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ABSTRACT
The need for novel anti-cancer drugs is constantly under high demand due to the
emergence of drug resistance. In order to increase the efficiency of understanding the
working mechanism and genetic perturbation of new compounds, network maps are
developed to simplify the identification process. These networks correlate the gene
expression and biological function of new compounds to those of known drugs based on
mRNA expression assayed on DNA microarrays. Based on these maps, novel anticancer
compound, 6e, is shown to have similar gene expression with drugs such as thapsigargin
tunicamycin, and tosedostat. The preliminary predictions of 6e mechanism are validated
using biochemical analysis and imaging. Results showed the induction of cellular stress
and the disruption of autophagy leading to cancer cell death by 6e, which corresponds
with the working mechanism of thapsigargin and tosedostat predicted by the network
maps. 6e can disrupt the progression of autophagy as a prosurvival mechanism, thus
preventing cancer cells from escaping from drug induced stress and cell death. 6e is also
tested in combination treatments with clinically used drugs. The potential synergistic
effects of the drug combinations could lead to the discovery of better treatments for
cancer. These results show the possibility of introducing 6e as a novel chemotherapy
compound in cancer treatment as well as the prospect of generating networks on a larger
scale to simplify the identification of novel drug mechanism.

ii

TABLE OF CONTENTS
List of Figures .......................................................................................................................... iii
Acknowledgements .................................................................................................................. iv
Chapter 1 Introduction ............................................................................................................. 1	
  
1.1 Endoplasmic reticulum stress induction and signaling in cancer .............................. 1
1.2 From cellular stress to autophagy ............................................................................. 4
1.3 6e as a novel anti-cancer compound .......................................................................... 7
1.4 Chemical inducers of unfolded protein response, ER stress, and autophagy ............ 9
Chapter 2 Material and Methods.............................................................................................. 12
2.1 Cell culture and drug treatment .................................................................................. 12
2.2 ATP Luminescence Assay ......................................................................................... 12
2.3 mRNA extraction and real-time PCR ........................................................................ 13
2.4 Microarray .................................................................................................................. 13
2.5 Construction of network maps ................................................................................... 13
2.6 Protein extraction and Western blotting ..................................................................... 14
2.7 Immunostaining and microscopy ............................................................................... 15
Chapter 3 Results ..................................................................................................................... 16
3.1 Network map prediction of 6e mechanism ................................................................ 16
3.2 6e treatment induced cellular stress ........................................................................... 18
3.3 6e induced cellular stress-mediated autophagy disruption ........................................ 19
3.4 Potential synergistic killing effects of 6e with chloroquine ....................................... 20
Chapter 4 Discussion ............................................................................................................... 21	
  
BIBLIOGRAPHY .................................................................................................................... 38	
  

iii

LIST OF FIGURES
Figure 1. 6e structure ............................................................................................................... 26
Figure 2. 6e morphology .......................................................................................................... 26
Figure 3. 6e killing curve ......................................................................................................... 27
Figure 4. Network map of 6e ................................................................................................... 28
Figure 5. 6e induced cellular stress .......................................................................................... 30
Figure 6. 6e and autophagy ...................................................................................................... 32
Figure 7. Synergistic killing effects of 6e ................................................................................ 34
Figure 8. 6e mechanism overview ........................................................................................... 36

iv

ACKNOWLEDGEMENTS
I am extremely thankful to my research advisor Dr. Yanming Wang for his
guidance and advice throughout the years. He has given me the opportunity to explore the
field of cancer research and to grow as a dedicated research scientist. I could not be
where I am today without Dr. Wang’s encouragements. I would also like to thank the
graduate students in my lab, Xiangyun Amy Chen, Dr. Shu Wang, and Jinquan Sun for
their support and expertise. They made every day in lab fun and memorable. Lastly, I
would like to thank the Schreyer Honors College for two Summer Research Grants that
funded this research.

1

Chapter 1
Introduction

1.1 Endoplasmic reticulum stress induction and signaling in cancer
The endoplasmic reticulum (ER) is responsible for many crucial regulations of
homeostasis and cellular functions. Disrupted ER functions could be an important factor
contributing to the elimination of diseased cells including cancer cells. The ER is the site
for many processes including, but not limited to, protein synthesis, protein folding, lipid
synthesis, post-translational modifications, gene expression, cellular metabolism, and
calcium signaling.1,2 Under normal conditions, newly synthesized proteins are folded and
transported to targeted cellular locations. When pathways within the ER are disrupted due
to external or internal events, proteins begin to misfold and accumulate in the ER lumen,
inducing ER stress.2,3 The unfolded protein response (UPR) is an ER stress coping
mechanism that can help the ER to reduce the number of misfolded or unfolded proteins.1
The UPR can either help the misfolded proteins to be refolded into the correct structure
or degraded. During ER stress, more misfolded proteins are retained in the ER for further
processing by ER protein chaperones until their structures are corrected. Unfolded
proteins that cannot be fixed are disposed via ER-associated degradation and eventually
elimination of the entire cell.2 On the molecular signaling level, the UPR consists of three
pathways including protein kinase RNA-like endoplasmic reticulum kinase (PERK).3
PERK is a type I transmembrane ER-resident protein. It has a luminal domain that is
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responsible for sensing ER stress. The cytoplasmic portion of PERK contains a proteinkinase domain that can phosphorylate recruited cytoplasmic proteins.14 Under normal
conditions PERK is in its inactive state by binding with the ER stress sensor binding
immunoglobulin protein (BiP). Upon cellular or ER stress, BiP is released from PERK
causing the activation of PERK. PERK then autophosphorylates itself in order to
phosphorylate and inhibit eukaryotic initiation factor 2α (eIF2α) to shut down protein
synthesis, but selectively increasing the expression of activating transcription factor 4
(ATF4) and C/EBP homologous protein (CHOP).1 ATF4 regulates pro-survival genes
that are involved in protein folding and cellular stress. The activity of ATF4 can help the
ER to reduce the unfolded protein load. In addition, CHOP activation could lead to
apoptosis and cell death.3 Therefore, ER stress induced signals initiated by PERK
eventually lead to cell death via apoptosis and/or autophagy.
Cancer cells also rely heavily on the ER to produce proteins for key signaling
pathways. The ER of rapidly proliferating cancer cells is constantly under a heavy
workload due to the increased metabolic activities of cancer cells. However, the capacity
of the ER to process proteins is limited. As a result, the accumulation of unfolded and
misfolded proteins can easily lead to ER stress in cancer cells. Upon ER stress, cancer
cells can also employ pathways such as the unfolded protein response and autophagy to
maintain ER function similar to the coping mechanism of normal cells. However, due to
the excessive production of misfolded or unfolded proteins, ER stress in cancers cells
cannot be properly fixed. Consequently, the over-induction of ER stress in cancer cells
can cause cell death and elimination. By employing this theory that over stimulation of
ER stress will eventually cause cell death despite the coping mechanisms, many
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therapeutic drugs for cancer treatment are designed to increase the ER stress level to
eliminate cancer cells.2,3
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1.2 From cellular stress to autophagy
ER stress is linked to the induction of apoptosis and autophagy. Both apoptotic
and autophagic pathways under proper regulation have been shown to be involved in
cancer cell elimination and survival. Compare to apoptosis, autophagy is a relatively new
cellular process. Autophagy is an intracellular degradation process, which is essential for
eukaryotic cell survival. When cells encounter survival stress or nutrient deprivation, they
can activate autophagy to degrade and recycle damaged cell organelles to cope with the
stress injuries.4 For example, recycled amino acids from degraded proteins can be used
for the synthesis of new peptides in nutrient deprived environments.5 During autophagy,
unique double-membraned autophagosomes are formed to engulf intracellular
components. Autophagosomes then fuse with lysosomes to form autophagolysosomes to
degrade engulfed components with lysosomal hydrolases.5
The specific activation signaling of autophagy has also been extensively studied.
Many stress induction pathways such as the PERK- eIF2α-ATF4 system and inhibition of
mTOR can lead to the activation of autophagy. In general, proteins involved in autophagy
are generally encoded by autophagy related genes, and the identification of autophagy
specific proteins such as LC3 is crucial for monitoring autophagy. The activation of the
PERK- eIF2α-ATF4 pathway in the unfolded protein response has been shown to
upregulate autophagy related gene 12 (Atg12) and converts microtubule-associated
protein 1 light chain 3-I (LC3-I) into cleaved form of LC3. LC3 was known to be
involved in the regulation of assembly and disassembly of microtubules before the
discovery of autophagy. During the formation of autophagosomal membranes, cytosolic
LC3 (LC3-I) is converted into intra-autophagosomal LC3-II, and LC3-II is then recruited
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to the autophagosomal membrane. Thus, the presence of LC3-II indicates the formation
of autophagosomes and the start of autophagy. Through the fusion of autophagosomes
with lysosomes, LC3-II is also degraded by lysosomal proteases along with other
engulfed components.6
In addition to ER stress induced-autophagy, other cellular stress pathways can
also lead to the activation of autophagy. Specifically, nutrient depletion-induced
autophagy can activate energy sensor AMP-responsive protein kinase (AMPK) that
responds to low levels of ATP. The activation of AMPK then could inhibit autophagyrepressive kinase, and mammalian target of rapamycin (mTOR) to activate of the
autophagy-essential Atg1/ULK kinase complex. Hence, the inhibition of mTOR is
another major activation route for autophagy in addition to ER stress PERK-eIF2α
mediated autophagy. Target genes for p53 such as Sestrin 1 and Sestrin 2 have also been
reported to induce autophagy.7 They inhibit mTOR through an indirect mechanism that
involves the stimulation of AMPK. On the other hand, autophagy has also been show to
be negatively regulated by p53-related pathways. p53 itself can potently inhibit
autophagy when it is present in the cytoplasm where the inhibition of AMPK and
activation mTOR occurs.7
Autophagy regulation is crucial in cancer cell survival and development. Due to
the abnormal cellular activities of cancer cells, the cells are likely to be immersed in
stressful environments. In order to cope with the stress, cancer cells can employ
autophagy to confer stress tolerance and maintain cancer cell survival. Many drug
resistant or recurrent cancers have been reported to show autophagy activation as a
method to tolerate drug induced stress. Therefore, blocking or disrupting autophagy in
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tumor cells has been suggested in many studies to be an effective treatment for drug
resistant cancers. Targeting multiple pre-existing anti-cancer pathways combined with the
inhibition of autophagy could potentially be a more effective treatment than targeting a
single pathway. The cancer cells are not only killed by the drug induced stress, but also
are unable to escape from stress. As a result, more cancer cells can be eliminated from an
organism. Combination of autophagy inhibitors with clinically used chemotherapies such
as imatinib, a Bcl/Abl inhibitor, showed promising outcomes when applied to patients
with relapse leukemia.8
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1.3 6e as a novel anti-cancer compound
Resistance to chemotherapies is a major obstacle in cancer treatment. Therefore,
the discovery of effective and harmless anticancer agents would be beneficial in the battle
against drug resistant cancers. Studies have shown many naturally occurring chemicals,
such as indole alkaloids and imidazoline, exhibit anticancer activities.15 Toxicity or side
effect observed in indole alkaloid and imidazoline compounds is mainly due to the
variation in side groups or conjugates attached to the main structure. Fumitremorgin C, a
natural fungal product, belongs in the indole alkaloids family that presents selective
inhibition of breast cancer resistance proteins. However, this compound also induces
tremors and cell cycle arrest when used as a chemotherapy agent.15 Therefore, the search
for modified compounds similar to fumitremorgin C but without the harmful side effects
allowed the discovery of many new anticancer agents. These compounds are synthesized
to have different conjugates or side groups attached to the structure backbone so that the
new anticancer agents are safer for clinical usage than the parent compounds. 6e is one of
those compounds that exhibits high anticancer activities in many cancer cell lines and
low toxicity. The structure of 6e contains a valine-O-benzylester and a 4-H-b-carboline
group (Figure 1). The valine side chain of 6e is important for its anticancer activity while
the carboline group provides the compound with a fluorescent tag that can be used for
visualization (Figure 2). Based on the preliminary analysis of 6e’s physical properties and
morphology, 6e was observed assemble into small particles when dissolved in water.
When 6e was added to cell culture, the small particles of 6e can then adhere to the cell
membrane and enter the cell via endocytosis (Figure 2). Specific side groups on the 6e
molecules are crucial for its anti-cancer activity. Altering the valine side group prohibited
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the anticancer activity as well as the specific morphology properties of 6e. The selffluorescent property of 6e provides a useful characteristic for visualizing the compound
in experiments using the compound.

9

1.4 Chemical inducers of the unfolded protein response, ER stress, and autophagy
Many chemicals and drugs have been developed to regulate specific pathways
such as ER stress or autophagy in cells when normal cellular functions are compromised.
Thapsigargin and tunicamycin are two conventional ER stress inducers that are
commonly used in research and clinical settings.9,10 Thapsigargin is an inhibitor of the
ubiquitous sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) in eukaryotic cells.
Thapsigargin can regulate Ca2+ binding, signaling and storage in the ER.9 The release of
stored Ca2+ from intracellular compartment by thapsigargin has been shown in many
studies.9,10 The inhibition of SERCA by thapsigargin prevents the homeostasis of Ca2+
between active pumps and passive leaks of Ca2+. This disruption of calcium signaling is a
major factor that could contribute to ER stress. Therefore, thapsigargin induces ER stress
via SERCA inhibition and calcium signaling disruption. Recent studies have also shown
thapsigargin can be used as an autophagy inhibitor.9 Specifically, thapsigargin blocks the
fusion of autophagosomes with lysosomes during autophagy while leaving the initiation
of autophagy and endocytic system functional. Thapsigargin treatment does not inhibit
the induction of autophagy or autophagosomes formation. As a result, autophagosomes
are still observed in thapsigargin treated cells with autophagy marker LC3-II present on
autophagosomes. Following the initiation of autophagy, thapsigargin then causes
clustering of autophagosomes and disrupts the recruitment of the fusion machinery with
lysosomes.9 The inhibition of autophagolysosome formation prevents the continuation of
autophagy. Cells can die faster since the pro-survival process of autophagy is inhibited.
Tunicamycin, another widely used ER stress inducer, is a bacterial toxin that
inhibits N-linked glycosylation of proteins resulting in the activation of UPR in
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eukaryotic cells. Specifically, the inhibition of N-acetylglucosamine transferase and the
prevention of the formation of N-acetylglucosamine lipid intermediates by tunicamycin
initiate the signaling of ER stress. As a result tunicamycin exhibits effective antibacterial
and antifungal activities.11
Although specific autophagy inhibitors and inducers have been developed over
the years, some commonly used drugs for other diseases have also been shown to affect
autophagy regulation. Chloroquine is commonly used as an antimalarial drug. Despite its
involvement in eliminating malaria-causing parasites, it can also block lysosomal
acidification and degradation of autophagosomes.12 As a result, chloroquine is an
autophagy inhibitor. This property of chloroquine has been shown to exhibit anti-cancer
effects in several cancer cell lines including breast and colon cancers.8 Current
chemotherapy treatments frequently induce prosurvival autophagic pathways as the drugs
themselves present cellular stress to the targeted cancer cells. As a result, many
chemotherapeutic agents have been shown to be less effective due to the stress coping
mechanism used by cancer cells. In order to create better treatment, the combination of
autophagy inhibitor, such as chloroquine, with currently used chemotherapeutic agents
shows promising results in treating cancer.8,12 Many clinical trails have been established
to examine the effects of chloroquine combine with other drugs. Although drug resistance
is becoming a major concern for many chemotherapy plans, the emergency of synergist
effects of drug combinations presents promising solutions.
The purpose of this study is to perform a systemic analysis of 6e in an attempt to
understand the working mechanism of this novel anti-cancer compound. Based on gene
expression perturbations and biochemical analysis, the general drug mechanism of 6e
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could be predicted. The understanding of 6e mechanism can potentially help the
development of more effective treatments to overcome drug resistant cancers. Either by
using 6e alone or combining 6e with other clinically used chemotherapy drugs, the
possibility of introducing another anti-cancer therapy presents many beneficial influences
to medical research.
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Chapter 2
Material and Methods
2.1- Cell culture and drug treatment
Human osteosarcoma U2OS and multiple drug resistant human uterine sarcoma MESSA/Dx5 cells were cultured in DMEM medium supplemented with 10% FBS and 1%
Penicillin-Streptomycin in a 5% CO2 37°C incubator. Once cells have reached 60%-80%
confluency, drug treatments were applied. Concentrations and duration of 6e treatment or
combination treatments were performed as specified in the figure legends and text of the
current study.

2.2 ATP Luminescence Assay
U2OS cells were plated in 96-well plates with a cell count of approximately 2,000-3,000
cells per well. 100µL fresh medium was added to each well prior to drug treatment.
Various concentrations of 6e or combined drug treatments were added to each well as
specified in the figure legends and text. The cells were then placed in a 37°C incubator
with 5% CO2 for 48 hours. The ATP luminescence assay was performed after 48 hours of
incubation following the manufacturer’s instructions for CellTiter-Glo® Luminescent
Cell Viability Assay.
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2.3 mRNA extraction and qPCR
RNA was extracted using the RNeasy Mini Kit per manufacturer’s instruction. 1 µg RNA
was reverse transcribed into cDNA using qScript cDNA SuperMix (Quanta Biosciences)
per manufacturer’s instructions. Quantitative PCR was performed with various primers
using SYBR Green SuperMix (Quanta Biosciences) in the StepOnePlus Real-Time PCR
System (Applied Biosystems).

2.4 Microarray
U2OS cells were treated with 30 µM 6e dissolved in DMSO for 8 hours before
harvesting. Control cells were mock treated with DMSO. Total RNA was extracted using
the RNeasy Mini Kit (Qiagen) per manufacturer’s instructions. The Affymetrix
GeneChip Human Gene 1.0 ST array was used for expression microarray. RNA labeling,
hybridization, scanning, and data acquisition were done at the Genomics Core Facility at
the Pennsylvania State University. Data gathered were then analyzed using Ingenuity®
pathway analysis (IPA) program. 6e microarray results were cross-referenced with the
IPA database to generate a list of all chemicals, drugs, and compounds that had common
genes compared with 6e microarray results.

2.5 Construction of network maps
The microarray data generated by IPA was compiled as a list in a Microsoft Excel file.
The 15 chemicals and drugs were manually selected based on p-value correlation to novel
compound 6e. Information gathered from the microarray analysis including p-value, zscore, and specific gene targets were depicted in a network map using Adobe Illustrator.
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p-value was transformed into line density that connected the ovals in the maps. Z-score
was reflected as the coloration of the ovals. The biological function of each of the 15
drugs was identified using publications and Internet resources. The common gene targets
identified by IPA were used to create Venn diagrams in Adobe Illustrator. The top three
compounds with the highest correlation were used to generate the diagram.

2.6 Protein extraction and Western Blot
Western blotting was performed following protein extraction from target cells. Cells were
harvested by re-suspension in an appropriate volume of cold IP buffer (10mM EDTA,
2mM Tris-HCl pH 8.0, 150mM NaCl, 0.2% Triton X-100, 0.2% NP-40) supplemented
with protease inhibitors (10µg/µL PMSF, 1µg/µL Leupeptin, 1µg/µL Aproptinin, 1µg/µL
PepstatinA). Mixture was then sonicated for ~5 min at 4 °C followed by SDS
denaturation. The appropriate volume of denatured protein was loaded into a 12% SDSAcrylamide Gel (2.15mL ddH2O, 4.6mL 30% Acrylamide, 4.1mL 1M Tris-HCl pH 8.8,
100µL 10% SDS, 100µL 10% APS, 3.8µL TEMED) and run at 220V for 45 minutes.
Protein was then transferred to Nitrocellulose membrane, using a Semi-Dry Transferring
system for 1 hr. Following Ponceau S staining, the membrane was blocked in 5% Milk
Tris-Buffered Saline and Tween 20 (TBST) for approximately 30 minutes at room
temperature to which the following primary antibodies were added: PERK, eIF2α, eIF2αpS51, ATF4, DDIT3, DDIT4, HO1, Hsp70, SESN2, and LC3 at suitable dilutions. Actin
was used as a control. Following overnight incubation at 4°C, membranes were washed
three times in TBST for 10 min. each and were then incubated for 2 hrs. at 4°C with the
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proper secondary antibody. Signals were detected using the Lumi- Light PLUS Western
blotting substrate (Roche).

2.7 Immunostaining and Fluorescent Imaging
Immunostaining was performed using a previously established protocol. After fixation of
samples with 3.7% paraformaldehyde in phosphate buffered saline (PBS) supplemented
with 1% Triton X-100 and 2% NP- 40, cells were washed with PBS three times for 10
min each. Following the third wash, cells were blocked in 2% BSA in PBS for at least 2
hours at room temperature. Primary antibodies were diluted in PBS supplemented with
2% BSA and 5% normal goat serum as follows: 1:50 of LC3 and 1:400 for each of α and
β microtubule. Cellular staining was performed in a humid chamber overnight at 4°C.
After application of the primary antibodies and overnight staining, the cells were washed
with PBS three times for 10 min each. Cells were then stained with the appropriate
secondary antibodies conjugated with Alexa488 at a 1:500 dilution for 2 hours at room
temperature. After washing three times for 10 min each with PBS, cells were stained with
1µg/µL Hoeschst for 15 seconds followed by a final wash with dH2O. Slides were then
mounted and imaged with a confocal microscope. Images were later processed and
adjusted using Adobe Photoshop as appropriate.
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Chapter 3
Results
3.1 Network map prediction of 6e mechanism
Novel compound 6e was shown to exhibit anticancer activity in various cancer
cell lines such as osteosarcoma U2OS cells (Figure 3). 6e presented high killing efficacy
at relatively low concentrations. In order to further understand the working mechanism
and the potential clinical usage of 6e, microarray analysis of 6e was cross-referenced with
IPA database to compare with known drugs and chemicals. Based on IPA analysis, a
network map was developed for 6e to predict a preliminary working mechanism. IPA
generated a list with all the chemicals and drugs that shared common upstream gene
perturbations as 6e. The top 15 compounds with the highest correlation were used to
generate the network map (Figure 4A). The correlation was suggested by p-value. A
small p-value showed 6e and the known chemical would cause similar gene expressions
changes in cells. Tosedostat had the highest correlation with 6e with a p-value of
4.49x10-27, which was reflected via the weight of the line connecting to 6e. Palmitic acid
had the lowest p-value in the list of top 15 compounds. Z-score is another value used to
reflect relationship of 6e with known compounds. The z-score value indicated the
regulation direction when compared with 6e. Positive values indicated the same
regulation scheme whereas a negative value indicated the opposite. Many of the 15
compounds used had positive z-scores, which were shown with the red oval. Compounds
such as PD9805 and SP600125 were the only two in the list that had negative z-scores,
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which meant if 6e were upregulation a set of genes, these two compounds would
downregulate the same set of genes. In addition, the main biological function of each
compound was also identified and illustrated in the gray ovals. Based on the IPA list
generated, tosedostat, tunicamycin and thapsigargin were the top three drugs with the
highest correlation. The specific genes targets that overlapped with 6e for these 3
compounds were also identified by IPA, and these identified genes were used to generate
a Venn diagram to illustrate the overlapping genes (Figure 4B). Expression of ASNS,
ATF3, CEBPB, DDIT3, and DDIT4, were significantly altered for all three drugs.
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3.2 6e treatment induced cellular stress
Due to the high correlation of 6e with conventional ER stress inducers, such as
thapsigargin and tunicamycin, further biochemical analyses were performed to determine
the involvement of 6e in ER stress. By using ER stress pathway markers such as PERK,
eIF2α, eIF2α –phosphorylated, ATF4, and CHOP, the involvement of 6e in these
pathways was determined. Upon the stimulation of stress signals, unfolded proteins
would accumulate in the ER to cause ER stress. ER stress triggers the activation of PERK
that phosphorylates eIF2α.1 The phosphorylation of eIF2α could then lead to the
activation of other downstream ER stress-related genes directly involved in the initiation
of cell death. Results showed elevated expressions of the unfolded protein response
sensors and ER stress related genes at both transcription and protein levels (Figure 5A
and 5B). As the concentration of 6e increased from 0µM to 15µM to 30µM, the level of
UPR sensor and ER stress markers also significantly increased. In addition, decreased
cell growth and increased number in dead cells was observed in cell culture plates with
increasing 6e concentrations. These findings suggest that ER stress could be an important
factor contributing to 6e mediated cancer cell death.
In addition to the PERK- eIF2α-ATF4 signaling pathway, the inhibition of mTOR
pathway was also likely to be involved in 6e-induced stress. Increased levels of Sestrin2
(SESN2) was observed (Figure 6A and 5B). SESN2 is a p53 target gene that has been
reported to induce autophagy. Both mRNA and protein levels of SESN2 were notably
greater in cells treated with 6e than those of control cells. Increasing the concentration of
6e from 15 µM to 30 µM significantly changed the expression level of SESN2 at both
mRNA and protein expression levels.
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3.3 6e induced cellular stress-mediated macroautophagy disruption
In order to better understand the downstream killing mechanism of 6e, further
testing was performed. Based on findings in the literature and network map predictions, it
was thought that 6e-induced cell death could involve autophagy. In addition, evidence
has shown to support the idea that various cellular stresses can lead to the induction of
autophagy. Specifically, ER stress and nutrient deprivation can all trigger to the initiation
of autophagy as cells cope with the induced stress.4 The increased levels of ER stress
marked by the PERK- eIF2α-ATF4 signaling pathway and mTOR inhibition marked by
increased levels of SESN2 can all cause autophagy.
Additionally, results assayed on mRNA and protein expression levels showed an
increase in autophagy marker, LC3. LC3 is an important biomarker for the progression of
autophagic stages. Gene expression of LC3B was significant greater in 6e treated U2OS
cells than in control cells (Figure 6A). After transcription and translation, LC3-II is a
protein that locates on the membrane of autophagosomes following the modification of
cytosolic LC3-I. Western blot results showed a significant increased level of LC3-II in 6e
treated cells. In control cells, there was no LC3-II expression (Figure 6B).
Immunostainning results also validated the accumulation of LC3-II on a cellular level
(Figure 6C). Clusters of LC3-II were observed in significantly greater amounts in 6e
treated U2OS cells. Results from gene expression, protein expression, and cell imaging
all support the idea that 6e induced accumulation of LC3II and the initiation of
autophagy.
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3.4 Potential synergistic killing effects of 6e with chloroquine
In order to find a more effective use of 6e, the synergist killing effects of 6e was
tested. Chloroquine was chosen for the combination treatment since chloroquine has been
identified to disrupt autophagy.12 Results showed the combination treatment of 6e with
chlorquine significantly increased killing efficacy in both U20S and MES-SA/Dx5 cancer
cell lines. In U2OS cells, approximately 70% cells were still viable after 16µM 6e only
treatment. Approximately 50% cells were alive after 16µM chlorquine only treatment in
U20S cells. The combination of 6e and chloroquine treatment with a 1:1 ratio at 16µM
each killed approximately 80% of the initial population (Figure 7A). Similar pattern of
cell killing was also observed in MES-SA/Dx5 cell line (Figure 7B). The combination
treatment of 6e and chloroquine was significantly more effective at eliminating cancer
cells than individual treatments. In both cell lines, 16µM of each drug in the combination
treatment was able to eliminate more than 80% of the cells.
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Chapter 4
Discussion
Due to the emergence of drug resistant cancers, the need for novel anti-cancer
drugs is constantly under high demand. Novel compound 6e has shown promising killing
effects against many cancer cell lines and not normal cells, which presents the potential
for clinical usage. 6e was tested on multiple normal cell line including epithelia cells, and
no significant killing was observed (data not shown). In order to understand the drug
working mechanism of 6e, a systematic analysis was employed. Microarray results and
biochemical analyses provided insight into the mechanism of 6e. Drug treatment of 6e
could first induce cellular stress via many systems such as the ER stress induced unfolded
protein response. As a coping mechanism to 6e-induced stress, the cells initiate
autophagy in an attempt to recover from the stress. 6e then could inhibit and disrupt the
progression of autophagy to prevent cancer cells from coping with the drug-induced
stress. Based on current understanding of the compounds, 6e could potentially lead to the
disruption of autophagy and induction of cellular stress via two methods. The first is that
6e could enter lysosome via endocytosis to disrupt the degradation of unwanted cellular
components causing ER stress and fusion with autophagosome during autophagy causing
autophagy inhibition. The second possible binding system of 6e after entering the cells is
via mitochondria disruption, which could lead to apoptosis and the disturbance of cellular
functions such as energy production. Despite the effects of 6e treatment alone, results
also showed potential synergistic killing effects when 6e was combined with chloroquine.

22

Overall, 6e-induced stress and the inhibition of autophagy caused significant decrease in
cancer cell population. The combination treatment proposed another possible applicable
use of 6e in clinical settings.
After 6e treatment showed effective killing rates on various cancer cell lines, the
identification of specific pathways that 6e could be involved in was investigated.
Microarray analysis of 6e treated U2OS cells was performed in order to obtain a
preliminary identification of genes regulated by 6e. Results were specifically analyzed
using Ingenuity® pathway analysis to cross-reference 6e treated cell gene perturbation
with those of known drugs or chemicals in the IPA database. This IPA analysis provided
a list of hundreds of chemicals and drugs that were correlated with 6e. It was thought that
based on the drug mechanism of highly correlated chemicals, the identification of 6e
mechanism would be simplified and better targeted. By using the top 15 chemicals or
drugs given by the IPA list, network maps were manually generated to visualize the
results. Gene perturbations caused by tosedostat, tunicamycin, and thapsigargin
overlapped best with 6e. The correlation value, directionality of regulation, function, and
the specific common genes shared among these drugs are illustrated in the network maps
(Figure 4A and 4B). Based on previously published literature, tosedostat, tunicamycin,
and thapsigargin all induce cellular stress mediated cell death. Tunicamycin and
thapsigargin specifically are typically used ER stress inducers that cause apoptotic or
autophagic cell death.9,11 Additionally, thapsigargin has been shown to disrupt autophagy
after the induction of autophagy activation.10 Tosedostat is an anti-cancer compound that
is currently used in many clinical trials against acute myeloid leukemia.13 Based on the
information gathered on these drugs with the highest correlation to 6e, it was predicted
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that 6e was very likely to be involved in ER stress pathways and the following
downstream cell death pathways. The use of these network maps significantly narrowed
down the search for possible mechanism involved in 6e induced cell death, which
allowed a more targeted biochemical analysis.
Biochemical analysis of mRNA and protein expression level on ER stress related
genes were extensively examined. Results showed 6e treated osteosarcoma cells U2OS
were overexpressing ER stress and unfolded protein response marker genes such as
PERK, eIF2α, and ATF4 (Figure 5A and 5B). Based on these results, the involvement of
6e in ER stress and unfolded protein response was confirmed. After 6e enters a cell, the
drug is likely to bind with cellular components to induce ER stress and the accumulation
of unfolded or misfolded proteins in ER lumen. This abnormal condition in the ER would
lead to a series of signaling that eventually activates apoptosis or autophagy as the cells
try to manage the stress.
In order to determine the specific downstream mechanism that can directly cause
cell death, additional experimentation was performed targeting the process of autophagy.
Due to the correlation of 6e with thapsigargin, the induction of autophagy was tested on
6e treated U2OS cells. Results revealed the accumulation of autophagosome marker
LC3II, indicating the activation of autophagy due to 6e. The increased expression level of
LC3II was observed on mRNA, protein, and cellular level, which further confirmed the
induction of autophagy by 6e. In addition, both ER stress and nutrient deprivation
mediated mTOR pathway marked by SESN2 can induce the initiation of autophagy.
However, since autophagy has been known as a prosurvival pathway for cells to cope
with cellular stress, 6e was thought to disrupt autophagy after activation, similar to
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thapsigargin. As stated before, thapsigargin, a highly correlated drug with 6e, has been
shown to initiate autophagy first, and then inhibit the completion of autophagy by
disrupting the fusion of autophagosome with lysosome.10 Increased levels of LC3II can
also be observed in thapsigargin treated cells similar to the results gathered for 6e.10
Therefore, it is probable that 6e initiate autophagy due to cellular stress, but then disrupts
the progress by inhibiting the formation of autophagolysosomes. The high levels of
LC3II could also be the result of disrupted autophagy since fusion with lysosomes is
inhibited. If fusion of autophagosomes and lysosomes can occur, proteasomes in
lysosomes will degrade the LC3II on the autophagosomes leading to a decreased level of
LC3II. Without degradation, LC3II increase should be more prominent, which was
observed in the results. Further experimental results on this inhibition of autophagosome
fusion with lysosome were obtained by another lab member, which confirmed the
prediction that 6e disrupts autophagy based on the correlation of 6e with thapsigargin.
The experiments performed were based on the pH difference of autophagosome and
lysosome. Due to the acidic environment of lysosomes and neutral pH of autophagosome,
the fusion progress can be tracked during autophagy. Results from these experiments
showed the disruption of autophagy by 6e as the drug inhibits the fusion of
autophagosome and lysosome.
Overall, the general working scheme of 6e starts with the initiation of multiple
cellular stresses including ER stress, and unfolded protein response. The stress signal can
cause cell death such as apoptosis as well as induce cellular coping mechanism such as
autophagy. The progression of autophagy can then be inhibited by 6e so that the cancer
cells cannot escape from the induced stress (Figure 8). In cancer cells, the activation of
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autophagy is a used as a pro-survival pathway to avoid cell death. By inhibiting
autophagy, cells are more likely to be destructed. Therefore, the induction of cellular
stress together with inhibition of autophagy makes 6e an effective compound at killing
cancer cells.
In order to further increase the killing effects of 6e, combination treatment of 6e
with chloroquine was performed on two different cancer cell lines. Results showed
potential synergistic killing effects. Since both chloroquine and 6e inhibit autophagy, the
combination of the two would promote more potent effects on the cells than any single
drug treatment. Despite chloroquine’s anti-malaria effects, chloroquine has been used in
many clinical trails in combination with other drugs to treat relapse cancers. The
synergistic killing effects exhibited by combining 6e with chloroquine provides another
aspect that showed 6e could have clinical potential.
In conclusion, novel compound 6e showed significant anti-cancer effects similar
to many currently used drugs. Although the exact mechanism of 6e is still under
investigation, the compound exhibits promising features that could be employed in the
clinical market one day. Furthermore, the use network maps generated from microarray
results analyzed by IPA can potentially simplify the mechanism identification process of
novel compounds. The network maps can provide a preliminary prediction of the novel
drug mechanism by comparing gene perturbation with stored data for thousands of drugs
and chemicals. The comparison can narrow down the search to a few highly correlated
pathways.
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Figures

Figure 1: 6e structure

Figure 1. 6e structure

Figure 1: 6e structure

The chemical structure of 6e is depicted in Figure 1. The highlighted group in red retains
the anti-cancer property of 6e. The fluorescent moiety allows the compound to be
visualized by fluorescent microscopy.

Figure 2: 6e morphology

Figure 2: 6e morphology

! morphology in cells
Figure 2. 6e
The left panel shows 6e morphology in a U2OS cell observed under phase contrast
microscopy. The red arrows point to the 6e particle formation on the surface of the cell
and inside the cell. The right panel shows the same cell observed under florescent
microscopy. The green fluorescent particles are 6e on cell membrane and various cell
organelles. The self-fluorescent property of 6e allows the compound to be visualized
without the need for additional dyes.
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Figure 3. 6e killing curve
U2OS and MES-SA/Dx5 cells were treated with different concentrations of 6e for 24
hours. The killing efficacy of 6e was determined by using ATP luminescence assay. The
IC50 for 6e was determined to be ~7µM for U2OS cells and ~15 µM for MES-SA/Dx5
cells. Three repeats for each experiment was performed. The error bars reflect the
positive and negative standard deviation values of each data point.
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Figure 4. Network maps of 6e
Figure 4A shows the correlation of 6e with 15 known compounds based on p-value
gathered from microarray data. Weights of the lines connecting 6e with known chemicals
were determined by using –log(p-value)/5. Thicker lines showed stronger correlation of
6e with known chemicals based on overlapping genes. Oval colors reflected the Z-score
of each known compound. A negative Z score (green) value indicates the opposite
regulation scheme of 6e and the known chemical. A positive Z score (red) value indicates
a similar regulation scheme of 6e and the known chemical. Gray ovals show the main
function of the 15 chemical compounds. Figure 4B shows the specific genes targets for
the top three chemicals with the highest correlation to 6e and the overlap of the genes.
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Figure 5. 6e treatment induced cellular stress
In U2OS cells treated with 6e, significant increases in unfolded protein response, ER
stress, oxidative stress, and nutrient deprivation markers were detected in both mRNA
and protein expression. The A) real-time PCR results and B) Western results reflected
such change.

NA microarrays networks (A,C,E) Correlation of novel chemicals 6e, YW3-56, and PZ1225 with 15 known chemicals
pound with the known chemicals. Colored ovals reflected the Z-score of each known chemical. Gray ovals showed the
were analyzed and mapped.
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Figure 6. 6e treatment and autophagy
U20S cells were treated with various concentrations of 6e. Figures 6A and 6B showed
altered mRNA and protein levels indicating the initiation of autophagy induced by
cellular stress signal SESN2. Figure 6C showed immunostaining microscopy images that
indicated the presence of autophagy marker LC3 in 6e treated cells. Arrows indicate
specific cluster of LC3 proteins in 6e treated cells that are not observed in control cells.
Microtubule staining was also performed to visualize cell shape and autophagosome
structure. Microtubule arrangement also seems to be disturbed in 6e treated cells.
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Figure 7. Synergist killing effects of 6e with chloroquine
6e and chloroquine was combined with a 1:1 ratio at various concentrations. U2OS
(Figure 7A) and MES-SA/Dx5 (Figure 7B) cell lines were treated with the combination
of 6e and chloroquine and individual drugs. The combination treatment showed
synergistic killing effects as more cells were killed at a lower concentration of combined
treatment than that of the individual drug treatments. Three repeats were performed for
each experiment. Error bars reflect the standard deviation calculated for each data point.
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Figure 8. 6e Mechanism Overview
The figure illustrates the overview of the 6e mechanism in inhibiting cancer cell growth.
6e can induce multiple cellular stresses such as oxidative stress, ER stress, unfolded
protein response, and nutrient deprivation. The cancers cells can activated various
signaling pathways responding to the 6e induced cellular stress signals. As a result, the
cells either commit to stress coping mechanism such as autophagy or cell death.
Autophagy can then be inhibited by 6e to prevent cancer cells escaping from cell death.
6e can inhibit the fusion of autophagosomes with lysosomes as the drug disrupts the
progress of autophagy.

38

BIBLIOGRAPHY
1. Beck, D., H. Niessner, K. S. M. Smalley, K. Flaherty, K. H. T. Paraiso, C. Busch, T.
Sinnberg, S. Vasseur, J. L. Iovanna, S. Drieben, B. Stork, S. Wesselborg, M. Schaller, T.
Biedermann, J. Bauer, K. Lasithiotakis, B. Weide, J. Eberle, B. Schittek, D. Schadendorf,
C. Garbe, D. Kulms, and F. Meier. 2013. Vemurafenib potently induces endoplasmic
reticulum stress-mediated apoptosis in BRAFV600E melanoma cells. Sci Signal. 6: ra7.
2. Wang, W., J. Groenendyk, and M. Michalak. 2014. Endoplasmic reticulum stress
associated responses in cancer. Biochim Biophys Acta. 10.1016.
3. Schonthal, A. H.. 2011. Endoplasmic reticulum stress: its role in disease and novel
prospects for therapy. Scientifica. 10.6064.
4. Suh D. H., M. Kim, H. S. Kim, H. H. Chung, and Y. S. Song. 2012. Unfolded protein
response to autophagy as a promising druggable target for anticancer therapy. Ann N Y
Acad Sci 1271: 20-32.
5. Lamb, C. A., T. Yoshimori, and S. A. Tooze. 2013. The autophagosome: origins
unknown, biogenesis complex. Nat Rev Mol Cell Biol. 14: 759-754.
6. Benbrook, D. M., and A. Long. 2012. Integration of autophagy, proteasomal
degradation, unfolded protein response and apoptosis. Exp Oncol. 34: 286-297.
7. Maiuri, M. C., S. A. Malik, E. Morselli, O. Kepp, A. Criollo, P. Mouchel, R.
Carnuccio, and G. Kroemer. 2009. Stimulation of autophagy by the p53 target gene
Sestrin2. Cell Cycle. 8:1571-1576.
8. Bellodi, C., M. R. Lidonnici, A. Hamilton, G. V. Helgason, A. R. Soliera, M.
Ronchetti, S. Galavoti, K. W. Young, T. Selmi, R. Yacobi, R. A. Van Etten, N. Donato,
A. Hunter, D. Dinsdale, E. Tirro, P. Vigneri, P. Nicotera, M. J. Dyer, T. Holyoake, P.
Salmoni, and B. Calabretta. 2009. Targeting autophagy potentiates tyrosine kinase
inhibitor-induced cell death in Philadelphia chromosome-positive cells, including
primary CML stem cells. J Clin Invest. 119: 1109-1123.
9. Ganley, I. G. P. Wong, N. Gammoh, and X. Jiang. 2011. Distinct autophagosomallysosomal fusion mechanism revealed by thapsigargin-induced autophagy arrest. Mol
Cell. 24:731-743.
10. Treiman, M., C. Caspersen, and S. B. Christensen. 1998. A tool coming of age:
thapsigargin as an inhibitor of sarco-endoplasmic reticulum Ca2+-ATPases. Trends
Pharmacol Sci. 19:131-135.

39

11. Han, C. M. Nam, H. J. Park, Y. M. Seong, S. Kang, and H. Rhim. 2008.
Tunicamycin-induced ER stress upregulates the expression of mitochondrial HtrA2 and
promotes apoptosis through the cytosolic release of HtrA2. J Microbiol Biotechnol.
18:1197-1202.
12. Harhaji-Trajkovic, L., K. Arsikin, T. Kravic-Stevovic, S. Petricevic, G. Tovilovic, A.
Pantovic, N. Zogovic, B. Ristic, K. Janjetovic, V. Bumbasirevic, and V. Trajkovic. 2012.
Chloroquine-mediated lysosomal dysfunction enhances the anticancer effect of nutrient
deprivation. Pharm Res. 10.1007.
13. Mathisen, M. S., and F. Ravandi. 2012. Efficacy of tosedostat, a novel, oral agent for
elderly patient with relapsed or refractory acute myeloid leukemia: a review of the Phase
II OPAL trail. Future Oncol. 8: 351-357.
14. Maiuri, M. C., S. A. Malik, E. Morselli, O. Kepp, A. Criollo, P. L. Mouchel, R.
Carnuccio, and G. Kroemer. 2009. Stimulation of autophagy by the p53 target gene
Sestrin2. Cell Cycle. 15: 1571-1576.
15. Liu, J., G. Cui, M. Zhao, C. Cui, J. Ju, and S. Peng. 2007. Dual-acting agents that
possess reversing resistance and anticancer activities: design, synthesis, MES-SA/Dx5
cell assay, and SAR of Benzyl 1,2,3,5,11,11a-hexahydro-3,3-dimethyl-1-oxo-6Himidazo[3’,4’:1,2]pyridine[3,4-b]indol-2-substitutedacetates. Bioorg Med Chem.
15:7773-7788.

ACADEMIC VITA
Luxin Pei
Peiluxin512@gmail.com
________________________________________

EDUCATION
The Pennsylvania State University, University Park, PA
Schreyer Honors College
B.S. in Biology, Expected May 2014
B.S. in Immunology and Infectious Disease, Expected May 2014
B.S. in Toxicology, Expected May 2014
Honors in Biochemistry and Molecular Biology, Expected May 2014
RESEARCH EXPERIENCE
Research Assistant, Dr. Yanming Wang, Center for Gene Regulation, the Department of
BMB, University Park, PA, June 2011-present
Research Assistant, Dr. Avery August, the Department of Veterinary and Biomedical
Sciences, University Park, PA, Summer 2008 and Summer 2009
PUBLICATION AND POSTER
1. Chen XA, Wang Y, Wang W, Ma H, Pei L, Moore S, Lei L, Wu J, Xu W, Wang Y,
Zhao S, Zhu H, Zhang X, Gui L, Sun J, Gu Y, Wang X, Zhao M, Wang Y, and Peng S.
(2013) Noncovalent interaction of small molecule 6E and doxorubicin to form nanosize
particles for cancer treatment (In preparation)
2. Pei L, Chen XA, Wang Y. (2013) Network Maps Analyses for the Systematic
Prediction of Novel Drug Mechanisms. PSU Undergraduate Research Exhibition
WORK EXPERIENCE
Teaching Assistant, Dr. Steven Keating, University Park, PA, Fall 2012, Spring 2013,
Fall 2013, Spring 2014
Hospital Volunteer, Mount Nittany Medical Center, PA, October 2008-present
HONORS AND AWARDS
Schreyer Honors College Summer Research Grant, Summer 2011 and Summer 2012
Schreyer Honors College Travel Grant, Summer 2012
Schreyer Academic Excellence Scholarship, 2010-present
Dean’s List, 2010-present
American Association of University Women Academic Excellence Recognition, 2009

ACTIVITIES
Vice President of Penn State Biology Club, University Park, PA, Fall 2012-present
Penn State-Peking University Summer Program, Beijing, China, Summer 2012
New Student Orientation Mentor, University Park, PA, Summer 2011, Summer 2013
Member of Phi Eta Sigma National Honors Society, University Park, PA, Spring
2011-present

