For example, OSU-03012 was previously found to suppress PDK1/Akt 

signaling, inhibit proliferation and induce apoptosis in canine Ace-1 prostate cancer 

cells and these effects were additive when OSU-03012 was combined with 

doxorubicin [36]. Oral OSU-03012 also improved the in vivo efficacy of tamoxifen, 

without inducing overt toxicity, in mice bearing human breast cancer xenografts 

that received treatment each day for five weeks [37]. Several pre-clinical studies 

in brain tumor, breast and non-small cell lung cancer cells have also reported an 

enhanced activity of OSU-03012 when used in combination with receptor tyrosine 

kinase and phosphodiesterase type 5 (PDE5) inhibitors such as lapatinib, gefitinib, 

and erlotinib or sildenafil, respectively [38-41].  Thus our study of carboplatin 

serves to expand the range of pharmaceuticals that have been evaluated  in 

combination with OSU-03012 and supports the further investigation of stress-

induced proteins as therapeutic targets in canine osteosarcoma.   These results 

also compliment a recent study in which cultured canine osteosarcoma cells were 

targeted with VER-155008, a small molecule inhibitor of HSP70 function [32]. VER-

155008 is a tool compound that was shown to induce apoptosis in canine 



 

 

108 

osteosarcoma cells, but failed to enhance the efficacy of doxorubicin possibly as 

a result of compensatory elevations in HSP70 and GRP78 expression [32].  

Our comparative analysis of basal GRP78 expression in cultured canine cells, 

revealed positive immunoreactivity for endogenous EGFR and GRP78 in all four 

of the lysates tested.  This pattern of co-expression is potentially significant as 

elevated EGFR is an important prognostic biomarker for several human cancers, 

that in practice leads to the stratification of patients to take advantage of the many 

targeted medicines that have been developed to inhibit this signaling pathway.  

With respect to canine osteosarcoma, Selvarajah and co-authors previously 

reported that a subset of dogs showed high EGFR expression in both primary 

osteosarcoma and lung metastatic sites in a pattern associated with a significantly 

shorter survival and disease-free interval [42].  These authors concluded that while 

EGFR expression alone was not a reliable prognostic biomarker, some dogs may 

benefit from medicines targeting EGFR signaling [42]. The study of EGFR 

expression in human osteosarcoma has resulted in similar conclusions in that the 

receptors are expressed but it is unclear if osteosarcoma patients could benefit 

from EGFR-targeted monotherapy [43, 44].  Elevated EGFR expression has been 

linked, however, to stress-induced survival responses in human osteosarcoma 

although GRP78 was not studied specifically [45]. Our studies raise the possibility 

that knowledge of GRP78 and EGFR status in canine osteosarcoma may be more 

informative than EGFR status alone. For example, a recent study of human 

patients with oropharyngeal carcinoma, found those with co-expression of EGFR 

and GRP78 had a significantly worse prognosis than patients either biomarker 

alone [46].   

In summary, we have extended our analysis of GRP78 in canine osteosarcoma 

cells and find evidence for an atypical expression pattern that likely contributes to 

alternate roles for GRP78 outside the ER in both dogs and humans. Given the 

intense interest in targeting GRP78 for therapeutic advantage, not only in cancer, 

but also for the treatment of conditions such as obesity and infectious disease [47-

49], it appears that future advances in GRP78 detection and drug development 

may eventually benefit canine and human cancer patients. 
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Figure 4.1 Comparative analysis of GRP78 expression in primary canine 
osteoblasts versus canine osteosarcoma cells  

(A) Immunoblot analysis of GRP78/BiP, EGFR and α-tubulin expression in normal 
canine osteoblasts (CnOb) and four established canine osteosarcoma cancer cell 
lines (D17, COS, POS, HMPOS). (B) Bars represent quantification of immunoblot 
data from three independent comparisons. Whole cell lysates were prepared at the 
same time from each adherent culture and processed for Western blot analysis 
with the antibodies indicated. GRP78/BiP, EGFR signals were normalized to α-
tubulin and the statistical significance signals in OS cell compared to those in 
CnOb is indicated as * p< 0.05, ** p < 0.01). 
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Figure 4.2 Comparative analysis of GRP78 expression in canine and human 
cells. 

Immunoblot analysis of GRP78/BiP, EGFR and α-tubulin expression, from left to 
right, in human SAOS-2 osteosarcoma, human SK-ES-1 Ewing’s sarcoma, canine 
osteosarcoma (D17, COS, POS), human glioblastoma (SF-295, U87-MG, U251-
MG), human breast (MDA-MB-231, MCF-7), human DU145 prostate, human 
SAOS-2 osteosarcoma, human HCT116 colon and human SKOV-3 ovarian cancer 
cells. Whole cell lysates, for each panel, were prepared at the same time and 
processed for Western blot analysis with the antibodies indicated. Human SAOS-
2 osteosarcoma cells were common to the 5- and 9-panel comparison; images are 
representative of three independent comparisons.  
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Figure 4.3 Subcellular distribution of GRP78 and representative control 
proteins in canine and human cells 

Immunoblot analysis of fractions prepared from: (A) canine HMPOS osteosarcoma, 
(B) canine POS osteosarcoma and (C) human DU145 prostate cancer cells. Cells 
were grown under standard conditions and fractionated to isolate cytoplasmic (C), 
membrane (M) and nuclear (N) compartments using standard biochemical 
techniques. Samples were probed with antibodies against GRP78 and proteins of 
the membrane (EGFR), cytosolic (HSP90, GAPDH), and nuclear (HDAC2) 
compartments as indicated. 
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Figure 4.4 Canine osteosarcoma cells show ER stress in response to 
thapsigargin treatment  

Immunoblot analysis of GRP78/BiP, CHOP and α-tubulin expression in the 
absence (0.1% DMSO) or presence of thapsigargin (3 µM) in: (A) human SAOS-2 
osteosarcoma, canine D17 osteosarcoma and canine COS osteosarcoma cells 
and, (B) and human SK-ES-1 Ewing’s sarcoma, canine POS osteosarcoma and 
canine HMPOS osteosarcoma cells. Cells were grown under standard conditions 
and treated with, or without, thapsigargin for 24hr. Whole cell lysates were probed 
with antibodies against GRP78, CHOP and α-Tubulin (loading control) as indicated. 
Images are representative of a comparison that was repeated three times. 
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Figure 4.5. Early inhibition of phospho-Akt in canine osteosarcoma cells in 
response to OSU-03012 

Comparative analysis of Akt signaling  in canine: (A and B) POS and (C and D) 
HMPOS osteosarcoma cells in the absence ((not treated (NT) and vehicle-treated 
(0.1% DMSO)) or presence of OSU-03012 (1 to 10 µM) after 1 hr. At the end of 
treatment whole cell lysates were processed for immunoblot analysis and probed 
with antibodies against phospho-Akt -Threonine 308, phospho-Akt -Serine 473, 
total Akt, GRP78, and GAPDH as indicated. (B and D) Histograms show 
quantification of expression from three independent experiments. Signals were 
normalized to GAPDH and phopho-Akt then normalized to total Akt. Statistical 
significance in treated versus untreated cells indicated as * p< 0.05, ** p< 0.01, 
***p< .001.   
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Figure 4.6. OSU-03012 inhibits GRP78 expression and induces caspase-3,7 
activity in canine osteosarcoma cells 

Comparative analysis of GRP78, HSP70 and HSP40 expression in canine: (A) 
POS and (D) HMPOS osteosarcoma cells in the absence (0.1% DMSO) or 
presence of OSU-03012 (300 nM) after 24 hr or 36 hr. At the end of treatment 
whole cell lysates were processed for immunoblot analysis and probed with 
antibodies against GRP78, HSP70, HSP40 and GAPDH as indicated. (B and D) 
Histograms show quantification of GRP78 expression from three independent 
experiments. Signals were normalized to GAPDH and statistical significance in 
treated versus untreated cells indicated as * p< 0.05, ** p< 0.01, ***p< .001.  (C 
and F) Concentration–response analysis of 3,7-caspase activity in (C) POS and 
(F) HMPOS osteosarcoma cells exposed to increasing concentrations of OSU-
03012 (100 nM to 3 µM) for 24hr. Bars represent mean luminescence expressed 
as Relative Light Units ± S.E. (n=3 wells per treatment) from three independent 
comparisons. Statistical significance of change in treated, relative to vehicle-
treated (0.1% DMSO), cells is indicated as * p < 0.05, ** p < 0.01, *** p < .001. 
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Figure 4.7 OSU-03012 is cytotoxic to canine osteosarcoma cells  

Concentration-dependent changes in the viability of canine (A) POS and (B) 
HMPOS osteosarcoma cells in response to continuous exposure to OSU-03012 (3 
nM to 10 µM) for 72 hr. Cell viability was determined using an MTS assay with the 
viability of vehicle-treated (0.1% DMSO) cells defined as 100 % viability at the end 
point. Data points represent mean viability ± S.D. (n=3 wells per treatment). Cell 
viability curves are representative of a comparison that was repeated three times. 
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Table 4.1. Cytotoxic potencies of OSU-03012 and carboplatin to canine 
osteosarcoma cells  

Concentration-response relationships for OSU-03012 and carboplatin to reduce 
canine POS and HMPOS viability were assessed using an MTS cell viability 
assays. Data were analyzed using GraphPad Prism Software (Graphpad Software 
Inc. San Diego, CA), and EC50 values were determined by nonlinear regression 
analysis fit to a logistic equation 
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Abstract 

Almost one third of all proteins reside in, or transit through, the cellular secretory 

pathway.  As this cellular compartment is responsible for the maturation and 

trafficking of many cell surface and secreted proteins, that are critical for sustaining 

cancer growth,  the selecive inhibition of this pathway has the potential to reveal  

novel druggable targets for future cancer therapy.  In the present study, we 

developed a workflow for the discovery of new inhibitors of protein secretion by 

combining a funcitonal  assay, based on detection of a naturally secreted reoprter, 

with basic cell viability assays. This dual screening approach was amenable to 

High-Throughput Screening (HTS) and was used to screen 1000s of pure 

compounds and mixtures from synthetic and natural product libraries. Of the 3906 

small molecules screened, 6 of them were recogizable as candidates for further 

evaluation as secretory pathway inhibitors. We also characterized the activity of 

several known natural product inhibitors of the secretory pathway to provide a 

framework for future target validation. We found that coibamide A decreases 

expression of the endoplasmic reticulum (ER) chaperone protein glucose 

regulated protein 78 (GRP78) in human umbilical vascular endothelial cells 

(HUVEC), human glioblastoma (U87-MG, U251) and prostate (Du145) cancer 

cells in a time-dependent manner and that loss of GRP78 may be a useful 

biomarker of  secretory pathway inhibition in cell-based assays. Finally, we 

developed the use of a cellular thermal shift assay for the identification of 

compounds that bind the alpha subunit of the Sec61 translocon complex.  
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Introduction  

In mammalian cells, one third of the proteome resides in, or is trafficked through, 

the secretory pathway. Nascent polypeptides, destined for the secretory 

compartment, are first moved into the lumen of the endoplasmic reticulum (ER) via 

a process known as co-translational translocaion which goes through a conserved 

channel known as the Sec61 translocon [1]. From the ER, the polypeptides 

complete multiple maturation steps required for correct folding such as undergoing 

glycosylation and disulfide bond formation. Properly folded proteins are trafficked 

to the Golgi complex and from there are moved to their final destination [2]. The 

natural features of cancer cells, such as high proliferation rates, high metabolic 

demands and aneuploidy, place increased demands on the ER and secretory 

functions of the cell [3]. Recent studies have revealed the critical contribution of 

the secretory pathway in cancer development, which raises the possibility that the 

secretory pathway can be targetted for therapeutic advantage in certain human 

cancers.  

It is now clear that some microrganisms produce secretory pathway inhibitors.  For 

example, the cyanobacterial natural product apratoxin A is an inhibitor of co-

translational translocation and has anticancer properties [4]. Coibamide A, an N-

methylated cyclic depsipeptide natural product structure discovered by Dr. Kerry 

McPhail, also appears to target the cellular secretory pathway. Coibamide A was 

first isolated from a cyanobacterial assemblage found in the Coiba National Park, 

Panama and displayed potent cytotoxicity at nanomolar concentrations against the 

National Cancer Institution-60 panel [5]. Towards the goal of determining the 

mechanism of coibamide action we previously reported that coibamide A inhibits 

the expression of vascular endothelial growth factor receptor 2 (VEGFR2), the 

secretion of VEGF A, and suppresses tumor growth in glioblastoma xenografts [6]. 

In addition, coibamide A induces autophagy and promotes cross-signaling 

between ATG5-dependent autophagy and caspase-dependent apoptosis [7] [8]. 

Recently we revealed that coibamide induces mTOR-independent autophagy 

without activation of a classic ER stress response [8]. This finding is significant as 

this lack of an ER stress response, potentially distinguishes the action of coibamide 

A from compounds that disrupt proteostasis within ER such as thapsigargin and 
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tunicamycin  [8].  Taken together, these results indicate that coibamide A acts as 

an inhibitor of the secretory pathway with a mechanim that is similar to that of 

apratoxin A [6] [8].  

The heterotrimeric Sec61 complex forms the structural core of the translocon 

channel [9]. As an ER resident chaperone and a member of heat shock protein 

family [10], glucose-regulated protein 78 (GRP78), also known as BiP, associates 

with Sec61 complex on the lumenal side of the channel and is the only soluble 

protein necessary and sufficient to control the closure of the translocon and 

engaged in the early stages of protein translocation [11]. Working with other ER 

chaperones, GRP78 binds to nascent proteins to prevent them from aggregation 

as most of them will be N-linked glycosylated [12]. GRP78 monitors the processing 

of  highly branched glycans and forms disulfide bonds to stabilize the folded protein 

[13], and also targets unfolded proteins for degradation in a process called ER-

associated degradation (ERAD) [14]. In past decades, genome wide and 

immunohistochemical analyses of clinical samples have shown that GRP78 is 

overexpressed in several tumors refractory to therapy like prostate cancer[15], 

breast cancer [16] and glioblastoma [17]. Increased level of GRP78 seems to be 

the key feature for cancer cells that chronically upregulate the UPR without 

however inducing apoptosis.   

In the present study, we developed a workflow for the discovery of new secretion 

pathway inhibitors using the combination of a functional secretion assay, based on 

detection of the naturally secreted reporter Gaussia luciferase (Gluc), coupled with 

established cell viability assays. We also tested the activity of  four known 

macrocyclic natural products to reveal patterns that can be used for profiling and 

future validation of potential inhibitors of Sec61 function. Comparative analysis of 

coibamide A, relative to other natural and synthetic compounds, supported the use 

of the workflow and indicated that several straightforward assays can be used to 

reveal biological activity consistent with a Sec61 inhibitor. Of the pure compounds 

tested, coibamide A was the only compound that appeared to target the co-

translational translocation machinery.  

  



 

 

126 

Materials and Methods 

Mammalian Cell Culture  

All cells were maintained as adherent cultures under standard laboratory 

conditions at 37°C in an atmosphere of 5% CO2. Human U251, U87-MG, and 

DU145 were cultured in Minimum Essential Media (Corning Cellgro) with 10% fetal 

bovine serum (FBS; VWR, Radnor PA), L-glutamine (2mM), and 1% penicillin and 

streptomycin. HUVEC cells were cultured in Medium 200PRF (Life Technologies 

Corp.) supplemented with Low Serum Growth Supplement (Life Technologies 

Corp.) as specified by the supplier.  

Chemicals and Reagents  

The isolation and purification of coibamide A [5] and apratoxin A [18] has been 

discribed. Geldanamycin was purchased from Medchemexpress LLC (Cat.NO.: 

HY-15230). Thapsigargin (Cat# T9033) was from Sigma Aldrich (St Louis, Missouri 

US). Bortezomib was purchased from Medchemexpress LLC (Cat.NO.: HY-

10227). All compounds were reconstituted in 100% DMSO, aliquot and stored in 

amber borosilicate glass vials at -20°C for use in biological studies. Cell culture-

grade DMSO was used as the vehicle for all treatments and final concentrations 

of DMSO for in vitro experiments never exceeded 0.1%.  

Primary and secondary antibodies purchased from Cell Signaling Technology, Inc. 

(Danvers, MA, USA) included: BiP/GRP78 (#3177), HSP70 (#4873), HSP40 

(#4868), GAPDH (#5174), Tie-2 (#4224). Antibodies to VCAM-1(#ab7224). 

Primary antibodies Sec61α (ab183046), BiP/GRP78 (for immunoccytochemistry 

studies; #21685) were from Abcam. General laboratory reagents for biological 

studies were obtained from VWR International (Radnor, PA).  

Cell Viability Analysis 

For CellTiter-Glo assays, cells were seeded at a density of 3000 cells/well in 100µL 

of complete medium in 96-well plates.  After 18 hr, cells were treated with drugs or 

vehicle (0.1%DMSO). Cell viability was assessed using a CellTiter-Glo® 
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Luminescent Cell Viability Assay kit (Promega Corp., Madison, WI), with the 

viability of vehicle-treated cells defined as 100%. 

Cell Lysis and Immunublot Analysis   

Cell lysates were prepared using freshly made ice-cold Lysis Buffer containing 

50nM Tris-HCl (PH7.5), 1mM EDTA, 1mM EGTA, 1% Triton X-100, 0.27 M 

Sucrose, 50mM sodium fluoride,1mM sodium orthovanadate, 5mM sodium 

pyrophosphate, 1mM PMSF and 1mM benzamidine. All cell lysates were cleared 

by centrifugation at 16,000xg for 20min at 4°C and the protein concentration was 

determined by bicinchoninic acid (BCA) method indicated by the manufacturer’s 

recommendations (Thermo Fisher Scientific Inc.) 

For immunoblot analysis, cell lysates were adjusted by protein concentration and 

equal amounts (50μg) separated by SDS-PAGE gel. Then proteins were 

transferred onto PVDF membrane (Thermo Fisher Scientific) in transfer buffer 

contains 25nM Tris, 192mM glycine, 10%methanol. Membranes were then 

blocked in 5%(m/v) non-fat milk in 50mM Tris-HCl, pH7.4, 150mM NaCl (TBS) with 

0.05% Tween-20 (TBS-T), and incubated at 4°C for 16 hs with appropriate primary 

antibody in 5%(w/v) bovine serum albumin (BSA) in TBS-T. On the following day, 

membranes were washed with TBS-T for 2 x 5min, then incubated in appropriate 

HRP-conjugated secondary antibody for 1 h at room temperature.  Membranes 

were then washed in TBS-T for 3 x 5min, and target proteins were detected by 

chemiluminescence (AmershamTM ECLTM Chemiluminescent Labeling and 

detection Reagents for Proteins, GE Healthcare), using either X-ray films or 

myECLTM Imager system (Thermo Scientific). 

Immunofluorescence   

U87-MG cells were seeded on slides coated with 0.1% gelatin in 6-well cell culture 

plates. After treatment, slides were washed with PBS, then fixed with Methanol for 

10 min. After three washes with PBS, cells were permeabilizated with 0.1% Triton 

X-100 in PBS and incubated in room temperature for 15 min. For blocking, 10% 

goat serum were used for incubation for 30 min. After blocking, slides were 

incubated in desired concentration of primary antibody (GRP78 1:100, Sec61α 
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1:100) diluted in 0.1% BSA overnight at 4 °C. On the second day, wash the slides 

with PBS, add 1:200 of fluorescent dye-labeled secondary antibody along with 

nucleus (DAPI) and incubate for 90min at room temperature protected from light. 

After washing again with PBS, add the slides with mounting medium.  

Cellular Thermal Shifting Assay 

Assays were carried out according to a method previously decribed by Jafari and 

co-workers [19]. Briefly, to determine the apparent melting curve, U87-MG cells 

were seeded in 10 cm cell culture dishes, and treated with coibamide A, apratoxin 

A, OSU-03012 or vehicle (0.1% DMSO) for 1h. After treatment cells were 

harvested using  trypsin and collected in 15 mL conical tubes. Whole cells were 

pelleted by gentle centrifugation at 300 x g for 3 min. Cell pellets were re-

suspended in PBS supplemented with PMSF and benzamidine to a final cell 

density of ~2 million cells per mL. The cell suspension was distributed into PCR 

tubes (0.2 mL size), arranged in strips, with 100μl in each tube.  

Cells were subjected to increasing temperatures in a VeritiTM 96-well thermal cycler 

(Thermo Fisher).  PCR-tube strips with the first six temperature endpoints (45 - 

60°C) were heated to the designated temperature for 3 min. Immediately after 

heating, tubes were removed and samples incubated at room temperature for an 

additional 3 min. After this 3 min incubation, samples were immediately snap-

frozen in liquid nitrogen. The remaining samples were subjected to the same 

procedure at 4 additional temerature endpoints (60-72°C). All samples were 

subjected to two freeze-thaw cycles (using liquid nitrogen and a water bath set at 

25°C) in order to ensure a uniform treatment of all tubes. Lysates were cleared by 

centrifugation at 18,000 x g for 20 min, at 4°C, and the supernatant (90μl) carefully 

transferred to a new tube. An aliquot of 4X laemmli reducing buffer (22μl) was 

added to each sample and all tubes were then heated to 90°C for 5 min in 

preparation for immunoblot analysis.    

Gluc Secretory Activity Assay 

For concentration-response assays, Gaussia luciferase (Gluc)-expressing U87-

MG cells were seeded in 96-well plates at a density of 3,000 cells per well and 
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allowed to grow overnight. The next day, the growth medium was replaced with 

complete medium containing coibamide A (1μM - 0.1nM), aureobasidin A (10μM - 

0.3 nM), cyclosporin (10 μM – 0.3 nM), or vanilomycin (10 μM – 0.3 nM) or vehicle 

(0.1% DMSO). Following 16 h treatments, aliquots (20 μL) of conditioned cell 

culture medium were removed from each well and transferred to 96-well white-

walled plates. Coelenterazine (1.68 μM) was injected into each well to yield a final 

concentration of 1.2 μM, and luminescent signals were measured using a multi-

mode microplate reader (BioTek Synergy HT) with Gen5® software and compared 

across conditions (3 sec wait, 0.5 sec integration time following coelenterazine 

injection). We defined the Gluc secretion of vehicle-treated cells as 100%.  

Screening of a Synthetic Small Molecule Library 

For primary screeingn of small molecules from the Oregon Translational Research 

and Development Institute (OTRADI) library, Gluc-expressing U87-MG cells were 

seeded in 96-well plates at a density of 3,000 cells per well and allowed to grow 

overnight. On the next day, column 1 of each 96-well plate was treated with 0.1% 

DMSO as negative (upper secretome limit) control, and column 12 treated with 100 

nM apratoxin A as positive (lower secretome limit) control. Small molecules from 

the OTRADI library were injected by automated pin tool of 0.2μl for a final of 10μM. 

After 24h, 20 μL of conditioned cell culture medium was removed for analysis of 

Gluc secretion assay as described above and the culture plates returned to the 

incubator. Cell viability was assessed 24 h later, using a standard MTT viability, at 

the 48 h end-point.  We defined the inhibition of Gluc secretion of vehicle-treated 

cells as 0%, and apratoxin A-treated cell as 100%. For cell viability assays, we 

defined the viability of vehicle-treated cells at 48 h as 100%.  

Hits were defined as compounds that inhibited the signa/Gluc by more than three 

times that stardard deviation away from the mean inhibition of all the compounds 

across all plates with an estimated Z-factor >0.5. The estimated Z-factor is defined 

in terms of four parameters: the sample means (𝜇) and sample standard deviation 

(𝜎) of both the positive (p) and negative (n) controls: 

Estimated Z-factor =  1 − M(NOPNQ)
ROSRQ
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Fifiteen compounds met the criteria for secondary screening and advanced for 

concentration-response analyses. Gluc-expressing U87-MG cells were seeded in 

96-well plates at a density of 3,000 cells per well and allowed to grow overnight as 

before. On the next day, cells were treated with a range of concentrations (10 μM 

- 0.3nM) using a Hewlett-Packard (HP) Tecan D300 Digital dispenser. After 24 h 

of treatment, the Gluc assay was conducted as descibed previously. The culture 

plates were returned to the incubator and cell viability was tested after 48 h using 

a MTT cell viability assay.  

Data Analysis 

Dose-response relationships were analyzed using GraphPad Prism Software, and 

EC50 values were determined by nonlinear regression analysis fit to a logistic 

equation. For immunoblot analysis, target protein signals were normalized to the 

intensity of controls (Tubulin or GAPDH) and quantified relative to control using 

ImageJ software (rsbweb.nih.gov/ij). Statistical significance of data derived from 

MTT viability assays was performed using a one-way analysis of variance 

(ANOVA) followed by a Student’s t-test comparing untreated controls and 

treatment groups. P-values of 0.05 or less were considered statistically significant.  
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Results 

Discovery of secretion inhibitors using a functional assay. 

Previously Badr and co-authors [20] described a novel functional screening assay 

based on measurement of bioluminescense of a naturally secreted reporter, 

Gaussia luciferase (Gluc), from cultured cells. This assay was first used to identify 

small molecules that can sensitize brain tumor cells to cell death [20]. We 

generated Gluc-expressing human U87-MG glioblastoma cells by infection with a 

lentiviral vector encoding an expression cassette for Gaussia luciferase and CFP 

separated by an IRES element under the control of a CMV promotor [20]. Upon 

infection, Gluc was first expressed in the cells and then processed through the 

secretory pathway and released into the conditioned medium. Therefore, the 

secretory activity can be monitored by measuring bioluminescense generated by 

the reaction of Gaussia luciferase with substrate coelenterazine [20].  

We utilized this whole-cell based Gluc secretion assay to screen for for new 

inhibitors of secretory function. Using a High Throughput Screening (HTS) 

approach we screened 3906 small molecules from the OTRADI library to look for 

compounds that inhibited Gluc secretion into the culture medium after a 24 h 

exposure. To gain additional information about the potential cytotoxicity of the 

compounds to glioblastoma cells, all cultures were returned to the incubator for an 

additional 24h for assessment of cell viability at 48 hr. The workflow of the entire 

screen of the 3906 compounds is summarized in Figure 5.1(A), and the result from 

the primary screen are presented as a scatter plot in Figure 1B. Fifteen hits were 

revealed form the primary screening. Hits were determined from the subset of 

plates with Z-Prime > 0.5, indicative of a robust assay, that inhibited Gluc secretion 

by more than three times the standard deviation (94.826% inhibition of Gluc 

secretion) away from the mean inhibition of all the compounds (Figure 5.1B). The 

15 hits also displayed a moderate inhibition of cytotoxicity by 48 h (Table 5.1). In 

the secondary screening, we treat Gluc-U87 cells with increasing concentrations 

of each of the lead compounds (designated 1-15) ranging from 3 nM to 10 μM, and 

then measured the Gluc secretion and cell viability at 24 h and 48 h, respectively. 

Six of the hits displayed clear concentration-dependent inhibition of Gluc secretion, 

and 11 displayed micromolar potency as cytotoxic agents for future analyses 
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(Suplementary S5.1). These results served to validate the use of the Gluc assay 

for HTS and potential use for for the discovery of new secretory pathway inhibitors.  

Profiling of known natural product structures in the Gluc secretion assay. 

As we previously demonstrated the ability of coibamide A to decrease expression 

of membrane-bound receotors and secreted ligands, such as VEGFR2 and VEGF-

A  [6], we tested the ability of Gluc to inhibit Gluc secretionin. In these assays, 

coibamide A potently inhibited cellular secretory activity, after relatively short (16 

h) exposures (Figure 5.2A),  without affecting cell viability (Figure 5.2B). We used 

this assay to compare the action of coibamide A to other natural product 

macrocycles. The ability of coibamide A (0.1nM - 1μM) to inhibit Gluc secretion 

was compared with vanilomycin (1 nM - 10 μM), aureobasidin A (0.3 nM-3 μM) and 

cyclosporin A (1 nM - 10 μM),. Both coibamide A and vanilomycin displayed potent 

inhibition of the secretory pathway after 16h (Figure 5.2), however vanilomycin also 

inhibited up to 50% of cell viablity at the same time point (16 h). In contrast, the 

immunosuppresor cyclosporin and antifungal antibiotic aureobasidin A failed to 

inhibit either secretory function or viability (Figure 5.2). and, in separate 

experiments, remained essentially non-toxic after 72 h (Figure 5.2). In contrast, 

both coibamdie A and vanilomycin killed more than 80% of cells after 72 h (Figure 

5.2C; Table 5.2). The results indicate that cell viability was not affected in the short 

treatment period (16 h), and that the observed inhibition of secretory activity was 

unlikley to occur as a secondary consequence in dying cells.  This differential 

response between Gluc secretion and cell viability revealed a pattern of activity 

consistent with our previous assignment of coibamdie A as a likely secretory 

pathway inhibitor [6].  

Coibamide A decreases GRP78 expression in a concentration- and time - 

dependent manner 

We previously determined that coibamide A does not induce a typical ER stress 

response in cultured mouse embryonic fibroblasts [8], raising the possibility that 

secretory pathway inhibitors may induce a specific pattern of cell stress. Using 

normal HUVECs as a model cell type, we exposed cells to a range of coibamide A 

concentrations (1nM, 10nM, 100nM and 1μM) for 24 h. Immunoblot analysis of 



 

 

133 

HUVEC lysates revealed slight decreases in GRP78 expression at low 

concentrations of coibamide A, and undetectable levels of GRP78 protein following 

concentrations of 10 nM - 1 μM. On the other hand, the cytosolic chaperone 

proteins HSP70 and HSP40 were upregulated in a concentration-dependent 

manner.  As a resident chaperone protein in ER lumen, GRP78 plays an important 

role in folding proteins that are entering the secretory pathway. In order to expand 

our investigation of coibamide A target proteins, we examined coibamide-treated 

HUVEC lysates for the cell adhesion molecule vascular cell adhesion molecule 1 

(VCAM-1) and tyrosine kinase receptor Tie 2. We found that in HUVECs models, 

both Tie2 and VCAM-1 began to disappear after 24h exposure to coibamide A in 

a concentration-dependent manner (Figure 5.3A-B).  

To expand our analysis of cell stress signaling in response to coibamide A, we 

selected three human cancer cell lines (U87-MG and U251-MG glioblastoma  and 

DU145 prostate cancer cell), which have high endogenous GRP78 expression. As 

anticipated from studies in HUVECs, GRP78 expression decrease after 12 h, then 

almost disappeared by 24 h in all of the three cell lines. In contrast, total levels of 

HSP70 and HSP40 are correspondingly induced in a time-dependent manner 

(Figure 4 A-F).  The inhibition of GRP78 expression by coibamide A was also 

studied using immunocytochemistry in U87-MG cells to visualize both proteins. 

After a 24 h exposure to coibamide A, GRP78 (green) expression was dramatically 

decreaesd, whereas Sec61α (red) showed no significant change (Figure 5). In 

addition, consistent with recent studies, the immunofluorescence reveals that 

GRP78 is up-regulated in cancer cells not only in ER but also in the cytosol and 

close to the plasma membrane.  

Profiling of the heat shock proteins in response to known natural product 

structures 

To study the effect of coibamide A on cell stress, we compared the action of 

coibamide A to that of the well characterized natural product HSP90 inhibitor 

geldanamycin  [21], to thapsigargin as a known inducer of ER stress [22], and to 

apratoxin A which has been revealed to target the Sec61α subunit of the Sec61 

translocon complex [23]. While thapsigargin induced a large increase in GRP78 
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expression after 24 h, coibamide A and apratoxin A induced statistically significant 

decreases in GRP78. On the other side, while the thapsigargin treated group 

induced little change in terms of changes in the cell stress indicator heat shock 

proteins HSP70 or HSP40, cells treated with coibamide A, apratoxin A or 

geldanamycin all showed increased HSP70 and HSP40 (Figure 5.6A, B). This 

result indicates that coibamide A works in a different mechanism of action than 

HSP90 inhibitor geldanamycin, and was most similar to apratoxin A.   

Coibamide A induces Proteasome-dependent degradation of GRP78. 

We then investigated whether GRP78 was being subject to degradation upon 

being exposed to coibamide A. Proteasome-dependent degradation is the main 

pathway for cellular degradation of proteins. We utilized the proteasome inhibitor 

bortezomib to address the involvement of this pathway. As shown in immunoblot, 

bortezomib alone caused a massive amount of protein ubiquitination while doesn’t 

change the endogenous level of GRP78. However, when U87-MG cells were 

treated with coibamide A and bortezomib in combination, then harvest the in-

soluble lysate by sonication, we captured a dramatically large amount of GRP78 

(Figure 5.6C, D). This rescue of GRP78 immunoreactivity, by co-treatment of 

coibamide A with bortezomib, indicates that a large fraction of GRP78 undergoes 

proteosomal degradation in response to coibamide treatment and was retained in 

cytosol in the presence of bortezomib.  

Biochemical analysis of the Sec61α subunit of the translocon in response 

coibamide A. 

Recently apratoxin A was shown to target the Sec61 translocon complex [24]. As 

our previous studies provide evidence that coibamide A has the similar mechanism 

of action as apratoxin A [6] [8], we used a biochemical method to investigate the 

binding target of coibamide A. In the present study, we used a cellular thermal shift 

assay (CETSA) following with immunoblot analysis to detect if there is any thermal 

stabilization of the alpha subunit of the Sec61 protein complex upon coibamide A 

or apratoxin A treatment in cells. We first screened lysates from several human 

cell types to test the quality and specificity of a commercially available anti-Sec61α 

antibody.  Lysates were generated from human embryonic kidney 293 (HEK293) 
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cells, U87-MG glioblastoma, human HeLa cervical cancer cells, and human H3122 

lung cancer cells and probed in parallel. This analysis showed a uniform clear 

detection of Sec61α at the predicted protein size in all of the four cell lysates 

(Figure 5.7A), indicating that this antibody is suitable for use in CETSAs.  

In theory, unbound proteins denature, aggregate and precipitate at elevated 

temperatures, whereas ligand-bound proteins remain more stable and can be 

detected in solution by immunoblot analysis. [19] In our initial melting curve 

experiments in intact U87-MG cells, in the absence (vehicle) and presence of 

coibamide A in Figure 5.7B and Figure 5.7C, we observed a series of identical 

patterns for GRP78/BiP, α-tubulin, GAPDH and Sec61β at increasing 

temperatures from 45 °C to 72 °C, indicating that none of those proteins are bound 

by coibamide A, or at least coibamide A didn’t cause any thermal stabilization of 

those proteins. Then we expanded the experiment to compare the action of 

coibamide A, apratoxin A and a celecoxib derivative OSU-03012 and concentrated 

on potential changes in Sec61α, the core subunit of the Sec61 translocon protein 

complex. Whereas Sec61α mostly disappeared at 57 °C to 60 °C in vehicle- and 

OSU-03012-treated cells, this protein was still detectable at 60°C of temperature 

in coibamide A treated cells and at 63 °C to 66 °C of temperature in apratoxin A- 

treated cells (Figure 5.7 D,E). These results suggest that both coibamide A and 

apratoxin A stabilize the Sec61α subunit at elevated temperatures but may do so 

to a different extent. This results strongly indicates that Sec61α is the direct target 

of both coibamide A and apratoxin A.  
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Discussion 

In the present study, we validated a method that is amenable to high-throughput 

screening assay whereby a functional Gluc secretory assay can be combined with 

a standard cell viability assay to screen for inhibitors of the cellular secretory 

pathway. We utilized this workflow to identify 6 new candidates from a synthetic 

small molecule library that could be studied for their potency in secretory inhibition.  

In mammalian cells, almost one third of proteins reside in or transit through the 

secretory pathway. Secretory proteins are segregated from the cytosol and 

translocated across the endoplasmic reticulum (ER) membrane [1]. Nascent 

peptide chain are co-translationally translocated through the ER membrane at sites 

termed translocons [25]. From ER, these polypeptides go through folding, 

glycosylation, disulfide bond formation to get matured and then are transported 

through Golgi to reach their destination such as secretome or plasma membrane 

proteins. The interruption of ER proteostasis would trigger unfolded protein 

response (UPR), and the fall of restoring ER homeostasis induces cell death.  

Cancer cells have a high demand of metabolic and proliferation rates, require 

particularly robust ER and secretory machineries. The increased demand for the 

secretory functions in cancer cells changes the ER homeostasis and consequently 

induces constitutive UPR activity [3]. ER stress is a gatekeeper of tumor 

progression in the early stage, and its activation controls the fate of malignant cells 

facing glucose shortage [26] [27]. On the other side, the differentiation and stress 

response factor XBP-1 drives multiple myeloma pathogenesis [28]. Moreover, 

secretory proteins like cytokines, extracellular matrix (ECM) proteins and integrins 

control the tumor-stroma interactions. The inhibition of secretory pathway function 

has previously been shown to result in cell ECM destabilization and an increase in 

cancer dissemination and inhibition of invasion [3].  Finally, ER chaperones have 

critical functions outside of the simply facilitating protein folding that it promotes 

oncogenesis and tumor immunogenicity [29]. Because of it’s multiple roles in 

cancer development, the secretory pathway has been identified as a novel target 

in cancer therapy.  
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Therapeutic intervention might be possible at many levels in the secretory pathway 

in cancer cells, such as inhibiting of the entry of co-translationally translocation at 

translocon, modulating the secretion of selected proteins, targeting ER 

chaperones, increasing proteostasis unbalance and modulating UPR [3]. In 

eukaryotes, the conserved Sec-dependent pathway is used for the translocation 

of secretory proteins. At the beginning of the secretion pathway, the Sec61 

translocon is a dynamic protein complex that consists of a central Sec61α subunit 

and two smaller peripheral subunits Sec61β and γ [30]. The lateral gate of Sec61α 

allows opening of the channel towards the lipid bilayer for lipid insertion of 

transmembrane domains [31]. The dominant mode operated by the Sec pathway 

is co-translational translocation, which couples ribosomal protein synthesis directly 

to protein translocation through the channel. This process has multiple steps that 

needs dynamic interactions between many factors. A group of natural and 

synthetic agents have recently been discovered to affect different steps of the 

translocon mechanisms. Mycolactone induces an irreversible conformational 

change in Sec61α [32]. Exotoxin A modulates translocon gating similar to 

calmodulin  [33]. More interestingly, several cyclic depsipeptides have been found 

to be co-translational translocation inhibitors. HUN-7293 and its derivatives 

contransin and CAM741 interfere with signal peptide insertion at the translocon 

[34] [35]. Fungal cyclic decadepsipeptide Decatransin and secondary metabolite 

from marine cyanobacterium apratoxin A inhibit translocation into the ER lumen 

and can prevent growth of tumor cells [36] [24].  

In validating the screen, coibamide A and valinomycin stood out as potent 

inhibitors of secretory function whereas cyclosporin A and aureobasidin A showed 

no activity is this assay. Coibamide A and valinomycin did, however, show a 

different profile. Coibamide A and valinomycin inhibited more than 70% of Gluc 

secretion in as fast as 16 h, however valinomycin simultaneously decreased U87-

MG cell viability by almost 50%. These findings support previous studies that 

indicate valinomycin has some activity as a Sec61 inhibitor, but also has off-target 

effects as a potent disrupter of potassium transport. Valinomycin is a macrocyclic 

depsipeptide that isolated from an Actinomycete culture. It is not only a potassium 

anionophore but also a signal peptide-specific inhibitor of hamster prion protein 

(PrP) translocation [37]. However, human PrP was not affected by valinomycin, 
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due to the differences in the signal peptides of these two homologous proteins. 

Our finding that valinomycin displays potent secretory inhibition and also 

cytotoxicity raise the possibility that it causes a rapid secretory disruption maybe 

alone with other mechanisms, resulting the cell death. Our findings also suggest 

that our dual screening approach is sensitive enough to detect potential differences 

between the mechanism of action of valinomycin and coibamide A. 

On the other side, coibamide A caused fast secretory inhibition that could not be 

attributed to a rapid decrease in cell viability. This sign indicates that the secretory 

pathway is an early, or first, target affected by coibamide A, but raises the question 

of how coibamide A causes cell death. By the study in HUVECs, two human 

glioblastoma cells (U87-MG, U251), and one prostate cancer cells (DU145), we 

revealed a consistent pattern alone these cell lines that, the immunoactivity of ER 

chaperone proteins GRP78 was mostly decreased after exposure to coibamide A. 

In the mean time, cytosolic chaperone HSP70 and co-chaperone protein HSP40 

were up-regulated. The GRP78 plays multiple roles in ER function. It protects cells 

from ER stress crash and supports the unfolded protein response as a survival 

mechanism. Reduced GRP78 can thus result in cell death under ER stress 

conditions, which are typical for solid tumor because of the high metabolic demand. 

In addition, GRP78 performs several functions in both co- and post-translational 

translocation, such as driving translocon gating and assisting with insertion of 

precursor peptides into the channel [38] [39]. Therefore, loss of GRP78 impedes 

the translocation of polypeptides into ER. Those nascent peptides aggregate in the 

cytosol and inducing a rapid loss of proteostasis, and a compensatory up-

regulation of cytosolic chaperones such as HSP70 and co-chaperone HSP 40. The 

HSP70 family of proteins controls all aspects of cellular proteostasis such as 

nascent protein chain folding, protein import into organelles, recovering of proteins 

from aggregation, and assembly of multi-protein complexes. In malignantly 

transformed cells, the HSP70 family can be induced to protect cells from the 

proteotoxic stress associated with abnormally rapid proliferation and cytostatic 

drugs [40]. The fact that ER stress inducer thapsigargin,  and HSP90 inhibitor 

geldanamycin gave different patterns in terms of GRP78 and HSP70 expression 

indicates the diverse mechanisms between them and coibamide A or apratoxin A. 
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Only coibamide A and apratoxin A can decrease the expression of GRP78 and 

induce a dramatic proteotoxicity.   

In chapter 4, we discussed that high basal expression of GRP78 and distribution 

to cellular compartments outside then ER is increasingly associated with several 

treatment-resistant human and canine cancers. GRP78 may also participate in 

oncogenic signaling in some aggressive cancers [41] [42]. Here we not only detect 

the decrease of GRP78 after treatment by coibamide A, but also revealed that 

protease-dependent degradation is involved in coibamide A induced down-

regulation of GRP78. Moreover, the results of immunofluorescence studies 

showed a comprehensive decrease of GRP78 protein both inside and outside of 

ER, we have adequate evidence to conclude coibamide A not only inhibits the 

biosynthesis of GRP78 but also caused degradation of existing GRP78. Until now 

coibamide A displays an apratoxin A-like actions in cells. In cellular thermal shift 

assay, both coibamide A and apratoxin A induced the thermal stabilization of 

translocon protein sec61α. This result strongly indicates that Sec61α subunit is the 

direct binding target of coibamide A and apratoxin A. Now total synthesis of 

coibamide A has been achieved. Based on the characteristic inhibitory profile of 

coibamide A, valinomycin and apratoxin A, after some pharmaceutical optimism, 

these secretory inhibitors can be exploited for the development of new therapeutic 

and anticancer applications.   

In summary, we developed a workflow (Figure 5.8) for the discovery of new 

secretion pathway inhibitors. Among the pure compounds we tested, coibamide A 

was the only compound that appeared to target the co-translational translocation 

machinery.  
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Figure 5.1. Gluc functional screening assay. 

 (A) A general flowchart showing the steps of screening assay. (B) Scatter plot of 
the 3,906 compounds tested(upper) or only 1965 compounds in plates with Z-
Prime >0.5 (lower). Results are presented as percentage of Gluc expression in 
which the negative control (0.1%DMSO) was set at 0% and positive control 100nM 
Apratoxin A was set at 100%. 
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Figure 5.2. Gluc secretion and cell viability inhibition of natural products.  

Coibamide A, vanilomycin, aureobasidin A and cyclosporin A – induced inhibition 
of Gaussia luciferase (Gluc) secretion (A) and cell viability (B)(C) in U87-MG 
glioblastoma cells. Gluc-infected U87-MG and normal U87-MG cells were seeded 
at a density of 3000 cells/well, treated the following day with increasing 
concentrations of coibamide A (0.1nM - 1μM), vanilomycin (1nM - 10 μM), 
aureobasidin A (0.3nM-3μM), or cyclosporin A (1nM - 10 μM) for indicated time in 
serum-enriched medium, and assessed for their secretory activity using the 
substrate coelenterazine (1.2 μM final concentration) to Gluc-infected U87-MG and 
cell viability using Celltiter Glo to Gluc-infected U87-MG (16 h) and U87-MG cells 
(72hr). Figure is representative from three independent experiments.  
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Figure 5.3. Coibamide A decreased GRP78/BiP and induces cell stress in 
HUVECs in a dose and time dependent manner. 

 (A) Immunoblot analysis of GRP78, HSP70, HSP40, vascular cell adhesion 
protein 1 (VCAM-1) and tyrosine-protein kinase receptor 2 in HUVECs. Cells were 
incubated in complete media with 0.1%DMSO (vehicle), 1nM, 10nM, 100nM and 
1uM coibamide A for 24 h. Whole cell lysates were harvest. Figure is 
representative from three independent experiments. (B) Histograms show 
quantification of immunoblot data of (A) from three independent experiments, 
normalized to GAPDH and relative to vehicle lysates (* P< 0.05, ** P < 0.01, *** P 
< .001, compared to vehicle, N = 3). (C) Immunoblot analysis of ER resident 
proteins GRP78, sec61α, calreticulin, and cytosolic cell stress marker heat shock 
protein 70 and 40 (HSP70, HSP40) in human umbilical vein endothelial cells 
(HUVEC). Cells were incubated in complete media with 0.1%DMSO (vehicle) for 
24 h or 30nM coibamide A for 1, 4, 8, 16 or 24 h. Whole cell lysates were harvest. 
Figure is representative from three independent experiments. (D) Histograms 
show quantification of immunoblot data of (C) from three independent experiments, 
normalized to GAPDH and relative to vehicle lysates (* P< 0.05, ** P < 0.01, *** P 
< .001, compared to vehicle, N = 3). 
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Figure 5.4. Coibamide A inhibits GRP78 expression and induce cytosolic cell 
stress in cancer cell lines in a time-dependent manner.  

(A)(C)(E) Immunoblot analysis of GRP78, heat shock protein 70 and 40 
expressions in human U87-MG glioblastoma cells, U251 glioblastoma cells (B) and 
DU145 prostate cancer cells (E). Cells were incubated in complete media with 0.1% 
DMSO (vehicle) for 24 h or 30nM coibamide A for 1 h, 3 h, 12 h or 24 h. Figures 
are representatives from three independent experiments. (B)(D)(F) Histograms 
show quantification of immunoblot data from three independent experiments, 
normalized to GAPDH and relative to vehicle lysates (** P < 0.01, *** P < .001, 
compared to vehicle, N=3).  
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Figure 5.5. Immunofluorescence analyses of GRP78 and sec61α expression 
in U87-MG after treatment of coibamide A.  

Cells were harvest after 24 h exposure of 30nM coibamide A and incubated with 
primary GRP78 antibody or sec61 α and secondary cy2 antibody(green) or cy3 
antibody(red), in respect. DAPI(blue) was used as a nuclear counterstain. Bar 
represents 50μm. Figures are representatives from three independent 
experiments. 
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Figure 5.6. ER stress or HSP90 inhibition is not implicated in the reduction 
of GRP78/BiP level by coibamide A. 

 (A) Immunoblot analysis of GRP78/BiP, heat shock protein 70 and 40 expressions 
in glioblastoma cells (U87-MG). Cells were incubated in complete media with 
0.1%DMSO (vehicle), 30nM coibamide A, 30nM apratoxin A, 300nM 
geldanamycin, 3uM thapsigargin for 24 h. Whole cell lysate was harvest. (B) 
Histograms show quantification of immunoblot data from three independent 
experiments, normalized to GAPDH and relative to vehicle lysates (** P < 0.01, *** 
P < .001, compared to vehicle). (C) Proteasome-dependent degradation is 
involved in coibamide A induced downregulation of GRP78/BiP. Immunoblot 
analysis of GRP78/BiP and ubiquitin in glioblastoma U87-MG cells. Cells were 
incubated in complete media with 0.1%DMSO (vehicle), 25nM bortezomib or 30nM 
coibamide A for 24 h. Cell lysates then was harvest. Figures are representatives 
from three independent experiments. 
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Figure 5.7. Cellular Thermal Shift Assay on U87-MG cells.  

(A) Immunoblot analysis of human embryonic kidney HEK293, human U87-MG 
glioblastoma, HeLa cervical cancer and H3122 lung cancer cells. Two identical 
gels were running side-by-side, the gels were either stain by coomassie blue or 
transferred to membrane, and the whole membrane was probed for sec61α 
proteins. (B)(C) Immunoblot analysis of intact U87-MG cells treated by vehicle (0.1% 
DMSO) or 300nM coibamide A for 1 h. Cells were incubated in indicated 
temperature and the loaded on gels to analysis immunoactivity of indicated 
proteins. (D) Immunoblot analysis of U87-MG cells exposed to vehicle (0.1% 
DMSO), 1μM coibamide A, apratoxin A or OSU-03012 for 1 h. Cells were 
incubated in indicated temperature and the loaded on gels to analysis 
immunoactivity of sec61α. (E) The apparent melting curve analyzed from (D) 
measuring relative sec61α intensity compare to band intensity under temperature 
of 45 Celsius. The figure is a representative of three independent experiments.  
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Figure 5.8. A workflow for the discovery of new inhibitors of protein 
secretion.  
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Supplementary S5.1 Dose response curses of Gluc secretion and cell 
viability of Gluc-U87 treated by hits 1 -15.   

Cell were seeded at density of 3,000 cells/well, and treated by hits 1-15 from a 
range of 3nm-10μM. Gluc secretion was measured at 24 h. Cell viability was 
measured at 48 h. Figures are representatives from three independent 
experiments.  
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Table 5.1. Summary of 15 hits from screening from small molecule library.  

Table of 15 hits from plates with Z-prime >0.5 with ORADI ID, Pubchem ID, 
molecular weight (MW), percentage of 48hr survival, and percentage of inhibition 
of Gluc secretion in 16 h. A “hit” is a compound that inhibited the signal by more 
than three times the standard deviation away from the mean inhibition of all the 
compounds in the subsets of plates with Z-Prime >0.5.  
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Compound 
EC50 (nM) ± SEM   (16 h) EC50 (nM) ± SEM (72 h) 

Gluc secretion Cell Viability Cell Viability 

Coibamide A 4.3 ± 1.5 >1,000 10.5 ± 1.1 

Vanilomycin  3166 ± 897 > 10,000 8.2 ± 3.1 

Aureobasidin A >3,000 >3,000 >3,000 

Cyclosporin >10,000 >10,000 >10,000 

 

 
 
 
 
 
 
 
 
 
Table 5.2. Coibamide A, vanilomycin, aureobasidin A and cyclosporin A – 
induced inhibition of Gaussia luciferase (Gluc) secretion and cell viability in 
U87-MG glioblastoma cells.  
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Cancer is a group of diseases involving abnormal cell growth with the potential to 

invade or spread to other parts of the body ( "Defining Cancer". National Cancer 

Institute. Retrieved 28 March 2018). The hallmarks of cancer were proposed by 

Douglas Hanahan and Robert Weinberg from 2000. The hallmarks  include sulf-

sufficiency in growth signals, evading apoptosis, and abnormal metabolic 

pathways [1]. In the needs of invading and metastasis, cancer cells have both 

abnormally up-regulated metabolism and secretion activity, making these two 

systems potential targets in cancer treatment.  

The marine natural product mandelalide A has been recently found to be a direct 

inhibitor of ATP synthase. We revealed that mandelalide A induces transient 

activation of AMP-activated protein kinase pathway in LKB1-dependent manner in 

several cancer cells. Mandelalide A induces synergistic affect in combination with 

first-line antitumor agents erlotinib and paclitaxel on EGFR mutant non-small cell 

lung cancer cells. Clinically used mitochondrial inhibitors like metformin and 

phenformin have been studied for potential cancer metabolism-based therapeutics 

to selectively target LKB1-deficient tumors [2]. As a more potent anti-proliferative 

mitochondrial inhibitor, after further in vivo study, mandelalide A could be the next 

drug as an adjuvant chemotherapy reagents for clinical use. 

Two other marine natural products Coibamide A and apratoxin A were found to 

use autophagy-related protein 5 (ATG5) to promote death signaling [3]. Mouse 

embryonic  fibroblasts (MEFs) with functional autophagy are more sensitive to 

coibamide A, whereas ATG5-/- deficient MEFs displayed delayed decrease of cell 

viability to coibamide A treatment. Our understanding of autophagy and lysosomal 

functions have been greatly enhanced by the discovery of natural product 

structures that can serve as chemical probes to reveal new patterns of signal 

transduction in cells. Coibamide A and apratoxin A appear to be examples of 

cytotoxic natural products that promote cross-signaling between ATG5-dependent 

autophagy and caspase-dependent apoptosis.  

Glucose regulated proteins are stress-inducible molecular chaperones that belong 

to the heat shock protein (HSP) family. GRP78 is found in the endoplasmic 

reticulum (ER), a critcal organelle for regulation of secretory protein quality control. 
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GRP78 facilitates protein folding and assembly, as well as the export of misfolded 

proteins for degradation. Promising agents are being developed to target GRP78 

as novel anticancer therapeutics. We discovered GRP78 is an indirect target of 

coibamide A, and the decrease of GRP78 induced a compensatory up-regulation 

of cytosolic chaperone heat shock protein 70 and 40. Even though more research 

is needed to validate and explain the specificity of GRP78 by coibamide A, our 

results raise the possibility of coibamide A to be used as clinically useful GRP78 

inhibitor.  

High basal expression of GRP78, and distribution to cellular compartments outside 

the endoplasmic reticulum (ER), is increasingly associated with several treatment-

resistant human cancers. We characterized GRP78 expression in canine 

osteosarcoma cells under basal conditions and in response to treatment of an 

indirect GRP78 inhibitor OSU-03012. These results suggest that advances in 

detection and targeting of GRP78 may eventually benefit a sub-set of both canine 

and human patients. Recently studies have found that GRP78 can be actively 

translocated to other cellular locations and assume novel functions that control 

signaling, proliferation, invasion, apoptosis and immunity. Mouse models further 

identified their specific roles in tumorigenesis, metastasis and angiogenesis. 

(Reviewed in [4]). In the view of dramatic reduction of GRP78 caused by coibamide 

A and apratoxin A, it would be valuable to discover the direct signaling changes 

that are controlled by GRP78 after treated by coibamide A. For example, GRP78 

plays a critical role in limiting Ca2+ exit from ER to cytosol. Calcium leakage from 

Sec61 translocon caused by loss of GRP78 may be very pronouced that it makes 

ER susceptible to ER stress or even apoptosis [5] [6]. We predicted that the loss 

of calcium homeostasis to be a determinant cell death triggger that caused by 

coibamide A, which in future would be validated by a calcium imaging study on 

living cells.  

As mentioned before, the secretory pathway is a novel target in cancer therapy. 

We developed a workflow for discovery of secretion inhibitors by combining a 

functional Gluc secretion assay with recognized cell viability assays. We used this 

workflow to identify small molecules as potential inhibitors of secretory function, 

and revealed similar activity for known natural products coibamide A and 
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valinomycin. Further study for the candidates would be needed to reveal whether 

the secretory inhibition is caused by direct or indirect mechanism. The parallel 

measurements of secretory function and cell viability is a reasonable way to 

distinguish a direct secretory inhibition and an effect caused by cell death signaling 

and provides an efficient method for future screening of synthetic and natural 

product libraries. 

Using a cellular thermal shift assay, we identified the translocon protein Sec61α 

as the likley direct binding target of coibamide A and apratoxin A. This result is 

consistent to our previous study which shows a group of secretory proteins 

(VEGFA, VEGFR2 [7], VCAM) were inhibited by coibamide A. What is needed to 

be determined is whether this binding of this translocon protein causes a non-

specific inhibition of secretory pathway or a selective block of client proteins. This 

assay may have great potential for future validation of Sec61-interactinhg prioteins 

as it is amenable for small scale studies on cultured cells with basic laboratory 

equipment.  This is particularly significant for the study of natural products where 

the scope and scale of any biological evaluation is typically limited by the availabilty 

of small quantities of field-collected material in the early stages of investigation 

before synthetic routes are established.  

The secretome in cancer cells has been revealed to have differenct signiture than 

non-tumorous cells. In a study of the protein composition of the secretomes of 16 

primary and established cell lines of pancreatic ductal adenocarcinoma, 112 

proteins, including IL10, VCAM1, exhibited significantly different abundances[8]. 

The advanced secretome signiture of cancer cells raised the possibility of using 

coibamide A-like secretory inhibitors as future thereaputic strategy in cancer 

treatment. Future study on the scale of secretory inhibition by coibamide A using 

proteomic approaches need to be done to reveal the specificity of coibamide A 

activity.  
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