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ABSTRACT
In the beginning of the 21th century, Douglas Hanahan and Robert
Weinberg published couple papers that discussed our understanding of
cancer based on studies in the past decades. The authors discussed8
hallmarks of cancerthat define the tumor tissue. These hallmarks include, “1)
self-sufficiency in growth signals, 2) insensitivity to antigrowth signals, 3)
evading apoptosis(lack of cell attrition mechanisms), 4) limitless replicative
potential, 5) sustained angiogenesis, 6) tissue invasion and metastasis”1, 7) the
reprogramming of energy metabolism,

and 8) the evading immune

destruction”2. They also specified that the genome instability of cancer cells is
the underlying mechanism that enables the hallmarks.The traits mentioned
above provided a constitutive framework to understand the process of
neoplasm. In this Ph.D. dissertation, I will report my exploration on cancer
treatment regarding to two of the hallmarks—genomic instability and the
invading immune destruction.
In one aspect of my Ph.D. study, I have explored the cellular
mechanisms of a novel small molecule PZ1225, which intercalate into and
distort DNA with a two-indole-ring structure. PZ1225 induced DNA damage
results in apoptotic cell death in cancer. In addition, the molecule activates
ER stress and UPR response, inhibits autophagy efflux, and activates MAPK
signaling. Most importantly, I explored the function of the cell signaling
pathways in mediating PZ1225 induced cell death. Using a combination of
high through put analyses and cellular biology means, I developed a
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combination treatment of PZ1225 and a MEK inhibitor U0126. The
combination treatment induces apoptosis in cancer cells by more than 2 fold
compared to PZ1225 alone and 5 fold compared to U0126 alone.
In another aspect, various immune cells grow in the cancer tissue and
create a microenvironment benefiting the progression and metastasis of
cancer. The extracellular traps formed by neutrophils have been reported to
assist cancer metastasis. In my Ph.D. study, I also explored the function of
macrophages in forming extracellular traps (ETs). Using the peritoneal
macrophages extracted from PAD4 transgenic mice, I observed formation of
extracellular traps by macrophages and histone hypercitrullination on the
structure. In addition, I elucidated the requirement of the protein arginine
deiminase 4 (PAD4) but not PAD2 in hypercitrullination of histones and ET
formation.
Based on the findings that neutrophil extracellular traps play a role in
multiple disease models, I also explored the effects of PAD4 on a mouse
stroke model. In the Appendix chapter, I presented the preliminary data that
suggest absence of PAD4 protects brain tissue, especially the neuron cells,
from ischemia/reperfusion injuries.
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Chapter 1

Literature Review

1.1

Abstract

The use of chemotherapy in cancer treatment has a history of nearly
half century. After many years of research into tumor development,
chemotherapy is still one of the most effective and widely used methods to
treat tumors. At the same time, our understanding of tumor progression and
metastasis has been developed deeply. Until now, we have known that cancer
is a genetic disease and systematic disease that incorporates multiple
machineries for disease progression, such as the immune system, the
circulation system, and the DNA damage repair system. Great complexity of
the disease requires an integrative regimen in the treatment. Combinatorial
treatment is one of the solutions to the complicated question. In addition,
with more and more understanding in the microenvironment of the tumor
tissues, especially the molecular mechanisms of immuno-oncology, future
therapies are expected to target the great ecology of tumor tissue, instead of
focusing on the tumor cells per se.

1.2

DNA-damage inducers as chemotherapy agents

1

1.2.1 Cancer is a genetic disease

Human endeavors to fight cancer have a history of more than 100
years3. But until now, cancer still ranks second as the leading cause of death
right after heart disease. In the United States, American Cancer Society (ACS)
reported an estimate of more than 1.6 million people to be newly diagnosed
with cancer in the year of 20164. Researchers have been spending a lot of
effort trying to figure out the cause of cancer since the late nineteenth
century. In the early time, cancer is considered caused by “changing in the
environment”, which is vague and provided little clue for cancer treatment.
In 1890, David von Hansemann first described that cancer cells undergo
aberrant mitosis5. The aberrant mitosis leads to change of chromatin content
thus results in tumor. The idea was largely ignored until the beginning of the
twentieth century when Theodor Boveri did a series of experiments, which
led to the discovery of centrosome and the unequal distribution of
chromosomes during mitosis6. Although most of the cells with incorrect
separation of chromosome cannot survive, he proposed, cells that bypass the
defect would potentially develop into tumor. This discovery laid the
foundation for the current prevailing view that multitude of genetic and
epigenetic changes in cells lead to tumor development. Later in the mid and
late twentieth century, a series of discoveries made this view solid.
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In 1960, the first case of chromosome translocation resulted tumor is
reported by researchers at the University of Pennsylvania. Peter Nowell and
David Hungerford found the Philadelphia chromosome in the autosome in
chronic myelogenous leukemia (CML)7. Later, it was discovered that this
abnormal chromosome contains a fusion gene that expresses a constantly
active tyrosine kinase signaling protein. The similar chromosome
translocation was observed in leukemia with abnormal expression of MYC
gene in 1980s8,9. In accordance with the discovery of Philadelphia
chromosome encoded protein, from 1970s to 1980s, Robert Weinberg,
Michael Wigler and Mariano Barbacid discovered the first oncogene
independently10-13.The gene was later found to be Ras gene that is the
cellular homolog of the ras genes from the sarcoma viruses. In addition,
Weinberg and colleagues reported in the 1980s that oncogenes such as MYC
and Ras or MCL and MYC collaboratively induce tumors. This discovery is in
accordance with the work of Alfred Knudson in the 1970s, when he
developed the Knudson model to demonstrate the proposition that multiple
mutations are required for retinoblastoma development14.

1.2.2 DNA damage responses are defective in fast-proliferating cancer cells

DNA damage is introduced to genome via physiological process such
as DNA mismatch or DNA strand breaks during replication; or chemicals such
as reactive oxygen species, which are produced as by-product in stress
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response or respiration (Table 1-1). Environment also contains DNA
damaging agents such as UV light and ionizing radiation. Although DNA
damages are induced by different stimuli, normal cells have a set of DNA
repair mechanisms, namely DNA damage response (DDR), to guarantee
genome stability. The repair system consists of but not limited to mismatch
repair, nucleotide excision repair, single stranded break repair and doublestranded break repair3,15-18(Table 1-1).

In cancer cells, constant activation of oncogenes such as MYC and Ras
promoted cell growth. However, fast proliferation of cancer cells created the
pressure in DNA replication and DNA damage repair. Almost all of the cancer
cells lack an intact DDR system16. The defects in DDR initially allow cancer
cells to bypass the cell cycle checkpoints, promote the fast replication and
lead to tumor development. For example, the genome of hereditary nonpolyposis colon cancer (HNPCC) patient contains multiple mutations in the
MSH2 and MLH1 genes, whose functions are required for mismatch repair
(MMR)19,20. Defects in MMR in colon cells result in unrepaired mismatch and
a phenotype known as microsatellite instability, which lead to cancer
development together with multiple mutations that increase the genome
instability21,22.But as a double-sided sword, the defects in DDR also increase
the frequency of DNA damage and result in the cancer cell relying heavily on
the remaining DDR mechanisms. When DNA damage accumulates, it will
trigger programed cell death such as apoptosis and autophagy and kill cancer
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cell eventually. The defects in DDR make the cancer cells more susceptible to
DNA damage agents thus create a therapeutic window for anti-cancer
therapy.
Table 1-1. DNA damage inducers and repair mechanisms in mammalian cells.
DNA damage inducer

DNA damage

DNA Damage
Repair
Mechanism

Factors involved in
the DDR

Radiation (X-ray), oxygen
radicals, alkylating agents

Abnormal bases (Uracil),
single strand break, abasic
site

Base-excision
repair (BER)

DNA glycosylase, AP
endonuclease

UV irradiation, chemical
mutagens (polycyclic
aromatic, hydrocarbons)

Bulky adducts (6,4photoproducts
, Thymidine dimers)

Nucleotide-excision
repair (NER)

Global Genomic NER
(DNA damage binding
and XPC-Rad23B
complex, DDB1, DDB2,
XPA); Transcription
Coupled NER (RNA
polymerase stall, CSA,
CSB)

Radiation (X-ray), oxygen
radicals, anti-tumor agents

Double-strand break, interstrand break

Homologous
recombination
repair, nonhomologous end
joining

ATM, BRCA1, BRCA2,
P53, RAD51, KU70,
KU80, DNA-PKCs.

Replication errors

A-G/T-C mismatch,
insertion and deletion

Mismatch repair

MLH1, MLH3, MSH2,
MSH3, MSH4, MSH5,
MSH6, PMS1, PMS2

1.2.3 DNA damage inducers are effective chemotherapy agents
DNA damaging reagents have a long history in anti-cancer
chemotherapy. The first DNA damage inducer used for treating cancer dated
back to the 1940s when Alfred Gilman and Louis Goodman were studying the
victims of chemical weapon sulfur mustard gas. They found depleted bone
marrow and reduced lymph nodes in the soldiers exposed to the gas23. Led
by this discovery, they treated the late stage non-Hodgkins lymphoma
patients with a more stable nitrogen mustard reagent tris -chloroethyl
amine and observed recession of tumors24. Later in 1949, Sidney Farber
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reported stimulated proliferation of acute lymphoblastic leukemia cells by
folic acid25. He and colleagues later designed folate analogs that block folic
acid function and were able to briefly alleviate the tumor development26. In
1958, Li and colleagues designed another folate analog, methotrexate, which
becomes the first reagent to cure a solid tumor27. Since then, DNA damage
reagents have become widely used and effective candidates in cancer
chemotherapy.

Many successful DNA damage inducers have been developed,
including the DNA crosslinking reagent cisplatin, the DNA base analog
reagent 5-fluorouracil (5-FU), the topoisomerase-DNA complex inhibit or
etoposide and the multi-functional anthracycline drugs such as doxorubicin.
Among them, cisplatin and doxorubicin (Fig. 1-1) are the most successful
anti-cancer compounds and are still widely used today.

Cisplatin was discovered accidentally in 1965 by Barnett Rosenberg28.
When Rosenberg was studying the division of E.coli, he chose platinum as the
electrodes to create the magnetic field because they had “no biological
activity”. In the experiment, they were excited to find E.coli cells stopped
dividing when the magnetic field was on and restored dividing when it was
off. In the following two years, Rosenberg and colleagues tried to untangle
the mechanism behind it and finally realized that it was not the current but
the platinum compound released from the electrodes changed the dividing
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behavior of E.coli. Cisplatin, a small molecule that contains a platinum ion,
was then discovered and approved by FDA for treatment of testicular and
bladder cancers in 1978. Until now, cisplatin has been applied in the
treatment of testicular cancer, cervical cancer, non-small cell lung cancer and
the list is still expanding.

Daunorubicin is a multi-functional anthracycline antibiotic that
targets DNA by multiple ways. It acts as a topoisomerase II inhibitor, a DNA
intercalator and a free radical generator. It can also alkylate and crosslink
DNA.It is discovered in an effort to isolate anti-tumor compounds from soilbased microbes. Daunorubicin was purified from a train of Streptomyces
peucetius and shown a promising efficacy in clinical trials to treat acute
leukemia and lymphoma. In the 1960s, doxorubicin is discovered as a
substitute to daunorubicin in an effort to overcome the detrimental cardiac
toxicity of the later29,30. Later on, more and more analogs to doxorubicin and
daunorubicin were developed and belonged to the same anthracyclines
family. Since then, more than 500 anthracycline molecules had been
evaluated by National Cancer Institute (NCI) but no candidate shows a better
efficacy in tumor inhibition than the original two. Doxorubicin has an efficacy
towards a wide range of tumor types (more than 20 by far), including acute
lymphoblastic/myeloblastic leukemia, breast cancer, bone sarcoma, gastric
cancer, Hodgkin lymphoma, liver cancer, Wilm’s tumor and so on.
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Figure 1-1. Structures of widely used chemotherapy agents. Daunorubicin (left),
doxorubicin (middle) and cisplatin (right).

1.2.4 Limitation of DNA damage inducers as chemotherapy agents and
possible solutions

Although the DNA damage inducers like cisplatin and doxorubicin
shown significant efficacy in killing of cancer cells, the major limitations are
drug resistance of tumor tissues and toxicity to healthy tissues.

Multiple mechanisms in the cancer cells lead to drug resistance. One
of the chemo-resistance mechanisms exerts through multidrug resistance
protein pumps in the cell membrane. The ATP-Binding Cassette (ABC)
protein is the major family of proteins located in the cancer cell membrane
that is responsible for multidrug resistance. This family of proteins is
conserved in both eukaryotes and prokaryotes. In human genome, 48
functional ABC proteins are identified31. Among them, 3 proteins are well
known and are reported to export chemotherapy reagents out of the cancer
cell in vivo, namely P-glycoprotein, multidrug resistance-associated protein
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1(MRP1) and mitoxantrone resistance protein 1 (MXR1)32,33. Although these
proteins exhibit similar functions in chemotherapy drug efflux, they are quite
different in their protein structures and targeted molecules.

Mutations in the cancer genome are another way for cancer cells to
acquire drug resistance. The mutations happen in different levels include
mutations that result in deficiency in cell death signaling pathways,
mutations that lead to increased DNA repair, and mutations in the replication
process that allows by-pass of DNA crosslinking sites. Moreover, mutations
in the cancer genome are inheritable, which finally lead to development of a
drug resistance tumor tissue. Mutations on p53 gene and MAPK signaling
pathways are well known to be responsible for tumorigenesis34,35. In
addition, both signaling pathways play a role in chemo-resistance35-38. p53
gene signals many cell fate deciding processes including apoptotic cell death,
cell cycle arrest and cell senescence39,40. Disruption of p53 gene function may
result in deficit in these processes and protect cancer cells from programmed
cell death39. Ras in the MAPK signaling also plays a role in p53 activation41. At
the same time, both p53 and MAPK signaling pathways are reported to
inhibit the expression of ABC transporter protein42,43. Once mutated, these
signaling pathways can no longer inhibit the expression of efflux proteins
thus alleviate the effect of chemo-reagents. Most importantly, in cancer cells,
mutations in these drug resistant pathways often happen concurrently.
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Besides the mechanisms mentioned above, many other chemoresistant mechanisms exist, such as inactivation of chemotherapy reagent
and epithelial-mesenchymal transition. In addition, cancer cell heterogeneity
contributes significantly to chemo-resistance. In the cancer cell population, a
small fraction of cell is resistant to chemo-reagents and may also acquire
stem cell properties. Thus the chemotherapy might be selecting the drugresistant cells from the population and only able to kill the chemo-sensitive
cancer cells44,45.

Besides chemo-resistance, toxic side effects are another limitation of
chemo-reagents. The toxicity mainly comes from the poor specificity of DNA
damage reagents and is mostly dose-dependent. Normally, the toxicity affects
fast proliferating cells the most. But in the case of cisplatin, proximal tubule
cells in the kidney are significantly affected although they are quiescent
cells46,47, while doxorubicin mainly causes cardiotoxicity48,49.

Research have put lots of effort to overcome the limitations of chemoreagents while preserve their cell-killing efficacy. Although strategies to
overcome drug resistance depend heavily on the specific type of tumors,
some strategies are reported to be effective among many tumors, such as
combination therapy50,51. The inhibitors in combination target different
pathways the cancer cells rely on for proliferation. With combination therapy,
we are able to achieve 1) higher efficacy of cancer cell killing 2) overcoming
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the chemo-resistance; and 3) lowered toxicity to healthy tissues. For example,
in melanoma, constant activation of kinases in the MAPK signaling pathway
is always observed, and inhibitors are designed to target each kinase
specifically (Fig. 1-2). However, a single inhibitor only recesses tumor growth
for a short period of time and over time, melanoma cells acquire additional
activation of candidate(s) in the MAPK kinase cascade to antagonize the
inhibition effect52,53. Since melanoma cell proliferation depends heavily on
the MAPK signaling, a combination therapy of MEK and BRAF inhibitors are
designed to achieve a long-lasting inhibition effect54,55. In 2014, FDA
approved the combination therapy of vemurafenib, a BRAF inhibitor, and
cobimetinib, a MEK inhibitor, to treat advanced melanoma.

With the development in the biotechnology, nanotechnology is
applied to the delivery of chemotherapy reagents in recent years. Delivery
through nanoparticle achieved better specificity to tumor tissue compared
with traditional chemotherapy56. As a result, chemotherapy agents packaged
in nanoparticle could 1) kill chemo-resistant cancer cells or cancer stem cells
and 2) decrease the toxicity to healthy tissues.
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Figure 1-2. MAPK kinase cascade consists of Ras, Raf, MEK and ERK kinases. Mutations
in MAPK kinases result in constant activation of the pathway. Inhibitors are designed to
target the kinases specifically, including some of the mutated forms.

1.3

Cell Death or Survival Signaling Pathways in Cancer cells

DNA damage agents in chemotherapy induce a variety of DNA lesions
in the cancer genome. The lesions lead to genomic mutations and when
accumulate to a certain point, activate programmed cell death pathways in
cancer cells including apoptosis, autophagy, necrosis, mitotic catastrophe,
senescence and cell cycle arrest. Mutations in the programmed cell death
pathways promoted tumor development, metastasis as well as cancer
cellresistance to chemotherapy14,15,20,36,57,58. Thus, understanding the
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molecular mechanisms of different cell death pathways is important for
chemotherapy design and drug resistance study.

1.3.1 Apoptosis is an important pathway that programs tumor cell death in
chemotherapy

Apoptosis is the most common pathway that is mutated in cancer cells
and plays an important role in tumorigenesis as well as chemotherapy
resistance39,59,60. Most of the chemotherapy agents induce DNA damage and
program cancer cells towards apoptotic cell death. However, most of the
tumor cells also have deficits in the apoptosis pathway and the mainreason
of malignancy is the dysregulation of apoptosis, which results in imbalance
between proliferation and cell death.

Apoptosis is firstly named by Kerr et al in the 1970s. At that time,
people have observed the characteristic structure change during apoptosis
and named it apoptosis aiming to separate the cell death process from
necrosis61,62. In the early stage of apoptosis, nucleus undergoes condensation
and fragmentation. During late apoptosis, cell membrane undergoes blebbing
and finally loses its integrity. The signature morphological changes of
apoptosis are important for distinguishing apoptosis from other cell death
pathways63.
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Apoptosis is regulated through three major signaling pathways: the
intrinsic pathways mediated through 1) mitochondria or 2) endoplasmic
reticulum, and the extrinsic pathway mediated by 3) various death signals
and the caspase protease cascade64 (Figure 1-3).

The extrinsic pathway is activated by death signals such as tumor
necrosis factor (TNF)65,66 and executed by activation of pre-caspase 8 and the
downstream cleavage of other caspases. The intrinsic mitochondrial pathway
is triggered by stress signals such as excess level of calcium ion in the
cytoplasm and oxidative stress. In mitochondria, the balance between two
classes of genes, most of which belongs to the Bcl-2 protein family, is
responsible for cell fate determination. One group of proteins is proapoptotic, including Bak, Bax, Bad, Bik and Bim. The other group is antiapoptotic, including Bcl-2, Bcl-XL and Mcl-167,68. In addition, mitochondria
release cytochrome c that activates caspase 369,70. The intrinsic and extrinsic
pathways converge at caspase 3 activation. Caspase 3 then mediates
apoptosis by cleavage of key proteins such as poly (ADP-ribose) polymerase
1 (PARP-1), which is considered a hallmark of apoptosis71. Under
physiological conditions, PARP-1 protein detects and aids in the repair of
DNA damage. Under stressed conditions, however, cleavage of PARP-1 by
caspase 3, or by caspase 7, promotes apoptosis. The cleavage produces two
fragments of 89 kDa and 24 kDa respectively. The larger 89kDa fragment
consists of a catalytic domain and is relocated from nucleus to cytosol. The
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24 kDa domain, instead, irreversibly binds to the damaged DNA with its zincfinger motif. The binding inhibits DNA damage repair and project cells to
apoptosis59,72,73.

Another hallmark of apoptosis is the H2A.X phosphorylated on serine
139 (-H2A.X)74. It is detected in apoptotic cells at the DNA damage site,
especially at DNA double strand breaks74. Researchers have reported thatH2A.X locates in the periphery nucleus area, which forms a “ring” structure
under the microscope, inside the nuclear envelope and co-localized with
TUNEL assay- labeled DNA damage sites75.

Figure 1-3. Intrinsic and extrinsic signaling pathways that induce apoptotic cell
death in cancer cells. The intrinsic pathway is mediated through DNA damage
and regulated by tumor repressor gene p53 and signaling pathways in
mitochondria. The extrinsic pathway is triggered by death signals from
extracellular space, mediated through stress signal receptors and caspase 8. Both
pathways induced cleavage of caspase 3 and leads to apoptosis.
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1.3.2 Regulation of autophagy in cancer cells

Autophagy pathway is vital for cells to maintain homeostasis under
stressed conditions. It degrades wrongly folded proteins and cell organelles
and recycles cell building blocks and energy. In cancer cells, fast proliferation
creates stresses in protein folding, processing and transportation. Thus, the
autophagy pathway is essential for cancer cell living and also promotes
cancer cell survival in chemotherapy76-78. For example, mice without the
ubiquitin-binding protein p62/SQSTM are protected from Ras-induced
transformation and tumorigenesis of lung adenocarcinomas79. At the same
time, disruption in autophagy pathway was found in nearly half of human
breast, prostate and ovarian cancers80. The complicated role of autophagy in
cancer cells needs a detailed evaluation in the design of chemotherapy.

Autophagy happens mainly in three steps. Firstly, double membrane
structure enclosed wrongly folded protein or broken cellular organelles. The
vesicle formed is called the autophagosome. LC3-II protein in the cell
membrane is one of the hallmarks of autophagosomes81,82. Then
autophagosomes merge with lysosomes, which provides a low pH
environment for various enzyme reactions. Finally, debris is degraded in the
fused structure called autophagolysosome and cellular building blocks such
as amino acid recycle83,84.
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The initiation of autophagy is regulated by different stress response
pathways such as ER stress and mammalian target of rapamycin (mTOR)85-89.
It is reported that ER stress activation triggers autophagosome formation.
The three proteins involved in ER stress response, namely PERK, IRE1 and
ATF6 regulate autophagy in their unique ways83,90,91. The unfolded protein
response induced by ER stress can also regulate autophagy by inhibiting
mTOR signaling pathway92-94. TOR in yeast is firstly reported to be the target
of the immunosuppressant rapamycin in 1991 and was thus named based on
this connection95. In response to various signals in vivo and in vitro, such as
serum starvation and cellular oxidative stress, mTOR pathway coordinates
cellular metabolism and balances cell death and survival, including the
autophagy pathway90.Inhibition of mTOR by rapamycin dephosphorylates
ULK1 at Serine 757 and Atg13 and results in the stimulation of autophagy.

In addition, genetic studies have identified a series of Atg genes
required for healthy flow of autophagy, for example, Atg5, 12 and 16 form a
complex that recruits LC3-II onto the autophagosome membrane and Atg7
and Atg3 are required for processing LC3 to produce LC3-II96,97.Besides
degradation happened in autophagolysosome, LC3-II binds to p62 and
facilitate degradation of ubiquitinated protein aggregations98,99.

1.3.3 Necrotic cell death is a well regulated cell death pathway in cancer
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When cells undergo severe environmental changes that disrupt cell
membrane integrity and die after that, we normally think the death is not
well regulated but instead a passive and catastrophic process. So not
surprisingly, necrosis is considered an accidental and unregulated form of
cell death decades ago. Not until recently, scientists discovered the key
regulators of necrosis such as kinase receptor-interacting serine/threonineprotein kinase 1 (RIP1) and TNF, FAS or TRAIL receptors62,100-102. These
molecules regulate necrotic cell death in cancer cells, especially when
apoptosis is defective and autophagy is suppressed at the same time103.

Necrosis happens when cells are faced with harsh environmental
changes such as extreme temperature and significant change in pH. Under
the circumstances, cells firstly lose its membrane integrity. Unlike apoptosis
where externalization of phosphatidylserine (PS) happens before cell break
and cell content loss, necrotic cells cannot be recognized by phagocytes at the
first place. As a result, necrosis triggers a series of immune response after the
cell contents are released to the extracellular space. Hsp 70 is one of the
molecules that are passively released when cell membrane breaks in necrotic
cell death. Besides its role as a hallmark of necrosis, Hsp 70 signals
immunogenicity by 1) interacting with other immune cells such as
macrophage or dendritic cells (DC) and 2) stimulating antigen presentation
to T lymphocytes and finally 3) activating immune responses104. The necrotic
cancer cell promotes maturation of dendritic cell and their capability of
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presenting antigens. Mature dendritic cells further stimulate CD4+ and CD8+
T cells that recognize cancer cells105,106.

1.4

Immune system plays an important role in cancer development and
cancer cells’ response to chemotherapy

The cancer tissue consists of a various types of cells including the
heterogeneous cancer cell population and a mixture of immune cells
including T cells, neutrophil, macrophage, and dendritic cells. Cancer cells
present antigens that can be recognized by host T cells and dendritic cells,
which laid the foundation for immunologic targeting of cancer cells. The
dynamic microenvironment of cancer cells affects cancer proliferation and
development as well as their reaction to chemotherapy and radiotherapy105.

1.4.1 The dynamic microenvironment in the tumor tissue affects
chemotherapy efficiency

Many chemotherapy agents induce apoptotic cell death in cancer.
Although apoptotic cells send out the “eat me” signal to macrophage by
exposing PS, many apoptosis-inducing chemotherapy agents, such as
mitomycin C and etoposide, show an immunosuppressive effect and do not
induce immunogenic cell death. However, DNA damaging agents such as
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anthracyclines and 5-FU stimulate anti-cancer immune responses in the
tumor tissue.

As one of the most effective anthracycline agent, doxorubicin elicited
immune responses have been well characterized in the last decades107,108.In
an experiment using a combination therapy of DNA damage agents—such as
doxorubicin and cisplatin—and IL-12, mice survival is significantly
prolonged in the combination treatment but not in the chemotherapy or IL12 alone groups72,109. It is reported that anthracyclines elicit T-cell mediated
immune response with chaperone protein calreticulin72. Calreticulin proteins
are exposed to the cell surface to form the ecto-calreticulin during the early
apoptotic stage. It is important for mediating dendritic cells to engulf the
dying tumor cells. However, apoptosis induced by other chemotherapy
agents do not normally present ecto-calreticulin in the cell membranes. Thus
the calreticulin exposure is a hallmark for immunogenic cell death.

In another example, mice model have confirmed that 5-FU, a
fluorepyrimidine DNA damage inducer, stimulates the uptake of tumor cells
by DC and the antigen presentation to T cells as well as the expression of
heat-shock proteins in immune cells110,111.

In addition, DNA damage also induces expression of natural-killer
group 2 member D (NKG2D) ligands in an ATM-/ATR-dependent manner on
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the cell surface of tumor. NKG2D is a lectin-type activating receptor that is
required by NK-cells mediated cell lysis112.

1.4.2 PAD4 mediates tumor progression and metastasis via neutrophil
extracellular traps formation

Extracellular traps formation is firstly reported in neutrophil (NETs)
by Brinkmann and colleagues in 2004113.It is reported as a suicide
mechanism exempted by neutrophil to inhibit spread of bacteria in the
circulating system (Figure 1-4). NETs structure contains different types of
hydrolyses that kills invading bacteria or inhibit proliferation of bacteria.
When NETs are produced, other immune cells will also be attracted to the
infection site to aid the killing of microbes and clearance of remaining
extracellular chromatin. Later on, other cells in the innate immune system
such as macrophage, eosinophil and mast cell are also found to produce the
similar extracellular traps-like structure114,115.

NETs are made of decondensed chromatin and other components
from the cell organelles like myeloperoxidase, neutrophil elastase et al116.
Besides its function in the bacteria killing and trapping, NETs are found to be
involved in multiple disease pathologies such as atherosclerosis, thrombosis
and ischemic injuries117-122. Protein arginine deiminase 4 (PAD4) is the
enzyme that cintrullinates histones at multiple site such as H1, H2A, H2B, H3
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and H4188-191. Human genome contains 5 PADs, which are PAD1, 2, PAD4
knockout mice or PAD4 inhibitor were reported to alleviate disease
pathologies of the above mentioned disease models119. The alleviation is
largely due to the requirement of PAD4 in the process of NETs formation.
Without PAD4, NETs are abolished and the clearance of NETs at the site of
inflammation rescues disease phenotype122,123. The stimulation of NETs by
microorganisms and inflammatory diseases were mediated by molecules
such as bacterial products lipopolysaccharide (LPS) and phorbol myristate
acetate (PMA)113. Calcium ion could also induce NETs formation by activating
PAD4 activity124,125. In the disease pathology, cytokines and chemokines
potentially primes neutrophil cells to produce extracellular traps126.

Recently, NETs was found to exert facilitative functions in tumor
development and metastasis. However, the molecular mechanism of the
effect is poorly understood. Zychlinsky and colleagues (2013) reported
existence of tumor-associated neutrophils (TANs) and NETs in the tumor
tissue and hypothesized a positive role of Ewing sarcoma cells in promoting
NETs formation and vice versa127. In another infection model in mice,
Janothan Cools et al (2013) reported the trapping of circulating lung
carcinoma cells by extracellular DNA snares. They also observed increased
formation of hepatic metastatic burden at 2 weeks following injection of
tumor cells128. Most recently, Samer Tohme from Allan Tsung group reported
NETs in promoting metastasis after surgery in human patients121. In the
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patients with metastatic colorectal cancer and perform of liver resection,
higher level of NETs was found in the blood serum of the patients. They also
observed a negative correlation between NETs formation and reduction in
disease-free survival. The result is further confirmed in a murine model
where accelerated metastasis of tumor is correlated with NETs formation.
Administration of DNase I digestion of NETs or PAD4 inhibitor abrogated the
promoting effect121.

Figure 1-4. Netotic cell death in neutrophil results in release of decondensed
chromatin into the extracellular space. (a) Neutrophil nucleus shows a signature
lobular structure. (b) PAD4 activation, ROS, and hypercitrullinationon histones
decondenses chromatin. (c) Decondensed chromatin released into extracellular
space.
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Chapter 2

Method and Materials

2.1

Mammalian Cell culture

2.1.1 Medium and culture conditions

Mammalian cells were cultured in DMEM medium (life technologies,
11965-084) supplemented with 10% FBS (Sigma, 12306C) and 1%
penicillin-streptomycin (life technologies, 15140-122) in a 5% CO2 incubator
at 37 °C.

2.1.2 Cell lines

Mammalian cancer cell lines used in the thesis work were obtained
from ATCC. Cell lines includingU2OS, WM115, HacaT, 293T, HepG2, HL60,
and MES-SA/Dx5, RAW 264.7 and J774A.1 were obtained from ATCC within
the last five years and used at early passages stored within 6 month after the
receipt of the original stock. NHF cells were a generous gift from Dr. Jiyue
Zhu at Penn State University College of Medicine at Hershey. HCT116 p53+/+
and p53-/- were a generous gift from Dr. Bert Vogelstein at Johns Hopkins
University and obtained in 2008 and stored at early passages.
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2.1.3 Cell splitting, Freezing and Recovery

DMEM medium was warmed under room temperature before use.
Adherent cells in 10cm dish were rinsed briefly with DPBS (Invitrogen,
14190) and digested with 2ml 0.05% trypsin solution (Invitrogen, 11875) at
37°C for less than 5 min. Before harvest of cell, at least equal volume of
DMEM medium was added to suspend cells. Cells were then harvested into
15ml Falcon centrifuge tubes (VWR 21008-918) and centrifuged at 1,000
rpm for 5 min under 4°C. At 1:4 to 1:10 ratio, cells were seeded into new
plates with fresh DMEM medium. Floating cells were centrifuged and diluted
to new plates without treatment of trypsin.

When confluent, cells were stored in 1.2 ml cryogenic vials (VWR
89094-810)

after

cell

number

counting

that

performed

with

a

hemocytometer (Hausser Scientific, 1492). Medium used to store cells
contained 50 % culture medium, 10 % DMSO and 40 % FBS.

For recovery, cells were quickly thawed under room temperature or
using water bath. Melted cell solution was added into at least 9ml of fresh
medium and centrifuged at 1,000 rpm under 4°C. After centrifuge, top
medium was aspirated and cell pellet was re-suspended using fresh medium
into a new culture dish. The next day, cell morphology was checked under
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microscope and fresh medium was changed after 2-3 days of culture and
cells were ready to use.

2.2

Primary Cell Extraction and Cell Culture

2.2.1 Mouse Embryonic Fibroblast
To obtain mouse embryonic fibroblast, mouse embryos in the age of
12.5 to 13.5 days were dissected from abdomen of pregnant female C57BL/6
mice. Embryos from one mouse were processed together. Mouse head and
embryonic internal organ tissues were removed. The remaining embryonic
tissues were rinsed with DPBS and transferred to a clean culture dish.
Embryos were then minced with a sterile blade in 3-5 ml trypsin solution and
incubated at 37°C. After 10 minutes, equal volume of MEF medium was
added to inactivate the trypsin and the mixture was placed under room
temperature allowing precipitation of undigested large pieces of tissue. The
upper solution without large tissue pieces was centrifuged at 1000 x g at
room temperature for 5 minutes. Cell pellet was then re-suspended in prewarmed fresh MEF medium and cultured for 2-3 days until confluence.MEF
cells were then used for experiment or stored in liquid nitrogen for future
use.

2.2.2 Murine Macrophage
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Mouse macrophages were extracted from wild-type or PAD4
transgenic mice in C57BL/6J background at the age of 6-10 weeks. After
euthanasia, 5 ml 3% FBS (Gibco 10438026) in DPBS (Gibco 14190144) was
injected into the mouse peritoneal cavity. Mouse belly was massaged for 2-3
minutes before retraction of the solution from the abdomen. Extracted cells
were centrifuged at 1000 rpm for 5 minutes under 4°C, re-suspended in
DMEM medium and cultured under 37°C. After 3-3.5 hours culture, floating
cells were washed away with DPBS. Macrophage cells remained attached to
the culture dish. The macrophage medium was DMEM medium containing 10%
FBS and 1% Penicillin-Streptomycin (10,000U/ml, Gibco 15140122). Murine
peritoneal macrophage cells were extracted and used freshly.

2.3

Analyses of RNA

2.3.1 RNA Extraction

Cells prepared for RNA extraction were pelleted and used for
extraction immediately upon collection. RNA was extracted using the
PureLink® RNA purification kit (Life Technologies 12183018A) following
manufacture’s instruction. Concentration of each RNA sample was measured
with Nanodrop ND-100.

2.3.2 Reverse Transcription
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1 g of RNA was used for reverse transcription. Each reaction also
contained 4 g of 5 X qScript cDNA SuperMix (Quanta Biosciences, 95048)
and complemented with RNase free water to 20 l. The program for reverse
transcription was 1) 5 min at 25°C, 2) 30 min at 42°C, 3) 5 min at 85°C, and 4)
hold at 4°C. Then obtained cDNA solution is diluted by 50 fold and used for
quantitative PCR measurement.

2.3.3 SYBR Green-based Real-Time quantitative PCR

6l of the SYBR Green SuperMix (Quanta, 95055) for realtime PCR
was used in the reaction mixture. The mixture also contained 4 l of diluted
cDNA template and 2 l of Forward and Reverse primers. The reactions were
run in the StepOne Plus Real-time PCR system from Applied Biosystems. The
program ran at 95°C for 10 min followed by 40 cycles of program at 1) 95 °C
for 15 sec and 2) 70°C for 15 sec. Data were collected automatically by the
machine. Melting curve, amplification plot and other parameters were used
to check primer quality and reliability of the data. The data were then
exported from the StepOne Software and plotted in Excel.

2.3.4 Analysis of Microarray Data

U2OS cells were treated with 30 μM PZ1225 for 6 hr before harvesting.
Control cells were mock treated with DMSO. Total RNA was purified with
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Purelink® RNA mini kit (life technologies, 12183018A). The Affymetrix
GeneChip Human Gene 1.0 ST arrays were used. Data from all Affymetrix
GeneChips were normalized and analyzed as previously described86. Then
genes shown more than 2 fold change were processed using MATLAB to
produce

heatmap

and

analyzed

using

IPA

(Ingenuity

System,

www.ingenuity.com) core analysis to identify canonical pathways, upstream
regulators, and establish networks. Realtime PCR was performed to confirm
microarray results. Primer sets including:
SESN2 Forward 5”-AGAAGGTCCACGTGAACTTGCT-3”,
Reverse 5”-TCAGGTCATGTAGCGGGT GAT-3”;
DDIT3 Froward 5”-CGCCTGACCAGGGAAGTAGA-3”,
Reverse 5”- TCA TGC TTG GTG CAG ATT CAC -3”;
ATF4 Forward 5”-CAGTCCCTCCAACAACAGCAA-3”,
Reverse 5”- CCATTTTCTCCAACATCCAATCT-3”;
DDIT3 Forward 5”- CGCCTGACCAGGGAAGTAGA-3”,
Reverse 5”- TCATGCTTGGTGCAGATTCAC-3”
DDIT4 Forward 5”-CAC TCT GAG TTC ATC AGC AAA CG-3”,
Reverse 5”-ACGAGAAGCGGTCCCAAAG-3”;
PTEN Forward 5”-AAGGGACGAACTGGTGTAATG-3”,
Reverse 5”-GCCTCTGACTGGGAATAGTTAC-3”;
IL8 Forward 5”-ATACTCCAAACCTTTCCACCC-3”,
Reverse 5”-TCTGCACCCAGTTTTCCTTG-3”;
MCL1 Forward 5”-AAGGACAAAACGGGACTGG-3”,
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Reverse 5”-ATATGCCAAACCAGCTCCTAC-3”;
ETV5 Forward 5”-CAGTTTGTCCCAGATTTTCAGTC-3”,
Reverse 5”-ATAGTTAGCACCAAGAGCCTG-3”;
EGR1 Forward 5”-TGTCACCAACTCCTTCAGC-3”,
Reverse 5”-TCCTGTCCTTTAAGTCTCTTGTG-3”;
FOSL1 Forward 5”-GGGCATGTTCCGAGACTTC-3”,
Reverse 5”-CTCATGGTGTTGATGCTTGG-3”;
MYC Forward 5”-TTCGGGTAGTGGAAAACCAG-3”,
Reverse 5”-AGTAGAAATACGGCTGCACC-3”.

Top canonical pathways were identified using IPA pathway analysis.
Upstream regulators such as ATF4 and EIF2AK3 were confirmed with
realtime PCR and western blot. Result shows target molecules of ATF4 in
dataset and their expression changes were graphed. Network analyses
visualized the gene networks based on the correlation of genes signaling UPR,
MAPK and DNA damage responses. Moreover, medicines regulating similar
group of genes were analyzed together with PZ1225. Inhibitors in the MAPK
pathway antagonize PZ1225 over the same group of genes.
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2.4

Analyses of Protein

2.4.1 Extract Protein from Whole Cell Lysate

Cells were collect from the culture dish by trypsinization and
centrifuge (adherent cells), by direct centrifuge (floating cells) or by scraping
in the cell lysis buffer in the culture dish (macrophage cells). Cells were lysed
in RIPA buffer (10 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, before use, add
proteinase inhibitor cocktail).

Protein solutions were further sheared by sonication using Bioruptor
(Diagenode Inc.) in ice-cold ddH2Ofor three times 10 minutes each. To get rid
of cell debris, protein solution was centrifuged at maximum speed (~14,000
rpm) at 4°C for 10 min. Supernatant after spin was collect as protein sample
for further analyses.

2.4.2 Running SDS-PAGE and Transferring onto Nitrocellulose Membrane

Proteins are denatured and loaded in SDS-PAGE and transferred onto
nitrocellulose membrane using the Semi-dry transfer system (Amersham
Biosciences TE 77 ECL Semi-Dry Transfer Unit) at constant current for 1
hour.
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Recipe for SDS-PAGE (11 ml for three gels):
8%

10%

12%

15%

ddH2O

3.8

3.1

2.35

1.25

30% Acrylamide/Bis-acrylamide solution

2.95

3.65

4.4

5.5

1 M Tris, pH 8.8

4.1

10% SDS

0.1

10% ammonium persulfate

0.06

TEMED

6 l

Resolving Gel (ml)

Stacking Gel (ml)
ddH2O

0.665

30% Acrylamide/Bis-acrylamide solution

3.62

1 M Tris, pH 6.8

0.63

10% SDS

0.05

10% ammonium persulfate

0.05

TEMED

5 l

2.4.3 Coomassie Blue Staining

After running SDS-PAGE, the protein gel was firstly fixed with fixation
buffer (40% methanol, 10% acetic acid, diluted in ddH2O ) at RT for 15 min
on a shaker. Then the gel was stained with Coomassie Blue R250 solution at
RT for 15-30 min. Gel was then emerged in destaining buffer (10% methanol,
5% acetic acid, diluted in ddH2O) at RT for O/N or heated in a microwave
machine quickly to reveal protein bands on the gel. According to total
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staining in each lane, the amount of protein sample was adjusted to reach an
equal loading.

2.4.4 Western Blotting

After transferring of protein sample, the nitrocellulose membrane is
quickly stained with Ponceau S solution (0.1% Ponceau S (w/v) in 5% acetic
acid (w/v)) to reveal the equal loading of protein. Before continuing to
western blot, membrane was rinsed with ddH2Oto wash away any Ponceau S
staining.
The membranes were cut at appropriate size and position and
blocked with 5% non-fat milk in TBST buffer (1 x TBS is diluted from 10 x
TBS stocking solution (in 1L solution, dissolve 30g Tris.HCl, 80g NaCl, 2g KCl,
adjust pH to 7.4 using HCl) supplied with 0.1% Tween 20) at RT for 10-30
min. Primary antibody was administrated in 5% non-fat milk in a sealed bag
(tubular rollstock, item #TRS-95250-2) at 4°C for O/N on a rocker. On the
second day, wash the membrane in TBST 10 min each for three times.
Secondary antibody was then administered at 1:2000 dilutions as primary
antibody. After 2-4 hours incubation, membranes were administered with
final wash of 10 min each for three times, incubated with HRP western blot
substrate (VisiGlo Select HRP Chemiluminescent Substrate Kit, 1B1583-KIT100ml or Roche Lum-Light

PLUS

Western Blotting Substrate, 12015196001)

and proceeded to expose in a dark room. Antibodies used in Western blot
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were anti-PERK (cell signaling, 3192S), anti-ATF4 (Santa cruz, sc-200), antiSESN2 (Abcam,ab57810), anti-DDIT3 (Santa cruz, sc7351), antip70S6K (Cell
Signaling, 9202), anti-p70S6K-pT389 (Cell Signaling, 9205), anti-p70S6KpT421(Cell Signaling, 9204S),

anti-LC3B (Cell Signaling, 2275S), anti-

p62/SQSTM1 (Bethyl Laboratories, A302-855A), anti-cleaved-PARP (Asp214)
(Cell signaling, 9546), anti-eIF2α (Cell signaling, 2103), anti-eIF2α-pS51 (Cell
signaling, 3398), anti-ERK pT202/204 (Cell Signaling, 4370S),anti-ERK (Cell
Signaling, 9107S) anti-H2A.X pS139(Abcam, 39117), anti-H3cit 2,8,17 ()and
anti-β-actin (Sigma, A1978) at appropriate dilutions.

2.5

Cell Death and Viability Assays

2.5.1 ATP-titer Assay

For viability assays, cells are seeded in 96-well plate at a
concentration of 2000 cells/well, cultured for 24 hours before treatment.
Cells are then treated with gradient anti-cancer drugs for 48 hours. Cell
viability is evaluated with Promega CellTiter-Glo® Luminescent Cell Viability
Assay (G7572) following manufacture’s instruction.

2.5.2 TUNEL assay

TUNEL assay is used to analyze DNA double stranded break in the
genome of cells treated with the target reagent(s). Cells were cultured on a
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coverslip in the 6-well plate. After appropriate treatment was administered,
coverslips are immersed in fixative solution (4 % paraformaldehyde in PBS)
at 4°C for 25 minutes. 2 washes of PBS of 5 min each were administered and
cells on the coverslip were then permeabilized with 0.2 % Triton X-100 in
PBS for 5 minutes. After another two washes with PBS, cells were treated
with equilibration buffer at room temperature for 5-10 min. Then 50 l of
TdT reaction mix was evenly distributed on the coverslips covering a small
area such that the cells are not dried. Coverslips were then incubated at 37°C
for 60 min in a humid chamber. Exposure to light should be avoided from this
step forward. After wash with 2 X SSC and PBS, coverslips were stained
quickly with Hoechst (1mg/ml, 1:1000) in PBS and mounted on the slide.
Cells were then observed under the Axioskop 40 fluorescence microscope
(Carl Zeiss, Inc.). DNA double stranded breaks will be seen under both GPF
and RFP channels.

2.5.3 Measurement of Apoptosis

To measure apoptosis, mammalian cells are cultured and induced
with certain reagents for apoptosis. Then cells trypsinized into single cell and
collected and fixed with 70% ethanol and analyzed following the instruction
of FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen, 556547). In
each sample, 1-5 X 105 cells are resuspended in 500 l of 1 X Annexin V
Binding Buffer. Then 5 l Annexin V-Cy5 and 5 l propidium iodide (PI) were
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added in to the solution and incubated at room temperature for 5 min in the
dark. Cells are then analyzed using flow cytometer (Beckman Coulter FC500)
in the Penn State Flow Cytometry Center. Data are processed using the
Flowjo software.

2.6

Cell Imaging

2.6.1 Live Cell Imaging of mCherry-GFP-LC3 Transfected Cells

U2OS cells were transfected with the mCherry-GFP-LC3B reporter
plasmid. The transfection was performed using Lipofectamine 2000
(Invitrogen) in a 35 mm glass bottom dish according to the manufacturer’s
instructions. Cells were cultured for 12 hr after transfection, before the
addition of PZ1225. After incubation with PZ1225 for 12 or 24 hr, the live cell
imaging was done essentially as previously described86. The processing and
analysis of images were done using Metamorph (Molecular Devices) and the
NIH Image J software.

2.6.2 Immunohistochemistry and Fluorescent Microscopy

Mammalian cells are seeded on the coverslip in a 6-well plate,
cultured until more than 80% confluence in the culture medium
supplemented with FBS and antibiotics. Cells are stimulated as designed and
fixed with 3.7% paraformaldehyde in PBS buffer containing 0.1% Triton X-
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100 and 0.2% NP-40, pH 7.4. Coverslips with the fixed cells are rinsed with
PBS twice blocked in 2% BSA in PBST for at least half hour at RT. Primary
antibodies were diluted in 2% BSA and 5% normal goat serum in PBST and
was performed in a humid chamber for overnight at 4°C. The second day,
coverslips are washed with PBST 10 minutes each for three times. Cells were
then stained with the appropriate secondary antibodies conjugated with Cy3,
Alexa488 or Cy5 at 1:200 to 1:500 dilutions in a humid chamber for 1-2 hour
at room temperature. Another round of PBST wash was administrated.
Nuclear DNA was visualized by quick Hoechst staining at 1μg/ml (Sigma,
94403) in PBST for 15s-1min followed by a final wash with H2O. Imaging was
obtained using an Axioskop 40 fluorescence microscope (Carl Zeiss, Inc.)
equipped with an AxioCam MRM camera and the AxioVision AC software.
Images were later processed using the Adobe Photoshop program, Adobe
Illustrator or the Image J program as appropriate.

To visualize the LC3B subcellular localization, U2OS cells stably
expressing LC3 protein fused with GFP fluorescence were transfected with
ER dsRED or RFP lamp1 plasmid. 12 hrs after transfection, cells were treated
with 30 μM PZ1225 for 12 or 24 hr, and processed for immunostaining.

To investigate extracellular trap formation in peritoneal cavity
macrophages, primary murine macrophage and macrophage cell lines RAW
264.7 and J774A.1 were treated with calcium ionophore (5M), LPS (3-5
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g/ml), YW3-56 (5M) or serum starvation (15-24h) for 3.5 hours or
overnight and immunostaining was performed. Antibodies used in
immunostaining includeα-HA (Sigma, H9658, mouse mAb, 1:200 dilution), αH3Cit ( Abcam, Ab5103, rabbit pAb,1:200 dilution), α –PAD4 (rabbit pAb,
1:200 dilution), F4/80 conjugated with Alexa 488 ( Biolegend 123119, 1:200
dilution),α-H3cit26(rabbit pAb, 1:200 dilution), and secondary antibodies
CyTM3 AffiniPure goat anti-rabbit IgG (H+L) (Jackson ImmunoResearch, 111165-144) or Alexa Fluor® 488 goat anti-mouse IgG (H+L) (abcam,
ab150113). DNA was stained with 1μg/ml Hoechst (Sigma, 94403).

2.6.3 Transmission Electron Microscopy

TEM samples were processed and imaged in the Penn State Electron
Microscopy Facility. For transmission electronic microscopy (TEM) analyses,
cells were treated as designed and 1) fixed in 2% glutaraldehyde in 0.1 M
phosphate buffer (PB), pH 7.4 for 2-3 hours, 2) washed in 0.2 M phosphate
buffer, 3) immersed in 1% osmium tetroxide in 0.1 M PB, 4) washed with
distilled water for at least 5 times to remove any excess phosphate ion, 5) En
bloc stained with 2% aqueous uranyl acetate (UA) for 2 hours at 4°C in dark,
and 6) dehydrated with gradients of ethanol (25%, 50%, 70%, 85%, 95%,
100%) on ice. After dehydration, cell pellet was washed with propylene oxide
twice and infiltrated with increased concentration of resin until samples are
embedded in 100% resin. Samples were then sliced and imaged with FEI
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Tecnai G2 Spirit BioTwin transmission electron microscope. Images were
processed in Adobe Illustrator when necessary.

2.6.4 Scanning Electron Microscopy

SEM sample preparation and microscopy were performed at the
Pennsylvania State University Microscope Facility. To visualize the METs
structure, peritoneal cavity macrophages were extracted, cultured on the
18x18mm glass coverslip, and treated with calcium ionophore, LPS or serum
starvation before SEM analysis. Cells were then fixed in 1% Glutaraldehyde
(supplemented with 4% paraformaldehyde if necessary). Cells were then
washed with OsO4 in caco and dehydrated with gradients of ethanol (25%,
50%, 70%, 85%, 95%, 100%) on ice. Before imaging, the cells were
dehydrated using the critical point dryer (Leica CPD300) and sputtered with
Au/Pu for 180 seconds. Images were captured using the SEM scanning
microscope (Zeiss Sigma RESEM) and processed in Adobe Illustrator.

2.7

Transfection

2.7.1 Transient Transfection of siRNA

Cells were cultured in 24-well cell culture plates (VWR 10062-896)
using fresh medium supplemented with FBS but contained no antibiotics.
When reached70-80 % confluence, cells were rinsed twice with transfection
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medium (sc-36868) and ready for use. Transfection mixture contained
solution A and solution B. Solution A contained 6-10 l siRNA duplex and
solution B contained 6-10 l of siRNA transfection reagent (Santa Cruz sc29528). Solution A and B were gently mixed together and sat at room
temperature for 15-30 minutes. Then add the transfection mixture onto the
cells drop by drop. After 6-8 hours incubation, add equal volume of fresh
medium supplemented with 20% FBS and continue culture for 24-72 hours
until ready for use.

WM115 cells were cultured in 24 well plates then transfected using
the siRNA transfection reagent (Santa Cruz, sc-29528) per manufacturer’s
instructions. siRNAs used in the transient transfections were: control
scrambled siRNA (Santa cruz, sc-37007) and ATF4 siRNA (Santa cruz, sc35112). Following siRNA treatment for 24 hr, cells were treated with PZ1225.
At 8 hr after PZ1225 treatment, qRT-PCR and Western blot were performed
to analyze the effects of siATF4 on PZ1225 killing efficacy.

2.7.2 Transient Transfection of plasmid

Cells are culture in DMEM medium supplemented with 10% FBS and 1%
Penicillin-Streptomycin in 6-well plate until 70-90% confluent. Before the
day of transfection, replace fresh medium without antibiotics. On the day of
transfection, 4 g of plasmid DNA and 8 l of lipofectamine 2000 reagent

40

(Life Technoloties 11668027) are diluted in 250 l Opti-MEM medium (Life
Technologies 31985-070)and incubated for 5min at RT. Then the two
solutions were combined and incubated for another 20 minutes at RT and
added drop by drop onto the cells. After 24 hours of incubation, cells are
treated and processed for further analysis. Plasmids used in this thesis
include pSG5-PAD4, pSG5-PAD4C645S, pIRES-PAD2 and ER-dsRed.

2.7.3 Construct of Mammalian Cell Lines that Contain Inducible shRNA
sequence in the genome

To construct cell lines with inducible expression of shRNA, the TRIPZ
lentiviral inducible shRNAmir system was used. pTRIPZ vector contained
ampicillin resistance for plasmid construction and purification, the
shRNAmir for knockdown of the target gene, and the puromycin resistance
for selection of successful incorporation of the plasmid in the genome of the
mammalian cells. The expression of incorporated shRNAmir was designed to
be inducible by doxycycline (Tet-On system). After construction, the pTRIPZ
vector is transfected into HEK 293T cells using lipofectamine 2000 (life
technologies) together with the trans-lentiviral packaging system (GE
Healthcare Dharmacon kit, TLP5912). The lentiviral particles are then
purified from the medium and transduced into target mammalian cell lines
such as WM115 and U2OS cells by spin inoculation. After 48 hours of
transduction, select transduced cells with puromycin for 3-10 days. Cell
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morphology and proliferation are monitored until most of the transduced
cells are selected by puromycin. Survived cells are induced by doxycycline to
express the shRNA and knockdown of the target gene is tested by RNA and
protein analyses. pTRIPZ shSESN2 vector used in Chapter 3 is designed and
constructed in Wang lab.

2.8

Peptide Pull-down Experiment

2.8.1 Making of GST Fusion Protein

pGEX plasmids that contain GST-tagged gene cassette is transfected
into E.coli BL21 strain and single colony was picked and cultured for 12-15
hours at 37°C with vigorous shaking. On the second day, the culture was
diluted at 1:100 with fresh 2 X YT medium and grown at 20-30°C until
A600reach 0.6-0.8. IPTG was added into the culture to a final concentration of
0.1 mM and continued to culture for 4 hours. E. coli cells were then pelleted
with centrifuge at 4°C, 7700 x g for 10 min. Samples were kept on ice from
this step forward. Cell pellets were resuspended in 50 l PBS per ml of cell
culture and sonicated with Bioruptor (Diagenode Inc.) in ice-cold ddH2O until
cells were fully disrupted. Triton X-100 was then added into the cell
suspension to a final concentration of 1 % and incubated on a rotor at 4°C for
30 min. Cell debris was excluded by centrifuge at maximum speed (12,000 x
g) for 10 min at 4°C.The supernatant contained GST-tagged protein was
incubated with Glutathione Agarose beads (Sigma G4510-5ml) for
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purification purpose. GST-tagged proteins were then eluted from the
glutathione beads and used for peptide pull-down assay.

2.8.2 Peptide Pull-down Assay

Peptide Pull-down Assay was performed as described before129. H3
peptides were conjugated with Biotin at C-terminal (ChinaPeptides Co., Ltd).
About 10 g of each peptide was incubated with the streptavidin beads
(Pierce, 20349) then washed with IP buffer (10 mM Tris-HCl pH 8.0, 2 mM
EDTA, 150mM NaCl, 0.2% Triton X-100, and 0.2% NP-40) supplemented with
protease inhibitors cocktail. GST-tagged CBX2 or CBX7 protein is amplified in
BL21 bacteria strain and purified with Glutathione beads. GST-tagged
proteins are eluted from Glutathione beads before incubation. After
incubation, the peptide-conjugated streptavidin beads were washed with IP
buffer three times 10 min each. The beads was then boiled and processed for
western blot analysis with anti-GST antibody (abm G018).
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Chapter 3

Combinatorial treatment of PZ1225, a novel DNA intercalator, and U0126, a
MEK kinase inhibitor, significantly induce apoptotic cell death in cancer cells

3.1

Abstract

DNA intercalating has been a widely adopted ideology in
chemotherapy reagent design since the discovery of the first chemo-reagent
to cure a solid tumor in 1958. However, toxic side effects of these reagents
limit their application in the chemotherapy. To overcome this problem, we
need to carefully examine cellular mechanisms of the compounds to balance
the anti-cancer efficacy with their genomic toxicity and other side effects.
Here we report a novel small molecule PZ1225, which intercalates into DNA
double helix, distorts DNA and induces DNA double strand breaks. We
studied the cellular mechanisms of PZ1225 and found it induces ER stress
and unfolded protein response (UPR), inhibits autophagy efflux, and kills
cancer cells via apoptosis. Interestingly, PZ1225 activates MAPK signaling
pathway and p70S6K phosphorylation with prolonged treatment, suggesting
a potential drug resistance mechanism that promotes cell survival. Based on
the microarray analyses and mechanism studies, we proposed a
combinatorial treatment of PZ1225 and the MEK 1/2 inhibitor U0126 that
abolishes ERK and p70S6K phosphorylation. The double treatment
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significantly induces DNA damaging signaling and apoptotic cell death in
cancer cells but not in the non-tumorigenic cells. These results suggest
PZ1225 or a combination of PZ1225 and U0126 as potential chemotherapy
approaches. Moreover, in this study, we proposed the methodology to
identify combinatorial chemotherapy reagents by incorporating highthroughput gene expression profiling and cellular mechanism analyses into
the computing of a compound in relation with the upstream chemical
inhibitors.

3.2 Introduction

According to the Cancer Facts and Figures published by American
Cancer Society, in 2016, 1,685,210 people in the United State are estimated
to be newly diagnosed with cancer and 595,690 lives are to be taken away by
cancer130.Human endeavors to fight cancer, the second leading cause of death,
dated back to the ancient Greek age131. However, not until the mid 20th
century did we realize cancer is a genetic disease. Genomic instability,
including changes in chromosome numbers and insertion or deletion of
nucleotides in the genome, is one of the major characteristics of cancer16.
Unlike normal cells, cancerous cells replicate much faster but often lack an
intricate DNA damage repair system, making them susceptible to DNA
damage inducers such as DNA intercalators132,133. Efficient intercalators
contain at least one planar polycyclic aromatic pharmacophore, and those
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containing

two

to

three

indole

rings

are

considered

the

most

effectiveintercalators134,135. Intercalation results in distortion of DNA
topology and impacts on DNA replication, transcription and repair, all of
which lead to cell death in fast-proliferating cancer cells more efficiently than
normal cells, thereby creating a therapeutic window. However, toxicity
remains an obstacle for such reagent in treating tumors. For example, hair
loss is a common side effect for chemotherapy reagents due to the fast
proliferating nature of follicle cells. Besides hair loss, the side effects of the
widely used chemotherapy reagent doxorubicin includes cardiotoxicity, fever
and joint pain, which are not directly related to the proliferating rate of the
cell136. To overcome these side effects, we need to carefully examine the
cellular mechanisms of the compound and gain an in depth understanding of
the crosstalk between pathways affected by these chemicals137.

While mutations in crucial driver genes alter cell behavior and initiate
tumor development, these mutations also affect response of cell to
chemotherapy138,139. For example, activating mutations in the mitogenactivated protein kinase (MAPK) pathway are common in melanoma140-142.
MAPK

signaling pathway consists of a

kinase

cascade

including

MAPKKK/RAF, MAPKK/MEK and MAPK/ERK. The BRAF V600E mutation
makes the gene constantly active, which promotes cell survival and
contributes to drug resistance in treatment of cancer139.Althoughthe
inhibitors targeting the mutant activating kinases have made to clinical trials
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and the drug market, their drug resistance and long-term therapeutic efficacy
need further elucidation52,143.

Besides genome instability, physiological stress in the endoplasmic
reticulum (ER) is also important for cancer cell homeostasis144. When
unfolded protein accumulates in ER lumen, the ER is stressed and activates
unfolded protein response (UPR). UPR attenuates global protein translation,
activates chaperon proteins aiding the protein folding, as well as other
protective mechanisms, such as autophagy, that promotes cell proliferation
and survival145-147. Activation of UPR leads to phosphorylation of PERK,
alternative splicing of XBP1 and nuclear translocation of ATF6. These three
branches of UPR together activate genes involved in ER stress
alleviation148.PERK is a kinase and sensor of the ER stress; upon activation, it
auto-phosphorylates and activates eIF2by phosphorylation. Activation of
eIF2 attenuates the translation of most mRNAs, while selectively increases
the translation of ATF4. ATF4 trans-locates into nucleus and serves as a
transcription factor to activate specific stress response genes such as DDIT3
and SESN286,92. UPR helps cells to cope with stress, while induces cell death
when stress cannot be relieved.73,85,149 In cancer cells, high proliferation rates
require a high speed of protein folding, assembly and transport, which
creates a pressure in the ER. Thus a mild, physiological UPR promotes
proliferation in cancer cells150. Constant hypoxia, nutrient deprivation, DNA
damage and other metabolic stress also contribute to elevated ER stress in
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cancer cells150. In fact, it has been found that large solid tumor growth
requires eIF2 phosphorylation by PERK151.However, prolonged ER
stress/UPR could potentially lead to cell death150,152. The importance of UPR
in cancer cells makes it a potential therapeutic target. For instance, inhibitors
against the ER-associated degradation (ERAD) process preferentially inhibit
cancer cell growth153.

ER stress affects downstream mammalian target of rapamycin
(mTOR)154 and autophagy signaling94 to regulate cellular protein metabolism.
Deregulation in mTOR signaling is associated with tumorigenesis, metastasis
and chemotherapy resistance155-157. mTOR signaling is regulated by multiple
pathways including but not limited to PI3K-Akt and MAPK pathways. It also
plays a central role in regulating cell cycle progression158, ribosome
biogenesis159, and autophagy86. Under physiological conditions, autophagy
recycles misfolded proteins by engulfing and degradation with hydrolases in
autophagolysosome to produce cellular components and energy83,84.
Significant changes of autophagy efflux, either activation or inhibition, could
both lead to cell death thus makes it a therapeutic target for cancer
treatment90,160.

In order to analyze the cellular effects of a novel DNA intercalator
PZ1225, we performed a high-throughput microarray analyses and revealed
a profile of genes affected by PZ1225. We found activation of UPR, altered
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mTOR and autophagy pathways, and induction of apoptotic cell death in
cancer cells upon treatment of PZ1225. Moreover, the upstream regulator
analyses based on microarray data prompted us to develop a combinatorial
treatment of PZ1225 with a MEK1/2 specific inhibitor U0126. The two
molecules dramatically induced apoptotic cell death in cancer cells.

3.3

Results

3.3.1 PZ1225 is a novel small molecule that intercalates into DNA double
helix and induces cell death in cancer cells

PZ1225 is a novel small molecule featuring two indole rings with a
two-fold symmetry (Fig. 3-1A(a)) and acetoxygroup ([CH3-C(=O)-O-]) side
chains. The two-indole-ring structure is reported to be among the most
effective intercalators of DNA135. Like other indole-containing molecules,
PZ1225 is capable of intercalating into the DNA double helix (Fig. 3-1A(b-d)).
PZ1225 interacts with the nucleotides in the DNA double helix via hydrogen
bonds and π-π interaction (Fig. 3-1A(d)). The intercalation increases
distance of two adjacent nucleotides from 3.4 to5.7 Å (Fig. 3-1A(b)) thus
distorting (Fig. 3-1A(b-c)) and ultimately breaking DNA, which potentially
leads to apoptotic cell death161.

To evaluate the efficacy of PZ1225 in killing cancer cells, an ATP titer
assay was performed to measure the viability of cancer cells under gradient
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PZ1225 treatment relative to control groups (Fig. 3-1B). The half maximal
inhibitory concentration (IC50) of PZ1225 in non-tumorigenic cell lines such
as mouse embryonic fibroblasts (MEFs) and normal human fibroblasts (NHFs)
was compared to that in cancerous cells including drug-resistant cancer cell
line MES-SA/Dx5 and melanoma cell line WM115(Fig. 3-1B). IC50 of PZ1225
in cancer cells ranged from 8to 18M while less than 20% non-tumorigenic
cells died under the same treatment condition. The IC50difference between
cancerous cells and non-tumorigenic cells creates a therapeutic window for
chemotherapy.
3.3.2 PZ1225 induces ER stress and UPR in cancer cells to mediate cell death

To fully evaluatePZ1225 as a chemotherapy reagent, we investigated
the cellular mechanisms of PZ1225. For microarray analyses, osteosarcoma
U2OS cells were treated with 30M PZ1225 for 6 h. We identified 244 genes
with more than 2-fold increase and 274 genes with more than 2-fold
decrease in gene expression (Fig. 3-2A).The genes changed by more than 2fold were analyzed based on the pathway. Out of 24 pathways significantly
affected by PZ1225 (p-value <0.05) (Table 3-1), gene ratio involved in ER
stress ranked the highest (Fig. 3-2B). Key genes in ER stress and UPR such as
EIF2AK3 (PERK), XBP1 and DDIT3 increased by roughly 5 folds, 3 folds and
43 folds, respectively (Fig. 3-2C-E).
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Following the lead of microarray analyses, we further analyzed the
expression of genes involved in ER stress and UPR (Fig. 3-3A). At 6 h after
PZ1225 treatment, stress response genes ATF4, SESN2 and DDIT3 were
upregulated at the mRNA level detected by RT-qPCR (Fig. 3-3B).Activation of
PERK mediated UPR was analyzed with Western blot. After PZ1225
treatment, we detected PERK phosphorylation indicated by an up-shift of the
protein band, eIF2 phosphorylation and increased amounts of ATF4, SESN2
and DDIT3 proteins (Fig. 3-3C). XBP1 alternative splicing was also detected
following the method described previously162 (Fig. 3-3I). These results
suggest PZ1225 activates UPR in the cancer cells.

Since

stressed

ER

presents

a

swelling

or

fragmented

morphology163,164, we also analyzed morphology changes of ER. ER
membrane was labeled with an ER targeting sequence fused with a red
fluorescence protein. In control cells, a well-organized ER lumen structure
was observed; while after PZ1225 treatment, ER becomes swelled and
fragmented; supporting ER stress is induced by PZ1225 (Fig. 3-3D).

The role of ER stress and the unfolded protein response in cell fate
determination is not clear. Physiological UPR facilitates cancer cells to cope
with multiple growth stresses and when the ER stress prolongs, UPR can also
commit cells to apoptosis. To evaluate the role of UPR in PZ1225 mediated
cell death, we investigated the transcription factor ATF4 that is activated by
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PZ1225. ATF4 siRNA was transfected into cancer cells to interfere with ATF4
expression and cell viability was evaluated. Along with a decrease in ATF4
protein level, pro-apoptotic factorDDIT3 and DNA damage marker PARP
cleavage were inhibited (Fig. 3-3E). In the cell viability assay, cell survival
rate increased by ~2 fold after ATF4 knockdown (Fig. 3-3F). Since ATF4 has
been reported to regulate the expression of SESN2 and downstream mTOR
signaling (illustrated in Fig. 3-4A) 92,93, the effects of SESN2 in cell death was
evaluated in a cell line that expresses SESN2 shRNA upon doxycycline
induction. In the cells that express SESN2 shRNA, DNA damage marker
H2A.X decreased concurrently with the inhibition of SESN2 (Fig. 3-3G).
Similarly with ATF4 knockdown, cell survival rate was increased ~2 fold in
SESN2 shRNA treated cells than control cells upon treatment of PZ1225 (Fig.
3-3H). These results suggest that PZ1225 mediated cell death requires ATF4
and SESN2 activity thus UPR plays a pro-apoptotic role after PZ1225
treatment. Notably, cancer cells with siATF4 or shSESN2 did not grow as well
as control groups (Fig. 3-3F & H), indicating a pro-survival role of UPR under
physiological conditions.

3.3.3 PZ1225 inhibits mTOR signaling and autophagy in cancer cells

It has been reported that ER stress induced SESN2 expression inhibits
mammalian target of rapamycin (mTOR)86,92,93. mTOR signaling is at the hub
of multiple pathways that converges cell survival and proliferation signaling,
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such as autophagy pathway88 (Fig. 3-4A). At the early stage of autophagy, ER
membrane could potentially participate in the membrane isolation process to
formautophagosomes165. In melanoma WM115 cells, we observed typical
autophagic vesicles with double membrane structures over 200nm in
diameter

enclosing

cellular

components

by

Transmission

Electron

Microscopy (TEM)166(Fig. 3-4B), suggesting accumulation of autophagic
vesicles in these cells. However, accumulation of membrane bound LC3-II
protein was detected by Western blot (Fig. 3-4C), suggesting inhibition of
autophagy167. Interestingly, the amount of p62/SQSTM1, a marker for
autophagy protein turnover, was not increased (Fig. 3-4C).

To study how PZ1225 affects autophagy, we studied the process at
multiple

steps

including

autophagosome

formation

and

fusing

of

autophagosome and lysosome. The formation of autophagosome was
observed by transfecting the ER-dsRED plasmid into U2OS cells that stably
express GFP fused LC3 protein. Live cell imaging was then performed using
fluorescent microscope. In control cells, a continuous intact ER lumen
structure was observed (Fig. 3-4D).Moderate GFP-LC3 signals indicate
autophagy happened at basal level and normal turnover rate(Fig. 3-4D). In
contrast, PZ1225 treatment elevated GFP-LC3 signal significantly (Fig. 3-4D).
At the same time, swelled and fragmented ER labeled by ER-dsRED colocalized with GFP-LC3, indicating that ER membrane was incorporated into
the autophagosome membrane(Fig. 3-4D). To observe autophagolysosome
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fusion, a tandem GFP_mcherry_LC3 plasmid was used to indicate pH in the
autophagic vesicles (Fig. 3-4E). After fusion of autophagosomes with
lysosomes, acidic pH in autophagolysosomes quenches the GFP signal and
only red fluorescence signals are detected (Fig. 3-4E). In control cells, we
observed a moderate amount of autophagolysosomes indicated with red
puncta (Fig. 3-4F). After PZ1225 treatment, however, the occurrence of
predominant yellow puncta indicated inhibition of autophagolysosome
formation (Fig. 3-4F). These results suggest that PZ1225 inhibits the
autophagy efflux at the later steps.

In another aspect, mTOR signaling phosphorylates p70S6K at
threonine 389 and 421168. p70S6K further phosphorylates S6 ribosomal
protein and promotes protein synthesis (Fig. 3-4A). To investigate how
PZ1225 affects mTOR signaling and cell growth, we examined p70S6K
phosphorylation. At 6 h after PZ1225 treatment, p70S6K phosphorylation
decreased along with induction of SESN2 and mTOR inhibition (Fig. 3-4G). To
our surprise, after 12 h treatment, the level of p70S6K phosphorylation
restored even though SESN2 induction persisted and the p70S6K protein
level dropped dramatically (Fig. 3-4G). The discrepancy between p70S6K
phosphorylation at the early and later time points led us to consider other
kinases/signaling pathways involved in p70S6K phosphorylation.
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3.3.4 PZ1225 activates ERK1/2at 12 h and MEK inhibitor U0126 and PZ1225
induced apoptosis synergistically

To analyze possible signals inducing p70S6K phosphorylation after
prolonged PZ1225 treatment, we analyzed the correlation between the gene
expression profile of PZ1225and that of other inhibitors using the IPA
program (Fig. 3-5A). Notably, the strong positive correlation of PZ1225 to ER
stress inducer thapsigargin supported our findings about the ER stress
induction (Fig. 3-5A). Interestingly, PZ1225 exhibited a significant opposite
effect with PI3K-MAPK inhibitors LY294002, PD98059 and U0126 on the
expression of the same group of genes (Fig. 3-5A-B, Table3-2 &3-3). The
effect of PZ1225 and U0126 on the expression of these genes was further
analyzed by RT-qPCR in WM115 cells and we found that the expression of
IL8, MCL1, ETV5, EGR1, FOSL1 and MYC genes was induced by PZ1225 but
suppressed by U0126 (Fig. 3-5C). To test the effect ofPZ1225 on MEK1/2
kinase activity, we analyzed ERK1/2 phosphorylation by Western blot. As the
target protein of MEK 1/2, ERK 1/2 phosphorylation was significantly
induced at 12 h after PZ1225 treatment but not at the 6 h time point(Fig. 35D), suggesting that PZ1225 activates the MAPK signaling pathway under
prolonged treatment conditions. To test if the MAPK kinases are involved in
p70S6K phosphorylation, we further analyzed a MEK1/2 inhibitor U0126
together with PZ1225. After treatment with PZ1225 and U0126 for 12 hours,
both ERK1/2 and p70S6K phosphorylation were inhibited (Fig. 3-5E). Note
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that the p70S6K backbone protein was degraded to an undetectable level
(Fig. 3-5E). At the same time, DNA damage markers such as cleaved PARP
and H2A.Xwere dramatically induced (Fig. 3-5F). These results suggest the
MAPK signaling pathway is involved in the recovery of p70S6K
phosphorylation at the 12 h time point after PZ1225 treatment.

3.3.5 U0126 and PZ1225 inhibit MEK kinase activity and induce apoptotic cell
death in cancer cells

The effect of PZ1225 and U0126 in the inhibition of p70s6K
phosphorylation prompted us to explore if these two compounds exert
synergistic effects in cancer cell killing. The IC50was analyzed in WM115 cells
with U0126 and/or PZ1225 (Fig. 3-6A-B). The synergistic effect of U0126
and PZ1225 was plotted using an isobologram as described previously by
Loewe169. The IC50 of the combinatorial treatment ((3,3) M) located within
the linear isobole of additivity (Fig. 3-6A-B), suggesting a synergistic effect.
To further explore mechanisms of the synergistic inhibition, we measured
DNA double strand break with TUNEL assay after 24 h of PZ1225 treatment
(Fig. 3-6D). U0126 didn’t induce DNA double strand break. In contrast,
combinatorial treatment of PZ1225 and U0126 induced 9 folds more DNA
double strand break compared to U0126 alone (Fig. 3-6D). Following this
lead, we measured apoptosis in WM115 cells (Fig. 3-6C). Compared to U0126
alone, combinatorial treatment significantly increased percentage of early
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apoptotic cells (PI negative and annexin V positive) from 9.9% to 36.5% and
dead cells (PI and annexin V double positive) from 3.3% to 25.2%. These
findings indicate an increase in cell killing efficiency by activation of
apoptosis in U0126 and PZ1225 double treated cells. We further evaluated
the toxicity of the combinatorial treatmentinWM115 cells and normal human
fibroblasts (NHFs) in parallel. After treatment for 15 h with PZ1225 and
U0126 at 20M concentration, only 10% WM115 cells survived but more
than 80% of NHF cells remained alive (Fig. 3-6E). Western blot analyses
detected PARP cleavage and H2A.Xin WM115 cells but not in NHF cells (Fig.
3-6F). These results indicate PZ1225 and U0126 in combination makes a
promising chemotherapy strategy by inducing DNA damage and cell death
particularly in cancer cells.

3.4

Discussion

Overall, our study revealed the cellular mechanisms of the novel DNA
intercalator PZ1225 (Fig. 3-7). PZ1225 induces ER stress, activates UPR and
prohibits autophagy efflux and finally results in apoptotic cell death in cancer
cells. The induction of MAPK pathway after prolonged treatment restores the
p70S6K phosphorylation, indicating a crosstalk between the MAPK kinase
pathway and the mTOR signaling pathway. The restoration of p70S6K
phosphorylation suggests the cells could bypass the programmed cell death
by stimulating protein synthesis and cell survival at the late time point after
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PZ1225 treatment. As such, MAPK likely serves as a drug resistant signaling
pathway in PZ1225 treated cells. Previously, it has been reported that
doxorubicin induces MAPK signaling pathway transiently before cell death
and the inhibition of the kinases impairs doxorubicin induced apoptosis170. In
contrast, inhibition of MEK1/2 promotes PZ1225 induced apoptosis. How
PZ1225 activates MAPK signaling pathway under prolonged treatment
condition remains an open question.
WM115 is a human melanoma cell line that harbors a BRAFV600E
mutation. This BRAF point mutation results in constant activation of the
MAPK signaling pathway and contributes to tumorigenesis34.The BRAFV600E
mutation also plays a role in the chemotherapy resistance139. Inhibition of its
downstream kinase MEK1/2 by U0126 is not sufficient to induce significant
cell death.
To design a more effective chemotherapy with less toxicity,
understanding of the cellular mechanisms is vital. In this study, we untangled
the mechanisms of cell death induced by PZ1225 by revealing its effect on
several major stress/chemotherapy-responsive pathways. Most importantly,
the microarray analysis reveals possible cell signaling that might promote
cell survival. Combination of the cellular biology and high-throughput
analyses of genes provided the information needed to design a better
chemotherapy strategy. Based on the information retrieved, we designed a
combination treatment of PZ1225 and U0126.Compared to inhibiting MEK
alone or PZ1225 alone, the combination treatment presented a synergistic
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effect in cancer cell killing and significantly increased apoptotic cell death.
The synergistic effect of PZ1225 and U0126 allows lower dose of each drug
to achieve a significant killing, thereby decreasing the toxic side effects.
Future endeavors to study the efficacy of PZ1225 shall include the in
vivo mouse xenograft model. Based on the in vitro studies, we need to focus
on the evaluation of toxicity and side effects in vivo, such as cardio-toxicity
and liver toxicity.
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Figure 3-1.
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Figure 3-1. PZ1225 is a DNA intercalator that preferentially inhibits cancer cell
growth over non-tumorigenic cells.
PZ1225 is a small molecule consist of two indole rings in a 2-fold symmetry
structure (A (a)); the indole ring structure enables it to interact with nucleotide acid,
intercalate into the DNA double helix and distort DNA double helix (A (b-d)). A cell
viability assay measuring ATP level in the cell was used to evaluate killing efficacy of
PZ1225 in different cancer cell lines. PZ1225 shows an inhibitory effect to cancer
cells selectively (B). IC50 of non-tumorigenic and primary cell lines such as NHF is
greater than 40 M (the highest concentration tested). However, in tumor cell lines
including multi-drug resistant MES-SA/Dx5 and WM115 BRAFV600E cells, IC50 is
much lower.
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Figure 3-2.
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Figure 3-2. Microarray analysis reveals genes affected by PZ1225.
PZ1225 affects cancer cell transcriptome significantly. Transcription of 518 genes is
altered by more than 2 fold, with 244 genes activated by PZ1225 and 274 genes
inhibited (A). PZ1225 affected genes belong to different stress response pathways,
including ER stress response and MAPK signaling (analyzed with IPA-ingenuity
program in B). Genes in ER stress/UPR signaling such as DDIT3 and EIF2AK3, in
MAPK signaling such as DUSP10 and FOSL1 and in autophagy such as SQSTM1 are
induced by PZ1225 (shown in C). Heatmaps shown genes in the MAPK signaling and
unfolded responses were significantly affected by PZ1225 (D-E).
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Figure 3-3.
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Figure3-3. PZ1225 molecules induce ER stress response in cancer cells.
A model figure of ER stress signaling pathway includes auto-phosphorylation of
PERK, activation of eIF2 and ATF4. Transcription factor ATF4 further activates
stress response genes such as DDIT3 and SESN2 (A). Induction of genes in the ER
stress signaling is confirmed on reverse transcription real time PCR analyses (B)
and Western blot (C). Morphology of ER swelling and fragmentation was observed
by labeling ER with ER-dsRED (D). ATF4 knockdown affects expression of DDIT3,
PARP cleavage (E), and cell viability (F).XBP1 splicing was observed following the
protocol described previously. The band highlighted by star denotes XBP1
alternative splicing (I). Scale bar, 10 m.
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Figure 3-4.
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Figure3-4. PZ1225 alters mTOR signaling and autophagy efflux in cancer cells.
A, diagram illustrating ER stress induces SESN2 and further alters mTOR signaling
and autophagy. B, autophagic vesicles were observed by transmission electron
microscopy. Yellow arrows denote normal ER/Golgi membrane structure and
mitochondria in the control cells. Red arrows denote signature double membrane
autophagic vesicles after PZ1225 treatment. C, accumulation of LC3-II protein
measured by Western blot. Note that p62 accumulation was not observed. D,
autophagic vesicles were visualized by GFP-LC3 and ER membrane was visualized
by ER-dsRED in fluorescent microscopy assays. E-F, a GFP-mcherry-LC3 tandem
plasmid was used to measure pH in the autophagic vesicles (E). Yellow puncta in
live image denote neutral pH in autophagic vesicles. G, the effects of PZ1225 on
p70S6K phosphorylation and SESN2 expression were measured by Western blot.
Note the decrease of p70S6K phosphorylation at 6 h after PZ1225 treatment and the
recovery at 12 h. Scale bar, 10m.
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Figure 3-5.
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Figure 3-5. The effects of PZ1225 on ER and autophagy.
A, correlation of PZ1225 and other inhibitors was analyzed by IPA upstream
regulator analysis (A). Oval colors reflect the z-score of each chemical. A green oval
color indicates a negative z-score and an opposite effect of PZ1225 and the
corresponding chemical such as U0126. A positive z-score is indicated with red
color. The weight of the connecting lines was assigned according to the p-value of
each chemical. Thicker streak indicates a smaller p-value and a stronger correlation.
z-score and p-value for each chemical were listed in Table 3-3. B, a set of genes
affected by U0126 and PZ1225 was reported by the IPA upstream regulator analysis.
C, U0126 and PZ1225 showed opposite trend on the expression of genes such as IL8,
MCL1, and FOSL1 measured with RT-qPCR. n=3. D, the effects of PZ1225 on ERK1/2
phosphorylation at 6 and 12 h after treatment were analyzed by Western blot. E-F,
the effects of combinatorial PZ1225 and U0126 treatment on ERK1/2 and p70S6K
phosphorylation (E), PARP cleavage, and  H2A.X (F) were analyzed by Western
blot.
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Figure 3-6.
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Figure 3-6. Combinatorial U0126 and PZ1225 treatment significantly increased
DNA damage and cell death in cancer cells.
A, an isobologram graph illustrating synergistic effect of U0126 and PZ1225 in cell
death induction. B-C, TUNEL assay (B) and flow cytometry analyses (C) showed a
combination of U0126 and PZ1225 significantly increased DNA double strand
breaks (B) and apoptotic cell death (C). n=4, *p-value<0.05, **p-value<0.005, ***pvalue<0.005. D-E, a combination of PZ1225 (20 M, 15h) and U0126 (20 M, 15h)
induced significant cell death in cancerous WM115 cells but not in non-tumorigenic
NHF cells (D). n=3, ****p-value<0.005. Concurrently, more PARP cleavage and
 H2A.X were observed in WM115 cells but was not detectable in NHF cells (E).
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Figure 3-7.

Figure 3-7. Model figure of cell pathways affected by PZ1225 in cancer cells.
PZ1225

induces

ER

stress

indicated

by

PERK

and

eIF2  phosphorylation     ATF4 induction. ER stress signals inhibition of
mTOR by SESN2 induction, which activates autophagy. However, efflux of autophagy
is inhibited at later stage by PZ1225. In another aspect, PZ1225 activates MAPK
signaling pathway. The kinase cascade regulates p70S6K activation by
phosphorylation and further affects transcription from S6 ribosome. Most
importantly, PZ1225 intercalates into DNA and results in significant apoptotic cell
death. In the combinational treatment, U0126 inhibits MAPK signaling and
sensitizes cancer cells to DNA damage.
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Table 3-1. p-value of canonical pathways regulated by PZ1225.
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Table 3-2. Categories of PZ1225 and U0126 overlapping genes.

*PZ1225 data from two biological repeats of microarray. U0126 data is retrieved by
IPA from published datasets. Numbers represent fold of induction by PZ1225.

Table 3-3. The Z-score and p-value of chemicals in the upstream regulator analysis
by IPA.
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Chapter 4

PAD4 is required for the formation of macrophage extracellular traps in
murine peritoneal cavity macrophage

4.1

Abstract

Since the discovery of the neutrophil extracellular traps (NETs)in
bacteria killing in 2004, ETs have been reported in other types of immune
cells such as eosinophil114 and mast cells115. Although the studies of ETs have
been mainly focused on NETs, the structures of NETs and its function still
needs further elucidation, especially for its function in the disease
pathologies besides bacteria killing. Macrophage is one of the major cell
types in the immune system and was regarded as the first defense of
pathogens together with neutrophils. In one aspect, macrophages exert a
phagocytosis function to swallow and kill pathogens. In another aspect,
macrophages play an important role to activate or suppress inflammation by
secretion of different cytokines/chemokines. Besides their known functions
in the defense of pathogens, whether macrophages release ETs and the
possible mechanisms of release is an interesting yet poorly studied area.
Here I report the capability of mice peritoneal cavity macrophages to release
the decondensed chromatin into the extracellular space. Most importantly,
my studies suggest PAD4, but not PAD2, is required for histone citrullination
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and extracellular trap formation in murine macrophages extracted from
peritoneal cavity and in macrophage cell lines RAW 264.7 and J774A.1. In
addition, the extracellular trap structure form independently of bacteria but
with calcium ionophore treatment or by serum starvation.

4.2

Introduction

Macrophages and neutrophils are both white blood cells that serve
important functions in the immune system and considered the first
defenders against pathogens171-173. Neutrophils mature in the bone marrow
and circulate in the blood stream. During inflammation, neutrophils are
attracted by chemokines, migrate to the site of inflammation through blood
vessel and infiltrate into the infected tissue174. Beside their function in innate
immunity, in 2004, neutrophil extracellular traps (NETs) were firstly
reported to help trap and kill bacteria113.NETs contain antimicrobial proteins
such as neutrophil elastase, myeloperoxidase and cathespin G, which help to
kill invading bacterias175,176. Histones in the NETs structure bind bacteria
DNA and aid the bacteria killing as well177,178.Recently, more and more
studies reported the role of NETs in chronic and acute diseases, such as
atherosclerosis117, thrombosis120,123, and ischemic injury179,180. Tissue
resident macrophages are highly heterogeneous and fulfill a tissue specific
function. One of the most important functions of macrophage is phagocytosis,
which digests invading pathogens and unhealthy cells181. Some studies

77

reported that macrophage phagocytosis activity helps clear NETs and cell
debris182. However, whether macrophages form extracellular traps via the
similar mechanism as neutrophils and the functions of such a structure are
largely unknown.

Peptidylarginine deiminase 4 (PAD4) is an enzyme that catalyzes the
conversion of arginine/monomethyl-arginine to citrulline on histone H3183,
H4183,184, H2A184,185and H1186. In 2009, Yanming Wang reported that
hypercitrullination of histones results in chromatin decondensation and
release of chromatin into extracellular space in HL60 cells124. Later on, the
requirement of PAD4 in NET formation is reported in multiple diseases such
as atherosclerosis118,119 and thrombosis122. More recently, PAD4 inhibitor
was found to inhibit cancer metastasis after clinical surgery121.

Studies on macrophage extracellular traps-like (ETL) structures have
reported the release of chromatin by macrophage with stimulation of
different types of microorganisms, including S. aureus, H. Somni, M.
Haemolytica, E. coli, C. albicans and M. tuberculosis187-193. By examination of
diffused DNA with immunostaining or with scanning electron microscope
(SEM), extracellular traps in the extracellular space are detected. But the
involvement of PAD4 and citrullination in ETLs are unknown.
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Here I report the formation of macrophage extracellular traps by
murine peritoneal macrophages under the stimuli of calcium ionophore or
serum starvation. In addition, I also find hypercitrullination of chromatin
mediated by PAD4 is required for formation of METs under both conditions.

4.3

Results

4.3.1 Peritoneal cavity macrophages (PCMs) become hypercitrullinated and
form macrophage extracellular traps (METs)

To investigate whether macrophages are capable of forming
extracellular traps, we extracted macrophages from peritoneal cavity of wild
type C57BL/6J mice. After stimulation with calcium ionophore and
lipopolysaccharide (LPS), hypercitrullination on histone H3 arginine 2, 8 and
17 was detected with immunostaining (Fig. 4-1A). Chromatin labeled by the
histone H3 citrullination was decondensed and presented in the extracellular
space, indicated by irregular shaped and trap-like chromatin structure
viewed by immunostaining and scanning electron microscope (SEM) (Fig. 41A & E). The decondensed chromatin was also indicated by diffused DNA
labeled with Hoechst dye (Fig.4-1A). These imaging results suggest formation
of

extracellular

hypercitrullination

traps
in

by
the

macrophages
process.

and

the

involvement

Compared

to

NETs,

of

however,

myeloperoxidase—a key component in NETs—was not observed on METs
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(Fig. 4-1B). The composition difference of METs and NETs may provide
important information in distinguishing the two structures in vivo.

4.3.2 PAD4 is required for hypercitrullination and extracellular trap
formation in PCM.

To evaluate how peptidyle deiminase proteins affect extracellular
trap formation in macrophages, we treated the macrophages with a PAD
inhibitor YW3-56. The inhibitor significantly decreased hypercitrullination
and MET formation shown by immunostaining (Fig. 4-1C). The percentage of
METs decreased from 6% to 1% upon the application of YW3-56 (Fig. 4-1D).
The result suggested a role of PAD proteins in this process. To further
identify which PAD is involved, we adopted a PAD4 knockout mice model and
extracted

peritoneal

macrophages

without

PAD4

expression125.The

expression of PAD4 in both wild type and knockout mice were tested with
RT-qPCR and Western blot (Fig. 4-2A&B). Notably, PAD4 expression at both
RNA and protein levels showed haploid insufficiency.

In

macrophages

extracted

from

PAD4

wild

type

mice,

hypercitrullination and MET formation were induced by calcium ionophore
and LPS for 3.5 hours and serum starvation for 24 hours (Fig. 4-2C-F); while
in PAD4 knockout mice, both hypercitrullination and METs were not
observed under the same conditions (Fig. 4-2C-F). To have a better view of
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the METs fibers, we observed the structure under the Scanning Electron
Microscope (Fig. 4-1E). In wild-type macrophages, we observed extracellular
chromatin fibers with a diameter around 10-20 nm but not in the PAD4
knockout macrophages (Fig. 4-1E). The hypercitrullination was also not
detectable in the Western blot analyses with different histone H3
citrullination antibodies (Fig. 4-2D). Moreover, citrullination on histone H3
arginine 2, 8, 17 and 26 all decreased in mice containing a single copy of the
PAD4 gene (Fig. 4-2D). At the same time, percentage of cells that forms METs
dropped by as much as 4 folds in PAD4 heterozygous macrophages (Fig.42E). These results suggest that histone hypercitrullination and MET
formation are dependent on PAD4 expression.

Since macrophages are highly plastic and versatile, we further
explored MET formation using macrophages derived from bone marrow
L929 medium. In these cells, hypercitrullination could barely be observed
and no MET formation was induced even under prolonged treatment of
calcium ionophore and/or LPS. At the same time, in the bone marrow
derived macrophages, PAD4 expression is relatively low while PAD2 protein
is abundant, which further suggests PAD4 is involved in the regulation of
METs (Fig. 4-2G).
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4.3.3 PAD4 but not PAD2 overexpression induces extracellular traps
formation in RAW 264.7 and J774A.1 macrophage cell lines

Out of 5 PAD proteins in mammalian cells, PAD4 is the only one that
contains a bona fide nuclear localization signal194. However, it has been
reported that PAD2 mediated H3R26 citrullination facilitates binding of
estrogen receptor to DNA in the breast cancer cell MCF-7195,196. In peritoneal
cavity macrophages extracted from PAD4 knockout mice, we detected
expression of PAD2 protein (Fig. 4-3A). The expression of PAD2 and the nondetectable level of H3Cit26 in PAD4 knockout macrophages (Fig. 4-3B)
suggest the requirement of PAD4 for histone hypercitrullination.

To study how PAD2 and PAD4 regulate hypercitrullination
respectively, we tested expression of PAD2 and PAD4 protein in macrophage
cell lines RAW 264.7 and J774A.1 that are established from tumor bearing
mice. Compared to peritoneal macrophages, the cell lines express higher
level of PAD2 but PAD4 expression is non-detectable compared to that in
peritoneal cavity macrophages (Fig.4-3A). Under the stimulation of calcium
ionophore and/or LPS, hypercitrullination on histone H3 was not detected in
these cell lines (Fig. 4-3B). At the same time, MET formation is absence in
these cells even under prolonged treatment up to 15 hours (Fig. 4-3C).
Notably, after stimulation, citrullination level on histone H3 Cit 2, 8 and 17
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was slightly increased compared to basal level (Fig. 4-3B), suggesting a
facultative role of PAD2 in histone citrullination.

The cells were then used for transient transfection with plasmids
containing

PAD4

expressing

cassette.

In

both

cells

lines,

PAD4

overexpression induced hypercitrullination and ET formation (Fig. 4-3F),
suggesting PAD4 protein is sufficient to induce hypercitrullination. To
further evaluate the requirement of PADs in ET induction, we overexpressed
PAD4, PAD2 and PAD4C645S proteins in the osteosarcoma cell line U2OS
respectively. As shown before129, overexpression of PAD4 significantly
induced hypercitrullination and formation of ETs. However, we newly
observed PAD2 and PADC645S were not able to produce a comparable level of
histone hypercitrullination (Fig. 4-3D) and formation of ETs (Fig. 4-3E). The
results indicate a correlation between PAD4 and ET formation in different
cells including primary macrophages, macrophage cell lines and mammalian
cancer cells.

4.3.4 Histone H3R26 citrullination interferes with polycomb protein binding
to methylated lysine 27 and promotes chromatin decondensation.

To

investigate

the

mechanisms

behind

PAD4

mediated

hypercitrullination, we investigated the binding activity of polycomb group
(PcG) proteins at lysine 27. PcG proteins CBX2 and CBX7bind to methylated
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lysine 27via their chromodomain and mediate silencing of target genes197.
The chromodomain of PcG protein CBX2 and CBX7 was fused with GST tag,
cloned into the pGEX vector and purified from the BL21 E.coli strain.
Expression of GST and GST tagged proteins were verified using SDS-PAGE
(Fig. 4-4A). Coomassie brilliant blue staining revealed equal amount of
proteins used in the peptide pull-down experiment. Three histone H3
peptides were included in the study—histone H3 peptide without
modifications, histone H3 peptide with citrullinated arginine 26, and histone
H3 peptide with citrullinated arginine 26 and methylated lysine 27. The
peptide pull-down assay revealed efficient binding to the histone H3 peptide
with methylated lysine 27, but not the unmethylated control, by CBX2 and
CBX7 chromodomain. When citrullinated at arginine 26, PcG binding to
histones decreased significantly (Fig.4-4B). The result suggests citrullination
at arginine 26 interferes with the binding of polycomb proteins to lysine 27
methylation, which potentially prohibited heterochromatin formation
mediated by PcG protein and promotes chromatin decondensation.

4.4

Discussion

In Chapter 4, I reported that (1) macrophage forms extracellular traps
under stimuli such as calcium ionophore treatment and serum starvation;
and (2) the formation of METs is dependent on PAD4-mediated chromatin
hypercitrullination

and

decondensation;

(3)

PAD4

but

not

PAD2
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overexpression

in

macrophage

cells

and

cancer

cells

induces

hypercitrullination and release of chromatin; and (4) citrullination of histone
H3arginine 26 can potentially affect the binding of polycomb proteins to the
adjacent lysine 27 methylation sites and interferes with condensation of
chromatin.

Previously, researchers mainly focused on microorganisms as stimuli
for METs. Here we used calcium ionophore, LPS and serum starvation as the
stimuli. Calcium ionophore is amobile ion-carrier that promotes penetration
of calcium ions across the cell membrane. While LPS (lipopolysaccharide) is
an endotoxin found in the outer membrane of Gram-negative bacteria.
Both reagents were used to induce NET formation in neutrophils. When used
to induce hypercitrullination in macrophages, calcium ionophore is
significantly more effective than LPS. Indeed, in macrophages treated with
LPS alone, I did not observe significant hypercitrullination or more MET
formation compared to the control group. This observation suggests either
METs are not a major mechanism in fighting microorganism infection or it is
not LPS but other components of microbes that induce METs. When
macrophages are cultured in serum depleted medium, METs were released
from the cell after 9 hours of culture, suggesting that starvation stimulates
the formation of METs. Based on the studies in neutrophils, we could propose
couple mechanisms that might be involved in this process. Reactive oxygen
species (ROS) have been reported to play an important role in releasing of

85

chromatin by neutrophils. Studies have linked ROS stimulated NET formation
with autophagy and some even consider NET-mediated cell death as a result
of autophagy because autophagy inhibition suppresses NET formation198.
Considering the fact that serum starvation is one of inducers for oxidative
stress and autophagy in cells, MET formation induced by starvation could be
address by autophagy. To test the hypothesis, we could apply the methods
used in Chapter 3 to study the activation and efflux of autophagy in
macrophages. We could also test how autophagy inhibitors affect METs
formation in starved macrophages.

Although other research groups reported macrophage extracellular
traps-like structures, the existence of such structure was mainly illustrated
by DNA/histone staining and/or SEM. Here I reported hypercitrullination on
histone H3 at arginine 2, 8, 17 and 26 as the component of METs, suggesting
that hypercitrullination on histone H3 isa novel marker for METs. We also
reported here that induction of H3cit26 is dependent on PAD4 enzyme
activity. The requirement for PAD4 in MET formation provides a powerful
tool in the functional study of METs.

In the studies of extracellular traps, Dr. Scott Coonrod’s group has
reported that PAD2 protein promotes expression of estrogen receptor target
genes by citrullinating histone H3 at arginine 26195,196. It is indeed a
surprising discovery since PAD2 does not contain a nuclear localization
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signal. To shed light on the function of PADs in MET formation, I also
evaluated function of PAD2 and found PAD2 expression is not sufficient to
induce hypercitrullination and METs (Figure 4-3). However, in RAW 264.7
and J774A.1 cells that express a higher level of PAD2 compared to PCM, I
observed elevated level of H3 citrullination at arginine 2, 8, 17 after
combined treatment of calcium ionophore and LPS. This result indicates a
facultative role of PAD2 in histone citrullination at specific sites on histones
but not in the induction of genome-wide hypercitrullination.

It is noteworthy that METs induced by calcium ionophore or serum
starvation in PCM is at a low percentage—equal to or lower than10%. MET
formation is a suicidal process. When chromatin is released, proteins
contained in the nucleus, cytoplasm or cellular vesicles are projected into the
extracellular space along with the chromatin. Components such as ROS and
hydrolases will attract other immune cells to the location. When this happens
in vivo, it will potentially trigger the sterile inflammation and stimulate a
systematic reaction of the animal body. Thus functions of METs in vivo raise
many open questions to be answered.
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Figure 4-1.
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Figure 4-1. Peritoneal cavity macrophages form extracellular traps.
A, Calcium ionophore and LPS treatment induced macrophage extracellular trap
formation in peritoneal cavity macrophages. Citrullination on histone H3 at arginine
26 was detected on the MET structure. B, MPO was not detected on the structure. C,
PAD inhibitor YW3-56 inhibited MET formation. D, quantification showing the
percentage of cells forming METs out of the macrophage population. *n=3, p<0.05. E,
SEM image of extracellular trap fibrous structure. Scale bar is 20 m(A), 10 m(B),
and 50 m(C) respectively.
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Figure 4-2.
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Figure 4-2. PAD4 is required for calcium ionophore induced extracellular trap
formation and histone H3 hypercitrullination in murine peritoneal cavity
macrophage.
A-B, PAD4 expression was tested at transcriptional level (A) and translational level
(B).

C,

calciumionophore

induces

extracellular

traps

and

histone

H3

hypercitrullination in peritoneal cavity macrophages extracted from wild type
C57BL/6J mice but decreased in PAD heterozygous mice and non-detectable in
PAD4 knockout mice. D, both H3Cit26 and H3Cit 2, 8,17 were induced by calcium
ionophore and the induction depends on PAD4 expression. E, 6.1% of macrophages
extracted from PAD4wild type mice formed extracellular traps after 3.5 hours
induction while in PAD4 knockout mice, no ETs structure was formed. Scale bar, 50
m (C) and 10 m (F). * Exposure time is indicated on the figures.
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Figure 4-3.
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Figure 4-3. Overexpression of PAD4 induces MET formation in macrophage cell
lines and cancer cells.
PAD4 expression was analyzed in macrophage cell lines J774A.1 and RAW264.7.
Both cell lines did not express PAD4 at a comparable level with murine PCM. Instead,
PAD2 expression was detected in both cell lines but not detectable in PCM (A). LPS
or ionophore or both cannot induce either histone H3 citrullination (B) or
extracellular traps structure (C) in both cell lines. At the same time, overexpression
of PAD4, but not PAD2 or PAD4 with C645S mutation, induced histone H3
citrullination (D) and extracellular traps structure (E) in both cell lines. Scale bar in
C & E, 10 m
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Figure 4-4.

Figure 4-4. Citrullination on histone H3 arginine 26 interferes with binding of
chromodomain protein to methylated lysine 27.
Chromodomain of CBX 2 and CBX 7 are amplified from residues (6-69) and (1-71) of
the proteins respectively. The GST or GST tagged chromodomain proteins are
purified from BL21 E.coli strain (A). Histone H3 peptides with no modification, cit26,
or cit26K27me3 were labeled with biotin and used in the peptide pull down assay.
Binding efficiency of chromodomain proteins to different peptides are evaluated by
western blotting (B).
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Chapter 5
Summary and Future Directions

5.1

Summary

In my thesis, I have explored different biology aspects that are
involved in the development and treatment of tumor. I have tested the
systematic effects of a small molecule PZ1225 on cancer cells. The small
molecule induced DNA damage, activated ER stress/UPR, inhibited
autophagy and resulted in apoptotic cell death in tumor cells. A
combinatorial therapy is also developed based on the mechanism study of
PZ1225. At the same time, I explored the mechanism of macrophage
extracellular trap formation, which may shed light on the studies of tumor
associated macrophages.

With the advantage of microarray analyses, we are able to obtain a
comprehensive perspective and study the cellular pathways affected by
PZ1225 in a network. The network consists of ER stress, mTOR, autophagy,
apoptosis and MAPK pathway. In PZ1225 treated cells, inhibition of mTOR
signaling pathway potentially leads to inhibition of autophagy and MAPK
kinase cascade89,199-201. The interconnection of top signaling pathways
affected by PZ1225 is taken into consideration in the design of the
combination therapy.
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To reach an accurate evaluation, high-throughput analyses need to be
supplemented with biochemistry and molecular biology methods. For
example, in the microarray analysis, we cannot draw a conclusion on
regulation of autophagy since the diagnosis markers used for autophagy is
not detectable at the transcriptional level. However, when autophagy was
investigated using tandem GFP-mcherry-LC3 system and double staining of
Lamp1 and LC3, imaging tools revealed inhibition of autophagy at later
stages.

Similarly, in the study of macrophage extracellular traps, we cannot
adapt an isolated view to interpret the result. In fact, the highly plastic and
versatile nature of macrophage population requires us to pay special
attention to the lineage and maturity status of the cell. My study in the
peritoneal cavity macrophages presents a simple yet important mechanism
of MET formation, i.e., the correlation of METs and PAD4 expression. The
study also clarifies a facultative role of PAD2 in histone citrullination, if not
dispensable.

5.2

Combinatorial therapy is a highly promising approach to overcome
drug resistance in chemotherapy
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Resistance to chemotherapy develops under different mechanisms. At
cellular level, cancer cells detoxify chemotherapy agents by drug inactivation,
decreased drug intake, increased drug efflux, alteration of the target pathway,
etc. At the genomic level, cancer genome acquires mutations that escape
targeting of specific inhibitors, activates additional cell survival signaling
pathways and DNA damage repair machineries, disrupts programmed cell
death pathways such as apoptosis, etc31,32,202. Most importantly, tumor tissue
is intrinsically heterogeneous. In the tumor tissue, a small group of cells
acquire the properties similar to the stem cells and are more resistant to
certain chemotherapy44,203-205. When cancer cells are challenged by
chemotherapy, the drug resistant cells are selected and further develop into
multi-drug resistant malignant tumor.

To overcome drug resistance, combination therapy is one of the most
effective strategies50,51,202,206. Combination therapy is not a totally novel
strategy. It has been applied to the treatment of HIV and achieved certain
successes. The first combination therapy in cancer treatment dated back to
the 1980s. Back then, the rationale for drug combination is indeed extremely
poor. With the development of sequencing techniques and high-throughput
analyses nowadays, design of combinatorial therapy is much more reliable
than decades ago. However, current combination strategies consisting of
targeted drugs and chemotherapy agents are still rather pragmatic than
following a compelling rationale. Examples include the combination of
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monoclonal antibodies trastuzumab with chemotherapy agent paclitaxel and
rituximab with doxorubicin207,208. In these cases, targeted drugs are the
major player that results in the cancer-killing efficacy and chemotherapy
agents are added to induce an overall non-targeted cytotoxicity.

In the last decades, we have reached many achievements in the
treatment of cancer. A large number of inhibitors are designed and many
have been approved by FDA, which creates a huge pool of possible
combinations. Thus a reliable and rational strategy is in need. Most of the
computational methods currently lack a comprehensive view of the cell
protein networks51. Indeed, an in-depth study into the protein networks will
be powerful in predicting the efficacy of therapy.

Here we developed a network modeling method to design
combinatorial therapy.

Firstly, the cells are processed for microarray

analyses and genes with more than 2 fold change in expression level are used
as the pool for all the analyses. In our study, we used molecular and cellular
biology means to supplement for the high throughput study and developed a
network model of PZ1225. Based on this network, possible combinatorial
inhibitors are explored by their effects in correlation with genes affected by
PZ1225. We then studied the genes targeted by both PZ1225 and possible
combinatorial inhibitors and analyzed the gene function. That is when we
found the MAPK inhibitors U0126, PD98059 and PI3K inhibitors LY294002
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decrease a group of genes that are induced by PZ1225. Many genes in this
group regulate transcription and cell proliferation, suggesting that upregulation of these genes after PZ1225 treatment is an attempt of cancer cells
to restore the homeostasis and resist the killing. Thus we inhibited the
possible drug resistant signaling pathways and achieved significant increase
in killing efficacy. This in-depth network modeling method could be applied
to the therapy design in the personalized medicine. Together with the
information on genomic background of patient, the prediction on drug effects
will be more precise and specific.

Although we adapted in-depth high throughput analyses and
supplemented it with other experiments, there are still genes affected in the
network that we do not fully understand. For example, the WM115 cells
already contain the constitutively active MAPK signaling. But PZ1225
treatment further activated the MEK 1/2 kinase and the mechanism remains
unclear. Studies of the mechanism will potentially add to the current
combination therapy and even creates better combinations.

5.3

Studies on the MET formation will shed light on study of cancer
microenvironment

In cancer biology, discussion on the immune cells has been focused on
T cells, natural killer (NK) cells and dendritic cells (DCs) while a large
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amount of tumor-associate neutrophils (TANs) and tumor-associated
macrophages (TAMs) is also found in the tumor tissue105,209-211. As the first
line of defenders during the infection of pathogens, reports on TANs and
TAMs present both beneficial and deleterious roles in the tumor
development and in the cancer chemotherapy.

The function of NETs in tumor is newly discovered and poorly defined.
So far, it is considered more of a beneficial mechanism to the cancer cell
proliferation and metastasis. In 2013, Zychlinsky group is among the first to
show TANs in Ewing sarcoma (ES) form NETs using the patient specimen
sections127. They proposed the possibility of roles played by NETs could be
both pro-cancer and anti-cancer. Later, Lorenzo Ferri group published their
study on NETs formation after surgical resection of tumor. In a murine
infection model, they demonstrated induction of microvascular NETs
deposition and trapping of circulating lung carcinoma cells under the
webbed structure. Concurrently, they observed an increase in hepatic
micrometastases at 48 hours and a heavier metastases burden at 2 weeks128.
Similarly, Allan Tsung group reported a correlation of NETs and liver cancer
metastasis after surgical resection of tumor in patients. In a murine model,
they showed local inhibition of NETs formation or DNase digestion of NETs
reduces the metastatic propensity121. These data in murine model and in
human patients suggest a pro-cancer role of NETs in vivo. With proteins such
as neutrophil elastase and myeloperoxidase being components of NETs, the
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roles NETs play in tumor progression extend beyond the chromatin fibers
per se.

Compared to NETs, METs remains a poorly studied field. The
challenge in macrophage studies is partly created by the plasticity of these
cells. In human body, large numbers of macrophages remain resident in the
tissue while additional monocyte in the bone marrow will be recruited to
inflammation

site

and

differentiate

into

more

macrophages212,213.

Macrophages from different organs present slightly different morphology
and express different surface markers. Researchers try tocategorize mature
macrophages mainly into two lineages—the M1 macrophages and M2
macrophages. M1 macrophages are pro-inflammatory and are induced in
response to Th1 cytokines such as IFN-. In contrast, M2 macrophages are
anti-inflammatory and are induced by cytokines such as IL-4 and IL-13214.
They secret a high level of IL-10 and exert an immune-repressive function.
TAMs in the tumor tissue are more likely to present an M2-like phenotype
and promote cancer cell growth, progression and metastasis214. But the
definition of M1 and M2 macrophages is oversimplified and not applicable in
many occasions215.

The PCM used in the METs study is extracted from unstimulated
C57BL/6J mice. According to the studies of cell surface markers and maturity
of cells, PCM consists of two groups of cells—large peritoneal macrophages
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(F4/80 high CD11b high MHC-II-) and small peritoneal macrophages (F4/80 high
CD11b

high MHC-II high).

Under physiological condition, 90% of macrophages

in the peritoneal cavity belong to the more mature LPM group216,217. In our
study, the percentage of cells form METs is around 6%. With the data
obtained so far, we have little clue on the correlation of macrophage
subpopulation and METs formation. However, studies on the subpopulation
of macrophages and their functions will be important in the understanding of
macrophage function. Flow cytometry is a powerful tool to isolate
macrophage cells into different lineage but it relies on selection of surface
markers to define the lineages.

In this thesis, I reported the requirement for PAD4 but not PAD2 in
METs formation. The function of PADs in mediating histone citrullination has
been focused on PAD4 and PAD2. In multiple tumor types, elevated PAD4
expression has been reported218. When treated with PAD inhibitors, tumor
size shrunk in a mouse xenograft model92. These data together suggest a role
of PAD4 in tumor tissue. Inhibitors of PADs like Cl-amidine and YW3-56 are
both pan-PAD inhibitors thus exploration on PAD4 could be done using the
PAD4 transgenic mice.

Notably, PAD4 expression is required for extracellular trap formation
in neutrophils125 and macrophages (chapter 4 of the thesis). In cancer cells,
overexpression of PAD4 also induces hypercitrullination on histones and
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release of decondensed chromatin129Studies into the ET components will be
important to distinguish different ETs in the tumor tissue. At the same time,
whether cancer cell produces ETs in vivo and possible functions of the
structure need further investigation.

On the METs structures, Iidentified histone hypercitrullination at
histone H3 arginine 2, 8, 17 and 26 in the PAD4 wild type macrophages. In
the macrophage cell lines express abundant PAD2 protein, although
hypercitrullination is not observed, an elevation of histone H3 citrullination
suggests a role of other PADs in the mediation of local citrullination.
Considering the fact that citrullination at arginine 26 interferes with
recognition of methylated lysine 27, citrullination of histone in the gene
promoter may regulate expression of genes directly.
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Appendix
PADA4 exacerbates the brain damage after stroke in C57BL/6J mice.

Appendix A presents my work for a collaboration project with my
colleague Yuchen Chen in Dr. Gong Chen lab in the Biology department at
Pennsylvania State University (University Park). Yuchen Chen performed all
the surgery work on mice to induce stroke and I maintained the mice
colonies and performed analyses of the mice samples.

A.1

Introduction

Stroke is the leading cause of disability219,220. In the United States,
stroke happens to someone every 40 seconds. Ischemic stroke makes up
about 80% of all types of stroke (data from Centers for Disease Control and
Prevention and American Stroke Association). Up to now, the only FDA
approved medicine for ischemic stroke is tissue plasminogen activator (tPA).
tPA works by dissolving blood vessel clots and restoring blood flow back to
the stroke site. However, to avoid neuronal death, the medicine needs to be
administered within 4.5 hours of stroke onset221,222. In addition, one
potential risk of tPA is bleeding in the brain and other tissues, which results
in hemorrhage that is life threatening. Several studies already showed that
clot-dissolving reagents indeed increased the number of patients died
following stroke223,224.
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The damage of stroke mainly resulted from neuronal death225,226. In
the cerebral cortex, different types of neurons control the movement,
sensation, vision, emotion, memory, speech and the ability to reason and
think. Stroke induces irreversible damage to neurons, which impair the
function of human body permanently. During and after stroke, systematic
immune responses play important yet complicated roles, beneficial and
deleterious. The immune response isinduced by resident glial cells,
astrocytes and neurons in the brain as well as infiltrated monocytes and
neutrophils from the blood stream227-231. For example, activation of microglia
and astrocytes induce a cascade of immune responses after stroke and
potentially exacerbate the damage to neuronal cells231. Intervention of the
immune responses has been explored as potential therapeutic strategy232,233.

As mentioned previously in Chapter 4, PAD4 was reported to be
involved in the pathology of diseases. Most recently (2014-2016), several
papers reported that PAD4 exacerbated the ischemia/reperfusion stress
pathology in myocardial180, kidney212 and liver234 tissues. Either knockout of
PAD4 gene or administration of PAD4 inhibitor could rescue the stress
pathology. Interestingly, DNase I, which digests extracellular DNA, could also
rescue the stress pathology180, suggesting a function of ETs in the
ischemia/reperfusion stress.
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To explore the function of PAD4 in ischemia/reperfusion injury, a
murine stroke model is constructed by injection of endothelin-1 into the
forelimb motor cortex. As a result, stroke is induced and fine movements of
mice forelimbs are impaired, which could be detected by behavior analyses
such as staircase test and grid walking test. Endothelin-1 (ET-1) is a
vasoconstrictor produced by vascular endothelial cells. Once delivered into
the cerebral cortex, ET-1 results in contraction of blood vessel and focal
ischemia. After couple hours, ET-1 become inactive, blood stream flows back
into the ischemic tissue, which results in reperfusion injury.

Here I present the preliminary results obtained in the murine stroke
model. I have observed neuronal protection in PAD4 knockout mice and
decrease in the tissue loss. Concurrently, less cytokine/chemokine
expression is observed in the PAD knockout mice brain.

A.2

Results

In the 4 sets of preliminary experiments, I have observed reduced
neuronal damage and tissue loss in the mice brain (Figure A-1).Neuronal
marker NeuN reduced significantly in the PAD4 wild type mice. NeuN is a
nuclear antigen that expresses specifically in the neuronal cells. NeuN
expresses abundantly in mature neurons but not in unhealthy or dying
neurons. Loss of NeuN signal at the stroke site suggests the damage of
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neurons after stroke. Interestingly, in PAD4 knockout mice, less damage of
neuron (denoted by more healthy NeuN staining) is observed at the stroke
site, suggesting knockout of PAD4 either helped the recovery of damaged
neurons or protected neurons from the ischemia/reperfusion injury from the
beginning.

Glial fibrillary acidic protein (GFAP) is an intermediate filament
protein expressed by astrocytes. In brain damage, GFAP highly expresses in
the reactive astrocytes, which is the major components in the glial scare
around the damaged site. The glial scar prevents the spreading of the stress
signals and protected tissues around the damaged site. At the same time,
astrocytes extend their plasma membrane to fill the empty space generated
by dead neurons, which potentially impair the regeneration of neuron 235. In
PAD4 wild type stroke brain, I observed thickened and elongated processes
of astrocytes denoted by GFAP staining (Figure A-1). Notably, the GFAP
signal also denotes a glial scar surrounding the tissue damage site. In the
PAD4 knockout mice, however, the glial scare is much smaller and less GFAP
process extension and thickening are observed, suggesting that PAD4
promotes reactive astrocyte and formation of glial scar.

Iba1 is a 17 kDa protein in the cytoplasm of microglia and
macrophages. Its expression is upregulated in the reactive microglia after
brain injury such as ischemic stroke. The reactive microglia presents a
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“deramified” morphology with enlarged soma and shortened processes236.
This is exactly the morphology of microglia in the PAD4 wild type brain after
stroke, denoted by Iba1 staining (Figure A-1). Again, in the PAD4 knockout
mice, the number of reactive microglia is significantly less than that in the
wild type (Figure A-1), suggesting decreased inflammation in the injured
brain.

From the microarray data obtained from PAD4 knockout neutrophils
(data

from

lab

member

Dr.

Pingxin

Li),

we

identified

several

cytokine/chemokine whose expression is affected by PAD4. I tested the
expression of the same group of factors in the damage brain tissue and in the
blood stream of the stroke mice. Interestingly, in the brain tissue extracted
from the damaged site, I detected decreased cytokine/chemokine expression
in PAD4 knockout mice; while in the blood serum, a higher level of IL-6
protein is detected in the same group of mice. The results suggest circulating
immune cells and the resident immune cells may be regulated by different
mechanisms in the ischemic injury.

A.3

Summary and future direction

The preliminary results clearly suggest a role of PAD4 in the
ischemia/reperfusion injury induced by stroke in the mouse brain. The
difference of cytokine/chemokine expression in PAD4 wild type and
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knockout mice further suggests a role of PAD4 in the immune system. In
future explorations, I will test the detailed mechanism behind the protective
role of PAD4 suppression. The exacerbation of ischemia/reperfusion damage
induced by PAD4 could be due to several reasons. First of all, the
ischemia/reperfusion injury in the tissue inevitably induces inflammation. It
has been reported that in rheumatoid arthritis patient, inflammation induced
antibodies are directed specifically to citrullinated proteins, which is one of
the mechanisms that initiate the pain in the joint and promote development
of advanced disease237,238. Secondly, the discovery of NETs at the tissue
damage site suggests a function of extracellular trap in the disease pathology.
Notably, when NETs or other ETs were released, cellular contents were
projected to the extracellular space as well, which further triggers local
inflammation. Last but not least, PAD4 contains a nucleus localization
signaling and citrullinates histones. Considering the binary code I proposed
in Chapter 4, PAD4 may directly affect gene expression by altering
activating/suppressing markers on the histones.

Notably, PAD4 inhibitor YW3-56 was not able to induce a significant
protective effect in the preliminary tests (Figure A-2). It worth mention that
in these test, YW3-56 is delivered by intraperitoneal injection at the same
time and after the stroke onset. Whether the inhibitor could penetrate the
blood brain barrier is an open question. I will explore different delivery
methods in the later experiment design.
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Figure A-1.
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Figure A-1. Immunostaining of NeuN, Iba1, GFAP in the mice brain following stroke
induction.
Both PAD4 wild type and knockout mice in the C57Bl/6J background are used for
the induction of stroke. The surgeries are administered as described in the method.
14 days after stroke, mice are euthanized and perfused before extraction of brain.
Following 15 h to 24 h fixation, mice brains are sliced and preceded to IHC analyses.
NeuN is used as neuron marker, Iba1 as microglia marker and GFAP as astrocyte
marker. In the PAD4 knockout mice, neurons are protected and less glial scar and
inflammation are observed.
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Figure A-2.

Figure A-2. Result observed in figure A-1 is quantified with Image J.
The areas of NeuN coverage (A) and tissue loss (B) are quantified. PAD4 knockout
presented a significant increase in NeuN coverage (p-value=0.0047) and decrease in
tissue loss (p-value=0.047). However, the PAD4 inhibitor YW3-56 delivered by i.p.
injection did not show a significant difference compared to wild type in both NeuN
coverage and tissue loss (p-value=0.0443 and 0.1361 respectively).
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Figure A-3.

Figure A-3. Preliminary data shows cytokine/chemokine expression differs in the
brain tissue (A) and in the blood stream (B) of PAD4 knockout mice.
Key cytokines and chemokine that are hypothesized to be affected by PAD4 are
tested in the brain tissue extracted specifically from the damage site. In knockout
mice, decreased expression of the factors is observed. Blood are extracted from
heart before perfusion of the brain and IL-6 in the blood serum is detected using
ELISA. Increased IL-6 in the circulating blood is observed in PAD4 knockout mice.
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