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ABSTRACT
In cancer cells, tumor suppressor genes are frequently silenced by enzymes that catalyze
epigenetic histone modifications. Peptidylarginine deiminase 4 (PAD4), an enzyme that converts
Arg or monomethyl-Arg to citrulline in histones, is markedly overexpressed in many human
cancers. Previously, researchers in in our lab have found that PAD4 counteracts the function of
protein arginine methyltransferase; and thus, alters the transcription status of p53 target genes,
suggesting that PAD4 is a potential target for cancer treatment. Furthermore, PAD4 is expressed
in neutrophils, and is essential for NET formation induced by bacteria and pro-inflammatory
cytokines. In this dissertation, I will report the inhibition of the growth of cancer cells by the
novel PAD inhibitors my colleagues and I generated. Among those with low micromolar IC50,
YW3-56 induced p53 target gene SESN2 (sestrin 2, a negative regulator of mTOR signaling); and
thus, inhibited the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway in
p53 wild type osteosarcoma U2OS cancer cells. In U2OS cells, PAD4 functions as a co-repressor
of p53 to regulate SESN2 expression. However, YW3-56 inhibits the growth of diverse cancer
cells in a p53 independent manner. In the p53 mutant breast cancer MDA-MB-231 cells, YW3-56
triggers a type of cell death distinct from apoptosis, one that shows mitochondria depletion,
mTORC1 inhibition, and blocking of autophagy. I investigated the mechanism underlying the
growth inhibition effect of YW3-56 in the MDA-MB-231 cells and identified ATF4, a
transcription factor in the ER stress pathway, as the novel transcription regulator mediating
SESN2 expression. Using YW3-56 as a query tool, I found that ATF4 WAS required for YW356-induced SESN2 expression. Forced expression of ATF4 was sufficient to activate SESN2.
With the detection of the ATF4 binding site on SESN2 promoter region, we identified the ATF4SESN2 transcription circuit as a novel link between the ER stress and the mTORC1 signaling
pathway. Furthermore, YW3-56 treatment triggered ROS accumulation in MDA-MB-231 cells,

iv
and the YW3-56 induced ATF4 target gene expression was ROS dependent. This finding
suggests that ROS might active other factors that cooperate with ATF4 for transcription
regulation. In nude mice xenograft experiments, we found that YW3-56 was effective in
inhibiting the growth of tumors derived from the MDA-MB-231 subline 1833TR cells. Its
antitumor efficiency also correlated with the gene transcription profiling featured a significant
induction of SESN2. Taken together, ATF4-SESN2 circuit could be a potential therapeutic target
for p53 mutant cancers. In this thesis, I unveiled the anticancer mechanisms and therapeutic
potential of the pan-PAD inhibitor YW3-56.
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Chapter 1

Peptidylarginine deiminase in citrullination, gene regulation, healthiness and
pathogenesis

2
1.1 The early discovery of PADs as protein citrullination enzymes
Citrulline residues were detected in early 1960s from polypeptide hydrolysates of hair
inner root sheath cells and medullary cells [1]. Since there is no citrulline tRNA in vivo, citrulline
can only be produced by enzymatic modifications after protein synthesis. Subsequently, the
peptidylarginine deiminases (PADs, also called PADIs) were identified, which convert protein
arginine residues to citrulline in a calcium dependent manner ([2], reviewed in [3]). PADs are
involved normal functions in the immune and reproduction systems as well as in the skin ([4-6]).
In each of the mammalian vertebrate genomes, five highly conserved PADs exist, including
PAD1, 2, 3, 4 and 6 (Figure 1-1A). In the last decade or so, more research on the gene features,
tissue-specific distribution and preferred substrates of PADs has been performed. Human PAD4
can bind five calcium ions (Figure 1-1B). Several flexible parts of PAD4 form stable secondary
structures after the binding of calcium and substrate, indicating that calcium stabilizes the
conformation of PAD4 and may facilitate the formation of the active site cleft (Figure 1-1C and
1D). The calcium binding sites in PAD4 are conserved in PAD1, -2, and -3 except for PAD6.
Thus, calcium is an important regulator of the active PAD enzymes [7].

1.2 Five PADs

1.2.1 PAD1
PAD1 is mainly expressed in epidermis and uterus [8, 9]. PAD1 deiminates keratin K1
and is involved in the cornification of epidermal tissues [10].
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1.2.2 PAD2
PAD2 is widely expressed in multiple tissues, including secretory glands, brain, uterus,
spleen, pancreas, and skeletal muscle [11-16]. The expression of PAD2 can be regulated at both
mRNA splicing and protein translation levels [13, 14]. Myelin basic protein of the central nervous
system and vimentin in skeletal muscle and macrophages are long known substrates of PAD2 [13,
17]. Recently, β and γ-actins were identified as PAD2 substrates in human neutrophils [18].
PAD2 is mainly a cytoplasmic protein, but a fraction of PAD2 may become nuclear in canine and
human mammary epithelial cells [19, 20]. Nuclear PAD2 may citrullinate histones H3 and H4
[20-23], suggesting a role of this protein in gene regulation.

1.2.3 PAD3
PAD3 is localized to epidermis and hair follicles [24-26]. PAD3 is colocalized with
trichohyalin, a structural protein in the inner root sheath and medulla of hair follicles [25, 26].
In addition, PAD3 colocalizes with profilaggrin and filaggrin in the epidermis [25]. PAD3 targets
filaggrin, which interacts with keratin intermediate filament to regulate epidermal homeostasis in
the granular layer and lower stratum corneum of human epidermis [2, 25, 26]. Deimination of
filaggrin and trichohyalin in vitro by recombinant PAD3 further supports the motion that PAD3 is
involved in regulating epidermis functions [25, 26].

1.2.4 PAD4
PAD4 (also called PADV and PADI4) is detected mainly in white blood cells including
granulocytes and monocytes under normal physiological conditions [13, 27, 28]. However, in a
wide range of tumors of various tissue origins, the overexpression of PAD4 was detected,
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suggesting that PAD4 plays a role in tumorigenesis [29, 30]. PAD4 is localized primarily in the
nucleus and contains a nuclear localization signal sequence at its N-terminus. PAD4 citrullinates
a range of nuclear proteins, such as histones H2A, H3 and H4, ING4, p300/CBP, nucleophosmin
and nuclear lamin C, thereby playing an important role in nuclear functions [31-36].

1.2.5 PAD6
PAD6 was originally identified from mouse eggs and embryos and was named ePAD
(egg PAD) [37]. PAD6 regulates oocyte cytoskeletal sheet formation and female fertility [38].
Recently, it was found that PAD6 localizes to the cytoplasmic lattices and regulates the function
of microtubules during early embryo development [39]. In human tissues, PAD6 is mainly
restricted to the ovary, testis and peripheral blood leucocytes [40]. Interestingly, unlike the other
PADs, PAD6 has lost some of the conserved Ca2+ binding residues and the active center cysteine
residue is also different from other PADs [41], suggesting that PAD6 is likely not an active
deiminase.
Recent studies have revealed the role of PADs in physiological and pathological
conditions. In the following sections, I will focus on the role of PADs in gene regulation, innate
immunity, cancers and autoimmune diseases, and further discuss the potential of PADs as
druggable targets for disease treatment.
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1.3 PAD4 and PAD2 in gene regulation

1.3.1 PAD4 in gene regulation
In eukaryotic cells, nuclear DNA is organized with two of each histones H3, H4, H2B,
and H2A to form a nucleosome core particle. This particle is further organized with the linker
DNA and histone H1 to form the 10 nm chromatin fiber and folded to form higher order
chromatin structures. The nuclear structure and 3D organization is under continuous remodeling
to adapt to the physiological and environmental changes that the cells are exposed to. Because of
this structural organization, histone modifications, including methylation, acetylation,
phosphorylation and citrullination, work as a signaling network to provide the on the off signal
for gene expression and/or a landing platform for effector protein binding [42-44].
Histone modifying enzymes with opposite activities counteract each other’s effect, such
as histone acetyltransferases (HATs) and histone deacetylases (HDACs), kinases and
phosphatases [45, 46]. Until the Lys demethylases LSD1 and JmjC domain-containing
dioxygenase, as well as the Arg deiminase PAD4 were identified [47, 48], histone methylation on
Arg and Lys residues was considered as static rather than dynamic because of the low turnover
rate of the methyl groups [49]. PAD4 antagonizes CARM1 (also called PRMT4) and PRMT1
mediated histone H3 and H4 Arg methylation through a reaction dubbed as demethylimination in
reflecting the removal of the methyl-imine group from monomethyl-arginine residues [33]. The
activity of PAD4 on asymmetrical dimethyl-arginine residues is very low. We have observed that
PAD4 prefers methyl-Arg in histone proteins over methyl-Arg in short peptides as substrates,
suggesting the substrate has an allosteric effect on PAD4 [33]. CARM1 and PRMT1 function as
transcription coactivators by catalyzing histone Arg monomethylation and asymmetrical
dimethylation [42, 50-53]. By antagonizing Arg methylation, PAD4 functions as a transcription
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corepressor. In the case of ER target genes in the breast cancer MCF-7 cells, PAD4 regulates histone
Arg methylation via its citrullination activity on gene promoters [33, 54]. Interestingly, the
modification of histone Arg residues on the ER (estrogen receptor) target promoters fluctuates
over time after estradiol treatment; whereby, the increase in histone citrullination correlates with
the decrease in histone Arg methylation, indicating that opposite enzymes are alternatively
working on the ER target gene promoters [55].
In addition to the ER target genes, our group has found that PAD4 interacts with the
tumor suppressor and transcription factor p53 and functions as a corepressor to regulate the
expression of multiple p53 target genes [56, 57]. Before DNA damage, a high level of histone
citrullination and PAD4 was detected on the promoter of p53 target genes, such as
p21/CIP1/WAF1, GADD45 and PUMA [56, 57]. After DNA damage, PAD4 association and
histone citrullination decreases on these gene promoters with a concomitant increase in histone
Arg methylation, suggesting that citrullination and arginine methylation counteract each other’s
function to regulate gene expression.
The role of histone acetylation in gene activation has been long established. A landmark
2004 paper with rich in vitro biochemical analyses showed that protein Arg methyltransferases
and histone acetyltransferase p300/CBP cooperatively activate p53-mediated transcription [42].
Reversely, we found that PAD4 and HDAC2 associate with p53 in a dynamic fashion [56].
Before DNA damage, both PAD4 and HDAC2 are associated with p53 target gene promoters, while
they dissociate from the gene promoters after DNA damage allowing the activation of the p53 target
genes, such as p21, GADD45 and PUMA [56]. Taken together, we propose that histone Arg
modification in concert with histone Lys acetylation forms a molecular switch on the p53 target gene
promoters for gene regulation (Figure 1-2).
Although the corepressor function of PAD4 has been well established, it may also play a
coactivator role in a promoter context dependent manner. A genome wide ChIP-chip study of PAD4
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promoter association in MCF-7 cells revealed that PAD4 is enriched on the promoter regions of
actively transcribed genes [58]. Motif analyses discovered that many of the PAD4 bound genes
contain potential binding sites for Elk-1, a member of the ETS oncogene family [58]. It was proposed
that PAD4 interacts with and citrullinates Elk-1; thereby, facilitating Elk-1 phosphorylation to activate
transcription [58]. Additionally, PAD4 can target histone H3 Arg8 for citrullination and subsequently
affects the binding of HP1 (heterochromatin protein 1) to the nearby H3 Lys9 methylation site [59,
60]. The dissociation of HP1 from its binding cognate sites after citrullination activates transcription in
multiple sclerosis patients [60]. In addition, the dissociation of HP1 likely regulates chromatin
decondensation during the formation of neutrophil extracellular traps (NETs) [59].
The hypothesis of the “histone code” predicts that histone modifications may function in a
combinatorial manner to regulate chromatin biology [61]. It was proposed that two adjacent
modification sites form a binary code to antagonize or synergize the function of each other [62]. The
effect of histone H3 Ser10 phosphorylation on the function of H3 Lys9 methylation and HP1 in cell
cycle and gene regulation has been well studied [63, 64]. The new finding of the effect of H3 Arg8
citrullination on HP1 binding to H3 Lys9 methylation greatly enriched the binary code concept and
highlights the dense cell signaling information that a cluster of histone residues carries (Figure 1-3).

1.3.2 PAD4 in gene regulation
That PAD2 can citrullinate histone H4 Arg3 in vitro raises a role of PAD2-mediated
histone citrullination in transcriptional regulation [23]. The expression of PAD2 is regulated by
estrogen in vertebrate uterus and pituitary gland [65-67]. Recent data from the Coonrod’s group
support that PAD2 responses to cellular signals to regulate transcription via histone citrullination.
Only during the diestrus phase of the reproduction cycle, PAD2 in mammary gland epithelial
cells was found to citrullinate the histone H3 N-terminus [20]. Moreover, PAD2 is detected in
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human breast luminal epithelial cells, and associates with target gene promoters in the ERα
positive breast cancer MCF-7 cells to regulate histone H3 Arg26 citrullination and transcription
[19]. Estradiol stimulates the recruitment of PAD2 to the estrogen-response element of estrogen
receptor alpha (ERα) target gene promoters. Since PAD2 does not have a nuclear localization
signal, its association with ERα may facilitate its translocation from the cytosolic to the nuclear
compartment [19]. As such, PAD2 likely mediates chromatin decondensation and activation of
target gene transcription during cellular response to estrogen stimulation [21]. These results
indicate that PAD2 functions as an epigenetic regulator of gene activity and plays a potential role
in breast cancer progression.

1.4 PAD4 and NETs

1.4.1 NETs, a highly condensed form of chromatin
Peripheral blood neutrophils serve as the first line of defense against microbial infection [6870]. Although neutrophils are well known for their antimicrobial function via phagocytosis, it was
reported in 2004 that there was a distinct mechanism of killing bacteria in the extracellular space using
a meshwork of highly decondensed chromatin in association with antimicrobial proteins (e.g.,
myeloperoxidase and neutrophil elastase) [68]. Upon encountering bacteria, a certain percentage of
neutrophils release their chromatin into the extracellular space, forming chromatin-based structures
called neutrophil extracellular traps (NETs) (reviewed by [71]). NET formation can be induced by IL8, PMA, LPS and diverse microbes, such as bacteria and fungi, as well as protozoan parasites [68, 72].
As a mechanism of immune defense, NETs could mediate the microbial death and/or limit pathogen
spread in host [68, 73, 74]. Although the role of NETs in innate immunity and human disease has
gained much attention, the mechanism regulating the NET formation is less clear. The activation of
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the intracellular signaling pathways, such as the MAPK pathway and the ROS (reactive oxygen
species) signaling pathways, has been implicated in the formation of NETs [75-77]. Since NET
formation directly leads to cell death (dubbed netosis) and the release of nuclear and cytoplasmic
components into the extracellular space has harmful consequences to the surrounding normal tissues,
this process needs deliberate regulation.

1.4.2 Histone hypercitrullination in NET formation
Chromatin in NETs is extremely decondensed, with a diameter ranging between 10 and 30
nm [68]. This degree of chromatin decondensation indicates that the neutrophil chromatin can be
unfolded extensively to form the polymers of nucleosomes, i.e., the 10 nm chromatin fibers. A
proteomic study of the NET protein components has found that even linker histone H1 is diminished
from NET chromatin [78]. However, the chromatin decondensation mechanisms underlying NET
formation remains to be further explored.
Retrospectively, our finding that PAD4 and histone hypercitrullination are involved in the
formation of neutrophil extracellular traps is a serendipitous story. In the early months of 2004, we
found that prolonged treatment of HL-60 granulocytes with calcium ionophore produced sticky
chromatin that glued many of cells in a cluster. The gluey chromatin stained with a DNA dye, and
very strongly stained with the antibody to histone H4Cit3, suggesting a link between the high-degree
of histone citrullination and the formation of NETs. The link of PAD4 and NET formation was
eventually published in 2009 [79]. Around the time we were preparing to publish our report, the Radic
group published immunostaining images to show that NET chromatin can be stained by an antibody
to citrullinated histone H3 [80]. It is now clear that one of the normal physiological functions of PAD4
in peripheral blood neutrophils is to regulate the formation of NETs.
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Histone hypercitrullination is an important intermediate step for the formation of NETs. In
HL-60 granulocytic cells, the inhibition of PAD4 and histone hypercitrullination decreases chromatin
decondensation and the formation of NET-like structures [79]. Importantly, citrullination of a 12-mer
nucleosome array decreased the chromatin folding by the linker histone H1 [79]. The role of PAD4 in
NET formation is further supported by genetic studies in mice. PAD4 knockout mice can survive to
adulthood and are fertile with a normal number of neutrophils [81]. In PAD4 null neutrophils, the
basal level of histone citrullination is undetectable. After stimulation with LPS, H2O2, PMA and
bacteria, histone citrullination is greatly increased in wild type neutrophils but remains undetectable in
the null cells [81]. The lack of histone citrullination is correlated with a lack of NET formation in the
null cells, indicating the PAD4 is required for NET formation under these experimental conditions
[81]. Furthermore, elevated PAD4 activity is sufficient for chromatin decondensation to form NETlike structures. First, treatment of detergent permeated cells with GST-PAD4 but not its catalytic
inactive mutant GST-PAD4 C645S induced the release of chromatin from HL-60 cells to form
decondensed chromatin structures [79]. Surprisingly, forced overexpression of PAD4 in osteosarcoma
U2OS cells was also sufficient for the formation of NET-like chromatin structures [59]. These results
indicate that PAD4 activity is required and sufficient for the formation of decondensed chromatin, a
process that is essential for the formation of NETs.
How does citrullination mechanistically unfold chromatin? First, the degree of histone
citrullination associated with NET formation is very high. Based on Edman degradation experiments
to analyze histone citrullination, we estimate that over 50% of histone H3 Arg8 can be converted to
citrulline [33]. Since citrullination eliminates the positive charge of histones, this modification may
weaken the interaction of histones and DNA thereby decreasing chromatin fiber compaction to
facilitate NET formation. Second, PAD4 mediated histone hypercitrullination could exclude HP1β
from binding to chromatin, offering a new mechanism for PAD4 mediated NET formation [59].
Third, citrullinated nucleosome arrays are not folded properly by the linker histone H1.
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Moreover, many other proteins can be targeted by PAD4 for citrullination. These other PAD4
substrates could play a modulatory role for the process of NET formation.

1.4.3 PAD4 in NET-mediated killing of bacteria and many inflammatory conditions
Evolution is a driving force behind the adaption of pathogenic bacteria to the host’s
immune defense system, while the host constantly creates mechanisms to eliminate invading
microbes. Indeed, many pathogenic bacteria that are infectious to humans produce extracellular
DNase to facilitate evasion of killing by NETs. For example, the EndA gene in Streptococcus
pneumonia encodes a membrane bound and extracellular faced endonuclease, and the Nuc gene
of Streptococcus aureus encodes the secreted micrococcal nuclease (MNase) [82]. Moreover,
certain serotypes of the group A Streptococcus pyogenes secret a DNase called Sda1, which
facilitates the bacterial generation of a local skin infection called fasciitis [73]. Consistent with
the role of NETs in bacteria killing, the PAD4 knockout mice are more susceptible to bacterial
infections in the experimental fasciitis model, and neutrophils from the PAD4 deficient mice
showed significantly decreased bacteria killing activity in vitro [81].
Like many other immune defense mechanisms in the human body, NETs serve as an
antimicrobial defense weapon as well as fan the fire for inflammation, leading to tissue damages.
NETs are implicated in many pathological conditions, such as appendicitis, cystic fibrosis,
tuberculosis, sepsis, lupus and nephritis [4, 68, 83-86]. A common theme is that neutrophils recruited
to the inflammation sites will die by netosis to form NETs and release their nuclear and cytoplasmic
components into the extracellular space. The PAD4 protein released from neutrophils may citrullinate
proteins and produces autoimmune antigens to cause chronic autoimmune diseases, such as
rheumatoid arthritis (see below). Furthermore, NETs may have a quick impact on thrombosis by
contributing the chromatin threads as a foundation for the formation of thrombi [87]. Conversely, the
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lack of NET formation in the PAD4 null mice decreases the formation and maintenance of thrombi in
the veins [6].

1.5 PADs in human diseases
In addition to the many pathological conditions associated with NETs, PADs and its
citrullinated products have been associated with many human diseases (Table 1), including
rheumatoid arthritis (RA), multiple sclerosis (MS), and cancers.

1.5.1 Rheumatoid Arthritis
RA is a chronic autoimmune disease featured by inflammatory synovia and infiltration of
activated macrophages. Anti-citrullinated protein antibodies are the most specific autoantibodies
present in the RA sera [88-90]. Most of these autoantibodies can be detected in the early stage of
the disease [91, 92], which makes them useful diagnostic markers of RA [93-95]. Those
citrullinated proteins, including fibrin, fibrinogen and vimentin, were produced in synovial fluid
of the inflammatory joints [96-101]. The presence of citrulline residues in these proteins sends the
immune cells a false alarm and initiates immune responses to generate anti-citrulline antibodies
against these proteins [102, 103]. Many PAD2 and PAD4 expressing leucocytes infiltrate into the
inflammatory synovial tissues in RA patients and release large amount of PAD2 and PAD4 in the
synovial fluid, which in turn produce high levels of citrullinated proteins [104, 105]. Since the
calcium concentration in the extracellular space is at the millimolar levels, PAD4 released from
the dying neutrophils during the NET formation process can be super-activated to citrullinate
joint proteins [13]. In addition to these pathology links, the involvement of PAD4 in rheumatoid
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arthritis is also supported by human genetic studies, in particular in the oriental ethnic groups
[106-108].

1.5.2 Multiple Sclerosis and Alzheimer’s
MS is mainly a PAD2 related inflammatory disorder in the central nervous system
associated with excess citrullination of myelin basic protein (MBP), resulting in the
demyelination of the myelin sheath and defective nerve signal transduction [109, 110]. About
18% of MBP protein is citrullinated at 6 out of its 19 Arg residues in healthy individuals, while
45% or more of MBP is citrullinated in MS patients [111]. Hypercitrullination of MBP weakens
its interactions with phospholipid and disrupts the formation of normal multilayer myelin sheath
structures. In addition, hypercitrullinated MBP is more susceptible to protein degradation by the
protease cathepsin D [112-114]. Elevated PAD2 in the myelin sheath is related to an increase in
MBP citrullination prior to the onset of MS symptoms [109, 115]. PAD2 overexpression in
transgenic mice increases the amount of citrullinated MBP and accelerates the development of
demyelination [116-118]. Moreover, upregulation of PAD2 and the presence of the inflammatory
signals at the affected axon regions might further increase PAD4 locally to exacerbate the
inflammatory disease [115, 119]. It is surprising that knockout of PAD2 did not produce a
significant phenotype in the nervous system given the importance of MBP citrullination in the
axon electrical signal transmission [120]. Whether other PAD enzymes, such as PAD4 play a
redundant role with PAD2 in the central nervous system remain to be solved.
In addition to multiple sclerosis, PAD2 and PAD4 are also expressed in neurons [121].
Protein citrullination in the central nervous system may cause protein denaturation and
precipitation, which in turn lead to the Alzheimer’s disease [121, 122]. These studies highlight
the possibility of PAD2 as a drug target for the treatment of nervous system diseases.
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1.5.3 Cancer
Epigenetic modification plays an important role in tumorigenesis [123, 124]. Two major
epigenetic alterations in cancer cells are histone modifications and DNA methylation. In this
section we will focus on the effect of histone modifications on aberrant tumor suppressor gene
silencing during tumorigenesis [125, 126]. Tumor suppressor p53 is one key transcription factor
in maintaining cellular homeostasis. In response to diverse upstream signals, such as starvation,
DNA damage and various stress signals, p53 regulates downstream genes to cope with stress and
control cell fate [127-130]. Many of the p53 target genes are tumor suppressor genes that regulate
the cell cycle arrest, programmed cell death, and autophagy.
Under normal conditions, PAD4 is mainly expressed in peripheral blood leukocytes. In
pathology studies with a large cohort of human patient samples, PAD4 was found to be
overexpressed in a majority of tumor tissues, including osteosarcoma, colon adenocarcinoma,
esophagus adenocarcinoma, ovary adenocarcinoma, pancreas adenocarcinoma, and stomach
adenocarcinoma [29, 30]. Given that PAD4 functions as a corepressor of p53 to regulate its
downstream tumor suppressor genes, the overexpression of PAD4 in tumor tissues suggests that it
might be involved in tumorigenesis. Interestingly, the expression of PAD4 is directly regulated by
p53, suggesting that PAD4 may form a negative feedback loop to regulate p53 [131]. As we have
discussed in the previous section, PAD4 catalyzed histone citrullination coupled with HDAC2
catalyzed deacetylation represses p53 target gene expression [56]. Since HDACs are targets for
cancer drug development, we recently made an effort to test if PAD4 is a druggable target for
cancer treatment (section 1.6).

15
1.6 PAD proteins as druggable targets for disease treatment
A benzoyl-arginine-derived compound Cl-amidine has been reported as a pan PAD
inhibitor in vitro by forming a covalent bond with the active center Cys of the enzyme thereby
blocking the binding of natural substrates to the active site [132-134]. However, Cl-amidine
inhibits cancer cell growth with an IC50 of ~150-200 µM [56, 57], which limits its clinical value.
Recently, we performed medicinal modification of Cl-amidine and developed novel PAD
inhibitors with low micromolar IC50 for PAD4 enzymatic activity inhibition and cancer cell
growth inhibition [22]. Compared with Cl-amidine, the novel inhibitors show increased efficacy
in PAD4 inhibition; and more importantly, increased membrane penetration [22]. The lead
compound YW3-56 alters the expression of a cohort of genes, including many p53 target genes,
to control the cell cycle and cell death [22]. Treatment of human cancer cells with YW3-56
induces the expression of SESN2, a recently identified p53 target gene that serves as an upstream
inhibitor of the mTORC1-signaling pathway [22, 135, 136]. YW3-56 disturbs the autophagy flux
and leads to cell death [22]. YW3-56 has demonstrated anti-tumor activity in mouse xenograft
studies with no overt adverse effect to vital organs, whereas a combination of YW35-6 with
HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) further improved the tumor growth
inhibition [22]. Future studies to explore the spectrum of cancers that can be targeted and the
molecular mechanisms underlying the anticancer effect of YW3-56 will be key to evaluate its
potential as an anticancer drug.
In addition to the chloroacetamidine-based inhibitors, other types of PAD inhibitors have
been developed [113, 137-140]. The efficacy and specificity of these inhibitors will need to be
further improved. Interestingly, the mitotic inhibitor paclitaxel used in cancer chemotherapy can
inhibit PAD2 mediated MBP citrullination in vitro [141]. Paclitaxel attenuated demyelination
symptoms and induced the remyelination of the damaged myelin sheaths [142], suggesting that
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paclitaxel is a possible anti-MS compound. Recently, fluorescence-based PAD4 activity assay
approaches were reported thus opening the door for future large-scale screening of PAD4 specific
inhibitors [143, 144]. Furthermore, given that a combination of DNA methyltransferase inhibitor
and HDAC inhibitor like SAHA can synergistically activate tumor suppressors in cancer cells and
animal tumor models [145-148], the combined usage of PAD4 and HDAC inhibitors might be a
promising strategy in future cancer treatment.
Our laboratory by focusing on cancer epigenetics has explored function of PAD4 in
tumorigenesis and autoimmune response. With our colleagues, we have developed novel PAD
inhibitors as potential chemotherapeutic agents for cancer treatment [22]. My work on developing
and evaluating novel PAD inhibitors provides pre-clinical data for future clinical tests. In this
thesis, I report my studies on a particular PAD4 inhibitor YW3-56, including its antitumor
activity in cancer cells and mouse xenograft model, and a cellular pro-death network activated by
YW3-56.
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Figure 1-1: The PAD family of proteins and the effect of calcium on the PAD4 structure.
(A) Phylogenetic analyses of 26 PAD proteins from several vertebrate species. Sequences
of mammalian PADs were derived from databases for Human (Hs: Homo sapiens), mouse (Mm:
Mus musculus), cow (Bt: Bos taurus), dog (Cf: Canis lupis familiaris). Also included are PADs
from other species, such as chicken (Gg: Gallus gallus), trout (Om: Oncorhynchus mykiss) and
frog (Xl: Xenopus laevis; Xt: Xenopus Silurana tropicalis). The unrooted phylogenetic tree was
generated using ClustalW2 on EMBL-EBI website and visualized by MEGA 5.2. Scale bar
represents 0.05 amino acid substitutions per site. Accession number for PADs in alignment are as
follows: HsPAD1 (NP_037490.2), HsPAD2 (NP_031391.2), HsPAD3 (NP_057317.2), HsPAD4
(NP_036519.2), HsPAD6 (NP_997304.3), MmPAD1 (NP_035189.1), MmPAD2 (NP_032838.2),
MmPAD3 (NP_035190.3), MmPAD4 (NP_035191.2), MmPAD6 (NP_694746.2), BtPAD1
(NP_001094742.1), BtPAD2 (NP_001098922.1), BtPAD3 (XP_003585850.1), BtPAD4
(NP_001179102.1), BtPAD6 (XP_002685843.1), CfPAD1 (XP_851932.1), CfPAD2
(XP_544539.2), CfPAD3 (XP_535391.2), CfPAD4 (XP_848494.1), CfPAD6 (NP_001091016),
GgPAD1 (XP_425729.3), GgPAD2 (XP_425730.3), GgPAD3 (NP_990374), OmPAD1
(NP_001153973.1), XlPAD2 (NP_001080369), XtPAD2 (NP_001096490.1).
(B) Ribbon presentation of superimposed structures of Ca2+ and substrate bound PAD4
(green, 1WDA) and free PAD4 (Red, 1WD8) [41]. Five Ca2+ ions bound to PAD4 are shown as
purple spheres. Substrate BAA (benzoyl-L-arginine amide) is in a stick model.
(C) Superimposed structure of Ca2+ and substrate bound PAD4 (green) and free PAD4
(red) in boxed region 1 (N-terminal amino acids 126-300). The arrow denotes the region with
major conformational changes after calcium binding.
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(D) Superimposed structure of Ca2+ and substrate bound PAD4 (green) and free PAD4
(red) in boxed region 2 (C-terminal amino acids 301-420 and 624-663). Arrows denote the
regions with major conformational changes.
(Figure adapted from Wang and Wang, 2013.)

Figure 1-2:

A molecular switch operated on histone Arg and Lys residues of p53 target

promoters for gene regulation.
This molecular switch model predicts that p53 target genes can be activated through
PAD4 and HDAC2 inhibition. (Figure adapted from Wang and Wang, 2013.)
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Figure 1-3: Cit-methyl and methyl-phos binary codes regulate the function of HP1.
A) The trimethylation of histone H3 Lys9 (K9me3) by the Suv39 histone
methyltransferase leads to the binding of heterochromatin protein 1 (HP1) to regulate
heterochromatin formation and/or to repress gene expression.
B) The citrullination of H3 Arg8 by PAD4 produces a Cit-methyl binary code to decrease
the binding of HP1 to K9me3.
C) The phosphorylation of H3 Ser10 by aurora B or JIL-1 produces a methyl-phos binary
code to decreases the binding of HP1 to K9me3.
(Figure adapted from Wang and Wang, 2013.)
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Table 1-1: Tissue distribution, substrates, biological roles and related diseases of PADs.

PAD1
PAD2

PAD3
PAD4

PAD6

Protein
distribution
Epidermis;
uterus
Broadly
expressed:
pituitary gland;
brain;
uterus;
spleen;
spinal cord;
skeletal muscle
Epidermis;
hair follicles
Neutrophils;
monocytes;
acrophages;
mammary gland
epithelial cells;
tumors;
Eggs;
ovary;
early embryo;

Substrates

Biological functions

Diseases

Keratin K1;
Filaggrin [25]
MBP
Vimentin
β and γ-actins
Histones H3 and
H4

Cornification of
epidermal tissues
Plasticity of the CNS;
transcription regulation;
innate immune defense
[150];
female reproduction [5]

Psoriasis [149]

Filaggrin;
trichohyalin
Histones H2A,
H3 and H4;
ING4;
p300/CBP;
nucleophosmin;
nuclear lamin C
Unknown

Regulation of epidermal
functions
Chromatin
decondensation;
transcription regulation;
tumorigenesis;
innate immunity;
NET formation
Oocyte cytoskeletal
sheet formation and
female fertility; early
embryo development
(mouse)

Unknown

(Table adapted from Wang and Wang, 2013)

Multiple sclerosis;
rheumatoid arthritis;
Alzheimer’s disease
[118, 119, 151, 152];
Prion disease [122]

Rheumatoid arthritis;
Multiple sclerosis
[153];
Cancers
Unknown

Chapter 2

Anticancer PAD inhibitors regulate the autophagy flux and the mammalian
target of rapamycin complex 1 activity
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2.1 Abstract
Tumor suppressor genes are frequently silenced in cancer cells by enzymes catalyzing
epigenetic histone modifications. The peptidylarginine deiminase family member PAD4 (also
called PADI4) is markedly overexpressed in a majority of human cancers, suggesting that PAD4
is a putative target for cancer treatment. Here, we have generated novel PAD inhibitors with low
micromolar IC50 in PAD citrullination activity and cancer cell growth inhibition. The lead
compound YW3-56 alters the expression of genes controlling the cell cycle and cell death,
including SESN2 that encodes an upstream inhibitor of the mTORC1 signaling pathway. Guided
by the gene expression profile analyses with YW3-56, we found that PAD4 functions as a
corepressor of p53 to regulate SESN2 expression by histone citrullination in cancer cells.
Consistent with the mammalian target of rapamycin complex 1 (mTORC1) inhibition by SESN2,
the phosphorylation of its substrates including p70S6K and 4E-BP1 was decreased. Furthermore,
macroautophagy was perturbed after YW3-56 treatment in cancer cells. In a mouse xenograft
model, YW3-56 demonstrated cancer growth inhibition activity with little if any detectable
adverse effect to vital organs, while a combination of PAD4 and HDAC inhibitors further
decreased tumor growth. Taken together, we found that PAD4 regulated the mTORC1 signaling
pathway. PAD inhibitors are potential anticancer reagents that activate tumor suppressor gene
expression alone or in combination with HDAC inhibitors.

2.2 Introduction
In eukaryotic cells, covalent histone modifications play important roles in regulating gene
expression during normal development and in disease etiology [154, 155]. Notably, aberrant
silencing of tumor suppressor genes by epigenetic modifiers has been recognized as an early
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onset event during tumorigenesis [125, 126, 156]. Within the last several decades, small molecule
inhibitors against DNA methyltransferases and histone deacetylases have been developed as
effective reagents to activate tumor suppressor gene expression in cancer chemotherapy [157].
Compounds against novel epigenetic targets, such as Dot1L and Brd4 have been recently reported
to effectively inhibit cancerous growth in mouse models [158-160]. As such, a new battlefront for
cancer treatment is emerging from studies of the epigenetic mechanisms underlying
tumorigenesis, which bears promise for the identification of new drug targets and the
development of additional pharmacological reagents.
Peptidylarginine deiminases (PADs) are a family of enzymes that can convert protein Arg
residues to citrulline in a calcium and sulfhydryl group dependent manner. The PAD protein
family in human and mouse contains five members, including PAD1-4 and PAD6 that show
tissue and substrate specificity [3, 18]. PAD1 is mainly expressed in the epidermal keratinocytes
[90]. PAD6 (also called ePAD) is a protein uniquely expressed in eggs and regulates the early
stage of embryonic development, but it misses a conserved cysteine residue at the active center of
all other PAD enzymes [39, 161]. PAD2 is widely expressed in many tissues, including muscle,
brain, and mammary gland, and is found to citrullinate myelin basic protein and actin [3, 18, 58].
PAD4 is the only PAD family member containing a nuclear localization signal and citrullinates
many substrates including histones (e.g., H3, H2A and H4), p300/CBP, NPM, ING4 and nuclear
lamin C to exert various functions [31, 33, 35, 36, 162]. Genome wide association and pathology
studies have implicated PAD4 in the etiology of rheumatoid arthritis and cancers in human
patients [30, 106, 163, 164]. We previously found that PAD4 functions as a corepressor of p53
and cooperates with a histone deacetylase HDAC2 to repress the expression of tumor suppressor
genes (e.g., p21/CDKN1A and GADD45) [56, 57]. Moreover, PAD4 was recently reported to
cooperate with Elk-1 to facilitate c-fos expression. As such, PAD4 can positively and negatively
regulate transcription in a promoter context dependent manner [57, 58].
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The tumor suppressor p53 protein functions as a central hub and key transcription factor
of many cellular signaling pathways [128]. In response to DNA damage, starvation, and stress
signals, p53 regulates the expression of many genes that in turn relay the upstream signal to
determine whether a cell undergoes cell cycle arrest, apoptosis, autophagy, etc. [127, 129, 130,
165]. Genome-wide mapping efforts have identified several hundred potential p53 target genes
[166]; many of these p53 target genes are effector proteins, or proteins that regulate p53 functions
in various positive and negative feedback loops [167]. Sestrin 2 (SESN2) is a recently identified
p53-target gene that induces autophagy by inhibiting the mTORC1 signaling pathway via the
AMPK and TSC1/2 signal cascade [135, 136]. Interestingly, PAD4 was also recently identified as
p53-target gene, suggesting that PAD4 likely regulates p53 function via a negative feedback loop.
Macroautophagy (hereafter referred as autophagy) is a catabolic cellular process wherein
a large amount of cytoplasmic components and organelles is engulfed by a membrane structure
termed the phagophore to form autophagosomes. These in turn fuse with lysosomes to form
autophago-lysosomes for bulk degradation to remove damaged cellular organelles or regenerate
metabolites during the cellular response to starvation [168-170]. Autophagy is an important
cellular process for organism health, and its deregulation has been linked with the progression of
many human diseases, including neurodegenerative disorders and cancers [168-171]. Many
autophagy regulatory factors are evolutionarily conserved from yeast to human, including the
mammalian target of rapamycin (mTOR) Ser/Thr kinase containing mTORC1 protein complex,
which senses growth factors and nutrient abundance to control the rate of protein synthesis and
the flux of autophagy [170, 172]. The Yin-Yang balance of autophagy flux is key to maintaining
the homeostasis between cell survival and cell death. The metabolites recycled through autophagy
can sustain cell survival and contribute to chemotherapy resistance [173]. On the other hand,
under circumstances of excessive degradation of cellular components, autophagy can result in cell
death [174]. Therefore, both inducers and inhibitors of autophagy are of potential value for cancer
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treatment by regulating the autophagy flux rate.
Under physiological conditions, PAD4 is mainly expressed in peripheral blood
neutrophils. We have previously found that PAD4 plays an antibacterial innate immune function
through regulating the formation of neutrophil extracellular traps [81]. On the other hand, PAD4
is markedly over-expressed in a majority of cancers of various tissue origins in pathology studies
with a large cohort of human patient samples [30], suggesting PAD4 may play a role in
tumorigenesis. Currently, it remains unknown if PAD4 can be pharmacologically targeted for
cancer treatment. Cl-amidine is a benzoylarginine derived and mechanism-based pan PAD
inhibitor, that shows inhibitory effects to several PAD family members [133, 134]. However, this
compound causes cancer cell growth inhibition at ~150-200 micromolar concentration in cultured
cells [56, 57]. The relatively low potency of Cl-amidine limits its preclinical exploration in cancer
study and treatment. We have tested the idea that efficient small molecule PAD inhibitors can
epigenetically activate tumor suppressor genes thereby offering new avenues for cancer research
and treatment. Our results showed that the lead compound YW3-56 activates a cohort of p53
target genes, including SESN2 that in turn inhibits the mTORC1 signaling pathway thereby
perturbing autophagy and inhibiting cancerous cell growth.

2.3 Material and Methods

2.3.1 Chemical Synthesis of PAD4 inhibitors
Chemical synthesis of novel PAD4 inhibitors was done largely following a method
previously described [134]. A five-step solution phase synthesis scheme of PAD4 inhibitor YW356 was used (Figure 2-1). Compound YW3-56 was further purified using a Dynamax HPLC
system with a reverse phase C18 column (SEPAX TECH, eluted by 70%ACN/ 30%H2O with
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0.1%TFA), and characterized using SCIEX API 150EX LC/MS and 1H NMR (Figure 2-2 and 23).

2.3.2 Cell culture and treatment with compounds
Human osteosarcoma U2OS cells were purchased from ATCC and cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum and penicillinstreptomycin (100 U/ml and 100 µg/ml, respectively) in a 5% CO2 incubator. Early passage cells
were used to minimize passage deviations. Concentrations and duration of YW3-56 treatment
were performed as specified in the figures and text of the thesis.

2.3.3 Colorimetric assays of PAD4 inhibitors
The inhibition efficacy of PAD4 inhibitors was determined by colorimetric measurement
of citrulline generated by PAD4 catalyzed citrullination of BAEE (Na-benzoyl-L-arginine ethyl
ester) [175]. PAD4 (0.2 µg) was pre-incubated with inhibitors in 100 µl buffer containing 50 mM
Tris-HCl pH7.6, 5 mM CaCl2, 2 mM DTT for 0.5 hr at 37 °C. The reaction was started by the
addition of BAEE to 5 mM and halted 1.5 hr later with the addition of 25 µl 5 M HClO4. Then
the samples were briefly centrifuged at 12000 rpm for 2 min at 4 °C and the supernatant (120 µl)
was assayed for citrulline by mixing with 120 µl reagent A (0.5% w/v diacetyl monoxime and
15% w/v NaCl in water) and 240 µl reagent B (1% w/v antipyrine, 0.15% w/v ferric chloride,
25% v/v H2SO4 and 25% v/v H3PO4). The mixtures were boiled for 15 min and cooled to room
temperature in an ice bath. The absorbance of the reagent mixtures at 464 nm was measured by a
Thermo BioMateTM 3 spectrophotometer. Efficacies of inhibitors are indicated as relative PAD4
citrullination activity by normalizing the PAD4 activity without inhibitor treatment to 100%.
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2.3.4 MTT assay
Cells were treated with each compound at different concentrations for 72 hr in a 24-well
plate. MTT reagent was added to a final concentration of 0.5 mg/ml and further incubated for 4
hr. The yellow-colored MTT was reduced to insoluble purple-colored formazan in living cells.
The culture medium was removed and DMSO was added to dissolve formazan. The absorbance
of the formazan containing solution was then measured at 570 nm using a Thermo BioMateTM 3
spectrophotometer.

2.3.5 Western blot and fluorescent imaging
Western blot and immunostaining was performed essentially as previously described
[56].Antibodies used in Western blot were anti-PAD4 (custom made), anti-GST (Abcam, G018),
anti-H3Cit (Abcam, ab5103), anti-H3 (Abcam, ab1791), anti- LC3B (Cell Signaling, #2775),
anti-p62/SQSTM1 (Bethyl, A302-855A), and anti-β-actin (Sigma, A1978) at appropriate
dilutions. Anti-LC3B antibody (Cell Signaling, #2775) was used for immunostaining. DNA was
stained by the DNA dye Hoechst. For subcellular localization of YW3-56, U2OS cells were
treated with YW3-56 for 12hr then fixed in 3.7% paraformaldehyde in PBS buffer containing
0.1% Triton X-100 and 0.2% NP-40, pH 7.4. Nuclear DNA was visualized by TOPRO3 staining
and captured using Olympus BX61 microscope at Ex 647 nm / Em 665 nm. Images of YW3-56
subcellular distribution were captured at Ex 359 nm / Em 461 nm.

2.3.6 Histone citrullination assays with GST-PAD2 and GST-PAD4
For PADs citrullination activity assays, 1-2 µg acid extracted histones from Drosophila
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Kc cells were treated with GST-PAD4 or GST-PAD2 in 20 µl reaction buffer containing 50 mM
Tris.HCl, pH 7.6, 2 mM DTT, 2 mM CaCl2, 1 mM PMSF at 37°C for 1.5 hr. To determine the
inhibitory effects of YW3-56 on PADs citrullination activity, GSTPADs proteins were incubated
with YW3-56 in reaction buffer for 30 min before the addition of histone substrates. After the
GST-PADs treatment, the amount of histone H3 citrullination was analyzed using anti-histone H3
Cit2, 8, and 17 antibody (Abcam) by western blot experiments. Western blot signals were
quantified with the NIH ImageJ program.

2.3.7 Transmission electron microscopy
U2OS Cells were treated with 6 µM YW3-56 for 24 hr, fixed in 2% glutaraldehyde in 0.1
M phosphate buffer, pH7.4. Transmission electron microscopy analyses of U2OS cell
morphology were performed using the service of the Penn State Electron Microscopy Facility.

2.3.8 Microarray analysis
U2OS	
  cells	
  were	
  treated	
  with	
  8	
  μM	
  YW3-‐56	
  for	
  8	
  hr	
  before	
  harvesting.	
  Control	
  cells	
  
were mock treated with DMSO. Total RNA was extracted using the RNeasy Mini Kit (Qiagen)
per manufacturer’s instructions. The Affymetrix GeneChip Human Gene 1.0 ST array was used
for expression microarray. RNA labeling, hybridization, scanning, and data acquisition were done
at the Genomics Core Facility at the Pennsylvania State University. Data from all Affymetrix
GeneChips were normalized using the Robust Multichip Average (RMA) method [176, 177] with
Bioconductor’s affy package [178, 179]. The empirical Bayes moderated t-test was conducted on
the background corrected, normalized and log2-transformed expression values using the limma
package [180]. The corresponding P-values for transcripts represented on the GeneChip were
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converted to q-values to obtain approximate control of the false discovery rate at specified values
[181]. Estimates of fold change for each transcript were obtained by converting the mean
treatment difference estimated as part of the test.

2.3.9 Live cell imaging
The mCherry-GFP-LC3B reporter plasmid, a generous gift from Dr. Terje Johansen, was
transfected into U2OS cells using the Lipofectamine2000 (Invitrogen) according to the
manufacturer’s instructions. After transfection, U2OS cells are cultured for another 30 hr to allow
protein expression before adding YW3-56. U2OS cells were further incubated in 12 μM YW3-56
for 12 hr before performing confocal microscopy imaging. Imaging was performed essentially as
previously described [182]. Briefly, imaging was done on a Yokogawa CSUX1spinning disk
system completed with a Photometrics QuantEM:512SC CCD camera, DMI6000 Leica
motorized microscope, and a Leica 100×/1.4 n.a. oil objective. An ATOF laser with 491/561 nm
laser line enabled fast shuttering and switching between different excitations. Band-pass filters
(520/50 nm for GFP; 620/60 nm for mCherry) were used for emission filtering. All image
acquisition settings were kept the same during the image collection. The Metamorph (Molecular
Devices) and Image J softwares were used for image processing and analysis.

2.4 Results

2.4.1 Novel PAD inhibitors with increased ability to inhibit PAD4 and cancer cell growth
To develop more potent inhibitors for PAD4 inhibition and cancer cell killing, we carried
out an extensive structure-and-activity relationship study based on the Cl-amidine blueprint
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(Figure 2-4A). The Nα and Cα of the ornithine backbone were engineered with different
structural motifs or tethered within a ring scaffold via standard amide and ester coupling
chemistry to generate 23 new compounds in four synthesis, evaluation, and redesign cycles
(Figure 2-4A and B). Cl-amidine is a very hydroscopic compound, which readily dissolves in
water-based solutions and likely has low cell membrane permeation ability. Therefore, one of the
design schemes was to optimize the hydrophobicity and bioavailability of the new compounds.
The 23 compounds were first used at 20 µM to measure their cell-killing efficacy in osteosarcoma
U2OS cells by MTT assays (Figure 2-5). Several potent inhibitors (e.g., YW3-56, YW4-03, and
YW4-15) were selected to measure their IC50 in cell killing by MTT assays and PAD4 inhibition
by a colorimetric method (Figure 2-6). Inhibitors with low micromolar IC50 values, including
YW4-03 and YW3-56, were successfully developed (Figure 2-4C).
Compared with Cl-amidine, YW3-56 showed >60-fold increase in cell growth inhibition
efficacy (IC50 about 2.5 µM) but only ~5-fold increase in PAD4 inhibition (IC50 about 1-5 µM)
(Figure 2-4C). Based on these results, we chose YW3-56 as the lead compound for further
detailed biological analyses. Taking advantage of the fluorescent naphthalene moiety, we
analyzed the subcellular distribution of YW3-56 and found that it is mainly concentrated in the
nucleus, with a certain degree of enrichment in the nucleolus to form punctate structures (Figure
2-7B). Since PAD4 is a nuclear protein, the nuclear localization of YW3-56 indicated that it was
in the same subcellular compartment as PAD4. The nucleolar localization of YW3-56 is notable
given that nucleophosmin, an abundant protein in the nucleolus, is a known substrate of PAD4
[131, 183].
Furthermore, we analyzed the dose dependent effects of YW3-56 on cell morphology and
growth. At 2-4 µM concentrations, YW3-56 displayed mainly cytostatic effects by slowing cell
division. While at higher concentration, 8 µM, it exerted cytotoxic effects by altering cell
morphology and killing cells (Figure 2-7A). Recently, PAD4 and to a less extent PAD2, but not
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PAD3, were reported to citrullinate histone H3 [18]. Given our interest in understanding histone
citrullination in gene regulation, we next evaluated the target specificity of YW3-56 to PAD4 and
PAD2 using histone H3 as a substrate. Consistent with the previous report [18], PAD2 had a
weaker activity toward histone H3 compared with PAD4 (Figure 2-7C). On the other hand, using
histone H3 as a substrate, the IC50 of YW3-56 in PAD4 inhibition is about 1-2 µM while its IC50
in PAD2 inhibition is about 0.5-1 µM (Figure 2-7D). Due to its inhibitory activity to PAD2,
YW3-56 is referred to as a PAD inhibitor hereafter.

2.4.2 YW3-56 induces p53-target genes and regulators of mTORC1
To analyze the molecular mechanisms by which YW3-56 induces cancer growth
inhibition, we performed microarray analyses using Affymetrix microarray chips. Using a 1.5µM fold change as the cutoff (n=3, FDR<0.05), 728 genes were induced while 531 genes were
repressed after YW3-56 treatment in U2OS cells (Figure 2-8A). Gene ontology analyses revealed
that the cell cycle, nucleosome assembly, gene regulation, and cell death pathway genes were
significantly enriched (Figure 2-8C). Within the group of genes of the nucleosome assembly
pathway, the expression of multiple histone genes was decreased by several folds (Figure 2-9).
The decreased histone gene expression was further confirmed using reverse transcription
quantitative PCR (RT-qPCR). Both microarray and RT-qPCR assays detected a significant
decrease of histone genes, suggesting that YW3-56 can impact on the cell cycle progression by
inhibiting histone gene expression via mechanisms yet to be characterized in future research.
Moreover, since PAD4 regulates the expression of p53 target genes, we compared our microarray
gene list with the 122 direct p53 target genes previously reported [166]. 14 genes identified in the
microarray analyses overlap with the p53-target genes, representing a significant enrichment of
p53 genes (14/122, p<0.01) (Figure 2-8C). To show the consistency of the three independent
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microarray experiments, heat maps of 302 genes showing an average of ≥2-fold increase and 136
genes showing an average ≥2-fold decrease are presented (Figure 2-8B). In contrast to the
primary decrease in histone gene expression, genes of the p53 pathway were mainly upregulated
after YW3-56 treatment (Table 2-1). Notably, two upstream regulators of the mTOR-signaling
pathway, SESN2 and DDIT4 (also called REDD1), were induced 6.1-fold and 4.2-fold
respectively after YW3-56 treatment (Table 2-1). Both SESN2 and DDIT4 repress the mTORC1
kinase activity through TSC1/2 signaling axis [135, 166, 184], suggesting that YW3-56 treatment
may impact on the SESN2/DDIT4 → TSC1/TSC2 → mTORC1 signaling axis.
To assess the importance of p53 and PAD4 in YW3-56 mediated SESN2 expression, Dr.
Pingxin Li in our laboratory performed RT-qPCR analyses in U2OS cells with or without p53
depletion by shRNA. The basal level of SESN2 expression was decreased by p53 depletion
(Figure 2-12A). In contrast, the basal expression level of DRAM (damage-regulated autophagy
modulator) was not affected by p53 depletion (Figure 2-10A). After YW3-56 treatment, the
expression of SESN2 was strongly induced in control shRNA-treated U2OS cells but induced to a
relatively lower amount in p53-depleted cells (Figure 2-10A). The expression of mTOR regulator
SESN2 but not AMPK was increased after YW3-56 treatment in a p53-dependent manner,
suggesting that YW3-56 specifically activate a subset of mTOR regulatory genes (Figure 2-10A).

2.4.3 PAD4 serves as a corepressor of p53 to directly regulates SESN2 expression
Although SESN2 was reported as a p53 target gene, the direct evidence for p53 binding
on a specific region of the SESN2 promoter is not available to the best of our knowledge. To map
the p53 binding site(s) at the SESN2 gene, Dr. Pingxin Li performed ChIP experiments using a
set of primers spanning regions of the SESN2 gene with putative p53 binding consensus sites
predicted by the PROMO program. The binding of p53 to the +733 position of SENS2 increased
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~8-fold after UV irradiation treatment in U2OS cells (Figure 2-10B), suggestion that this region
contains putative p53 binding sites. Moreover, p53 binding at the +733 position of SESN2 was
increased > 4-fold with a concomitant increase of histone H3 Arg-17 methylation (H3R17Me)
after YW3-56 treatment. In contrast, a decrease in PAD4 binding and histone H3 citrullination
(H3Cit) at the +733 position was detected after YW3-56 treatment (Figure 2-10C). PAD4
functions as a corepressor of p53 for regulating the expression of multiple p53 target genes [56,
57]. These support a model in which PAD4 serves as a corepressor of p53 to repress SESN2
expression in untreated cells. In contrast, after YW3-56 treatment, p53 associates, whereas PAD4
dissociates from, the SESN2 gene, allowing a decrease in H3Cit and an increase in H3R17Me to
activate SESN2 expression.

2.4.4 YW3-56 mediated SESN2 expression inhibits the mTORC1 signaling
SESN2 is induced by starvation and stress conditions and serves as an upstream inhibitor
of mTORC1 by forming a complex with TSC1/2 [135]. mTORC1 inhibition decreases its
phosphorylation of p70S6K and 4EBP1 thereby inhibiting translation, cell growth and
proliferation while accelerating autophagy [35, 162] (illustrated in Figure 2-11A). In p53 wild
type MCF-7 breast cancer cells, YW3-56 treatment activates the transcription of multiple p53
target genes including SESN2 (Figure 2-11C). The induction of SESN2 by YW3-56 occurred
with a concomitant decrease in p70S6K phosphorylation at Thr-389 and in 4EBP1
phosphorylation at Ser-65 (Figure 2-11B). Taken together, the above results indicate that YW356 treatment can induce the expression of SESN2, which in turn triggers a cascade of signaling
events to inhibit the mTOR kinase activity.
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2.4.5 YW3-56 regulates the autophagy flux
The induction of upstream inhibitors of the mTORC1 pathway, which keeps the YinYang balance of translation and autophagy, prompted us to ask if YW3-56 treatment regulates
autophagy in U2OS cells. In transmission electron microscopy (TEM) analyses, many large
vesicles containing engulfed and digested membrane- and organelle-structures were observed in
YW3-56 treated cells but not in untreated control cells (Figure 2-12A). These large vesicular
structures (denoted by red arrows) have structural characteristics of autophagic vesicles (e.g.,
autophagosomes and autophagolysosomes) [185]. The formation of phagophores and
autophagosomes is associated with lipidation of LC3-I with phosphostidylethanolamine (PE) to
produce the membrane associated LC3-II protein [185]. Consistent with autophagic vesicle
accumulation, LC3-II accumulated after YW3-56 treatment in a drug dose-dependent manner
(Figure 2-12B). Furthermore, LC3 staining was detected in multiple large punctate structures in
U2OS cells after YW3-56 treatment but not in control cells (Figure 2-12C), offering additional
evidence for the formation of autophagosomes and/or autophagolysosomes after YW3-56
treatment.
The flux rate of autophagy can be controlled by several steps: 1) the enclosure of
cytoplasmic components by phagophores to form autophagosomes; 2) the fusion autophagosomes
with lysosomes to form autophagolysosomes; 3) dissolution of autophagolysosomes (illustrated
in Figure 2-13A). To analyze how YW3-56 affects the stepwise progression of autophagy, we
performed live cell imaging using a mCherry-GFP-LC3 reporter construct. The GFP signal in the
mCherry-GFP-LC3 fusion protein is quenched under acidic pH in autophagolysosomes, making it
a good fluorescent sensor to simultaneously analyze autophagosomes and autophagolysosomes
[185, 186]. In control U2OS cells, we found that ectopically expressed mCherry-GFP-LC3 was
detected as predominantly red and dynamically moving spots, with yellow spots occasionally
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observed, suggesting that the reporter protein was mainly associated with autophagolysosomes
(Figure 2-13B and E). In contrast, after treatment with YW3-56, enlarged red and yellow speckles
with reduced movement were observed in cells which remained attached to the culture surface
(Figure 2-13C) and in moribund cells that had shrunk in size and had partially lost its attachment
with culture surface (Figure 2-13D). Together with an increased percentage of yellow vesicles in
YW3-56 treated cells, all these results indicated that autophagosomes accumulated after YW3-56
treatment. Due to its selective degradation during autophagy, p62 (also called sequestome 1,
SQSTM1) serves as a marker for autophagy and its cellular level inversely correlates with the rate
of autophagic vesicle degradation [185]. We found that p62 dramatically accumulated in YW3-56
treated cells in a dose dependent manner (Figure 2-12B), suggesting that YW3-56 regulates the
autophagy flux by inhibiting autophagic vesicle breakdown by lysosomes. Two scenarios may
lead to the accumulation of autophagic vesicles: first, an increase in the influx rate with more
autophagosome feeding into the autophagy process; second, a decrease in the efflux rate with the
less efficient fusion of autophagosomes with lysosomes and subsequent autophagolysosome
dissolution. Note that these two possible mechanisms are not mutually exclusive and can function
independently or in combination. Our results suggest that YW3-56 may induce the accumulation
of autophagosomes by inhibiting mTORC1 as well as inhibits autophagosome degradation to
slow down the autophagy flux rate.

2.5 Discussion
An emerging theme in the field of cancer research is that the epigenetic silencing of
tumor suppressor genes can lead to increased cell growth and cell division during tumorigenesis.
Because epigenetic alterations do not include mutations in DNA per se, tumor suppressor genes
can be turned back on by targeting epigenetic modifiers as evidenced by recent progression in this
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area [125, 126, 156]. Previous pathological and genetic studies have linked PAD4 and protein
Arg citrullination with several human diseases, including cancers and autoimmune disorders. In
cancer cells, a finely tuned increase of PAD4 protein represses the expression of p53-target genes,
such as p21, GADD45, and PUMA. Here, using the newly developed PAD inhibitors, we
identified a novel molecular mechanism by which PAD4 represses the expression of the p53
target gene SESN2 to promote cancer cell growth, suggesting that PAD4 may facilitate
tumorigenesis from multiple aspects. Given that PAD4 is overexpressed in the majority of human
cancers of many tissue origins and that its levels are elevated in the blood of cancer patients [30],
further investigation of PAD4 and its inhibitors is of important value in cancer diagnosis and
treatment. Cancer cells respond very fast to YW3-56 treatment. As quick as 6 hr after YW3-56
addition to U2OS cells, we observed changes in cell morphology, such as a loss of cell
attachment and formation of cytosolic bubbles. These fast kinetics are in agreement with the high
membrane permeability and accumulation of YW3-56 in cancer cells as well as the immediate
induction of the SESN2 and DDIT4 gene expression within hours after the drug treatment.
Autophagy represents an important cellular adaptation response to various stress signals [169,
170, 185]. Starvation leads to the activation of several signaling pathways including the p53SESN2 axis. Once expressed, SESN2 can work together with TSC1/TSC2 protein complex to
inhibit the mTORC1 complex mediated phosphorylation of its target proteins that are involved in
protein synthesis. The decreased rate of protein translation is coupled with a concomitant increase
of cellular autophagy. YW3-56 activates the expression of SESN2 and inhibits of the
phosphorylation of p70S6K, offering a mechanism by which YW3-56 may induce autophagy.
Moreover, YW3-56 treatment leads to the accumulation of both autophagosomes as well as the
accumulation of p62/SQSTM1, suggesting that it exacerbates the autophagy burden by inhibiting
autophagic vesicle degradation. Unlike UV light treatment, TUNEL assay showed that YW3-56
induced cell death is not apoptotic cell death (Figure 2-14). Therefore, disruption of autophagy is
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one of the molecular and cellular mechanisms underlying YW3-56’s activity to curb cancer cell
growth.
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Figure 2-1: Solution phase synthesis of PAD4 inhibitor YW3-56.
	
  Step 1. A mixture of compound 1 BocOrn(Cbz)OH (1.0 g, 2.73 mmol), benzyl amine
(684 mg, 4.10 mmol), EDCI (780 mg, 4.10 mmol), DIPEA (1.056 g, 8.09 mmol) in DMF (60
mL) was stirred at room temperature for 4 hours. The solvent was evaporated in vacuo, the
residue was dissolved in 50 mLof ethyl acetate, the resulting solution was washed successively
with saturated aqueous solution of NaHCO3 (30 mL Å~ 3), 5% aqueous solution of KHSO4 (30
mL Å~ 3), saturated aqueous solution of NaCl (30 mL Å~ 3), and dried over anhydrous Na2SO4.
After filtration, the filtrate was evaporated in vacuo and the crude material was purified by flash
chromatography (silica gel: 230-400 mesh; 25% ethyl acetate/hexane as eluent) to give the
intermediate BocOrn(Cbz)NHBn as a white solid. Yield: 1.03 g (83%).
Step 2. To a solution of BocOrn(Cbz)NHBn (0.103 g, 0.23 mmol) in anhydrous DCM (8
mL) was added TFA (2 mL) at 0 °C, and the temperature was increased slowly to room
temperature, and then stirred for 1 hour. The solvents was then removed under N2 flow. The crude
product 2 as a TFA salt was used in the next step without further purification.1H NMR (CDCl3,
300 MHz) 8.17 (bs, 3H), 8.00 (bs, 1H), 7.27-7.04 (m, 10H), 5.35 (bs, 1H), 4.78 (m, 2H), 4.384.14 (m, 3H), 3.11 (bs, 1H), 2.90 (bs, 1H), 1.79 (bs, 2H), 1.66-1.42 (m, 2H); MS Calcd for
C20H26N3O3 [M+H+]: 356.2; Found: 356.3.
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Step 3. A mixture of compound 2 (0.23 mmol), 6-(dimethylamino)-2-naphthoic acid (60
mg, 0.28 mmol), EDCI (45 mg, 0.235 mmol), DIPEA (76 mg, 0.588mmol) in DMF (10 ml) was
stirred at room temperature for 4 hours. The solvent was evaporated in vacuo, the residue was
dissolved in 20 ml of ethyl acetate, the solution was washed successively with saturated aqueous
solution of NaHCO3 (10 ml Å~ 3), 5% aqueous solution of KHSO4 (10 ml Å~ 3), saturated
aqueous solution of NaCl (10 ml Å~ 3), and dried over anhydrous Na2SO4. After filtration, the
filtrate was evaporated in vacuo and the crude material was purified by flash chromatography
(silica gel: 230-400 mesh; 5% MeOH/DCM as eluent) to give compound 4 as white solid. Yield:
85 mg (74% in two steps). 1H NMR (CDCl3, 300 MHz) 8.17 (s, 1H), 7.72 (m, 2H), 7.62 (m, 1H),
7.25-7.02 (m, 10H), 6.87 (bs, 1H), 5.10 (m, 4H), 4.39 (m, 2H), 3.52 (m, 1H), 3.21 (m, 1H), 3.09
(s, 6H), 1.97 (m, 1H), 1.90-1.54 (m, 5H); MS Calcd for C33H36N4O4 [M+H+]: 553.3; Found:
553.4.
Step 4. To the solution of compound 4 (80 mg, 0.145 mmol) in MeOH (10 ml) was added
Pd/C (10%, 10 mg). The reaction mixture was stirred under H2 balloon for 8 hours at room
temperature. After filtration, the filtrate was evaporated in vacuo and the residue was triturated
with ether repeatedly to provide the free amine intermediates colorless powder. This product was
used in the next step without further purification.
(The solution phase synthesis of PAD4 inhibitor YW3-56 was done with the great help
from Dr. Gong Chen, Dr. Yuji Wang and Dr. Jianhui Wu. Figure adapted from Wang et al.,
2012.)
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Figure 2-2: LC/MS analysis of YW3-56.
Mass calculated for protonated YW3-56 C27H33ClN5O2 [M+H+] is 494.2, found at 494.4.
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(Figure adapted from Wang et al., 2012.)

Figure 2-3: 1H NMR analyses of YW3-56.
(Figure adapted from Wang et al., 2012.)
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Figure 2-4: Synthesis and characterization of more potent PAD4 inhibitors.
A) Structure of novel PAD4 inhibitors. Compound #1 is the prototype PAD4 inhibitor Cl-
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amidine. 23 representative novel PAD4 inhibitors (compound #2 to #24) are shown. Compound
#20 is YW3-56 that was characterized in detail in this thesis work. Compound #24 YW4-15 is a
biotin-conjugated form of YW3-56. YW3-56 and YW4-15 are intrinsically fluorescent molecules
because of the dimethyl-amide-naphthalene moiety denoted using a red frame.
B) The generic structure for medicinal chemistry modification.
C) Tabulation of the IC50 values of cell growth and PAD4 inhibition by several
representative inhibitors. IC50 for PAD4 inhibition was measured using colorimetric assays. IC50
for cell growth inhibition was measured by MTT assays in the above three independent
experiments.
(Figure adapted from Wang et al., 2012.)
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Figure 2-5: Cell growth inhibition effects of PAD inhibitors.
A) Representative images show the effects of PAD4 inhibitors in U2OS cell growth
inhibition using MTT assays for all 23 inhibitors at 20 µM concentration for 3 days. The dark
purple color reflects the amount of live cells in each well. Selective inhibitors, YW4-03, YW3-88,
and YW3-56 almost abolished cell growth at 20 µM concentration.
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B) MTT signals were measured by absorbance at 570 nm after cells were treated with
various PAD4 inhibitors at 20 µM concentration. Averages and standard deviations are shown
(n=3).
(Figure adapted from Wang et al., 2012.)
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Figure 2-6: IC50 values of PAD inhibitors on U2OS cell growth inhibition and PAD4 BAEE
citrullination activity inhibition.
A) The cell growth inhibition efficacy of inhibitors at different concentrations was
determined using MTT assays. Averages and standard deviations are shown (n>=3).
B) The PAD4 enzymatic activity inhibition efficacy of the inhibitors was determined
using a colorimetric assay measuring PAD4 catalyzed citrullination of BAEE. Averages and
standard deviations are shown (n>=3).
(Figure adapted from Wang et al., 2012.)
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Figure 2-7: Subcellular localization of YW3-56 and its inhibition of PAD4 and PAD2 activity.
A) Effects of YW3-56 on U2OS cell growth and morphology. Representative phase
contrast microscopy images show the alteration of cell density and morphology after 8 µM YW356 treatment for 12 hr.
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B) Upon the addition of YW3-56 to U2OS cells, the subcellular localization of YW3-56
(green color) was visualized by fluorescent microscope. U2OS cells were treated with 6 µM
YW3-56 for 12 hr.
C) Comparison of the GST-PAD4 and GST-PAD2 activity using histone H3 substrate in
Western blot (WB) experiments.
D) PAD2 and PAD4 were preincubated with different amounts of YW3-56. Enzymatic
activity of PAD proteins toward histone H3 substrate after inhibitor incubation was detected by
WB. The total amount of H3 was probed with a general histone H3 antibody. Representative
results of over three repeats experiments are shown in panel A-C.
(Figure adapted from Wang et al., 2012.)
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Figure 2-8: Cellular functions of genes affected by YW3-56 treatment in U2OS cells.
A) 728 genes showing ≥ 1.5-fold increased expression and 531 genes showing ≥ 1.5-fold
decreased expression after 8 µM YW3-56 treatment for 8 hr.
B) Genes in panel A) were analyzed according to their gene ontology categories. Gene
ontology terms are shown on the x-axis together with the number of genes changed/the number of
genes with that category shown in parentheses. The scale for the log10 p values for the
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enrichment significance is graphed along the left side of the y axis, and the scale for the
percentages of genes showing changes within each category is graphed along the right side of the
y axis.
C) Heat map of genes showing ≥ 2-fold increased expression from three independent
experiments (left columns) and genes showing ≥ 2-fold decreased expression from three
independent experiments (right columns). Each column represents an independent experiment.
Yellow color indicates genes of increased expression, whereas blue color indicates genes of
decreased expression after YW3-56 treatment. FDR, false discovery rate. Ctrl, control.
(Figure adapted from Wang et al., 2012.)

Figure 2-9: The effects of YW3-56 treatment on the expression of histone genes in U2OS cells.
A) The change of histone cluster 1 genes was detected in microarray analyses.
B) The change of histone cluster 2 genes was detected in microarray analyses.
(Figure adapted from Wang et al., 2012.)
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Figure 2-10: Direct regulation of SESN2 expression by p53 and PAD4.
A) RT-qPCR analyses of p53 and its target gene expression after 6 hr of YW3-56
treatment of U2OS cells with or without p53 depletion by shRNA. The expression levels of each
gene in control U2OS cells without p53 depletion and YW3-56 treatment were normalized to 1.
Averages and standard deviations are shown (n=3).
B) ChIP analyses of p53 binding at the SESN2 gene before and after UV irradiation
treatment for 6 hr.
C) ChIP analyses of p53 and PAD4 association as well as histone H3R17Me and H3Cit
modifications at the +733 position of SESN2 gene before and after YW3-56 treatment at 6 µM
for 6 hr. Averages and standard deviations (n =2 x 3) are shown (* indicates p < 0.005). TSS,
transcription start site. The work was done by Dr. Pingxin Li.
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Figure 2-11: YW3-56 regulates the mTOR signaling pathway through SESN2 induction.
A) Illustration of the p53-SESN2-mTORC1 signaling pathway. SESN2 forms complex with
TSC1/2 to inhibit the mTORC1 activity and subsequent p70S6K phosphorylation, which offers a
molecular mechanism linking YW3-56 treatment to autophagy regulation.
B) Western blot analyses were performed to analyze SESN2, p70S6K, p70S6K Thr389
phosphorylation, 4EBP1, 4EBP1 Ser65 phosphorylation and LC3B after YW3-56 treatment for 8 hr
in MCF-7 cells.
C) RT-qPCR analyses of p53 and its target gene expression after 8 hr of YW3-56 treatment
(4µM-Y4, 6µM-Y6, 8µM-Y8) in MFC-7 cells.
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Figure 2-12: YW3-56 induces autophagy in human osteosarcoma U2OS cells.
A) Transmission electron microscopy images of mock-treated cells at low magnification
(Low mag.) and high magnification (High mag.) (upper panels) as well as YW3-56-treated cells
(lower panels). Distinctive structures with characteristics of autophagolysosomes in YW3-56 treated
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cells are denoted by red arrows. Scale bars are 1µm. U2OS cells were treated with 6 µM YW3-56
for 24 hr.
B) Levels of LC3-I and LC3-II as well as p62/SQSTM1 were analyzed by Western blot
after different doses of YW3-56 treatment for 12 hr.
C) LC3 was detected in large speckles denoted by white arrows in U2OS cells after YW356 treatment cells (lower panels) but not in control cells (upper panels).
(Figure adapted from Wang et al., 2012.)
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Figure 2-13: YW3-56 induces accumulation of autophagosome in human osteosarcoma U2OS cells.
A) Schematic drawing of the autophagy process. The mCherry-GFP-LC3-PE reporter
is red and green when it associates with phagophores (also called isolation membranes) and
autophagosomes (PE denotes phosphatidylethanolamine). After fusion with lysosomes to form
autophagolysosomes, the GFP signal is quenched by the acidic condition. Adapted from Wang et al.
2012.
B) A representative microscopy image showing red-colored autophagolysosomes and red
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and green double-colored autophagosomes in control mock-treated cells.
C) A representative microscopy image showing red-colored autophagolysosomes and red
and green double-colored autophagosomes in YW3-56-treated U2OS cells with slight morphology
changes. Cells were treated with 12 μM YW3-56 for 12 hr.
D) A representative microscopy image showing red-colored autophagolysosomes and red
and green double-colored autophagosomes in a moribund cell after YW3-56 treatment. Insets show
details of the structures at higher magnification. Arrowheads denote autophagolysosomes and
arrows denote autophagosomes (B-D). Scale bars in panels B-D represent 5 µm.
E) Count of autophagosome (Red and green double-colored, which is Yellow) and
autophagolysosomes (Red) in mock-treated cells and YW3-56 treated cells.
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Figure 2-14: TUNEL assay of YW3-56 induced cell death.
TUNEL assay of U2OS cells treated with DMSO control-mock, 250 J/m2 UV treatment
with a 24 hr recovery, and 12 µM YW3-56 for 12 hr, respectively.
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Table 2-1: Microarray analyses showing p53-target gene expression changes after treatment of
U2OS cells with YW3-56
Genes1,2
SESN23
DDIT4/REDD1
HDAC9
EIF2A3K/PERK
GADD45A
ATF3
IER5
NOXA/PAMIP3
CDKN1A/p21
CHD2
RRAD
NEDD4L
SPAG9
TNFAIP8/SCC-S2
MSH6
GPR39

Fold of
change
6.1
4.2
2.9
2.7
2.6
2.5
2.5
2.4
1.84
2.0
1.8
1.6
1.6
0.56
0.55
0.47

Function
Inhibitor of mTOR, autophagy
Inhibitor of mTOR, autophagy
Chromatin modifier
Metabolism, insulin signal pathway
Apoptosis/cell cycle
Cellular stress pathway
Cell differentiation induced
Apoptosis
Cell cycle arrest
ATPase and DNA binding
GTPase
Ubiquitin E3 ligase
Sperm associated antigen 9
Antiapoptotic, cell transformation
DNA damage repair
Insulin release pathway

Reference
Budanov et al., 2002 [187]
Brugarolas et al., 2004[188]
Yuan et al., 2010 [189]
Cavener et al., 2010 [190]
Zhu et al., 2008 [191]
Thompson et al., 2009[192]
Okada et al., 2005 [193]
Oda et al., 2000 [194]
Li et al., 2008 [57]
Marfella et al., 2006 [195]
Tseng et al., 2001 [196]
Gao et al., 2009 [197]
Kanojia et al., 2010 [198]
Kumar et al., 2004 [199]
Martin et al., 2010 [200]
Holst et al., 2009 [201]

Note:
1

The 122 high confidence direct p53-target genes identified previously [166] were used to query

the microarray results.
2

14 of the 122 genes showing significant changes in gene expression. This enrichment is

statistically significant (p<0.01).
3

SESN2 and NOXA were not characterized among the 122 direct p53 target genes.

Table adapted from Wang et al. 2012.

Chapter 3

ATF4 gene network integrates ER stress and oxidative stress to regulate
mTORC1 and autophagy
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3.1 Abstract
Gene regulation is key to maintaining cellular homeostasis and to determining the
ultimate cell fate of life or death under adverse conditions. Here, through analyzing the anticancer
mechanisms of a small molecule peptidylarginine deiminase inhibitor YW3-56, I identified ATF4
as an important regulator of the YW3-56 response. Using global gene expression analyses I found
that YW3-56 induced many ATF4 target genes involved in the oxidative and ER stress pathways.
Using the high resolution ChIP-exo method, thousands of genomic ATF4 recognition elements
were mapped, revealing that ATF4 regulates amino acid metabolism and ER stress response
genes. In the triple negative and p53R280K mutant breast cancer MDA-MB-231 cells, YW3-56
triggers a distinct type of cell death featuring mitochondria depletion, mTORC1 inhibition, and
blocks autophagy. Furthermore, the kinetics of YW3-56 induced ER stress and gene expression
required elevated ROS levels. YW3-56 treatment effectively inhibited the growth of triple
negative breast cancer cell derived tumors in nude mice. Taken together, our results show that
ATF4 gene network integrates ER stress and oxidative stress to regulate mTORC1 and autophagy
in cancer cells treated with the PAD inhibitor YW3-56.

3.2 Introduction
Cancer cells demand high metabolic rate to synthesize a large amount of macromolecules
to match their fast cell growth rate. Within the solid tumor microenvironment in vivo, cancer cells
are under high levels of stress, including metabolic stress due to the fluctuation of blood and
nutrient supply, oxidative stress because of ROS elevation, and endoplasmic reticulum (ER)
stress due to unfolded protein accumulation or a large amount of protein synthesized in the ER
[202-204]. The tumor suppressor p53 functions as a major node of cellular signaling network in
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maintaining homeostasis and guarding the genome [205]. p53 relays the upstream signals,
including DNA damage and various cellular stress signals, by regulating the expression of
hundreds of downstream target genes to keep the homeostasis of cell growth, the cell cycle, cell
survival and cell death [128, 130]. However, since ~50% of cancer cells lack a wild type p53, it is
anticipated that other transcription factors play an important role in regulating gene expression to
cope with these cellular stresses and regulate the cell fate determination. Of potential candidates,
ATF4 (activating transcription factor 4) is well-known for its role in the ER stress response [206].
ER stress can be induced as a result of unfolded protein response (UPR), increased ROS levels,
and exposure to various chemical reagents [203, 207-212]. In response to the ER stress, the
PERK kinase phosphorylates eIF2α, which in turn increases the translation of ATF4 [213, 214].
ATF4 regulates the transcription of a cohort of downstream target genes involved in cell survival,
chemoresistance, apoptosis, autophagy and senescence [215-219]. The ultimate outcome after
ATF4 activation is context dependent, influenced by the nature of the stimulation and the cell
type.
Macroautophagy (often called autophagy) is an evolutionarily conserved cellular process
during which a large amount of cellular components is degraded by lysosomes in autophagic
membrane structures, including sequentially formed phagophores, autophagosomes and
autolysosomes [168, 170, 220]. Autophagy is triggered as a result of starvation in many
organisms, and appears to be a cellular process adapted by cancer cells to cope with various
stresses, such as ER stress, oxidative stress, and limited nutrients [169, 203]. The Yin-Yang
balance of autophagy is key in maintaining cellular homeostasis as it has been found that
autophagy regulators can suppress or promote tumor development [221-223]. As autophagy plays
a central role in cancer cell viability, inhibitors of autophagy have been utilized to curb cancer
growth alone or in combination with other chemotherapeutic reagents in ongoing clinical trials
[22, 173, 203, 224, 225].

63
Chromatin composed of DNA and histone proteins plays an essential role in
transcriptional regulation in eukaryotic cells [155]. Covalent modifications of DNA and histone
proteins carry additional information beyond the genetic code, which is often referred as
epigenetic information that impinges on gene expression to ensure normal development and cell
cycle progress [226]. Due to genetic alterations and/or aberrant expression of chromatin enzymes
and regulators, deregulation of DNA and histone modifications can result in disease
manifestations including cancer and neurodegenerative diseases [125, 126, 227, 228]. As such,
the development of small molecule modulators of chromatin factors has been pursued to restore
normal gene expression patterns and to induce the expression of genes in favor of cell cycle arrest
and cell death [22, 158-160].
The peptidylarginine deiminase (PAD) family has five members, including PAD1, 2, 3, 4
and 6, in the human and mouse genomes [3]. PADs demonstrate strong tissue specific gene
expression patterns. Others and us have found that PAD4 converts histone Arg and methyl-Arg
residues to citrulline via deimination and demethylimination reactions, respectively [33, 54]. The
tumor suppressor p53-mediated gene expression is facilitated by protein arginine
methyltransferases (e.g., PRMT1 and CARM1) and histone acetyltransferase p300/CBP [42].
Reversely, PAD4-catalyzed histone citrullination appears to repress p53 target gene expression
(e.g., p21, PUMA, and SESN2) in coordination with histone deacetylation [22, 56-58]. PAD4 is
also found to be a target gene of p53 and may form a negative feedback loop to regulate p53
biological functions, such as apoptosis [36]. Besides its role in gene repression, PAD4 was found
to citrullinate histone H3 Arg8 residue, thereby counteracting the function of the adjacent histone
H3 Lys9 methylation and decreasing heterochromatin protein 1 binding to this methylation site
[59, 60]. The modification of H3 Arg8 may offer a mechanistic link underlying the proposed gene
activation function of PAD4 in the context of other transcription factors and their target gene
promoters, such as serving as a coactivator of Elk-1 [58].
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We recently reported that a newly developed PAD inhibitor YW3-56 activates p53 target
gene expression for cancer growth inhibition [22]. However, given that over 50% of all human
cancers harbor mutant p53, it is important to know if YW3-56 is also effective in p53 mutant
cancer cells. Here, we found by gene expression profiling analyses that YW3-56 regulates the
expression of many genes involved in the oxidative stress and ER stress pathways. ATF4 was
identified as an upstream transcription factor regulating cellular responses after YW3-56
treatment. ChIP-exo analyses precisely identified ATF4 target genes in YW3-56 treated breast
cancer cells, revealing a direct role of ATF4 in regulating cellular stress responses, the mTORC1
signaling pathway, autophagy and cancer cell growth. Moreover, we showed that YW3-56 is
effective in growth inhibition of tumors derived from the triple negative breast cancer cells in
nude mice, suggesting a therapeutic potential of this inhibitor.

3.3 Material and Methods

3.3.1 Cell culture, reagents and treatment
MDA-MB-231 and its derived cell line 1833TR (a bone homing variant) were obtained
from Dr. Joan Massagué (Memorial Sloan Kettering Cancer Center). The other cell lines used
were obtained from ATCC. MDA-MB-231 and 1833TR cells were cultured in DMEM medium
(Gibco) supplemented with 10% FBS and penicillin-streptomycin (100 U/ml and 100 µg/ml,
respectively) in a 5% CO2 incubator at 37 °C. Compounds were added when cells reached around
70% confluence. Specific concentrations and duration of YW3-56 treatment were performed as
specified. HL-60 cells were cultured in RPMI-1640 medium supplemented with 10% FBS and
penicillin-streptomycin (100 U/ml and 100 µg/ml, respectively). 1.25% DMSO was used to
differentiate HL-60 cells into granulocytes for 3 days. For inducing histone H3 citrullination in
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HL-60 granulocytes, 2x106 /ml cells were resuspended in Locke’s solution and treated with 4 µM
calcium ionophore A23187 (Sigma) for 25min at 37oC.

3.3.2 PAD4 activity and histone citrullination analyses
In vitro PADs citrullination activity assays were preformed using His-PAD4 and GSTPAD4 proteins expressed and purified from E.coli BL-21, and acid extracted histones from
Drosophila Kc cells. In a 20 µl reaction, 0.1-0.2 µg His-PAD4 or GST-PAD4 protein was preincubated with compounds (Cl-amidine or YW3-56) or vehicle in a PAD assay buffer (50 mM
Tris.HCl, pH7.6, 2 mM DTT, 2 mM CaCl2, 1 mM PMSF) at 37 °C for 0.5 hr. Then 1µg acid
extracted histones from Drosophila Kc cells was added into the reaction for another 1.5 hr
incubation at 37 °C. The reaction was stopped by adding in SDS-buffer and boiling the samples.
Histone H3 citrullination was analyzed using anti-histone H3Cit antibody (Abcam) in western
blot experiment.

3.3.3 Colorimetric assay of citrullination of PAD4
To measure the reversibility of PAD4 inhibition by YW3-56, a colorimetric assay using
His-PAD4 protein and benzoyl-L-arginine ethyl ester (BAEE, sigma) as substrate was performed.
For each reaction, 2 µΜ His-PAD4 protein was pre-incubated with 50 µΜ YW3-56 or vehicle in
at room temperature for 30min in the PAD assay buffer (50 mM Tris.HCl, pH7.6, 2 mM DTT, 1
mM CaCl2, 1 mM PMSF). Then the protein samples were dialyzed in PBS buffer containing 10
nM DTT and 1 mM CaCl2 for 24 hours. 0.2 µg protein after dialysis was incubated with 5 mM
BAEE in 100 µl PAD assay buffer for 1.5 hr at 37 °C. Reaction was stopped with the addition of
25 µl 5 M HClO4. The samples were briefly centrifuged at 13, 400 x g and the supernatant was
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mixed with equal volume of reagent A (0.5% w/v diacetyl monoxime and 15% w/v NaCl in
water) and 2 volume of reagent B (1% w/v antipyrine, 0.15% w/v ferric chloride, 25% v/v H2SO4
and 25% v/v H3PO4). Then the mixtures were boiled and absorbance at 464 nm was measured
using a BioMateTM 3 spectrophotometer (Thermo-Fisher).

3.3.4 MTT assays for cell viability
Cancer cells were treated with YW3-56 at various concentrations for 48 hr in 24-well
plates. MTT reagent was added to a final concentration of 0.5 mg/ml and further incubated for 4
hr. The culture medium was then removed after centrifugation at 200 x g for 5 min and 2 ml
DMSO was added to dissolve the formazan product reduced from MTT in living cells.
Absorbance at 570 nm was measured using a BioMateTM 3 spectrophotometer (Thermo-Fisher).

3.3.5 Flow cytometry analyses of cell death
MDA-MB-231 cells treated with 16 µM YW3-56 for 12 hr were harvested and washed
with PBS once. The cell pellet was resuspended in 1 ml pre-warmed DMEM containing 50 nM
MitoTracker Deep Red (MDR, Molecular Probes) and incubated at 37 °C for 40 min. After
incubation with MDR, cells were washed with PBS twice followed by staining with annexin VFITC (BD Biosciences) and propidium iodide (PI, Sigma). Cells treated with vehicle were used as
a control. The fluorescence of stained cells was assessed by FC500 flow cytometer (Beckman
Coulter Inc.) at the PSU Microscopy and Cytometry Facility, and the LMD files were analyzed
using the WinMDI 2.9 software or the FlowJo software.
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3.3.6 Fluorescent and TEM microscopy
To visualize the LC3B subcellular localization, MDA-231 cells were treated with 8 µM
YW3-56 for 12 hr, and fixed in 3.7% paraformaldehyde in PBS buffer containing 0.1% Triton X100 and 0.2% NP-40, pH 7.4. Primary antibody LC3B (Cell signaling) was 1:200 diluted in
PBST supplemented with 2% BSA and 5% normal goat serum. Cells were stained with the L3CB
antibody overnight at 4 °C then washed with PBST for 3x10 min and stained with Alex488
conjugated secondary antibody at RT for 2 hr in the dark as previously described [33]. Nuclear
DNA was visualized by Hoechst staining. Imaging was obtained using an Axioskop 40
fluorescence microscope (Carl Zeiss, Inc.) equipped with an AxioCam MRM camera and the
AxioVision AC software. For transmission electronic microscopy (TEM) analyses, MDA-MB231 cells were treated with 10 µM YW3-56 for 8 hr and fixed in 2% glutaraldehyde in 0.1M
phosphate buffer, pH 7.4. TEM imaging was preformed in the Penn State Electron Microscopy
Facility.

3.3.7 TUNEL assay
TUNEL assays were performed essentially as previously described [57]. MDA-MB-231
cells were treated with 0.4 µM doxorubicin for 24 hr, 250 J/m2 UV with a 24 hr recovery, or 12
µM YW3-56 for 12 hr. Cells were fixed with 3.7% paraformaldehyde and the TUNEL staining
was performed using a DeadEnd Fluorometric TUNEL kit (Promega Inc.) per manufacturer's
instructions. After TUNEL staining, cells were then washed with PBST (PBS with 0.1% Triton
X-100) and stained with Hoechst to visualize DNA. The images were captured using a Zeiss
Axioskop 40 fluorescence microscope.
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3.3.8 Live cell imaging of mCherry-GFP-LC3
MDA-MB-231 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 YW3-56. After incubation with 12 µM YW3-56 for 12 hr, the live cell
imaging was done essentially as previously described [22]. The processing and analysis of images
were done using Metamorph (Molecular Devices) and the NIH Image J software.

3.3.9 Quantitative reverse transcription PCR (qRT-PCR) and Western blot analyses
Cells harvested from 6-well plates were washed with PBS and total RNA was isolated
using the RNeasy Mini Kit (Qiagen) following manufacturer’s instructions. Quantitative reverse
transcription PCR (qRT-PCR) was done using qScript cDNA SuperMix (Quanta Biosciences) as
previously described [22]. Quantitative PCR of specific genes was performed using SYBR Green
SuperMix (Quanta Biosciences) in the StepOnePlus Real-Time PCR System (Applied
Biosystems). Primers used in quantitative PCR are listed in Table 4-1. Western blot analyses were
performed essentially as described previously [22]. Antibodies used in Western blot were antiPAD4 (custom made), anti-His-tag (Abcam, G020), anti-H3Cit (Abcam, ab5103), anti-H3
(Abcam, ab1791), anti-ATF4 (Santa cruz, sc-200), anti-CEBPB (Bethyl, A302-738A), anti-Nrf2
(Santa cruz, sc-13032), anti-SESN2 (Abcam, ab57810), anti-DDIT4 (Proteintech Group, 106381-AP), anti-DDIT3 (Santa cruz, sc7351), anti-p70S6K (Cell Signaling, 9202), anti-p70S6KpT389 (Cell Signaling, 9205), anti-4E-BP1-pS65 (Cell signaling, 9456), anti-4E-BP1 (Cell
signaling, 9644), anti-LC3B (Cell Signaling, 2775), anti-p62/SQSTM1 (Bethyl Laboratories,
A302-855A), anti-cleaved-PARP (Asp214) (Cell signaling, 9546), anti-eIF2α (Cell signaling,
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2103), anti-eIF2α-pS51 (Cell signaling, 3398), and anti-β-actin (Sigma, A1978) at appropriate
dilutions.

3.3.10 Microarray
MDA-MB-231 cells were treated with 8 µM YW3-56 for 8 hr before harvesting. Control
cells were mock treated with DMSO. Total RNA was extracted as described above. The
Affymetrix GeneChip Human Gene 1.0 ST arrays were used. Data from all Affymetrix
GeneChips were normalized and analyzed as previously described [22].

3.3.11 IPA analyses and GSEA analyses of global gene expression changes
In total, 1,204 genes with a minimum of 1.5-fold difference and an FDR<0.05 (n=3) were
analyzed using IPA (Ingenuity System, www.ingenuity.com) core analysis to identify canonical
pathways, upstream regulators, and establish networks. Top canonical pathways were identified,
including the oxidative stress response (p=1.86x10-5), the GADD45 signaling (p=9.05 x 10-4) and
the endoplasmic reticulum stress pathway (p=4.65x10-3). Moreover, upstream regulators were
identified, including ATF4 and EIF2AK3. Target molecules of ATF4 in dataset and their
expression changes were graphed. Network analyses visualized the ATF4-DDIT4 and SESN2AMPK-mTORC1 gene networks based on the correlation of genes. Gene set enrichment analyses
(GSEA) were performed using microarray data processed by the AltAnalyze software (Gladstone
Institution, UCSF) [229] with p<0.05 and 1.5-fold difference as cutoffs. The enrichment of genes
in different biological processes and pathways was evaluated using GSEA with c2 curated gene
sets and c5 curated GO gene sets in the MSigDB [230]. Enrichment of gene sets was ranked
according to normalized enrichment score (NES).
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3.3.12 siRNA treatment and forced overexpression of ATF4 and CEBPB
With a 70-80% confluence in 6 well plates, MDA-MB-231 cells were transfected using
the siRNA transfection reagent (Santa cruz) per manufacturer’s instructions. siRNAs used in the
transient transfections were: control scrambled siRNA (Santa cruz, sc-37007), CEBPB siRNA
(Santa cruz, sc-44251), ATF4 siRNA (Santa cruz, sc-35112) and PERK siRNA (Santa cruz, sc36213). Following siRNA treatment for 48 hr, cells were treated with YW3-56. To overexpress
ATF4 or CEBPB, with a 70-80% confluence in 6-well plate, MDA-MB-231 cells were
transfected with pRK-ATF4 (Addgene, 26114) plasmid or pCMV-CEBPB (Origene, sc319561)
plasmid. Empty pRK and pIRES plasmids were used as negative control. At 24 hr after forced
expression of ATF4 and CEBPB, qRT-PCR and Western blot were performed to analyze the
effects of ATF4 and CEBPB on gene expression.

3.3.13 Chromatin immunoprecipitation (ChIP)
ChIP experiments were carried out essentially as described previously [57]. Antibodies
used in ChIP were: anti-ATF4 (Santa cruz, sc-200) and anti-CEBPB (Bethyl, A302-738A).
Primers used in quantitative ChIP-qPCR for SESN2, DDIT3 and DDIT4 were listed in Table 4-1.

3.3.14 MDA-MB-231 cell xenograft analyses in nude mice, H & E staining
All animal procedures were approved by the Penn State University IACUC committee.
Subcutaneous breast cancer xenografts were established using the MDA-MB-231 derived
1833TR cell line. 1833TR cells were trypsinized, washed and resuspended in PBS (Gibco) at
5x107 cells/ml. 50µl containing 2.5x106 cells were injected subcutaneously into the abdominal
mammary fat pad of 5 weeks old nude mice (Harlan Laboratory). After tumors achieved
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approximately 30-50 mm3 (1/2 x L x W2), tumor-bearing mice were randomly grouped into 3
mice per group and injected with YW3-56 (12.5mg/kg daily for 29 days, 25 mg/kg daily for 32
days, or 40 mg/kg once every 2 days for 26 days) or vehicle (DMSO in PBS). Tumor volume and
body weight were measured daily to evaluate the anti-tumor activity of YW3-56. At the end
point of the experiments, mice were sacrificed. Tumors and important organs (brain, lung, heart,
liver, spleen and kidney) were dissected and weighed. A section of the tumors were used for RNA
and protein extraction. Tumor tissues were fixed in formalin and hematoxylin and eosin (H&E)
staining were performed using the service of the ADL (animal diagnostic laboratory, Penn State
University) at PSU.

3.3.15 Flow cytometry analysis of ROS
MDA-MB-231 cells treated with YW3-56 for 3hr were collected, washed once with PBS,
and then resuspended in fresh DMEM medium (supplemented with 10% FBS, 100 U/ml
penicillin and 100 µg/ml streptomycin) containing 3 µM 2’, 7’–Dichlorofluorescein diacetate
(Sigma) for 25min incubation at 37°C. Before fluorescence measurements, stained cells were
washed twice with PBS to remove excessive 2’, 7’–Dichlorofluorescein diacetate. Cells treated
with 200 µM H2O2 and vehicle were used as positive and negative controls. The fluorescence of
stained cells was assessed by FC500 flow cytometer (Beckman Coulter Inc.) at the PSU
Microscopy and Cytometry Facility, and the LMD files were analyzed using the WinMDI 2.9
software or the FlowJo software.
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3.3.16 ChIP-exo assay
ChIP-exo assays were carried out essentially as described with minor alterations [231].
Immunoprecipitated DNA fragments for ChIP-exo were prepared from MDA-MB-231 cells
treated with 12 µM YW3-56 or vehicle for 6  hr and then subjected to 1% formaldehyde
crosslinking for 10  min. After being quenched with 125 mM final concentration of glycine for
5 min, cells were harvested and washed. Sonicated chromatin was prepared by standard methods.
ChIP was performed with anti-ATF4 (Santa cruz, sc-200) and anti-CEBPB (Bethyl, A302-738A)
using standard ChIP methods. Lambda exonuclease treatment and library construction were
performed as previously described [232]. In total 5 replicates from 3 biological experiment sets
were done for each antibody following the same protocol. Sequencing was performed using
Illumina HiSeq 2000 at Penn State University. Reads were aligned to the UCSC human genome
hg19 (http://genome.ucsc.edu) using BWA with default parameters [233]. Uniquely aligned tags
were retained and filtered to remove those from blacklist regions provided by the ENCODE
project. The resulting distribution of reads was used to identify the forward (W)- and reverse (C)strand peaks using GeneTrack with sigma = 5 and exclusion zone = 10 [234, 235] The W and C
peaks were paired if they were 3′ to each other and less than 60 bp apart. Because the analysis of
individual replicates displays significant consistence in predicted target genes, tags from five
replicates were merged together for final peak-pair calls. According to the normal distribution of
tag counts of peak-pairs in IgG data set, we assumed that 99% of the peak-pairs, which have a tag
count of less than 9 (mean+3sd), is background noise. Correspondingly, peak-pairs that have a tag
count of less than 9 were first removed from merged data sets of IgG, ATF4 and CEBPB. Tag
counts of peak-pairs retained in each data set were still normally distributed. For reliability, less
than top 1% peak-pairs – top 1500 peak-pairs that have a tag count more than 26 from the ATF4
data set, and top 1500 peak-pairs that have a tag count more than 27 from the CEBPB data set –
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were used for predicting target genes. A total of 35 peak-pairs met the criteria of tag count more
than 26 from the IgG data set were used to generate a list of unspecific antibody recognition sites.

3.3.17 Identification of binding sites and candidate genes
Human genome hg19 annotation for tracking the RefSeq TSSs was downloaded from the
UCSC website. Binding sites identified by ChIP-exo of ATF4 (1500 peak-pairs), CBEPB (1500
peak-pairs) and IgG (35 peak-pairs) were assigned to the nearest RefSeq TSSs if they are within
25 kb apart on either strands, yielding 589, 610 and 13 genes, respectively. By filtering away the
potential unspecific binding sites of antibody, 579 and 607 candidate genes were identified for
ATF4 and CEBPB, respectively. In these analyses, each binding site would only be assigned to
one TSS, while one TSS might be associated with multiple binding sites.

3.3.18 Functional enrichment analyses
Functional enrichment analyses on 579 ATF4 and 607 CEBPB putative candidate genes
identified by ChIP-exo were performed using the DAVID tools [236] to identify significantly
over-represented biological functions defined by Gene Ontology terms. Enrichment score is used
to rank the biological significance of the gene groups.

3.3.19 Motif analyses using MEME Suite
Motif analyses were performed using the MEME suite (http://meme.nbcr.net/meme/)
[237]. Sequences fetched from the top 1500 peak pairs (sequence -50 bp to +50 bp from the peak
pair midpoint) were subjected to MEME-ChIP [238], and the top-scoring motif identified as the
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consensus motif 1. 4 motifs for ATF4 and CEBPB were reported and listed, respectively. Motif 1
was then subjected to the FIMO (Find Individual Motif Occurrences) analysis to search the
occurrence of consensus in the top 1500 binding sites using default parameters [239]. Sequences
of binding sites containing the consensus motif 1 were centered by motif 1 and represented in
alignment map.

3.3.20 Statistics
Data for descriptive statistics analyses are presented as mean values with error bars
indicating ± s.d. or ± s.e.m. Experiments are repeated, and the numbers of the biological
replicates (n) used for data analyses are indicated in figures. Student’s t -test (unpaired, twotailed) was used to compare two groups of independent samples. Western blotting results are
representative results from two or three independent experiments.

3.4 Results

3.4.1 PAD4 inhibitor YW3-56 inhibits histone citrullination and cell growth of p53 mutant
cancer cells
YW3-56 is a structural mimic of the PAD4 substrate peptidylarginine (Figure 3-1A). In
human leukemia HL-60 granulocytic cells, PAD4 expression was highly induced after the
differentiation by 1.25% DMSO [33]. The basal histone H3 citrullination level in the
differentiated cells increased after calcium ionophore A23187 treatment (Figure 3-1B, lane 2
compared with lane 1). The A23187 induced histone citrullination was inhibited by pretreatment
with 12 µM YW3-56 for 2 hr but not 12 µM Cl-amidine for 2 hr (Figure 3-1B, lane 5 compared
with lane 4), suggesting that the efficacy of YW3-56 was much improved over the prototype PAD
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inhibitor Cl-amidine. Cl-amidine was found to irreversibly inhibit PAD4 via covalent
modification of the active site cysteine residue [134]. To better understand the inhibition
mechanism of YW3-56 on PAD4, I purified GST-PAD4 and His6-PAD4 from E.coli, and found
these enzymes efficiently citrullinated histone H3 in vitro as measured by western blot and
colorimetric assays for citrullination (Figure 3-1C). The inhibitory effect of YW3-56 on His6PAD4 enzymatic activity was not decreased after dialysis (Figure 3-1D), which is consistent with
the notion that that YW3-56 inhibits PAD4 via an irreversible covalent modification mechanism.
Next, we analyzed the killing efficacy (IC50) of YW3-56 on a range of human cancer cell
lines (Figure 3-2A). Interestingly, YW3-56 consistently demonstrated below 10 µM IC50 in
breast cancer, leukemia, and colorectal cancer cell lines, while relatively low efficacy in lung
cancer cells (Figure 3-2A). The growth inhibitory effect of YW3-56 was much lower in normal
mouse cells, like MEFs (IC50> 25 µM) and ES cells (IC50> 50 µM) (Figure 3-2A), indicating
that normal cells were less sensitive to the YW3-56 treatment. When compound concentrations
were over 20 µM, the amount of DMSO solvent introduced also showed certain growth inhibitory
effects, which interfered with the IC50 measurement of MEFs and ES cells. Many of these cancer
cells harbor p53 null or loss of function point mutations, suggesting that YW3-56 is effective for
growth inhibition in a p53 independent manner.
YW3-56 demonstrated an IC50 below 10 µM in triple negative breast cancer MDA-MB231 cells and its metastatic derivatives 1833, 4175, and SCP2 cell lines, which all carry the
p53R280K mutation (Figure 3-2A) [240, 241]. These triple negative breast cancer cells lack the
three common chemotherapy targets, PR, ER, and amplified Her2, and have a great need for new
drug target development. MDA-MB-231 and its bone metastatic derive 1833 cells but not the
non-tumorigenic MCF10A breast epithelial cells were efficiently killed by YW3-56 (Figure 32B), indicating a therapeutic window for this compound.
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3.4.2 ER and oxidative stress response genes are prominently activated in MDA-MB-231
cells after YW3-56 treatment

To analyze the molecular mechanisms, we performed gene expression microarray
analyses. In total, 1,204 genes with ≥1.5 fold increase or decrease in expression were identified
(p<0.01, n=3). Using the Ingenuity Pathway Analysis (IPA) tool, we found that the oxidative
stress and the ER stress / unfolded protein response (UPR) genes are significantly altered after
YW3-56 treatment, followed by eIF2 signaling and mTOR signaling pathways (Figure 3-3A).
Consistent with that, analyses using another independent tool GSEA suggested that genes
important for ER homeostasis and stress responses were highly enriched by YW3-56 treatment
(Figure 3-3B).

3.4.3 ATF4 is a key upstream transcription factor mediating YW3-56 responses
To identify the transcriptional factor(s) that regulate(s) YW3-56 responses, I used the
upstream regulator analyses tool in IPA and identified ATF4 (activating transcription factor 4) as
a high confidence (p=1.16x10-11) regulator of cellular response to YW3-56 (Figure 3-4B). ATF4
as a stress sensor in cells involves in one of the mechanisms of ER stress-induced cell death,
which is sequential PERK-eIF2a phosphorylation and preferred ATF4 translation to induce
responsive genes [218, 242-244]. Upon YW3-56 treatment, ATF4-DDIT4-TRIB3 network (by
IPA gene network analyses) has significant changes (Figure 3-4A), and many known ATF4 target
genes - DDIT3, DDIT4, LC3B, TRIB3 and CEBPB - were strongly induced in MDA-MB-231
cells (Figure 3-4B), suggesting that YW3-56 impinges on the ATF4 transcription factor to exert
its cellular effects.
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3.4.4 Identification of genome-wide ATF4 binding sites after YW3-56 treatment

ATF4 is a bZIP family transcription factor that may form homodimers or heterodimers
with other bZIP proteins (e.g., CEBPB) to regulate transcription [206, 245, 246]. To address how
ATF4 regulates transcription in response to YW3-56 treatment, I analyzed the genome-wide
binding of ATF4 and CEBPB using the newly developed high resolution ChIP-exo method [231,
232]. Among the top 1500 binding sites (<1% total binding sites) for ATF4 and top 1500 binding
sites (<1% total binding sites) for CEBPB, 701 ATF4 sites and 728 CEBPB sites were mapped to
the -25 kb to +25 kb region of RefSeq genes (based on UCSC hg19 human genome annotation)
(Figure 3-5A). Excluding the IgG ChIP-exo control sample identified 13 potential nonspecific
genes, 579 genes having nearby ATF4 binding sites and 607 genes having nearby CEBPB
binding sites were identified (Figure 3-5A). Relative density mapping plot indicated both ATF4
and CEBPB binding sites were enriched around the transcription start site (TSS) (Figure 3-5A).
Distribution of the binding sites demonstrated that 58.5% (410/710) of ATF4 binding sites and
44.2% (322/728) of CEBPB binding sites were located less than 5kb from the TSSs, indicating a
3-fold and 2-fold enrichment over the random (20%), respectively (Figure 3-5A), suggesting that
ATF4 and CEBPB preferentially bind to the proximal promoter regions of target genes. The
ChIP-exo successfully captured many known ATF4 and CEBPB target genes, such as
DDIT3/CHOP, DDIT4, TRIB3 and GADD45 [212, 247, 248], and more strikingly, many other
uncharacterized novel candidate genes. Using DAVID functional enrichment analysis [236, 249],
I found that ATF4 candidate genes are enriched in biological function groups, such as tRNA
metabolism and ER stress response, while CEBPB candidate genes are involved in kinase activity
regulation and cell proliferation (Figure 3-5B). Meanwhile, ATF4 and CEBPB have overlapping
candidate genes involved in cell proliferation and transcriptional regulation (Figure 3-5B).
Consistent with YW3-56 expression microarray, response to ER stress is one significantly
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enriched gene set upon YW3-56 treatment. It implicates that ATF4 mediates ER stress response
is activated by YW3-56 in MDA-MB-231 cells.

3.4.5 ATF4 and CBEPB co-regulate targets in response to YW3-56
Next, I performed motif analyses of the top 1,500 ATF4 and CEBPB binding locations
using MEME suite for an unbiased discovery of ATF4 and CEBPB binding motifs in the YW356 treated MDA-MB-231 cells. The canonical motif (motif 1) from MEME was then used in the
second round individual motif occurrence analyses of top 1500 binding sites by FIMO. MEME
analyses suggested four represented motifs for ATF4 and four represented motifs for CEBPB
(Figure 3-6A-D). FIMO results found that 914 of the 1500 ATF4 binding sites (~61%) contain a
canonical ATF4 motif [TGATG(C/A)AA] (Figure 3-6G), while 1277 of the 1500 CEBPB
binding sites (~85%) contain a canonical CEBPB motif [TTGC(A/G)(C/T)(A/C)A] (Figure 36H). The ATGC frequency in the canonical motifs (motif 1) was shown for ATF4 and CEBPB
binding sites to demonstrate motif reservation (Figure 3-6E and F). Sequence alignment of 50 bp
DNA sequences centered around the canonical motif shows the sequence features of these sites
(Figure 3-6G and H).
Since ATF4 and CEBPB can form heterodimers, I next analyzed if ATF4 and CEBPB
occupy a set of overlapping genes. Strikingly, 131 overlapping candidate genes that have ATF4
and CEBPB binding sites in their promoter vicinity regions (-25 kb to +25 kb), and 81 out of
these 131 genes have ATF4 and CEBPB binding sites that are ≤10 bp in distance. Taken these cooccupies sequences for motif analysis, I identified a potential T(G/T)(A/G)(T/C)GCAA binding
motif shared by around 70% (57/81) sites for the ATF4/CEBPB heterodimer (Figure 3-7A).
These sites associate with 57 ATF4 and CEBPB candidate genes involved in protein quality
control, transcription, metabolism, etc (Figure 3-7B and C). Overall, the ChIP-exo analyses not
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only discovered ATF4 and CEBPB candidate genes in MDA-MB-231 cells upon YW3-56
treatment, but also predicted the potential targets of ATF4/CEBPB heterodimer.

3.4.6 ATF4 and CEBPB candidate genes responsive to YW3-56 treatment

To analyze the effects of YW3-56 on ATF4 and CEBPB candidate genes, we queried the
MDA-MB-231 microarray results. After the YW3-56 treatment, expression of 73 ATF4 and 59
CEBPB candidate genes was significantly changed by YW3-56 (Figure 3-8 and 9A). Increased
ATF4 binding was observed on promoter regions of several highly inducible candidate genes,
such as DDIT3, DDIT4, SESN2 and CHAC1 (Figure 3-9B), suggesting that ATF4 activates these
genes through direct DNA binding. It is notable that these 73 ATF4 associated and YW3-56
inducible genes are involved in diverse biological functions in response to unfolded protein,
regulation of transcription, metabolism and oxidative stress response (Figure 3-9C). These results
further confirmed the biological function of ATF4 in response to YW3-56 treatment in MDAMB-231 cells.
3.4.7 ATF4 is required and sufficient for YW3-56 mediated expression of SESN2 and
DDIT4
To examine the role of ATF4 and CEBPB in YW3-56 induced gene expression, I
depleted ATF4 and CEBPB in MDA-MB-231 cells. Upon ATF4 depletion by siRNAs, ATF4
protein was largely undetectable even after YW3-56 treatment (Figure 3-10A). Although SESN2
protein was strongly induced after YW3-56 treatment in cells treated with the control scramble
siRNAs, SESN2 induction was greatly attenuated by the depletion of ATF4 (Figure 3-10A, lane 4
compared with lane 2). In parallel, we analyzed the expression of DDIT4, another known ATF4
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target, and found DDIT4 induction by YW3-56 was also significantly decreased after ATF4
depletion (Figure 3-10A). In contrast, the CEBPB depletion largely had no effects on the
expression of SESN2 or DDIT4 (Figure 3-10A, lane 5 and 6). In consistent with the Western blot
results, the SESN2 and DDIT4 mRNA levels were decreased after YW3-56 treatment in the
ATF4 depletion cells compared with the control siRNA treated cells (Figure 3-10B). Above
results identified SESN2 and DDIT4 as ATF4 target genes induced by YW3-56 in an ATF4
dependent manner.
To further analyze the role of ATF4 in regulating SESN2 expression, we ectopically
expressed ATF4 and CEBPB by transient transfection. The forced expression of ATF4 induced
the expression of SESN2 and DDIT4 at both protein and mRNA levels (Figure 3-11A and 11B).
In contrast, the forced expression of CEBPB did not elevate the expression of SENS2 but
increased the expression of DDIT4 (Figure 3-11C and 11D). Above results indicate that forced
ATF4 expression is sufficient for SESN2 induction.
To test if ATF4 plays a direct role on the SESN2 promoter, we performed chromatin
immunoprecipitation (ChIP) experiments to analyze the binding of ATF4 at the SESN2 gene
promoter, and found that the association of ATF4 to the -138 bp region of the SESN2 promoter
was dramatically increased after YW3-56 treatment (Figure 3-12A), which is the same
recognition site identified by ChIP-exo. As a control, ATF4 was not detected at a 16 kb region
upstream of the SESN2 transcription start site before or after YW3-56 treatment (Figure 3-12A).
Moreover, we found that ATF4 binding to the DDIT4 promoters also increased after YW3-56
treatment (Figure 3-12B). These ChIP results support that ATF4 binds to the SESN2 and DDIT4
promoter after YW3-56 treatment to activate these genes.
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3.4.8 YW3-56 induces ER stress and activates ATF4 through the PERK-eIF2α signaling
cascade
ATF4 translation is activated after ER stress and PERK-mediated eIF2α phosphorylation
(Figure 3-13A) [213, 214]. Since many genes regulating ER protein synthesis and folding showed
increased expression after YW3-56 treatment (Figure 3-3A), we next analyzed if YW3-56
treatment induces the ER stress response. We found that at 4 hr after YW3-56 treatment, the
PERK protein was upshifted on Western blot (Figure 3-13B). The upshift of PERK is an
indication of its phosphorylation and activation [212]. Meanwhile, the phosphorylation of eIF2α
at the PERK target site Ser51 was significantly increased with a concomitant increase of the
ATF4 protein (Figure 3-13B). Above results suggest that YW3-56 induces ER stress and activates
the PERK-eIF2α-ATF4 signaling cascade.
To analyze the role of the PERK-eIF2α-ATF4 cascade in YW3-56 induced gene
expression, we treated MDA-MB-231 cells with PERK and eIF2α siRNAs. PERK depletion
abrogated YW3-56 induced phosphorylation of eIF2α at Ser51 and ATF4 induction (Figure 313C), supporting that YW3-56 activates PERK, which in turn phosphorylates eIF2α to increase
ATF4 translation. Moreover, depletion of PERK attenuated the induction of SESN2 by YW3-56
(Figure 3-13D), which is consistent with the notion that the PERK-eIF2α-ATF4 cascade is
required for SESN2 activation by YW3-56. In contrast, depletion of eIF2α increased the basal
levels of the ATF4 protein and the basal levels of the SESN2 mRNA (Figure 3-13C and 13D),
which is consistent with the role of eIF2α in suppressing ATF4 translation and its target gene
expression before ER stress. On the other hand, after YW3-56 treatment of eIF2α depleted cells,
the increase in the ATF4 protein and the SESN2 mRNA was much less (Figure 3-13C and 13D),
suggesting that eIF2α and its phosphorylation regulate the ATF4 accumulation. Taken together,
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YW3-56 treatment activates the PERK-eIF2α-ATF4 cascade via the ER stress pathway to induce
SESN2.

3.4.9 SESN2 links ER stress with mTORC1 signaling pathway

SESN2 was previously identified as a p53 target gene and an important regulator of
cellular metabolic homeostasis. Similar to DDIT4, SESN2 inhibits the downstream mTORC1
activity via AMPK and the TSC1/TSC2 tumor suppressor proteins [135, 136, 250]. Many genes
involved in the SESN2-AMPK-TORC1 gene network were altered in microarray analyses (Figure
3-15). Furthermore, SESN2 and DDIT4 were highly induced after YW3-56 treatment (Figure 314A). Concomitant with the SESN2 and DDIT4 induction, YW3-56 treatment decreased the
phosphorylation of mTORC1 substrates including p70S6K and 4EBP1 (Figure 3-14A).
Our finding that YW3-56 activates the ER stress sensor ATF4 and inhibits mTOR
activity implicate that SESN2 and DDIT4 offer a novel link between the ER stress response,
mTORC1 and downstream autophagy regulation. To tested this idea, we treated MDA-MB-231
cells with the commonly used ER stress inducer thapsigargin. We found that thapsigargin induced
the accumulation of ATF4 and SESN2 as well as other ATF4 targets, such as DDIT3, DDIT4,
and TRIB3 (Figure 3-14B and 14C). Western blot results showed a decrease in the
phosphorylation of p70S6K and 4EBP1 after thapsigargin treatment (Figure 3-14B), suggesting
that the mTORC1 activity is repressed. Moreover, an increase in the LC3B-II protein was
detected (Figure 3-14B), suggesting the thapsigargin induced ER stress and affected autophagy.
These results suggest YW3-56 activates the ER stress pathway and the PERK-eIF2α-ATF4
cascade, which in turn represses the mTORC1signaling pathway in MDA-MB-231 cells.
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3.4.10 YW3-56 induced cell death via a mechanism distinct from apoptosis, showing
mitochondria depletion and autophagic vesicle accumulation

To explore the mechanims underlying YW3-56 mediated cell killing, flow cytometry
analyses were performed. Treatment of MDA-MB-231 cells with 16 µM YW3-56 for 12 hr
increased the staining of propidium iodide (PI) and annexin V – two cell death markers (Figure 316B and 16C), while decreased the staining of MitoTracker Deep Red – a fluorescent dye
detecting the mitochondria membrane potential (Figure 3-16D). Analyses of the correlation of
these three dyes in the triple labeled cells found that >50% of YW3-56 treated cells showed an
increase in PI and annexin V staining with a simultaneous loss of MitoTracker Deep Red staining
(Figure 3-16A), suggesting that YW3-56 induced cell death is associated with a decrease in
mitochondria integrity. Furthermore, the YW3-56 treated cells did not show an increase in PARP
cleavage (Figure 3-16E) or DNA double strand breaks detected by TUNEL analyses (Figure 317), suggesting that YW3-56 induced cell death is different from apoptosis.
To analyze the cellular biology effects of YW3-56 on MDA-MB-231 cells, we performed
transmission electron microscopy analyses. Control cells showed normal cellular structures with
large numbers of mitochondria observed (Figure 3-18A and 18C). In contrast, after YW3-56
treatment, an increased number of vesicles with autophagosome and autophagolysosome features
were observed (Figure 3-18B and 18D). Mitochondria were rarely observed in YW3-56 treated
cells by TEM (Figure 3-18D), which is consistent with the decrease in the MitoTracker Deep Red
staining in Figure 4-16D, suggesting that mitochondria might be degenerated or degraded by
autophagy after YW3-56 treatment.
Next, we examined the effects of YW3-56 on the autophagy progression. The formation
of autophagic vesicles can be monitored by the formation of LC3B aggregates. After YW3-56
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treatment, endogenous LC3B protein was detected at a higher level throughout the cytosol and
formed large speckles (Figure 3-19A), indicating an increase in autophagic vesicle formation. The
conversion of autophagosomes to autolysosomes can be detected by the mCherry-GFP-LC3B
reporter protein based on the quenching of the GFP signals by the acidic environment within
autolysosomes [185]. After YW3-56 treatment, the number of speckles with both RFP and GFP
signals (representing autolysosomes) was increased from ~56% to ~98% (Figure 3-19B and 19C),
suggesting that autolysosome formation was inhibited upon YW3-56 treatment. LC3B lipidation
converts the LC3B-I form to the fast migrating LC3B-II form, the later associates with
phagophores and autophagic vesicles [251]. After YW3-56 treatment, the amount of the LC3B-II
protein and the p62/SQSTM1 protein, another protein that was constantly degraded by autophagy
[186], was significantly increased (Figure 3-19D), suggesting the autophagy flux was blocked by
YW3-56.

3.4.11 Oxidative stress mediates the biological effects of YW3-56
Oxidative stress response is one of the top pathways affected by YW3-56 in MDA-MB231 cells (Figure 3-3A). Genes important for oxidoreductase activity were detected as highly
enriched gene sets by GSEA of MDA-MB-231 gene expression microarray data (Figure 3-20A).
The activation of the oxidative stress response genes by YW3-56 prompted us to test ROS levels
by flow cytometry analyses, and found that ROS levels were increased after H2O2 treatment or
after the YW3-56 treatment in a drug concentration dependent manner (Figure 3-20B and 20C).
The expression of HO-1 (heme oxygenase 1), a well-recognized protective antioxidant enzyme,
was induced (Figure 3-20D). Transactivation of HO-1 is regulated by the binding of transcription
regulator Nrf2 (nuclear factor erythoid-derived 2 like 2) to the enhancer element in the HO-1
gene after oxidative stress [252]. ChIP results of Nrf2 on HO-1 enhancer 1 region showed that
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YW3-56 treatment induced the binding of Nrf2 (Figure 3-20E). These results suggest that YW356 induces the oxidative stress in MDA-MB-231 cells.
ATF4 is a stress sensor for multiple stress signals, including amino acid starvation,
hypoxia, and ROS [209, 212]. Since YW3-56 treatment increased ROS levels and activated the
oxidative stress response genes (Figure 3-20), we tested if ROS is important for YW3-56
mediated cell growth inhibition. We found that an antioxidant compound N-acetyl-cysteine
(NAC), a ROS quenching chemical, attenuated YW3-56 mediated cell growth inhibition in a
concentration dependent manner (Figure 3-21A), suggesting that ROS is critical for YW3-56
mediated cell growth inhibition. Next, we analyzed if NAC affects YW3-56 mediated gene
induction. After 12 hr treatment with YW3-56 and NAC, NAC significantly attenuated YW3-56
mediated gene expression, including the ATF4 target genes SESN2 and DDIT3 and oxidative
response genes such as HO-1 and NQO1 (Figure 3-21B), suggesting that ROS is important for
gene activation by YW3-56.
To further analyze the effect of ROS on YW3-56 mediated cellular responses, we
performed Western blot at 4 hr and 12 hr time points after treatment with YW3-56 or a
combination of YW3-56 and 600 µM NAC. The accumulation of HO-1 protein was constantly
observed at 4 hr and 12 hr after YW3-56 treatment, while less HO-1 was detected after the
addition of NAC (Figure 3-21C), suggesting that NAC decreases the cellular oxidative response
induced by YW3-56. Next, we analyzed the role of ROS in YW5-36 induced ER stress.
Interestingly, NAC had only a minor effect on the phosphorylation of eIF2α at 4 hr and 12 hr
after drug treatment (Figure 3-21D and 21E). Although NAC decreased the ATF4 translation at 4
hr, the amount of ATF4 was consistently detected at roughly the same level at 12 hr after
treatment with YW3-56 and a combination of YW3-56 and NAC (Figure 3-21D and 21E),
suggesting that ROS is not essential for YW3-56 induced ER stress and the ultimate ATF4
accumulation. On the other hand, in agreement with the mRNA changes, YW3-56 mediated
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SESN2 and DDIT4 protein increase was much attenuated after NAC treatment (Figure 3-21D and
21E), suggesting that ROS is important for ATF4 to turn on its downstream target gene
expression. Furthermore, the inhibition of p70S6K and 4EBP phosphorylation was only detected
after treatment with YW3-56 but not after a combination of YW3-56 and NAC, supporting an
important role of SESN2 and DDIT4 induction for the mTORC1 inhibition (Figure 3-21D and
21E). Taken together, above results indicate that YW3-56 activates two separate stress response
pathways, the ER stress and the oxidative stress, to induce cell death, and the induction of the ER
stress is less dependent on ROS.

3.4.12 YW3-56 inhibits the growth of breast cancer derived xenograft tumors in nude mice
To test if YW3-56 is effective in inhibiting the growth of xenograft tumors derived from
the triple negative and p53 mutant breast cancer cells, we used the 1833 cells that are derived
from the MDA-MB-231 cells with increased metastasis potential to bones [241]. The 1833 cells
were injected into the mammary gland fat pad at of female nude mice. Three drug treatment
experiments with different dosage of YW3-56 were performed and the percentage of tumor
growth inhibition was tallied (Figure 3-22A). In the first experiment, YW3-56 was i.p. injected at
7 days after tumor inoculation at a dose of 12.5 mg/kg body weight daily. A binary response to
this dosage of YW3-56 was observed: compared with that the control group with 3 mice carrying
6 tumors that grew constantly, two tumors carried by one mouse showed little response to the
YW3-56 treatment, while the other two mice carried 4 tumors showed significant growth
inhibition (Figure 3-23). The images of dissected tumors showed the difference in size and
morphology of tumors with or without YW3-56 treatment (Figure 3-22B). To dissect the
underlying reasons for this binary response, we analyzed gene expression in the tumor samples.
In tumors 4L and 5L that showed drug response, an increase in the expression of YW3-56
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inducible genes (e.g., SENS2, DDIT4, and PUMA) was detected (Figure 3-22C). In contrast, in
the tumor 6L that showed no drug response, these YW3-56 inducible genes were largely
unaltered compared with tumors in the control group (Figure 3-22C).
Above initial results prompted us to test higher concentrations of YW3-56. When YW356 was used at 25 mg/kg body weight daily or 40 mg/kg body weight once every 2 days in
experiments 2 and 3, respectively, significant tumor growth inhibition was detected by measuring
the tumor weights at the end point of the experiments (Figure 3-22A and 4-24), while the body
weight and vital organ sizes were minimally affected after drug treatment (Figure 3-26). At the 40
mg/kg dosage, we found that all tumors in the YW3-56 treated group (n=6) grew much slower
compared with the control group (n=6) (Figure 3-22D). The images of dissected tumors showed a
decrease in tumor size after YW3-56 treatment (Figure 3-22E). Analyses of gene expression in
these xenograft tumors found a robust induction of a set of YW3-56 inducible genes in the drug
treated tumors (e.g., SESN2 and PUMA) (Figure 3-22F), suggesting that the expression of these
genes is important for tumor growth inhibition. Another notable change was the decrease in blood
vessels infiltrating tumors after YW3-56 treatment (Figure 3-25), suggesting that YW3-56 affects
multiple aspects of tumor growth in mice.

3.5 Discussion
In summary, using the PAD4 inhibitor YW3-56 as a tool to analyze the cellular and
molecular mechanisms underlying drug induced cell growth inhibition, we identified novel target
genes for transcription regulators ATF4 and CEBPB in MDA-MB-231 cells, respectively. Also,
in this study, we predicted targets that might be regulated by ATF4/CEBPB heterodimer and the
potential heterodimer-binding element. Within the most reliable targets identified in this study,
only 57 genes are potential targets for ATF4/CEBPB heterodimer. Moreover, the GO analysis
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suggested that ATF4 and CEBPB functions separately in response to YW3-56. Given that ATF4
dimerization is important for its DNA binding, ChIP-exo analyses suggested that ATF4 involved
ER stress response in MDA-MB-231 cells requires partners other than CEBPB. More detailed
motif analyses will be very helpful to characterize more ATF4 partners that function in YW3-56
induced cell death.
With ATF4 identified as a novel transcription factor mediating the expression of the
SESN2 gene, we found that YW3-56 affected multiple cellular processes, leading to the oxidative
stress response, the ER stress response, the mTORC1 inhibition, the autophagy inhibition and
ultimately a cell death process that is different from apoptosis. The ATF4-SESN2 transcription
circuit offered a novel link between the ER stress response and the inhibition of the mTORC1
signaling pathway. Finally, we showed that YW3-56 was effective in the inhibition of triple
negative and p53 mutant breast tumor growth in a xenograft model. Therefore, YW3-56 offers a
potential new chemotherapeutic agent by altered gene expression in cancer cells.
Cancer cells in the solid tumor microenvironment encounter constant stresses, such as the
ER stress, the oxidative stress, hypoxia, and the lack of enough nutrients induced metabolic
stress. Cancer cells explore the various mechanisms to cope with these stresses and become
addictive to these pathways for their survival. Compound exacerbating the ER stress by inhibiting
protein degradation (e.g., bortezomib) or increasing the oxidative stress by inducing ROS (e.g.,
piperlongumine) is capable of pushing cancers over the death cliff [253, 254]. Autophagy is
another cellular process heavily utilized by cancer cells to facilitate survival. Likewise, inhibitors
of autophagy can inhibit cancer growth [203]. In our work, it is striking that YW3-56 induces the
ER stress, the oxidative stress, and the autophagy inhibition. Given its pleiotropic effects, it is not
surprising that YW3-56 inhibits the growth of tumor cells with diverse tissue origins and genetic
background.
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ATF4 is a basic leucine zipper (bZIP) type of transcription factor that can be induced by
various stress conditions, including hypoxia, the ER stress, starvation, and the oxidative stress
[206, 209]. Upon activation, ATF4 induces a set of genes to cope with these physiological and
pathological stress conditions. ATF4 was previously identified as an activator of DDIT4 (also
called REDD1) [248], another regulator of the mTORC1 activity [188]. Here, we identified
SESN2 as a novel target gene regulated by ATF4. The depletion of ATF4 significantly decreased
YW3-56 induced SESN2 expression at both protein and mRNA levels, while forced expression of
ATF4 was sufficient for the SESN2 expression increase, suggesting that ATF4 is both required
and sufficient in mediating the expression of SESN2. SESN2 plays a role in regulating cellular
metabolic stresses, and the lack of SESN2 is associated with metabolic stress induced disorders,
including glucose intolerance, insulin resistance, and hepatosteatosis [250]. As such, ATF4 may
regulate multiple cellular metabolic processes via SESN2 activation.
Both oxidative stress and ER stress can induce the increased expression of ATF4. The
activation of ATF4 translation after ER stress is extensively studied. In this regulatory cascade,
ER stress leads to the activation of the kinase PERK (also called EIF2AK3) to phosphorylate
eIF2α, and the phosphorylated eIF2α in turn facilitates the skip of the abortive translation start
sites at the 5’ end of the ATF4 mRNA, leading to ATF4 translation increase and the activation of
its downstream target genes. ROS can be generated by mitochondria and/or ER, and the elevated
ROS may induce calcium imbalance and increase damaged and unfolded protein in ER to induce
the ER stress response [209]. After YW3-56 treatment, we detected an increase in ROS and the
induction of the ER stress response. ROS scavenger NAC treatment decreased YW3-56 mediated
cell growth inhibition as well as the induction of many downstream target genes, such as SESN2
and DDIT4. However, the phosphorylation of eIF2α and the increase of ATF4 protein were
largely unaffected by NAC, suggesting that the ER stress can be induced by YW3-56 independent
of ROS. On the other hand, the induction of downstream target genes was ROS dependent,
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suggesting that ROS may activate other factors to cooperate with ATF4 to increase downstream
target gene expression. A topic certainly deserves future research expedition.
Although many of the mechanistic details are yet to be illustrated, we propose a model to
summarize the molecular and cellular biology effects of YW3-56 in the triple negative and p53
mutant cancer cells based on our current results. YW3-56 induces the ER stress response
pathway, and inhibits the autophagy flux (Figure. 4-27A). These several cellular pathways
synergize to induce cell growth inhibition and cell death. Importantly, our work identified a novel
mechanism for the crosstalk of the ER stress and the mTORC1 signaling pathway (Figure. 427B). The ER stress response activates the PERK kinase to phosphorylate eIF2α that in turn
increases ATF4 translation. ATF4, in a ROS dependent manner, activates the expression of its
target genes including the newly identified SESN2, which inhibits the mTORC1 kinase mediated
phosphorylation of p70S6K and 4EBP1 (Figure. 4-27B). The increased phosphorylation of eIF2α
and the decrease in p70S6K and 4EBP1 phosphorylation likely join force to decrease global
protein synthesis. Additionally, YW3-56 blocks the autophagy flux by inhibiting the conversion
of autophagosomes to autolysosomes, leading to accumulation of autophagic vesicles. With a
decrease in protein synthesis and metabolic recycling via autophagy, cancer cells undergo a cell
death program that is different from apoptosis.
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Figure 3-1: The PAD4 inhibitor YW3-56 inhibits PAD4 in HL-60 derived granulocytic cells.
(A) The structure of PAD4 inhibitor YW3-56.
(B) YW3-56 inhibits histone H3 citrullination mediated by PAD4 in HL-60 granulocytic
cells as detected by Western blot.
(C) Histone H3 citrullination activity of GST-PAD4 and His6-PAD4 expressed and
purified from E.coli was detected by Western blot.
(D) YW3-56 inhibits citrullination activity of purified His6-PAD4 protein via an
irreversible chemical mechanism as indicated by enzymatic assays before and after dialysis.
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Figure 3-2: PAD4 inhibitor YW3-56 inhibits cancer cell growth in a p53 independent manner.
A) The killing efficacy (IC50) of YW3-56 in a cohort of cancer cells detected by MTT
assays. Values were presented as an average of at least three repeat experiments. Standard
deviations were within 10% of the total. Credits also are given to colleagues in Wang lab.
B) YW3-56 inhibited the growth of the triple negative breast cancer MDA-MB-231 cells
and its derivative 1833 cells.
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Figure 3-3: ER stress response and Oxidative stress response genes are prominent gene sets
enriched in YW3-56 treated MDA-MB-231 cells.
A) The IPA software found canonical pathways, including the oxidative stress response, the
ER stress pathway and the mTOR-signaling pathway, were significantly affected by YW3-56
treatment.
B-C) GSEA assays found gene sets important for ER protein homeostasis (B) and response
to stress (C) are enriched after YW3-56 treatment. The normalized enrichment scores (NES) and
false discovery rate (FDR) are shown.
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Figure 3-4: YW3-56 treatment activates ATF4 transcription regulation function.
A) Gene network analyses by IPA found the ATF4-DDIT4-TRIB3 network genes were
significantly changed after YW3-56 treatment.
B) The expression of ATF4 target genes was significantly (p=1.16x10-11) altered after
YW3-56 treatment.
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Figure 3-5: ATF4 and CEBPB binding pattern and cellular functions in response to YW3-56
treatment identified by ChIP-exo.
A) Density plot of ATF4 and CEBPB binding locations within the -25 kb to +25 kb region
of target gene promoters. 701 ATF4 binding sites (green line) associated with 579 genes and 728
binding sites (blue line) associated with 607 genes were identifies and plotted. Using the same
criteria, 13 genes were identified in IgG data, which were excluded from the ATF4 and CEBPB
gene list.
B) Functional enrichment analysis of ATF4 and CEBPB candidate genes identified in A)
by DAVID bioinformatics resource.
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Figure 3-6: Identification of the binding motifs for ATF4 and CEBPB by ChIP-exo.
A-D) ATF4 and CEBPB motifs identified by MEME-ChIP analyses statistically enriched in
the top 1500 ATF4-bound regions. MEME-ChIP was done using default parameters. In MEME
options, up to four motifs for each factor is requested.
E-H) FIMO analyses for ATF4 motif 1 and CEBPB motif 1 in top 1500 binding sites,
respectively. G) 914 ATF4 binding sites containing ATF4-motif 1. H) 1277 CEBPB binding sites
containing CEBPB-motif 1. Sequences fetched for alignment is in 50 bp length in center of motif.
E-F) Color-coded bar graphs show the conservation of each position in the ATF4-motif 1 and
CEBPB-motif 1 basing on the FIMO results.
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Figure 3-7: ATF4 and CEBPB shared candidate genes.
A) ATF4 and CEBPB heterodimer-binding sites and motif analyses.
B) Table of ATF4-CEBPB shared target genes and potential heterodimer binding sites
(midpoint of two factors’ binding sites).
C) Biological function classification of 57 ATF4 and CEBPB common target genes.
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Figure 3-8: Expression changes of ATF4 or CEBPB candidate genes after YW3-56 treatment.
Expression of 73 predicted ATF4 candidate genes and 59 predicted CEBPB candidate
genes were significantly changed upon YW3-56 treatment (> 1.5 fold).
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Figure 3-9: A subset of ATF4 candidate genes is responsive to YW3-56.
A) Venn diagram illustrating overlaps of gene sets from microarray and ChIP-exo for
ATF4 and CEBPB. Numbers labeled are exclusive from each other.
B) Screen shots of ATF4 binding on promoters of four genes (SESN2, DDIT3, DDIT4 ad
CHAC1) that were highly responsive to YW3-56.
C) Biological functions of 73 ATF4 target and YW3-56 responsive genes.
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Figure 3-10: ATF4 is required for SESN2 and DDIT4 induction by YW3-56.
Depletion of ATF4 but not CEBPB by siRNAs drastically decreased the induction of
SESN2 and DDIT4 protein and mRNA levels after YW3-56 treatment. **p<0.002.
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Figure 3-11: Overexpression of ATF4 up-regulates SESN2 and DDIT4 expression.
A-B) Effect of forced ATF4 expression on protein and mRNA levels of SESN2, DDIT4,
and LC3B. *p<0.01, **p<0.002.
C-D) Effect of forced CEBPB expression on protein and mRNA levels of SESN2, DDIT4,
and LC3B. *p<0.01, **p<0.002.

103

Figure 3-12: ATF4 directly binds to SESN2 and DDIT4 promoters.
ChIP analyses of ATF4 binding to A) SESN2 and B) DDIT4 promoters before and after
YW3-56 treatment. A distal region -16kb upstream of TSS of SESN2 was analyzed as a negative
control. **p<0.002, n=3x3.
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Figure 3-13: YW3-56 induces ER stress through the PERK-eIF2α-ATF4 signaling cascade.
A) Illustration of ER stress inducing transcription of UPR genes through PERK-eIF2αATF4 signaling cascade. Activation of ER transmembrane effector protein PERK phosphorylates
the eukaryotic translation initiation factor 2 subunit a (eIF2a), which results in suppression of most
proteins but translational activation of ATF4. Dimerized ATF4 translocates into nucleus and binds
to its recognition elements to activate of UPR gene transcription.
B) Western blot assays of PERK and eIF2α phosphorylation, and ATF4 accumulation after
YW3-56 treatment in MDA-MB-231cells .
D-E) Effect of PERK and eIF2α depletion on the basal and YW3-56-induced levels of the
ATF4 protein (D) and on mRNA levels of SESN2 (E). *p<0.01. An ATF4 non-target gene SESN1
was analyzed as a negative control.
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Figure 3-14: ER stress induced SESN2 inhibits mTOR signaling.
A) YW3-56 treatment induced ATF4, SESN2, DDIT4, and DDIT3/CHOP with a
concomitant decrease in the phosphorylation of two mTORC1 substrates, p70S6K and 4EBP1.
B-C) Effect of ER stress inducer thapsigargin on expression of ATF4 target genes and
phosphorylation of mTORC1 substrates. C) Quantitative RT-PCR (qRT-PCR) analyses of the
expression of ATF4 and its target genes including SESN2, DDIT3, DDIT4 and TRIB3. *p<0.01,
**p<0.002.
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Figure 3-15: Effects of YW3-56 on the SESN2-AMPK gene network.
Gene network analyses by IPA found the SESN2-AMPK network genes were significantly
changed after YW3-56 treatment.

107

Figure 3-16: YW3-56 induced a cell death program involving the loss of mitochondria function.
A) Flow cytometry analyses of MDA-MB-231 cells treated with 16 µM YW3-56 for 12 hr.
The coordination of two of the three dyes (PI, Annexin V and MitoTracker Deep Red) in the triple
labeled cells is shown.
B-D) Single-parameter histogram of flow cytometry results in A).
E) Western blot of PARP cleavage in MDA-MB-231 cells treated with vehicle, 12 µM
YW3-56 or 4 µM doxorubicin for 24 hr. Star mark denotes the cleavage of PARP protein.

108

Figure 3-17: TUNEL analyses of YW3-56 treated MDA-MB-231 cells.
TUNEL signal and DNA was in green and blue colors, respectively. TUNEL positive cells
were denoted by arrows. MDA-MB-231 cells were treated with 4 µM doxorubicin for 24 hr, 250
J/m2 UV followed by a 24 hr recovery, or 12 µM YW3-56 for 12hr.
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Figure 3-18: YW3-56 induces autophagic vesicle accumulation and mitochondria depletion.
A) TEM images of control MDA-MB-231 cells showing normal cellular structures with
mitochondria denoted by green arrows.
B) TEM images of YW3-56 treated MDA-MB-231 cells showing large numbers of
autophagic vesicles denoted by yellow arrows. Note the disappearance of mitochondria.
C) and D) are high-magnification view of regions within rectangles in A) and B),
respectively.
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Figure 3-19: YW3-56 inhibits autophgay flux in MDA-MB-231 cells.
A) Immunostaining of LC3B (green) in control and YW3-56 treated cells, noting the
increased LC3B staining and LC3B speckles in YW3-56 treated cells. Cells were treated with 8 µM
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YW3-56 for 12hr. DNA was visualized by Hoechst staining.
B) The conversion of autophagosomes to autolysosomes was analyzed by live cell imaging
using the mCherry-GFP-LC3B reporter protein based on the quenching of the GFP signals by the
acidic environment within autolysosomes. Cells were treated with 12 µM YW3-56 for 12 hr.
(C) Percentages of autophagosomes and autolysosomes identified in control and YW3-56
treated cells based on the GFP and RFP fluorescent signals. Vesicles were count in 21 (ctrl) or 32
(YW3-56) visual fields. A significant decrease in autolysosome formation was observed after
YW3-56 treatment (**indicates p < 0.002).
D) Effect of YW3-56 on autophagy regulatory proteins LC3B and p62/SQSTM1.
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Figure 3-20: YW3-56 affects oxidoreductase activity and induces ROS in MDA-MB-231.

A) GSEA assays suggested that a gene set important for oxidoreductase activity
was enriched after YW3-56 treatment. The normalized enrichment scores (NES) and false
discovery rate (FDR) are shown.
B-C) Flow cytometry analyses of ROS levels in cells treated with 100 µM H2O2 for 2 hr (B)
or YW3-56 at the indicated concentrations for 2 hr (C).
D-E) YW3-56 treatment induces HO-1 expression (D) by recruiting transcription factor
Nrf2 to the HO-1 enhancer 1 for transcription activation (E).
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Figure 3-21: ROS is critical for YW3-56 mediated cell death, induction of ATF4 target genes and
mTOR inhibition in MDA-MB-231 cells.
A) Killing effects of YW3-56 (10 µM) in MDA-MB-231 cells after treatment without or
with NAC at different concentrations.
B) qRT-PCR analyses of ATF4 target genes and oxidative stress responsive genes after
YW3-56 treatment for 12 hr, without or with the presence of 600 µM NAC.
C) Western blots analyses of HO-1 induction in MDA-231 cells after treatment with YW356 or YW3-56 in combination with NAC for 4hr and 12hr.
(D-E) Western blots analyses of the eIF2α, ATF4, SESN2, mTORC1 substrate proteins at 4
hr (D) and 12 hr (E) after treatment with YW3-56 or YW3-56 in combination with NAC.
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Figure 3-22: Effects of YW3-56 on growth of xenograft tumors derived from the breast cancer
MDA-MB-231 1833 TR cells.
A) Box plot showing the relative tumor weight (control tumors normalized to 100%, n=6)
obtained from three xenograft experiments with different dosage of YW3-56. **p<0.002.
B) Images of tumors without or with 12.5 mg/kg YW3-56 daily treatment.
C) Gene expression of tumors in nude mice without or with 12.5 mg/kg YW3-56 daily
treatment.
D) Growth curves of tumors after treatment without or with 40 mg/kg YW3-56 once every
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two days.
E) Images of tumors without or with 40 mg/kg YW3-56 treatment once every two days.
F) Gene expression of tumors in nude mice without or with 40 mg/kg YW3-56 treatment
once every two days.

Figure 3-23: Binary response to low dosage of YW3-56 in xenograft model.
Growth curves of xenograft tumors treated with PBS or 12.5 mg/kg YW3-56 daily. YW356 treated tumors were grouped as responsive tumors (n=4) and less responsive tumors (n=2).
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Figure 3-24: Significant xenograft tumor growth inhibition of YW3-56 at high doses.
Box plot of tumor weights in three 1833TR xenograft experiments using YW3-56 at 12.5
mg/kg, 25 mg/kg, and 40 mg/kg dosages. **p<0.001
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Figure 3-25: Decrease in blood vessels infiltrating tumors after YW3-56 treatment.
Representative pathology H &E staining of control and YW3-56 (40 mg/kg) treated tumors.
White arrows denote blood vessels and blood infiltration into the tumors.
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Figure 3-26: Minimal effect of YW3-56 treatment on Body and vital organ weight.
Weight of whole body (A), heart (B), kidney (C), and liver (D), spleen (E) and brain (F)
was measured in the 1833TR xenograft experiments using YW3-56 at concentrations indicated.
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Figure 3-27: Working model for YW3-56 in cancer growth inhibition.
(A) YW3-56 affects the ER stress pathway and the autophagy flux to induce cell death.
(B) The ATF4-SESN2 transcription circuit offers a novel link for the ER stress and the
mTORC1 signaling pathway. See text for further discussion.
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Table 3-1: qRT-PCR and ChIP-qPCR primers.

qRT-PCR primers
Actin-RT-F

5'-CATTGCCGACAGGATGCA-3'

Actin-RT-R

5’-GCTGATCCACATCTGCTGGAA-3’

ATF4-RT-F

5'-CAGCAAGGAGGATGCCTTCT-3'

ATF4-RT-R

5'-TCCTTCAAATCCATTTTCTCCAA-3'

CEBPB-RT-F

5'-CAAGAAGACCGTGGACAAGCA-3'

CEBPB-RT-R

5'-CGCACGGCGATGTTGTT-3'

DDIT3-RT-F

5'-CGCCTGACCAGGGAAGTAGA-3'

DDIT3-RT-R

5'-TCATGCTTGGTGCAGATTCAC-3'

DDIT4-RT-F

5'-ACGAGAAGCGGTCCCAAAG-3'

DDIT4-RT-R

5'-CACTCTGAGTTCATCAGCAAAGG-3'

GADD45-RT-F

5’-GAAGACCGAAAGGATGGATAAGG-3'

GADD45-RT-R

5’-ACAGTGATCGTGCGCTGACT-3’

GAPDH-RT-F

5'-TCTGGTAAAGTGGATATTGTTG-3'

GAPDH-RT-R

5'-GATGGTGATGGGATTTCC-3'

HO-1-RT-F

5'-GCCCTTCAGCATCCTCAGTTC-3'

HO-1-RT-R

5'-GGTTTGAGACAGCTGCCACAT-3'

LC3B-RT-F

5'-CCATGCCGTCGGAGAAGA-3'

LC3B-RT-R

5'-CTGCTCTCGAATAAGTCGGACAT-3'

NQO1-RT-F

5'-GCCGGACAGGATATATAAGAGAGAAT-3'

NQO1-RT-R

5'-CTCCGGCTGCAACCTTGT-3'

p21-RT-F

5’-GACAGCAGAGGAAGACCATGTG-3’

p21-RT-R

5’-GGCGTTTGGAGTGGTAGAAATC-3’

p53-RT-F

5’-ATTTTCAGACCTATGGAAACTACTTCCT-3'

p53-RT-R

5’-CTCTGGCATTCTGGGAGCTT-3’

PUMA-RT-F

5’-GGGCCCAGACTGTGAATCCT-3’

PUMA-RT-R

5’-ACGTGCTCTCTCTAAACCTATGCA-3

SESN1-RT-F

5'-CATCCAGGAACTTGGCATTAGAA-3'

SESN1-RT-R

5'-TCTGGGATGAATCTGCTTGGT-3'

SESN2-RT-F

5'-AGAAGGTCCACGTGAACTTGCT-3'

SESN2-RT-R
SESN3-RT-F

5'-TCAGGTCATGTAGCGGGTGAT-3'
5'-TGCTGCGGAAGGATAAAAGAA-3'
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SESN3-RT-R

5'-AGGCACTTGGTCCTCTTGTCA-3'

TRIB3-RT-F

5'-GGCACTGAGTATACCTGCAAG-3'

TRIB3-RT-R

5'-TCCGAGTGAAAAAGGCGTAG-3'

*Actin-RT-F

5'-AGAAAATCTGGCACCACACC-3'

*Actin-RT-R

5'-CTCCTTAATGTCACGCACGA-3'

*DDIT4-RT-F

5'-GTTCGCACACCCATTCAAG-3'

*DDIT4-RT-R

5'-CTGATGAACTCAGAGTGCC-3'

*SESN2-RT-F

5'-AGTATCTCATCTGTCCCCTCTC-3'

*SESN2-RT-R

5'-AGAAAGTGCCTGGAATCGG-3'

ChIP-qPCR primers
ChIP-DDIT4- -1011F

5'-CTGCCAGGCCAGATTTCCT-3'

ChIP-DDIT4- -1011R

5'-GCCATCCCGTGTTTCATCA-3'

ChIP-HO-1-E1-F

5'- GGCCTCCCCATGATTCCT-3'

ChIP-HO-1-E1-R

5'- CCAGCCCCTAACAGTGAAAAAC-3'

ChIP-SESN2- -138F

5'-TGGTGTTGCCAGGGATCTG-3'

ChIP-SESN2- -138R

5'-TCGGGTGAATGCTGCAAA-3'

ChIP-SESN2- -16K-F

5'-GCTGACTTTGGCCTGGTCTTA-3'

ChIP-SESN2- -16K-R

5'-ACTAACACATTTGCTTGTTCACTCATT-3'

*qRT-PCR primers were specifically designed for human breast cancer 1833 xenograft assays.
These primers are specific for human genes and don’t amplify the homologous mouse genes.

Chapter 4

Conclusion and Discussion
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PADs, a family of enzymes that mediate post-translational modification of protein
arginine residues by deimination or demethylimination to produce citrulline, are actively involved
in gene regulation and physiological functions. For example, the citrullination of structural
protein in the epidermis and neuronal system by PADs likely plays important roles in regulating
the structure and function of these tissues. In addition, histone citrullination by PAD4 and PAD2
may influence the expression of many genes that are important for physiological functions. In
recent decades, results of many studies have shown that deregulated citrullination has a profound
impact on human disease etiology [255]. The role of histone and protein citrullination in cancers
is emerging in recent years. Tumorigenesis features many spontaneous driver and standby
mutations. Targeting individual mutations one at a time may not be efficient. Therefore, it is still
an attractive idea to reverse the tumorigenesis by altering the gene expression profile of cancer
cells to that of the normal cells. One view of the tumorigenesis is the gradual silencing of the
tumor suppressor genes. Many chromatin DNA and histone modifying enzymes are involved in
this process, such as the DNA methyltransferases, histone deacetylases, and peptidylarginine
deiminases (Figure 3-1). PAD4 overexpression has been detected in various tumors including
many malignancies and metastatic carcinoma, suggesting that PAD4 is significantly associated
with tumorigenesis [30, 256]. Previous workers in our laboratory found that PAD4 cooperated
with HDAC2 (histone deacetylase 2) in repressing p53 target tumor suppressor genes expression
[57]. More recently, others and us have shown that inhibition of PAD4 by small molecules can
turn on the expression of the tumor suppressor genes in cancer cells [22, 57]. All these
observations raise a possibility that PAD4 is a druggable target for cancer treatment. In the field
of cancer epigenetics, inhibitors for both DNA methyltransferases and histone deacetylases have
been successfully used for cancer treatment. As for the 1st generation PAD inhibitor Cl-amidine, a
low potency limits its preclinical exploration in cancer treatment. With the interest to develop
more potent PAD4 inhibitors for clinical test, this dissertation presented the design and synthesis
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of novel PAD4 inhibitors, evaluation of PAD4 inhibitor YW3-56 in cancer cells and xenograft,
and mechanistic study of YW3-56 induced cell death.
The new generation PAD inhibitors were generated by a five-step solution phase
synthesis and have improved hydrophobicity and bioavailability, and higher affinity to PAD4 and
PAD2 in vitro, which is likely due to the engineered structural motifs interacting with residues of
enzymatic active site. In p53 wild type cancer U2OS cells, YW3-56 treatment displayed a rapid
accumulation in nucleus, the same subcellular compartment as PAD4, and an immediate
induction of the p53 target gene SESN2. In this case, PAD4 served as a corepressor of p53 to
repress SESN2 expression, whereas YW3-56 treatment facilitated the association of p53 and
disassociation of PAD4 from SESN2 gene to activate SESN2 expression. YW3-56 induced
SESN2 expression inhibits the mTOR kinase activity, and therefore disturbs the autophagy flux
by inhibiting autophagic vesicle degradation in p53 wild type cancer cells.
p53 mutations occur in up to 50% of human cancer [257], which may hinder the cancer
treatment targeting this protein. Therefore, the striking cell growth inhibition of YW3-56 in
cancer cells harboring p53 null or loss of function point mutations suggests a p53 independent
cell killing effect of YW3-56. This finding could enhance the chemotherapeutic treatment of
many malignancies, such as the triple negative breast cancer. In the absence of functional p53, we
postulate that other stress sensors and master regulators exert cellular effects of YW3-56. Using
expression microarray and ChIP-exo, we revealed that ER stress response and oxidative stress
response are the two predominated mechanisms triggered by YW3-56 in p53 mutant MDA-MB231 breast cancer cells. ATF4 was identified as the stress sensor and master regulator for YW356 mediated cellular effects. ATF4 is required for ER stress-induced cell death in MEF cells upon
tunicamycin (Tm) treatment [258]. ChIP-seq of ATF4 in Tm treated MEF cells suggest that
ATF4 targets genes encoding functions in protein synthesis as well as UPR [258]. With the
discovery of ATF4 and CEBPB binding motif in MDA-MB-231 cells in high accuracy using
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ChIP-exo method, a potential heterodimer-binding element and the potential ATF4/CEBPB
heterodimer target genes were identified. Correlation of ATF4 binding and transcription
regulation on SESN2 and DDIT4 directly links the ER stress with mTOR signaling pathway
regulation. Our finding provides molecular evidences for a comprehensive ATF4-SESN2/DDIT4mTOR signaling pathway and autophagic cell-death occurring in p53 mutant cancer cells, which
could be chemotherapeutic targets.
In eukaryotic cells, oxidative stress and protein misfolding/UPR in ER lumen can form a
vicious cycle leading to cell death [259]. ROS generation can be upstream or downstream of the
ER stress [260]. Oxidation of misfolded protein in ER may significantly contribute to ROS
production, while ROS produced by exposure to multiple stresses can interfere with protein
folding and cause the UPR activation. In MDA-MB-231 cells, YW3-56 mediated cell death is
ROS dependent, and the functional transcription regulation of ATF4 relied on ROS level in cells.
We have shown that antioxidant NAC treatment reduced YW3-56 induced oxidative stress and
attenuated YW3-56 induced cell death. Intriguingly, while NAC abolished the induction of ATF4
target genes and the inhibition toward mTOR signaling pathway by YW3-56, it had no or only
minor effect on the ATF4 accumulation through the PERK-eIF2a-ATF4 pathway. It is possible
that a ROS-driven cofactor of ATF4 plays critical roles in YW3-56 induced cellular processes,
especially cell death.
Nrf2, another basic leucine zipper transcription factor, has been identified as an ATF4interacting protein [261]. Many of Nrf2 target genes, including HO-1 and NQO1, encode protein
that involve in adaptive response to oxidative stress [261]. Similar to ATF4, Nrf2 is capable of
self-dimerization and heterodimerization with other bZIP proteins, such as Jun and ATF4 [261].
ATF4, in association with Nrf2, can bind to the stress-responsive element of HO-1 in vitro [261].
Moreover, ATF4 shows a synergistic effect on Nrf2 transactivation of HO-1 enhancer1 [261].
Nrf2 was also identified as a PERK substrate [262]. Nrf2 and eIF2α, two PERK substrates, while
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function in parallel pathways, converges for regulating a distinct subset of UPR target genes
[263]. For example, Nrf2 is implicated in inhibition of CHOP, while ATF4 is implicated in
promoting of CHOP [264, 265]. It is possible that nucleus-localization and activation of Nrf2 by
oxidative stress generated by YW3-56 serves as the valve of transcription of ATF4 target genes.
Although activation of Nrf2 antioxidant program and ROS detoxification were considered protumorigenic [266], this thesis suggests that YW3-56 mediated ROS is a prodeath force in p53
mutant cancer cells. A further study on Nrf2-ATF4 interaction and Nrf2 target genes in response
to YW3-56 treatment could help people better understand the complicated regulating machinery
of cell death in cancer cells with no functional p53.
Another remaining question is how PAD4 precipitates in YW3-56 mediated cell death in
the absence of p53. Little has known about partners of PAD4, except HDAC2 and p53.
Interestingly, ChIP-chip data of PAD4 in MCF-7 cells indicates that PAD4 binds to DDIT3 285bp region, which is sitting adjacent to the ATF4 binding site at -281bp of DDIT3 identified by
ChIP-exo in MDA-MB-231 cells. It raises the possibility that PAD4 and ATF4 recognize the
same site in upstream of DDIT3. Similar to other histone modifying enzymes, PAD4 mediated
histone modifications could alter the chromatin structure and transcription status. In very recent
year, studies of amino acid response (AAR) induced transcription suggest that a primary function
of ATF4 is to recruit histone acetyltransferase activity to certain amino acid responsive genes for
altering the chromatin structure and activating transcription [267]. In ATF4 knockout MEF cells,
treatment of a histone deacetylase inhibitor TSA resulted in increased histone H4 acetylation of
particularly genes, such as JMJD3, ATF3 and CHOP, and activation of amino acid response
genes [267]. Although the function of ATF4 as a pioneer factor can be in cell type- and/or genespecific manner, given that PAD4 and HDAC2 are cooperators in transcription regulation, it is
possible that inhibition of histone citrullination activity of PAD4 around the ATF4 binding region
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facilitates the recruitment of ATF4 or other yet-to-be identified factors for transcription
activation.
YW3-56 as an epigenetic drug candidate has shown promising anti-tumor effects in
breast cancer xenograft in nude mice. More important, it has no overt adverse effect to body
weight and vital organs. Along with the needed effects, toxicity of chemotherapeutic drugs may
cause some unwanted effects that damages the organs. For example, Doxorubicin, commonly
used in a wide range cancer treatment, works through interacting with DNA, may cause serious
adverse effects including life-threaten heart damage. So, drugs specific targeting at epigenetic
enzymes characterized with higher bioavailability and less toxicity would become more attractive
for cancer therapy. The new generation of PAD inhibitors we developed has shown their potential
in our preclinical studies. Furthermore, we have shown that combination of YW3-56 with HDAC
inhibitor SAHA (marketed as Zolinaza) further improved the tumor growth inhibition.
Development of YW3-56 will provide more regimens for treating drug resistant cancers using a
combination of multiple drugs.
Besides cancers, YW3-56 is also implicated as a potential candidate for autoimmune
diseases. PADs and their citrullination products have been associated with multiple inflammatory
diseases in human. YW3-56 as a pan PAD inhibitor may effectively decrease the excess
citrullination resulting in the diseases, such as rheumatoid arthritis and multiple sclerosis. In
appendix B, this thesis offers evidence that YW3-56 is capable to abolish PAD4 mediated
chromatin decondensation in neutrophils and peritoneal macrophages. Although the knockout
PAD4 mice do not show severe physical abnormality compared with wild type mice, neutrophils
and peritoneal cavity macrophages extracted from the PAD4 knockout mice do not form NETlike structure. I found that histone H3 citrullination and chromatin decondensation in these
immune cells depends on PAD4 activity. Hence, PAD4 activity is critical for innate immune
response and inflammatory disease progression. Our lab has shown that NETs is utilized by
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neutrophils to eliminate bacteria infection [81]. Inflammatory activation of macrophages by
PAD4 may involve in disease progression, such as atherosclerosis. Moreover, the release of
PAD4 during NET formation or MET formation would enter into circulation, organ or certain
foci like synovial joint to produce citrullinated protein. Therefore, testing PAD inhibitors in
multiple inflammatory diseases will be important. On the other hand, role of PAD4 in immune
response suggests that PAD4 inhibitor drug-delivery of is a question that needs to be further
addressed.
To sum up, PAD4 inhibitor YW3-56, with higher bioavaibility, effectively inhibits the
growth of cancer cells harboring either wide type p53 or mutant p53. p53 is substitutable in
mediating cell death by YW3-56. ATF4-SESN2 circuit was discovered to converge oxidative
stress response, mTOR-autophagy signaling pathway with the ER stress response. Not only as a
tool for studying the cellular functions in cancer cells, PAD inhibitors can be potential anti-tumor
drug for treatment of cancer and autoimmune diseases.
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Figure 4-1: An epigenetic view of tumorigenesis and cancer treatment.
During the process of cancer initiation and progression, DNA methylation catalyzed by
the DNA methyltransferases (DNMTs), histone deacetylation catalyzed by histone deacetylases
(HDACs), and histone citrullination catalyzed by PAD4 work singularly or synergistically to
epigenetically silence tumor suppressor genes thereby leading to untamed growth of cancer cells
and tissues. Based on this theory, cancer treatment can be achieved with inhibitors targeting these
epigenetic modifiers to restore histone modification patterns that are favorable for tumor
suppressor gene expression thereby promoting cell cycle arrest and cell death.

Appendix A

Cell cycle defect induced by PAD4 inhibitor YW3-56

131

A.1 Material and Methods

A.1.1 Flow cytometry cell cycle analysis using propidium iodide DNA staining
MDA-MB-231 cells (106 to 107 cells) treated with vehicle or YW3-56 was collected,
washed and resuspend in 0.5ml PBS. By the addition of 4.5ml of 70% ethanol, the cells were
fixed for 0.5 h on ice. Cells suspended in 70% ethanol can be stored at 0 – 40 oC for months. The
ethanol-suspended cells were then centrifuged at 200 g for 5min, and washed with 5ml PBS for
twice. To staining the DNA, fixed cells were suspended in 1ml PI/Triton X-100 staining solution
(PBS buffer containing 10 µg propidium iodide, 0.2 mg RNase A and 0.1% Triton X-100) for 10
min at 37 oC. The fluorescence of stained cells was assessed by FC500 flow cytometer (Beckman
Coulter Inc.) at the PSU Microscopy and Cytometry Facility, and the LMD files were analyzed
using the WinMDI 2.9 software or the FlowJo software.

A.1.2 Fluorescent immunostaining and western blot
Immunostaining were performed to visualize the cell cycle progression in YW3-56
treated MDA-MB-231cells following the protocol described in the previous chapters. Cells were
fixed in 3.7% paraformaldehyde in PBS buffer containing 0.1% Triton X-100 and 0.2% NP-40,
pH 7.4, and nuclear DNA was visualized by Hoechst staining. Primary antibodies were diluted in
PBST supplemented with 2% BSA and 5% normal goat serum as follows: anti-pS10H3 (1:200
dilution), anti-α/γ tubulin (1:200 dilution). Cells were then stained with the appropriate
secondary antibodies conjugated with Cy3 or Alexa488 at a 1:500 dilution. Figure B-2A images
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were captured using Olympus FV1000 confocal microscope at the PSU Microscopy and
Cytometry Facility. Z-series images were done using Yokogawa CSUX1spinning disk system
completed with a Photometrics QuantEM:512SC CCD camera, DMI6000 Leica motorized
microscope, and a Leica 100×/1.4 n.a. oil objective. An ATOF laser with 491/561 nm laser line
enabled fast shuttering and switching between different excitations. Band-pass filters (520/50 nm
for Alex488; 620/60 nm for Cy3) were used for emission filtering. All image acquisition settings
were kept the same during the image collection. The Metamorph (Molecular Devices) and Image
J softwares were used for image processing and analysis. 3D projects were generated using Image
J stack function.

A.2 Results
In MDA-MB-231 cells, YW3-56 treatment disturbed cell proliferation and cell cycle
process. The IPA analysis of MDA-MB-231 cells’ microarray upon YW3-56 treatment revealed
multiple potential dysfunctional phases or delay engendered by YW3-56, including the delay in
mitosis and G2 phase, delay in segregation of chromosomes (Table A-1). To investigate the
details of YW3-56 induced cell cycle arrest, we performed cell cycle analysis by quantitation of
DNA content using propidium iodide. Compared with vehicle treated cell cycle pattern, YW3-56
trapped cells in S and G2/M phases (Figure A-1A). Upon the YW3-56 treatment, there was a
good population of cells has increased DNA content. In consistent with microarray analyses, in
protein level, histone H3 S10 phosphorylation (pS10H3) that associated with chromosome
condensation in mitosis [268, 269], was increased by YW3-56 treatment (Figure A-1B), suggest a
slowed down or halted progression of mitosis.
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This assumption was further confirmed by immunostaining results, which show a unique
phenotype of chromatin and tubulin arrangement in YW3-56 trapped mitotic cells. Unlike vehicle
treated cells captured in different phases in mitosis, cells treated with 12 µM YW3-56 for 12 hr
lost the polarity of spindle structure (Figure A-2A). In a vehicle treated mitotic cell undergoing
anaphase, the chromatids marked with pS10H3 staining were condensed and aligned very well,
kinetochore microtubules attached to the centromere-kinetochore region with the interpolar
microtubules formed a well organized spindle structure for drawing chromosomes toward the two
spindle poles (Figure A-2B). In contrast, the cloudy shape of chromosomes in YW3-56 treated
cell indicated a failure in formation of structured chromosome or in chromosome condensation,
and the microtubules diverged from the organizing center were not orientated (Figure A-2B). It is
possible that defect of chromosome assembly and spindle structure was due to the decreased
expression of histone proteins and tubulin by YW3-56 treatment (Figure A-1C). Above all, our
hypothesis is that YW3-56 affects the assembly of chromosome and arrangement of spindle
tubules to disrupt the cell cycle progression.
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Figure A-1: YW3-56 delays cell cycle in MDA-MB-231 cells.
A) Cell cycle analysis shows trapped cell cycle in S and G2/M phases by YW3-56.
B) Western blot of histone H3 S10 phosphorylation induced by YW3-56.
C) qRT-PCR analyses of histone encoding genes and tubulin upon YW3-56 treatment.
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Figure A-2: YW3-56 disrupts chromosome and spindle structures in mitotic cells.
A) Unique phenotype induced by YW3-56 in mitotic cells.
B) Single cell 3D projects of one mock-treated cell in its anaphase phase (upper panel)
and one YW3-56 treated mitotic cell (lower panel). Colored 3D project (3rd left hand) was rotated
in y-axis for 10 degree (4th left hand) and 160 degree (1st right hand).
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Table A-1: Cell cycle related cellular process activated by YW3-56.

Appendix B

PAD4 activity is important for the induction of NET-like structures

138
B.1 Material and Methods

B.1.1 Cell culture and transient transfection
U2OS cells were cultured in DMEM medium (supplemented with 10% FBS, 100 U/ml
penicillin and 100 µg/ml streptomycin) in a 5% CO2 incubator at 37◦C. To start the transient
transfection, 2–3 ×	
  105 U2OS cells were plated in a 6-well plate. Replace the medium to fresh
medium without antibiotics early in the morning on the day of transfection. When cells reached
∼70–90% confluence, 4μg of DNA (pSG5 vector, pSG5- HA-PAD4 or pSG5-HA-PAD4C645S)
was diluted with 250μl OPTI-MEM and 10μl of Lipofectamine2000 (Invitrogen) was combined
with 240μl OPTI-MEM and incubated for 5min at RT. The DNA/OPTI-MEM and Lipofectamine
2000/OPTI-MEM was combined and incubated for 20min at RT. Five-hundred microliters of
plasmid/Lipofectamine complex was added to the six-well plate and then placed in a 5% CO2
incubator at 37◦C. After 12 hr, the transfection medium was replaced with fresh complete
medium.

B.1.2 Immunostaining and fluorescent microscopy
Immunostaining was performed as a previously described protocol in this thesis. Primary
antibodies were diluted in PBST supplemented with 2% BSA and 5% normal goat serum as
follows: α-HA (Sigma, H9658, mouse mAb, 1:300 dilution), α-H3Cit (Abcam, Ab5103, rabbit
pAb, 1:800 dilution), PE/Cy7 α -F4/80 antibody (BioLegend, 1:100 dilution). Cells were then
stained with the appropriate secondary antibodies conjugated with Cy3 or Alexa488 at a 1:500
dilution. DNA was stained with Hoechst (Sigma, 94403). Slides were imaged with a fluorescent
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microscope (Axioscope 40; Carl Zeisss, Inc.). Images were captured via AxioCam MRM camera
(Carl Zeisss, Inc) using Axiovision AC software (Carl Zeisss, Inc).

B.1.3 Western blot
Western blot were performed as described previously in the thesis. Antibodies used were:
α-PAD4 (custom-made, 1:200 dilution), α-H3 (Abcam, 1:8000 dilution), α-H3Cit (Abcam,
1:2000 dilution), α-H4Cit3 (Millipore, 1:2000 dilution).

B.1.4 mouse peritoneal cavity macrophages isolation
PAD4+/+ and PAD4-/- mice were euthanized using CO2. Around 5ml of ice cold PBS
containing 3% FBS were into the mice peritoneal cavity. After injection, gently massage the
peritoneum for around 2 min to dislodge the cavity cells into PBS. The cavity fluid was then
collected and cells were pellet down by centrifuge at 1500 rpm at 4◦C for 8 min. Cells were then
resuspended in RPMI medium (supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml
streptomycin) and plated in 6-well plate. Replace the medium with fresh medium after 5 hours for
removing the unattached cells. Cells attached to the culture plates were used in following
Immunostaining or LPS treatment.

B.1.5 Treatment condition for A23187, LPS, YW3-56 and YW4-03
For immunostaining observation of macrophages, cells were seeded on micro cover glass
in 6-well plate for 5 hours. Unattached cells were removed by replacing the medium. Attached

140
cells were incubated with medium containing 5 µM A23187 and 1 µg/ml LPS for 45 min to
stimulate the PAD4 activity. After incubation, cells on cover glasses will be preceded for
immunostaining or trypsinized for western blot. To study the inhibition of YW3-56 and YW4-03
on PAD4 mediated histone citrullination in PCMs, cells were resuspended in Locke’s solution (10
mM HEPES acid, pH 7.3, 150 mM NaCl, 5 mM KCl, 2 mM CaCl2, 0.1% glucose), and preincubated with 12 µM YW3-56, 12 µM YW4-03 or DMSO in 1.5 ml tubes at 37 ◦C for 1 hour,
respectively. A23187 and LPS were then added into the cell suspension to final concentration 5
µM and 1 µg/ml, respectively. Histone citrullination in cells incubated with A23187 and LPS for
45 min were detected by western blotting.

B.2 Results

B.2.1 PAD4 mediated chromatin decondensation is dependent on the activity of PAD4
Our lab have found that extensive histone citrullination by PAD4 is correlated with
chromatin decondensation and NETs formation in neutrophils [79, 81, 268]. In the later process
of PAD4 studies, we observed that PAD4 overexpression in non-granulocytic cells via transient
transfection could yield NET-like structure. If mere PAD4 protein elevation and histone
citrullination can induce chromatin decondensation, it is expected that the relative enzymatic
activity of PAD4 is essential for this process. To test this idea, we analyzed the NET-induction
ability of a plasmid expressing an enzymatically inactive PAD4 mutant - HA-PAD4C645S- in
U2OS cells. As controls, we found that the pSG5 plasmid vector alone did not induce NET-like
structures (Figure B-1A), while pSG5-HA-PAD4 plasmid did, with the H3Cit staining greatly
increased at areas of highly decondensed chromatin. (Figure B-1B). In contrast, after transient
transfection of the pSG5-HA-PAD4C645S plasmid, NET-like structures were not detected,
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suggesting that the activity of PAD4 is required for the NET-like structure induction (Figure B1C). The equal amount expression of the HA-PAD4 protein and the HA-PAD4C645S mutant
protein was detected by Western blot (Figure B-1D). Consistent with the immunostaining
experiments, histone H3 citrullination was detected by the H3Cit antibody only in cells with the
forced expression of the HA-PAD4 protein (Figure B-1D). The amount of histone H3 and actin
was also monitored to ensure equal protein loading (Figure B-1D, two bottom panels). The
number of cells with positive staining of H3 citrullination and/or chromatin decondensation from
independent fields in immunostaining experiments was tabulated as percentage of total H3Cit
positive cells and displayed in a bar graph (Figure B-1E). This quantification indicated that cells
positive for only citrullination or double positive for both citrullination and chromatin
decondensation were detected after expression of HA-PAD4 but not after the expression of HAPAD4C645S (Figure B-1E). Taken together, these results support the notion that PAD4 activity is
crucial for extensive chromatin decondensation.

B.2.2 PAD4 inhibitors abolished PAD4 mediated histone hypercitrullination and formation
of NET-like structure in peritoneal cavity macrophages

Similar to neutrophils, macrophages can also form extracellular trap (MET) in response
to certain types of pathogens and toxins [270, 271]. To test whether PAD4 involved in the
formation of MET, we cultured peritoneal macrophages from PAD4+/+ and PAD4-/- mice. In
PAD4+/+ macrophages, DNA-based extracellular traps were detected in cells with histone H3
hypercitrullination (Figure B-2B). In contrast, in PAD4-/- macrophages, basal level of histone H3
citrullination was much lower compared with that in PAD+/+ macrophages, and METs were
rarely observed (Figure B-2A and 2C). This suggests that PAD4 activity is also crucial for METs
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formation. To investigate the effect of in vitro LPS stimulation on chromatin decondensation in
peritoneal cavity macrophages, and given that cells need sufficient intracellular calcium
concentration to induce PAD4 mediated histone citrullination and chromatin decondensation [59],
we applied calcium ionophore A23187 and LPS combined treatment in PAD4+/+ and PAD4-/macrophages. After treatment, an apparent increase in the extent of cells undergoing histone
citrullination and chromatin decondensation was detected in PAD4+/+ but not PAD4-/macrophages (Figure B-3 and Figure B-4A). In consistent with the immunostaining results,
western blot analyses show a significant increase of basal histone H3 and histone H4
citrullination level only in PAD4+/+ macrophages after A23187-LPS treatment (Figure B-4B).
Moreover, A23187-LPS treatment induced histone H3 hypercitrullination in PAD4+/+
macrophages can be abolished by pre-incubation of cells with PAD4 inhibitors YW3-56 and
YW4-03 (Figure B-4C). These results suggest that A23187-LPS treatment induced peritoneal
macrophages histone citrullination and chromatin decondensation is also PAD4 activity
dependent.
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Figure B-1: PAD4 activity is important for the induction of NET-like structures.
A-C) Fluorescent microscope analyses of histone H3Cit and chromatin morphology in
U2OS cells transfected with the pSG5 vector, the pSG5-HA-PAD4 plasmid, or the pSG5-HAPAD4C645S plasmid.
(D) Western blot analyses of HA-fusion protein expression, histone H3Cit levels in
U2OS cells after transient transfection. Histone H3 and actin were probed to ensure equal protein
loading.
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(E) The number of H3Cit positive cells without obvious chromatin decondensation
(hypercitrullination) or H3Cit positive cells with obvious chromatin decondensation
(hypercitrullination and decondensation) were numerated as a percentages of cells that are H3Cit
positive in U2OS cells transfected with the pSG5-HA-PAD4 plasmid or the pSG5-HA-PAD4C645S
plasmid.
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Figure B-2: PAD4 mediated histone H3 citrullination is crucial for METs formation.
A-B) Fluorescent microscope analyses of histone H3Cit (red) and chromatin morphology
in PAD4 wild type mouse peritoneal cavity macrophages featured with F4/80 marker (green).
DNA was stained with Hoechst. DNA-based extracellular traps were detected in histone H3Cit
positive cells.
C) Fluorescent microscope analyses of histone H3Cit (red) and chromatin morphology in
PAD4 knock out mouse peritoneal cavity macrophages
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Figure B-3: A23187/LPS induced histone H3 citrullination is PAD4 dependent.
A) Fluorescent microscope analyses of histone H3 hypercitrullination in PAD4+/+ and
PAD4-/- mouse peritoneal cavity macrophages upon the A23187/LPS treatment.
B) Bar graph of histone H3 hypercitrullination with or without A2317/LPS treatment in
PAD4+/+ peritoneal cavity macrophages. 814 cells from 12 visual fields were numerated for
control group. 469 cells from 9 visual fields were numerated for A23187/LPS treated group.
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Figure B-4: PAD4 activity is required for histone H3 hyercitrullination in response to
A23187/LPS.
A) Fluorescent microscope analyses of histone H3 and H4 hypercitrullination in
PAD4+/+ mouse peritoneal cavity macrophages upon the A23187/LPS treatment.
B) Western blot suggesting the dependence of A23187/LPS induced histone H3/H4
citrullination on PAD4.
C) Western blot indicating PAD4 inhibitors YW3-56 and YW4-03 attenuate
macrophages’ response to A23817/LPS treatment.

Appendix C

Materials and Methods
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C.1 Molecular Cloning

C.1.1 Plasmid construction
C.1.1.1 PCR amplification of target cDNA fragment
1) General PCR reaction was set up in a 20 µl to 100 µl system. For example, in a 50 µl
reaction system:
5 µl 10x pfu buffer
x µl DNA template (0.1-0.5 µg)
4 µl 2.5 mM dNTP mix
4 µl 5 µM forward primer
4 µl 5 µM reverse primer
1 µl pfu turbo (Stratagene, 600259-52)
Add up to 50µl with ddH2O
2) PCR program for cDNA fragment:
94°C for 2 min
35 cycles of [94°C for 30 sec, x°C for 45 sec, 70°C for x min (~1kb/min)]
70°C for 10 min
4°C hold
3) Agarose gel electrophoresis:
To check PCR efficiency, run 2 µl PCR product within 1.0 – 2.0 % agarose gel in 1x
TAE buffer, using 6x bromophenol blue or xylene blue DNA loading buffer.
50x TAE buffer: 242 g Tris base, 57.1 ml Glacetic acid, 100 ml 500 mM EDTA, pH 8.0,
add ddH2O to 1 L, adjust pH to 8.0.
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6x Bromophenol blue loading buffer: 0.25% Bromophenol blue, 15% Ficoll in H2O.
6x Xylene blue loading buffer: 0.05% Xylene blue, 25% Glycerol in H2O

C.1.1.2 Restriction enzyme digestion and gel extraction of cDNA fragment/insert and vector
1) Restriction enzyme digestion of plasmid vector in a 30 µl reaction system:
3 µl 10x buffer (New England Biolabs)
x µl Plasmid vector (~1-2 µg)
1 µl restriction enzyme 1 (New England Biolabs)
1 µl restriction enzyme 2 (New England Biolabs)
Add up to 50µl with ddH2O
Incubate and digest at 37°C for 3hr. Run 2µl sample in agarose gel to check digestion
efficiency if necessary.
2) Restriction enzyme digestion of cDNA fragment in a 60 µl reaction system:
6 µl 10x buffer (New England Biolabs)
50 µl PCR product
1 µl restriction enzyme 1 (New England Biolabs)
1 µl restriction enzyme 2 (New England Biolabs)
Add up to 60µl with ddH2O
Incubate and digest at 37°C for 4-6 hr. Run 2µl sample in agarose gel to check digestion
efficiency if necessary.
3) DNA dephosphorylation of digested vector:
To remove the 5’ phosphate from vector to avoid self-ligation, digested vector was
treated with Antarctic phosphatase (NEB, M0289).
30 µl digested vector sample
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3.4 µl 10x Antarctic phosphatase buffer
1 µl Antarctic phosphatase
Incubate above reaction sample at 37°C for 30 min, and then heat inactivated the enzyme
in 5 min at 65°C. Run 2 µl digested vector sample in agarose gel to check efficiency.
4) Gel extraction for purifying digested PCR product and digested vector:
Perform agarose gel electrophoresis for the digested sample to fractionate DNA
fragments. Carefully excise the DNA fragment of interest and perform gel extraction purification
using Gel Extraction Kit (Omega bio-tek, D2500). Elutes cDNA fragment with 30 µl elution
buffer, and vector with 50 µl elution buffer. Run 2µl purified DNA sample in agarose gel to
check the size of purified PCR DNA fragment and vector, and to quantify DNA concentration for
following ligation reaction.

C.1.1.3 Ligation
General ligation was set up in a 10 µl to 20 µl reaction system. For example, in a 10 µl
reaction system:
1 µl 10x ligation buffer
6.7 µl cDNA fragment
2µl plasmid (25-50ng)
0.4 µl T4 ligase (50U/µl)
Keep the molar ratio of insert to vector around 3:1 to 10:1. Incubate at 16°C overnight.

C.1.1.4 Transformation

C.1.1.4.1 Transformation using chemically competent E. coli cells
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1) Calcium competent E. coli cells, such as DH5α and BL21 strains, were made
following a standard protocol and stored in -80°C before usage.
2) Add 10 µl ligation product into one tube 200 µl chemically competent DH5α cells, and
incubate for 30 min on ice.
3) Heat shock at 42°C for 45-90 sec. Then incubate the mixture on ice for another 2 min.
4) Add 0.8 ml of room temperature 2x YT medium (16 g tryptone, 8 g yeast extract, 5g
NaCl in 1 L H2O, pH 7.5, adjusted with NaOH). Place tube in 37°C shaker (180 rpm) for 45 min.
5) Warm selection plates at room temperature or 37°C.
6) Spin down cells at 5,000 rpm for 1 min. Resuspend cells in only 100 µl of remained
2xYT medium.
5) Spread the 100 µl cells on LB agar plate (10 g tryptone, 5 g yeast extract, 5 g NaCl, 16
g agar in 1 L H2O, pH 7.5, adjusted with NaOH) with appropriate antibiotics for selection. Place
the plate in 37°C incubator and grow overnight 12-18 hr depending on growth rate of the strain.

C.1.1.4.2 Electroporation/transformation using electrocompetent E. coli cells
1) Pre-chill the electroporation cuvette on ice. Thaw the electrocompetent cells on ice.
2) Add 1µl ligation reaction into 40 µl electrocompetent cells.
3) Carefully transfer the competent cell and DNA mixture to the bottom of the pre-chilled
cuvette. Do not leave any air bubble.
4) Pre-set the electroporation device to deliver an electrical pulse of 25 µF capacitance,
2.5 kV, and 200 Ω resistance. Place the cuvette containing the cell-DNA mixture to the device
and start electroporation. Make sure a time constant of 4-5 milliseconds is achieved with field
strength of 12.5kV/cm.
4) After electroporation, immediately add 1 ml room temperature 2xYT media to the
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cuvette and transfer the cells into a room temperature 1.5 ml tube. Shake the cells in 37°C shaker
(180 rpm) gently for 40 min.
5) Spread up to 200 µl on LB agar plate with appropriate antibiotics for selection. Invert
the plate in 37°C incubator and grow overnight 12-18 hr depending on growth rate of the strain.

C.1.1.4.2 Colony selection and PCR colony screening
1) After colonies showing up on the LB plate, using pipette tip to pick up several single
colonies (usually 2-6 colonies) and inoculate each colony into 3 ml 2x YT media with desired
antibiotics. Culture the bacteria in 37°C shaker (220 rpm) for 8-12 hours.
2) Select positive colonies by colony-PCR (step 3-1) or by plasmid extraction (step 3-2)
followed with restriction enzyme digestion and PCR verification.
3-1) 1µl bacteria culture was used as DNA template in a 20 µl general PCR reaction
system with primers used for amplification of the insert DNA fragment. Run 2µl PCR product in
agarose gel to check the size of insert and determine the positive colonies. A further restriction
enzyme digestion of plasmid is still necessary for determining the positive colonies.
3-2) Extract the plasmid from bacteria culture using the Plasmid DNA Mini Kit (Omega
bio-tek, D6942). Perform PCR using plasmid as template and restriction enzyme digestion of
plasmid to determine positive colonies.
4) Send the potential positive plasmids for sequencing.

C.1.2 PCR based one-step site directed mutagenesis
1) The mutagenic oligonucleotide primers were designed individually according to the
desired mutation. Primers should be between 25 to 45 bases in length with a melting temperature
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(Tm) of ≥78°C. Tm can be estimated according to the following formula:
Tm = 81.5 + 0.41(%GC) − 675/N − %mismatch

N is the primer length; %GC and %mismatch are whole numbers.
2) 50 µl PCR reaction for generating point mutation:
5 µl 10x pfu buffer
x µl Plasmid DNA (10 ng)
1 µl 2.5 mM dNTP mix
x µl primer 1 (125ng)
x µl primer 2 (125ng)
1 µl pfu turbo (2.5 U/µl)
Add up to 50µl with ddH2O
3) PCR program:
95°C for 30sec
16 cycles of [95°C for 30 sec, 55°C for 1 min, 68°C for x min (~1kb/min)]
68°C for 10 min
4°C hold
4) After PCR reaction, add 3.4 µl NEB buffer 4 and 1 µl DpnI enzyme to the PCR
product, digest at 37°C for 1 hr.
5) Transform the DpnI treated DNA to E. coli competent cells. Spread the cells on agar
plate containing desired antibiotics.
6) Pick up and culture several colonies. Extract plasmids and send them for sequencing.

C.2 Cell culture
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C.2.1 Cell culture conditions
All the mammalian cells used in this thesis are cultured in a 37°C incubator with 5%
CO2. U2OS, MCF-7, MDA-MB-231, MDA-MB-231 1833TR cells and peritoneal cavity
macrophages are cultured in Dulbecco Modified Eagle Medium-High Glucose (Life technologies,
11965) supplemented with 10% fetal bovine serum (I Life technologies, 10438) and 100 U/ml
penicillin and 100 µg/ml streptomycin (penicillin-streptomycin, Life technologies, 15140). HL60
cells are cultured in RPMI 1640 Medium (Life technologies, 11875) supplemented with 10% fetal
bovine serum,100 U/ml penicillin and 100 µg/ml streptomycin.

C.2.2 Passaging cells
1) Warm up the culture medium, DPBS (Life technologies, 14190), and 0.05% TrypsinEDTA (Life technologies, 11875) at 37°C water bath.
2-1) For adherent cells, first, remove the medium in the petri dish and gently wash once
with DPBS. Add 1.5ml trypsin to the dish and incubate the dish in incubator for 2-4 min to detach
cells. Then add in 1.5ml fresh medium to stop digestion. Carefully resuspend cells and collect
cells into a 15 ml tube. Centrifuge cells for 5 min at 1,000 rpm.
2-2) For suspension cells, transfer cells within medium into a 15 ml tube. Centrifuge cells
for 5 min at 1,000 rpm to collect cells.
3) Aspirate supernatant with sterile Pasteur pipette and resuspend cells in fresh medium
for splitting. Count cell numbers with hemacytometer (Hausser Scientific, 1492) if necessary.

C.2.3 Freezing cells
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1) Cells for freezing should be free of contamination.
2) Trypsinize cells following the cell passage procedure till step 2.
2) Remove supernatant with sterile Pasteur pipette. Resuspend cells with freezing
medium contains 50% culture medium, 40% FBS, and 10% DMSO, 1 ml per vial.
3) Transfer cells into cryovials (1 ml per vial). Freeze overnight in -80°C, and transfer to
liquid nitrogen tank for long term storage.

C.2.4 Thaw and recover cells from liquid nitrogen
1) Warm up the culture medium at 37°C water bath. Warm the stock cyrovial quickly in
37°C water bath.
2) Gently transfer the stock cells into 10 ml pre-warmed medium in a 15 ml tube, mix up,
and spin cells down at 1,000 rpm for 5 min.
3) Remove supernatant with sterile Pasteur pipette. Resuspend cells in fresh medium and
transfer to culture plates.

C.3 Cell transfection

C.3.1 Cell transfection with DNA
Lipofectamine 2000 (Life technologies, 11668) and Lipofectamine LTX with plus
reagent (Life technologies, A12621) are used for plasmid DNA transfection per manufacturer.
Following procedure is for 6-well plates transfection using Lipofectamine 2000, scale
accordingly for other sizes.
1) One day prior to transfection, seed 2 x 105 cells per well in antibiotic-free culture
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medium. Seeding cell number varies depending on cell size and growth rate. Make cells to be 9095% confluent at the time of transfection.
2) Dilute 4 µg DNA in 250 µl of Opti-MEM I Reduced-Serum Medium (Life
technologies, 31985). Mix gently.
3) Dilute 10 µl Lipofectamine 2000 gently in 250 µl of Opti-MEM Medium. Incubate for
5 min at room temperature.
4) Combine the diluted DNA with diluted Lipofectamine 2000. Mix gently and incubate
for 30 min at room temperature.
5) Add 500 µl the DNA-lipid complexes to each well. Mix gently by rocking the plate
back and forth.
6) Incubate cells for 30-72 hr. Medium may be replaced after 6 to10 hr of transfection.

C.3.2 Cell transfection with siRNA
X-tremeGene siRNA Transfection Reagent (Roche, 04476093001) or Santa cruz siRNA
transfection reagent (sc-29528) are used for siRNA transfection per manufacturer. Following
procedure is for 6-well plates transfection using transfection reagent sc-29528, scale accordingly
for other sizes.
1) One day prior to transfection, seed 2 x 105 cells per well in antibiotic-free culture
medium. Seeding cell number varies depending on cell size and growth rate. Incubate cells at
37°C in a 5% CO2incubator until the cells are 60-80% confluent.
2) Dilute 8 µl of siRNA duplex (80pmols) with 100 µl siRNA transfection medium (sc36868, or Opti-MEM I medium). Mix gently.
3) Dilute 8 µl of siRNA transfection reagent with 100 µl siRNA transfection medium (sc-
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36868, or Opti-MEM I medium). Mix gently.
4) Add the diluted siRNA duplex to the diluted transfection reagent. Mix gently and
incubate the mixture for 30 min at room temperature. Then add 0.8 ml transfection medium to
each tube that containing 200 µl siRNA-transfection mixture.
5) Wash the cells in 6-well plate with 1 ml siRNA transfection medium.
6) Aspirate the medium and immediately overlay the 1 ml complexes onto the cells. Swirl
the wells gently.
6) Incubate cells for 7 hr. Add 1 ml culture medium containing 2 times FBS and
antibiotics to the transfected cells without removing the transfection mixture. Medium may be
replaced after 5-7 hr of transfection
7) Incubate cells for additional 18-24hr and replace the transfection mixture with fresh
medium for following culture or experiments.

C.4 RNA preparation

C.4.1 RNA extraction from culture cell
RNeasy Mini Kit (Qiagen, 74104) is used to extract total RNA for mammalian cells per
manufacturer.
1) Harvest cells (less than 106 cells per tube) by centrifuging (suspension cells) or by
trypsinizing and centrifuging (adherent cells) referring to first two steps of passaging cells
procedure.
2) Add 350 µl buffer RLT containing 1% β-mercaptoethanol to lysate cells. Pipet to mix.
3) Homogenize the cell lysate by passing through RNase free 0.57mm gel loading tip
(Crystalgen Inc.) for at least 10 times.
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4) Add 350 µl of 70% ethanol to the homogenized lysate. Pipet to mix well and transfer
the 700 µl lysate mixture to RNeasy spin column placed in a 2 ml collection tube. Centrifuge for
30 sec at 10,000 rpm. Discard the flow-through.
5) Wash the RNeasy spin column with 700 µl buffer RW1. Centrifuge for 30 sec at
10,000 rpm. Discard the flow-through.
6) Wash the RNeasy spin column twice with 500 µl buffer RPE. Centrifuge for 30 sec at
10,000 rpm. Discard the flow-through.
7) Centrifuge the spin column at full speed for 2 min to eliminate any possible carryover.
8) Place the spin column to a clear 1.5 ml tube. Add 30 – 50 µl RNase-free water directly
to the column membrane, stay still for 1min, then centrifuge at 10,000 rpm to elute the RNA.

C.4.2 RNA extraction from tissue
TRIzol reagent (Life technologies, 15596) is used to extract total RNA from mouse
tissues.
1) Homogenizing samples:
Add 1 ml TRIzol reagent per 50-100 mg of tissue. Sample volume should not exceed
10% of the volume of TRIZOL reagent. Homogenize tissue with glass homogenizer immediately.
2) Phase separation:
Incubate the homogenized samples for 5 min at room temperature to permit the complete
dissociation of nucleoprotein complexes. Add 0.2 ml of chloroform per 1 ml of TRIZOL reagent
used in previous step. Vortex or shake tubes vigorously by hand for 15 sec and incubate at room
temperature for 2 to 3 min. Centrifuge the sample at 12,000 g for 15 min at 4°C. RNA remains
exclusively in the upper aqueous phase, which is about 50 % of the total volume of homogenized
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sample.
3) RNA precipitation:
Remove the upper aqueous phase containing RNA and avoid drawing any of the
interphase or organic layer. Transfer the aqueous phase to a new RNase-free tube, and precipitate
RNA by mixing the aqueous phase with isopropanol. If the start material is a small tissue (<
10mg), add 5-10 µg RNase-freeglycogen as a carrier for precipitation before adding in
isopropanol. Use 0.5 ml of 100% isopropanol per 1 ml of TRIZOL reagent used for
homogenization. Incubate the mixture at room temperature for 10 min and centrifuge at 12,000 g
for 10 min at 4°C. Precipitated RNA forms a gel-like pellet on the side and bottom of the tube.
4) RNA wash:
Remove the supernatant and leave the RNA pellet in the tube. Wash the RNA pellet once
with 1 ml of 75% ethanol per 1 ml of TRIZOL reagent. Vortex the tube briefly and centrifuge at
7,500 g for 5 min at 4°C to pellet down the RNA again. Air dry the RNA for 5-10 min.
5) RNA redissolving:
Dissolve RNA in RNase-free water by passing the solution a few times through a pipette
tip. Incubate for 10 min at 55 to 60°C for better dissolve if necessary. Extracted RNA can be
stored at -70°C.

C.5 Reverse transcription PCR
For reverse transcription of extracted total RNA, qScript cDNA SuperMix (Quanta
Bioscience, 95048) is used.
1) In a 20 µl reaction system:
4µl qScript cDNA SuperMix (5X)
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x µl RNA Template (10pg to 1 µg)
Add ddH2O to 25 µl
2) PCR program for cDNA synthesis:
25°C for 5 min
42°C for 30 min
85°C for 5 min
Hold at 4°C
Synthesized cDNA can be further diluted for real-time PCR or other experiments.

C.6 Real-time quantification PCR
1) Assemble 12 µl real-time qPCR reaction in a 96-well plate:
6 µl 2x Power SYBR Green PCR Master Mix (Applied Biosystems, 4367659)
2 µl Forward and reverse primer mixture (1 µM for each)
4 µl DNA
2) PCR is performed in StepOne Plus Real-time PCR system (Applied Biosystems,
4376598) using below program:
95°C for 10 min
40 cycles of (95°C for 15 sec, 55°C for 30 sec, *70°C for 15 sec)
Add melt curve after the PCR program to check primer quality.
* Collect data at this step
3) Data is recorded and analyzed using StepOne Software v2.1 and excel.

C.7 Total protein extract / whole cell extract preparation
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1) Trypsinize and collect cells in 15 ml tubes following the passaging cell procedure.
2) Remove the supernatant with sterile Pasteur pipette. Wash cells once with cold DPBS
and spin down cells at 1,000 rpm for 5 min.
3) Remove the DPBS supernatant. Resuspend cells in fresh DPBS, count the cell number
and spin down cells at 1,000 rpm for 5 min.
4) Resuspend cell pellet with IP buffer (20 mM Tris-HCl, pH7.0, 150 mM NaCl, 10 mM
EDTA, 0.2% Triton X-100, 0.2% NP-40) plus protease inhibitor (1 mM PMSF, 10 nM Aprotinin,
10 µM Leupeptin, 1 µg/ml Pepstatin A) at 4-5x106 cells/ml concentration.
4) Sonicate the cells in Bioruptor (Diagenode Inc.) for 5 min (30 sec on, 30 sec off) at
high energy level, twice.
5) Briefly spin-down the solution in tube as the whole cell extract.

C.8 SDS-PAGE
1) Prepare SDS-PAGE gels.
1-1) SDS-PAGE resolving gels have different polyacrylamide content (%) are prepared
according to following table:
To prepare 11 ml gel (ml)

6%

8%

10%

12%

15%

30% Acrylamide: Bis (37.5:1)
1 M Tris-HCl, pH8.8

2.2
4.1

2.95
4.1

3.65
4.1

4.4
4.1

5.5
4.1

20% SDS
10% APS

0.05
0.1

0.05
0.1

0.05
0.1

0.05
0.1

0.05
0.1

TEMED
ddH2O

0.005
4.55

0.005
3.8

0.005
3.1

0.005
2.35

0.005
1.25

2) Pour the resolving gel into clean plates. Add water-saturated isobutanol to the top of
resolving gel. Wait for 20-40 min at room temperature for resolving gel to fully polymerize.
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3) Pour off the isobutanol and gently rinse off the leftover isobutanol from the gel plate
space with water. Dry the watery interface with a piece of filter paper.
4) Prepare the SDS-PAGE stacking gel (5 ml) with 0.665 ml 30% Acrylamide: Bis
(37.5:1), 0.63 ml 1 M Tris-HCl, pH 6.8, 0.025 ml 20 % SDS, 0.05 ml 10% APS, 0.005 ml
TEMED, 3.62 ml ddH2O. Pour the stacking gel. Insert the comb straight down until fully seal the
edges. Wait for 20 to 30 min for stacking gel to fully polymerize.
5) Prepare loading samples by adding SDS loading buffer (6x: 300 mM Tris-HCl, 20%
glycerol, 6% SDS, 4% β-mercaptomethanol, 0.6% bromophenol blue, pH6.8) into the total
protein extract samples. Heat samples at above 90°C for 5 min. Cool down on ice and briefly spin
down.
6) Load samples in SDS-PAGE gel. Leave one lane for pre-stained protein marker
(Crystalgen, 65-0671), and lanes at each edge with 1x SDS loading IP buffer.
7) Run the gel in 1x SDS running buffer (10x: 250 mM Tris-HCl, 1.92 M glycine, 1%
SDS) at 200V for ~50 min, stop when the dye runs out of the gel. Time may varies depending on
% of gels and interested proteins.

C.9 Coomassie blue staining of SDS-PAGE gel
1) Remove the gel from glass plates after SDS-PAGE. Briefly rinse gel with water. Fix
gel for 10 min in the fixing buffer (50% methanol, 10% HAc in H2O).
2) Decant fixing buffer, then stain the gel with coomassie blue solution (0.1% coomassie
blue R-250 in the fixing buffer) for 15 min.
3) Decant coomassie blue solution and rinse the gel briefly with water. Destain the gel
with destaining solution (10% methanol, 5% HAc in H2O) for 30 min to couple hours, until the
bands are visible and the background is clean.
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C.10 Western Blotting
1) Remove the gel from glass plates after SDS-PAGE. Briefly rinse gel with water.
Transfer proteins from SDS-PAGE gel to 0.2 µm nitrocellulose membrane (Whatman, BA85) in
1x transferring buffer (25 mM Tris, 192 mM Glycine, 20% methanol) using semi-dry transferring
Unit (GE, TE77).
2) After transferring, briefly stain the nitrocellulose membrane with Ponceau S solution
(0.1% Ponceau S in 5% HAc) for 30 sec to 1 min. Wash away the background dye with ddH2O.
Place the membrane between plastic sheets to scan the membrane. Cut the desired portions for
antibody incubation.
3) Wash away Ponceau S staining from the membrane with TBST (10xTBS: 1.37 M
NaCl, 27 mM KCl, 250 mM Tris-HCl, pH 7.4. Add 0.1% Tween-20 for TBST).
4) Block the membrane with the blotting solution (5% nonfat dry milk in TBST) for 10 –
30 min at room temperature.
5) Prepare plastic bags for membrane incubation with antibodies. Incubate the membrane
in the blotting solution with appropriate dilution of primary antibody overnight (12-18 hr) at 4°C.
6) Next day, wash the membrane with TBST three times, 10 min each time.
7) Use new plastic bags for membrane incubation with secondary antibodies. Incubate the
membrane in the blotting solution with appropriate dilution of horseradish peroxidase-conjugated
secondary antibody for 2-3 hr at 4°C, or 1 hr at room temperature.
8) Take the membrane out, wash it with TBST three times, 10 min each.
9) Drain excess buffer on the membrane. Prepare the Lumi-LightPLUS ECL substrate
(Roche, 12015196001) per manufacturer. Place the mixed substrate on membrane for 2-5 min.
10) Exposure and develop the film in the dark room.
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11) To strip the membrane, incubate the membrane in the Stripping buffer (62.5 mM
Tris-HCl, pH 8.0, 1 mM EDTA, 100 mM β-Mercaptoethanol, 2% SDS) for 30 min at 50°C.
Rinse the membrane with TBST.

C.11 Immunostaining
1) Cells are seeded on cover slip in 6-well plate by either growing on cover slip (adherent
cells) or spinning down to cover slip at 2,000 rpm for 5 min (suspension cells). To enhance the
attachment of cells, cover slips could be pretreated with 0.01% poly-L-lysine. For adherent cells
growing on the cover split, wash cells with pre-warmed DPBS before fixation. For suspension
cells, wash with pre-warmed DPBS before spinning down to cover slips.
2) Fix cells with the fixation solution 1x PBS containing 3.7% Paraformaldehyde (using
5x PFA: 4 ml ddH2O, 0.74 g Paraformaldehyde, 28 µl 1 N KOH, heat to 65°C to dissolve), 0.1%
Triton X-100 and 0.2% NP-40 for 10-15 min at room temperature.
3) Wash the cells with PBST (1x PBS with 0.1% Triton X-100) for three times, 10 min
each.
4) Block the cells with 2% BSA in PBST for at least 30 min at room temperature.
5) Stain the cells in a dark humid chamber with appropriate dilution of the primary
antibody in PBST with 2% BSA and 5% normal goat serum (if the secondary antibody is goat
source) or with 5% normal donkey serum (if the secondary antibody is donkey source) overnight
at 4°C. Dilution of antibody may vary. Generally, use primary antibody at a 1:500 to 1:1000
dilution.
6) Next day morning, wash the cells with PBST for three times, 10 min each.
7) Incubate the cells in a dark humid chamber with appropriate dilution of the secondary
antibody conjugated with fluorescent dye in PBST with 2% BSA and 5% normal goat serum for 2
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hr at room temperature.
8) Wash the cells with PBST for three times, 10 min each.
9) Quickly stain the cells with DNA dye Hoechst (1mg/ml) at 1:1000 dilution in PBS for
15-30 sec.
10) Wash the cells with PBS for 5 min and ddH2O for 5 min.
11) Mount the cells to slides with the Mounting solution (2% N-proply gallate in 10 mM
Tris pH 9.0 and 80% glycerol), air-dry briefly, and seal the edge with nail polish.
12) Images are captured using a Zeiss Axioskop 40 fluorescence microscope, or confocal
microscopy in Penn State microscopy facility.

C.12 TUNEL assay
The DeadEnd Fluorometric TUNEL system (Promega, G3250) is used.
1) Fix cells overlaid on cover slip according to the immunostaining procedure.
2) Wash the cover slip twice in PBS, 5 min each time.
3) Equilibrate the cells with 100 µl of the Equilibration buffer for 5-10 min at room
temperature.
4) For labeling, incubate the cells with a mixture of 45 µl equilibration buffer, 5 µl
Nucleotide mix, and 1 µl rTdT enzyme at 37°C for 60 min in a dark humid chamber. Avoid light
from now on.
5) To stop the reaction, incubate the cells in 2x SSC (300 mM NaCl, 30 mM sodium
citric, pH 7.0) buffer for 15 min at room temperature.
6) Wash the cover slip three times with PBS, 5 min each time.
7) To visualize other protein use other antibodies, follow the immunostaining procedure
from step 4.
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8) Stain cells with Hoechst to visualize nuclei.
9) Images are captured using a Zeiss Axioskop 40 fluorescence microscope. Green
fluorescence will be localized in apoptotic cells. Nuclei will be blue under UV channel.

C.13 Flow cytometry
Flow Cytometry analysis is performed at the Penn State Flow Cytometry Facility using
FC500 flow cytometer (Beckman Coulter) or BD Fortessa LSRII. Date is analyzed with the CXP
software and Flow Jo software.

C.14 Annexin V / PI assay
The Annexin V-FITC apoptosis detection kit (Abcam, ab14085) is used per manufacture.
1) Collect ~5x105 cells per sample by centrifuge. Wash cells once with the Binding buffer
(10 mM HEPES pH 7.4, 2.5 mM CaCl2, 140 mM NaCl, 5 mM KCl, 1 mM MgCl2). Centrifuge at
1000 rpm for 5 min to spin-down cells. For mitochondrion deep red (MDR) staining, incubate
cells with 50 nM MDR for 40 min prior to trypsinization.
2) Resuspend cells in 500 µl Binding buffer, add 5 µl Annexin V-FITC, and 2 µl 50
µg/ml Propidium Iodide incubate at room temperature for 5 min in dark.
3) Analyze Annexin V and PI staining by flow cytometry FC500 (Ex = 488 nm; Em =
530 nm)

C.15 Cell cycle profile analysis
1) Collect >106 cells and wash once with cold DPBS.
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2) Fix cells with cold 70% ethanol for 30 min on ice. Cells suspended in 70% ethanol can
be stored at 0 – 40 °C for months
2) Pellet cells by centrifuge at 1,500 rpm for 5 min. Discard supernatant.
3) Resuspend and rehydrate cells in PBS for 5 min. Centrifuge as above.
4) Resuspended in 1ml PBS containing 10 µg propidium iodide (Sigma, P4864), 0.2 mg
RNase A and 0.1% Triton X-100 for 15 min at 37 °C. Keep in dark.
6) Transfer cells to flow cytometer and analyze data with Flow Jo software.

C.16 Expression and purification of GST-tagged protein
GST-tagged proteins are expressed in E. coli BL21 cells. Purification procedure here is a
one-step affinity purification using Glutathione Sepharose 4B beads. Small-scale expression test
and optimization can be performed before a large-scale culture and purification.
1) Plasmid for expression target protein is constructed using pGEX4T1 vector. Transform
the plasmid expressing the recombinant protein into E. coli BL21 competent cells.
2) Pick up a single colony and inoculate in 4 ml 2x YT broth with appropriate selective
antibiotics. Culture it overnight at 37°C with vigorous shaking (220 rpm).
3) Transfer the 4 ml starter culture into 400 ml fresh 2x YT with appropriate selective
antibiotics, shake (220 rpm) at 37°C until OD600 reaches 0.6-0.8.
4) Add IPTG to a final concentration of 0.1 mM to induce expression of recombinant
protein. Culture for 2-4 hr at 37°C with shaking at 220 rpm for expression, or 4-6 hr at 18°C for
low temperature expression.
5) Spin down cells at 7,700 x g for 10 min at 4°C.
6) Discard the supernatant.
7) Snap-freeze the pellet with liquid nitrogen and warm up under tap water.
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8) Resuspend the cell pellet with 30 ml ice-cold PBS with protease inhibitors.
9) Sonicate samples in 50ml beaker using Sonifier with 51% amplitude for 6-8 rounds
(0.5 sec on, 0.5 sec off for 10 times).
10) Add Triton X-100 to a final concentration of 1%. Rotate the lysate for 30 min at 4°C.
11) Centrifuge at 14,000 x g for 20 min at 4°C. Transfer the supernatant to a clean 50 ml
tube.
12) Wash 0.5 ml (bed volume) of Glutathione Sepharose three times with PBST.
13) Add the Glutathion Sepharose 4B beads to the cell lysate supernatant, rotate
overnight at 4°C.
14) Centrifuge the suspension at 500 x g for 5 min at 4°C. Remove supernatant.
15) Wash the beads with 30 ml PBST, rotate for 10 min at 4°C. Spin down at 500 x g for
5 min. Discard the wash. Repeat the wash two more times.
16) Sepharose matrix can be stored in PBST/50% Glycerol at -20°C for future use.
17) To elute protein, incubate the sepharose beads with same volume of Elution buffer
(10mM Glutathione in 50 mM Tris-HCl, pH8.0) with protease inhibitors. Mix gently to resuspend
the beads, rotate for 15 min at 4°C. Spin down at 500 x g for 5 min, save the supernatant in a
clean tube.
18) Repeat elution step twice more to collect three elutes in total. Samples could be
pooled and stored at -80°C with 10% Glycerol.

C.17 Expression and purification of His-tagged protein

C.17.1 Expression of His-tagged protein
1) Plasmid for expression target protein is constructed using pET vector. Transform the
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plasmid expressing the recombinant protein into E. coli BL21 competent cells.
2) Pick up a single colony and inoculate in 4 ml 2x YT broth with appropriate selective
antibiotics. Culture it overnight at 37°C with vigorous shaking (220 rpm).
3) Transfer the 4 ml starter culture into 400 ml fresh 2x YT with appropriate selective
antibiotics, shake (220 rpm) at 37°C until OD600 reaches 0.6-0.8.
4) Add IPTG to a final concentration of 0.1 mM to induce expression of recombinant
protein. Culture for 2-4 hr at 37°C with shaking at 220 rpm for expression, or 4-6 hr at 18°C for
low temperature expression.

C.17.2 one step Ni-NTA agarose affinity purification
5) Spin down cells at 7,700 x g for 10 min at 4°C.
6) Discard the supernatant and place on ice.
7) Snap-freeze the pellet with liquid nitrogen and warm up under tap water.
8) Resuspend the cell pellet with 30 ml ice-cold PBS or Tris buffer (20 mM Tris, pH7.6,
100 mM NaCl) with protease inhibitors.
9) Sonicate samples in 50ml beaker using Sonifier with 51% amplitude for 6-8 rounds
(0.5 sec on, 0.5 sec off for 10 times).
10) Centrifuge at 14,000 x g for 20 min at 4°C. Transfer the supernatant to a clean 50 ml
tube. Prepare samples using supernatant and pellet from this step to check protein expression
using SDS-PAGE.
11) Wash 0.5 ml of Ni-NTA agarose three times with Binding buffer (20 mM Tris,
pH7.6, 100 mM NaCl, and protease inhibitors). Binding buffer might vary and be optimized
according to different target proteins.
12) Add Ni-NTA beads to supernatant. Rotate sample at 4°C for 1hr.
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13) Load the beads to column and collect the flow through.
14) Start the washing with 10 ml Binding buffer, 10 ml Binding buffer with 10 mM
imidazole, 10 ml Binding buffer with 20 mM imidazole, 10 ml Binding buffer with 50 mM
imidazole. Collect fractions after each gradient.
15) Elute the protein from the Ni-NTA beads with 3-4 ml Binding buffer with 300 mM
imidazole. Control the flow rate for a better elution.
16) For recycling the beads, wash the Ni-NTA column with 4 ml Binding buffer with 500
mM imidazole and then 10 ml Binding buffer.
17) Prepare samples from each fraction for SDS-PAGE to check the binding and elution
of target protein.
18) If the elution is pure enough for following experiments, dialyze the protein with
appropriate buffer (PBS with PMSF for example) overnight at 4°C to remove most Imidazole. Or,
exchange the 300 mM imidazole containing buffer using HiPrep 26/10 Desalting column (GE) on
an AKTAprime Plus chromatography system (GE) to appropriate buffer (PBS with PMSF for
example). Protein could be stored at -80°C with 10% Glycerol.
19) If the elution is not pure enough, a second step can be performed following the below
procedure.

C.17.3 Second step: Gel Filtration
1) Centrifuge protein sample at 16,000 g for 10 min at 4°C. Collect the supernatant for
second round purification and discard the possible aggregation.
2) Carefully connect the Superose 6 10/300 GL column to the AKTAprime Plus
chromatography system according to GE instructions. Ensure there is no air in the whole
connected system.
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3) Equilibrate the column with at least 60 ml (2.5 times bed volume) appropriate buffer
(can be the elution buffer for purified protein) at flow rate of 0.5 ml/min. Keep the column
pressure lower than 1.5 MPa. Buffer or water used in Gel Filtration need to be filtered and
degased.
4) Injected up to 500 µl -700 µl desalted protein to sample loop (500 µl). Leave the
syringe on the injection valve to avoid air bubble going into the system.
5) Fill the fraction collector with clean tubes. Adjust the tube sensor in the correct
position for the tube size.
6) Load protein to the column by selecting the INJECT mode from the menu. Set up the
fraction volume to 0.5 ml per tube. Start the collecting of fractions.
7) Switch the mode to LOAD after the injection of 500 µl -700 µl protein sample. Set the
flow rate of 0.3-0.5 ml/min. Load 60 ml of elution buffer and collect the fractions.
8) Check the communication to Primeview. According to the chromatogram generated by
the purification, prepare SDS-PAGE samples using the fractions have absorbance at 280 nm.
9) Run SDS-PAGE to check the elution and the purity of target protein.
10) Multiple fractions are pooled together and concentrated if necessary. Protein could be
stored at -80°C with 10% Glycerol.

C.18 Chromatin immunoprecipitation (ChIP)
1) Add 37% Formaldehyde to the cell culture medium to a final concentration of 1% to
fix cells. Agitate gently for 10 min.
2) Add 2 M Glycine to a final concentration of 0.125 M to stop cross-linking. Agitate
gently for 5 min.
3) Discard medium. Wash the cells three times using cold PBS with protease inhibitors.
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4) Harvest cells using a spatula and transfer to 15ml polystyrene tube (BD Falcon,
352099). Pellet down cells by spinning at 1,500 rpm for 5 min at 4°C. Discard supernatant.
5) Resuspend cells with 8 ml SDS-lysis buffer (50 mM Tris-HCl, pH8.0, 100 mM NaCl,
5 mM EDTA, 0.4% SDS) with protease inhibitors.
6) Rotate for 10 min at 4°C. If SDS precipitates, warm up the sample at room
temperature until SDS precipitate disappears. Spin down at 1,500 rpm for 6 min at 4°C. Remove
supernatant.
7) Resuspend the pellet with 2 ml ice-cold IP buffer (2 parts of SDS-lysis buffer, 1 part of
Triton buffer: 100 mM NaCl, 100 mM Tris-HCl, pH 8.0, 5 mM EDTA, 5% Triton X-100).
8) Leave in ice for 10 min, invert occasionally.
9) Sonicate the sample for 6 rounds (30 sec on, 30 sec off, 5 times) in Bioruptor at high
energy level.
10) Check the sonication efficiency before performing the next step. Take small aliquot
of the sheared chromatin out, reverse cross-linking 6-10 hr at 65°C. Digest the sample with 2 µl
10 mg/ml Protease K and 1 µl 10 mg/ml RNase A for 2 hr at 37°C. Purify DNA from the sample
by phenol-chloroform extraction and ethanol precipitation. Check DNA size by agarose gel
electrophoresis. Ideal size of the sheared DNA should be 200-300 bp.
10) Wash Protein A agarose beads (Millipore, 16-125) three times with 1 ml IP buffer.
11) Resuspend the beads with certain amount of IP buffer. Add chromatin sample to
Protein A agarose beads, using 50 µl beads per 1 ml sample. Pre-clear the sample for 2 hr at 4°C
with rotating.
12) After pre-clearing, spin down the beads at 3,000 rpm for 1 min at 4°C. Collect the
supernatant and spin it again at 13,200 rpm for 10 min at 4°C to discard possible aggregates.
13) Share the chromatin samples to clean 0.5 ml tubes with desired antibody added, using
about 1-5x105 cells per antibody with about 2 µg of each antibody. Bring up total volume to 250
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µl using IP buffer, rotate the IP samples overnight at 4°C. IgG antibodies are used as negative
control that represent the background and will be the source for the total input sample.
14) Next day spin down the IP samples at 13,200 rpm for 15 min at 4°C. Collect the
supernatant into clean 0.5 ml tubes and discard possible aggregates.
15) Collect 10 µl from the IgG incubated supernatant and transfer into clean tubes as the
total input samples, which will be proceed later at reverse cross-linking step.
16) Add about 20 µl (bed volume) washed Protein A agarose beads to each supernatant
sample (from step 14). Bring up total volume to 250 µl using IP buffer, rotate for 2hr at 4°C.
17) After incubation, let the beads settle down itself by standing tubes at 4°C for 15 min.
Discard supernatant and start the washes with four buffers.
18) Washes are in below order and amount. Transfer the beads from the 0.5 ml tubes to
1.5 ml tubes in the first wash. For each wash, use 1 ml buffer and rotate for 5 min at 4°C. Spin
down beads at 3,000 rpm for 1 min at 4°C. Discard supernatant and proceed to the next wash.
2 washes using Mixed Micelle buffer (150 mM NaCl, 20 mM Tris-HCl, pH8.0, 5 mM
EDTA, 5.2% sucrose, 1% Triton X-100, 0.2% SDS)
2 washes using Buffer 500 (10 mM Tris-HCl, pH 8.0, 50 mM HEPES, pH 8.0, 500 mM
NaCl, 1% Triton X-100, 0.1% Sodium Deoxycholate, 1 mM EDTA)
2 washes using LiCl/Detergent buffer (10 mM Tris-HCl, pH 8.0, 250 mM LiCl, 0.5%
NP-40, 0.5% Sodium Deoxycholate, 10 mM EDTA)
2 washes using TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA)
19) Discard the supernatant of the final wash. Resuspend beads in 120 µl fresh prepared
Bicarbonate/SDS buffer (100 mM NaHCO3, 1% SDS). Add 90 µl Bicarbonate/SDS buffer to the
input sample saved in step 15.
20) To elute the DNA, vortex tubes at middle speed for 15 min at room temperature. Spin
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down the beads at 3,000 rpm for 1 min and collect 100 µl supernatant. Avoid aspirating any
beads.
21) Resuspend beads in 100 µl bicarbonate/SDS buffer and repeat step 20. Add another
100 µl bicarbonate/SDS buffer to the input sample. There will be 200 µl elute in each tube for
each antibody.
22) Centrifuge elutes at 13200 rpm for 5 min at room temperature. Collect supernatant
and discard the aggregation.
22) Incubate elutes at 65°C for at least 6-10 hr to reverse cross-linking.
23) Spin down briefly to collect drops under the lid. Leave at room temperature until
cool.
24) Add 2 µl of 10 mg/ml protease K and 1 µl of 10 mg/ml RNase A and incubate at
37°C for 2 hr.
25) Add 10 µl of 3 M NaAc (pH 5.0) to each sample to lower the pH. Purify DNA with
the PCR purification kit (Qiagen, 28104). Elute twice to recover DNA samples that are ready for
PCR.

C.19 Preparation mammalian cell sheared chromatin for ChIP-exo
Sonicated chromatin samples are prepared for ChIP-exo in a similar procedure to ChIP
procedure (step 1-10). For mammalian cells, starts with 50 to 150 million cells harvested from 810 15 cm plates. Cells are lysed using cell lysis buffer (10 mM Tris-HCl, pH8.0, 10mM NaCl,
0.5% NP-40) and nuclei lysis buffer (50 mM Tris-HCl, pH8.0, 10 mM EDTA, 0.32% SDS) with
protease inhibitors. Sonicate the lysate for 8 rounds (30 sec on, 30 sec off, 5 times) using
Diagenode Bioruptor at high energy level to fragments of about 300 bp on average.
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C.20 PAD histone/nucleosome citrullination assay
For PAD2/PAD4 citrullination assay with PAD inhibitors:
1) Assemble 20 µl reaction system as follows:
2 µl 10x Reaction buffer (10x: 500 mM Tris-HCl, pH 7.6, 20 mM CaCl2, 20 mM
DTT, 10 mM PMSF)
x µl PAD4 protein (0.1-1 µg)
x µl PAD4 inhibitor or mock-solution
Add ddH2O to 20 µl
Pre-incubate PAD4 protein and PAD4 inhibitor at 37°C for 30 min. Then add substrates.
If no pre-incubation is needed, add in substrates instead of PAD4 inhibitors and incubate the
reaction at 37°C for 1.5 hr directly.
2) Add PAD4 substrates, 0.5µl histone or nucleosome (1-2µg), in the reaction system.
Incubate at 37°C for 1.5 hr.
3) Check result with Western blotting.

C.21 PAD4 cicrullination activity colorimetric assay
This assay was used to evaluate the inhibition efficacy of PAD4 inhibitors by
colorimetric measurement of citrulline generated by PAD4 catalyzed citrullination of BAEE (Nabenzoyl-L-arginine ethyl ester).
1) Assemble 100 µl reaction system as follows:
10 µl 10x Reaction buffer (10x: 500 mM Tris-HCl, pH 7.6, 50 mM CaCl2, 20 mM DTT,
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10 mM PMSF)
x µl PAD4 protein (0.2 µg)
x µl PAD4 inhibitor or mock-solution
Add ddH2O to 100 µl
Pre-incubate PAD4 protein and PAD4 inhibitor at 37°C for 30 min.
2) Add BAEE to a final concentration of 5 mM in the reaction system. Incubate at 37°C
for 1.5 hr.
3) Add 25 µl 5 M HClO4 to stop the reaction.
4) Briefly centrifuge the reaction samples at 12000 rpm for 2 min at 4 °C. Transfer the
supernatant (120 µl) to capped glass tubes.
5) Add 120 µl reagent A (0.5% w/v diacetyl monoxime and 15% w/v NaCl in water) and
240 µl reagent B (1% w/v antipyrine, 0.15% w/v ferric chloride, 25% v/v H2SO4 and 25% v/v
H3PO4) to supernatant. Pipette to mix well.
6) Boil the mixture for 15 min and cooled to room temperature in an ice bath.
7) Measure the absorbance of the reagent mixtures at 464 nm by a Thermo BioMateTM 3
spectrophotometer. Efficacies of inhibitors are indicated as relative PAD4 citrullination activity
by normalizing the PAD4 activity without inhibitor treatment to 100%.

C.22 Antibody affinity purification
Purified protein (i.e. His-PAD4 protein) is used to purify antibody from serum.
1) Load 600 µl purified protein (~60 µg) on SDS-PAGE gel. Run the gel and transfer
protein to nitrocellulose membrane.
2) Stain with Ponceau S and cut out the appropriate band. Avoid other contaminants.
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3) Wash away the Ponceau S staining from the strip with PBS with 0.5% Tween 20.
4) Block the strip with PBST containing 2% BSA and 2% normal serum for 30 min at
room temperature.
5) Rinse briefly with PBST for three times.
6) Add 3 ml serum to a 15 ml tube and put in the strip. Incubate overnight at 4°C or 1 hr
at room temperature with rotating.
7) Wash the strip with PBST three times, 5 min each time.
8) Place the strip into a 1.5 ml EP tube.
9) Elute antibody by adding 1 ml low pH glycine with Tween (1.5 g glycine, 1ml HCl,
100ml water, pH around 2-3). Add 0.5% Tween immediately before use. Vortex the tube for 20
min at 4°C. Transfer the elution to clean tube and neutralize elution with 1M Tris base (pH 11-12,
use around 120 µl per 900 µl glycine).
10) Repeat step 9 for a second round elution. Mix two fractions and add an equal volume
of PBS + 2% BSA to stabilize the antibody. Freeze in aliquot.

C.23 Preparation of competent cells

C.23.1 Preparation of chemical competent cells
1) Prepare sterilized Medium A (for 50 ml, 49 ml 2xYT, 0.5 mM 10 mM MgSO4, 0.5 ml
20% Glucose), Medium B (for 10 ml, 2.98 ml 2xYT, 3.6 ml 100% Glycerol, 3.3 ml 36% PEG,
0.12 ml 1 M MgSO4).
2) Inoculate E. coli competent cell strain in 4 ml 2xYT broth. Culture it overnight at 37°C
with vigorous shaking (220 rpm).
3) Add 0.5 ml overnight culture to 50 ml Medium A, shake (220 rpm) at 37°C until OD600
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reaches 0.5-0.8
4) Spin down bacteria at 4,000 rpm for 2 min at 4°C and place the pellet on ice. Discard
supernatant. From this point on, always ensure the cells are kept on ice.
5) Resuspend cells in 0.5 ml Medium A and 2.5 ml Medium B.
6) Aliquot to 0.2 ml/tube. Use sterile, ice-cold epp tubes.
7) Flash freeze tubes with liquid nitrogen and store at -80°C.

C.23.2 Preparation of Electroporation competent cells
1) Inoculate E. coli competent cell strain in 3 ml 2x YT broth. Culture it overnight at
37°C with vigorous shaking (220 rpm).
2) Add 3 ml overnight culture to 50 ml fresh 2x YT broth. Shake (220 rpm) at 37°C until
OD600 reaches 0.35-0.4.
3) Immediately transfer the flask to an ice-water bath for 15-30 min or until it is fully
chilled, gently swirling the flask to ensure even cooling. From this point on, always ensure that
the cells are kept on ice.
4) Poor the culture into a pre-chilled 50 ml tube. Centrifuge at 1000 x g for 15 min at 4°C
to harvest cells.
5) Decant the supernatant and resuspend cells in 30 ml pre-chilled ddH2O. Centrifuge at
1000 x g for 20 min at 4°C to harvest cells.
6) Decant the supernatant and resuspend cells in 15 ml pre-chilled 10% Glycerol.
Centrifuge at 1000 x g for 20 min at 4°C to harvest cells.
7) Decant the supernatant and resuspend cells in 5 ml pre-chilled 10% Glycerol.
Centrifuge at 1000 x g for 20 min at 4°C to harvest cells.
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8) Discard supernatant and any remaining glycerol solution by pipetting. Gently
resuspend cells in 0.5 ml pre-chilled GYT broth (10 ml Glycerol, 0.125 g Yeast extract, 0.25 g
Tryptone, add ddH2O to 100 ml and autoclave).
9) Measure the OD600 of the cell suspension at a 1:1000 dilution. Dilute the cell
suspension to a concentration of 1x106 cells/ml (1OD600=~2.5x108 cells/ml) with ice-cold GYT
medium.
10) Test 40 µl cell suspension in electroporation. If arcing occurs during the
electroporation, wash the remaining cell suspension once more with ice-cold GYT medium
ensure that the Test electroporation again after the wash to ensure the conductivity of cell
suspension is sufficiently low (<5 mEq).
11) Aliquot the cell suspension into 40 µl /sterile, ice-cold 1.5 ml tubes. Flash freeze
tubes with liquid nitrogen and store in -80°C.
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