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ABSTRACT

Hodgkin lymphoma (HL) is a unique entity among the lymphomas, with a minority of
malignant Hodgkin and Reed-Sternberg (H-RS) cells surrounded by a broad range of
infiltrating cells. The infiltration of certain inflammatory cells has been reported to
predict prognosis of the disease. In HL tumor microenvironment, the primary H-RS
cells and those inflammatory cells interact interdependently. The aberrant cytokine
production of H-RS cells has been suggested to contribute to this interdependency.
However, little is known in terms of the mechanisms involved in the abnormal cytokine
secretion by H-RS cells. Previous studies suggested that several pro-inflammatory
molecules likely contribute to the aberrant cytokine secretion of HL, including
cysteinyl-leukotrienes receptor type I (CysLT;R) and 15-lipoxygenase-1(15-LOX-1)
that are highly expressed in primary H-RS cells and cultured HL-derived L1236 cells.

Previous and present studies in cultured HL cells demonstrate that CysLT;R mediates
transcription and secretion of cytokines, including interleukin (IL)-6, IL-8 and tumor
necrosis factor-o, upon stimulation by leukotriene D4 (LTD,). This lipid mediator is
formed from arachidonic acid through the 5-lipoxygenase (5-LOX) pathway and
several types of inflammatory cells surrounding H-RS cells can produce cysteinyl-
leukotrienes. To depict the intracellular signaling pathways that bridge the LTD4-
CysLT/R ligation to cytokine induction, a mechanistic study was carried out in L1236
cells. The results demonstrated that the transcription factor early growth response
(EGR)-1 is involved in the LTD4-triggered cytokine transcriptional induction.

The regulatory mechanisms implicated in 15-LOX-1 trans-activation in HL have been
obscure. This study has also assessed the epigenetic modulation of 15-LOX-1 in
different aspects. The results revealed that signal transducer and activator of
transcription (STAT)-6 positively regulates 15-LOX-1 transcription by binding to its
promoter, in which three putative STAT-6 binding motifs are identified to be required
for full activation. The accessibility of STAT-6 to the 15-LOX-1 promoter is controlled
by DNA methylation and histone modification. The histone H3 lysine (K)-4 specific
methyltransferase SMYD3 was found to exhibit an important role in this multi-step
regulation. Although the H3K27me3 demethylase UTX mediates 15-LOX-1 trans-
activation by H3K27 demethylation upon IL-4 stimulation in lung carcinoma A549
cells, a crucial histone H3K27-demethylase-independent role of UTX in 15-LOX-1
transcriptional regulation in L1236 cells was demonstrated.

In conclusion, this study has evaluated the biology of HL by using in vitro models,
focusing on lipoxygenases regulation and function. The results not only demonstrated a
signaling pathway that hypothetically bridges 5-LOX activity to the striking
inflammatory microenvironment in HL, but also uncovered epigenetic regulation
mechanisms involved in 15-LOX-1 expression in HL-derived cells. Our findings
suggest that lipid signaling pathways might play critical roles in HL pathogenesis, thus
warranting further HL research.
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1 INTRODUCTION

1.1 HODGKIN LYMPHOMA:

A cancer with an inflammatory signature

In 1832, Hodgkin lymphoma (HL) was first described by Thomas Hodgkin[1], and in
1865, it was re-described by Samuel Wilks in further detail and later to be called
Hodgkin’s disease[2]. About 70 years later, Carl Sternberg and Dorothy Reed identified
a type of giant cells, later termed Hodgkin Reed-Sternberg (H-RS) cells [3]. These cells
are now considered as the malignant cells in HL. According to the World Health
Organization classification, HL comprises two entities, nodular lymphocyte
predominant HL (NLPHL) and classical HL. The classical HL can be further
subdivided into four subtypes, including nodular sclerosis, mixed cellularity,
lymphocyte-depleted, and lymphocyte-rich [4, 5]. Hereafter HL refers to classical HL

unless stated otherwise.

The identification of HL malignant H-RS cells provides an opportunity for the HL
biologic and therapeutic research. In this respect, the origin of H-RS cells became
crucial since it could lead us to understand the pathogenesis of this disease. Although
the origin of H-RS cells is now identified to be the germinal center (GC) B cells [4, 6-
9], the origin of these particular cells has confused researchers for decades, mainly due
to the limited number of H-RS cells in HL tumor tissue. The HL tumor tissues contain
only 1-3% H-RS cells surrounded by abundant inflammatory cells [10]. Moreover,
mixed hematopoietic cell markers are expressed in H-RS cells, such as the dendritic
cell associated molecules: restin, fascin and thymus and activation regulated
chemokines (TARC); Granulocyte and monocyte (CD15), B cells (Pax-5), plasma cells
(MUM-1, CD138)[4]. Finally, when H-RS cell immunoglobulin rearrangements was
analyzed by using microdissection and single-cell PCR, the origin of these cells were
clarified as pre-apoptotic GC B-cells because they were carrying destructive V-gene
mutations[6, 7, 11], although rare cases are derived from T cells[12-15]. The origin of
H-RS cells and lymphocytic and histiocytic cells in NLPHL was described
schematically by Thomas et al[5](figure 1). In GC, most B cells with low B cell
receptor (BCR) affinity are programmed to die after positive selection, and this cell

programmed death is mediated by the TNF
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Figure 1 The origin of the H-RS cell (adapted from RK Thomas, et a/.2004. With permission)

super-family member Fas[16]. However, the H-RS cells survive in absence of selection
for antigen and lack of expression of the BCR, indicating that these particular cells are
Fas resistant, which was confirmed previously in cultivated H-RS cells[17]. The
mechanisms implicated in Fas resistance may potentially be therapeutically
approachable. The apoptosis escaping mechanism of H-RS cells has been an attractive
topic. However, addressing somatic mutations of the Fas gene seems not to be a main
strategy because only 3 of 32 examined cases of HL with proven GC B-cell derivation
were found to harbor deleterious FAS gene mutations[18, 19]. Several molecules were
demonstrated to be involved in the anti-apoptotic feature of H-RS cells. Among those,
X-linked inhibitor of apoptosis (XIAP) [20] and anti-apoptotic c-FLIP [19, 21] has been
suggested to play important roles in apoptosis resistance. Additionally, certain pro-
survivor factors such as cytokines and transcription factors are also implicated in H-RS

cell survival (discussed later).

A feature that makes this lymphoma unique is the minority of neoplastic H-RS cells
interspersed in an abundant reactive background of inflammatory cells (figure 2),

including non-neoplastic B and T lymphocytes, mast cells, eosinophils, plasma cells,



and histiocytes/macrophages. Fibroblast-like cells and reticulum cells are also found
detectable [22]. Among these infiltrating cells, CD4 positive T lymphocytes usually
predominate and form rosette-like communications with H-RS cells[23]. The H-RS
cells and the surrounding inflammatory cells are interdependent, and the infiltration of
macrophages, eosinophils and mast cells has been reported to predict prognosis in some
but not all studies[24-29]. Indeed, soluble factors such as cytokines, chemokines as
well as lipid mediators together with surface receptors mediate the specific cellular

composition of the reactive infiltrate and promote H-RS cell survival[30-33] .

1.2 THE H-RS CELL

A master of cytokine production

Cytokines are small cell-released proteins that have specific effects on the
communications between cells, including leukocyte recruitment. Several lines of
evidence suggest that the reactive infiltrating cells in the HL microenvironment are
recruited by cytokines and chemokines released by H-RS cells, contributing to a
favorable microenvironment [30, 34-36]. Indeed, H-RS cells and the HL cell lines

produce a wide array of cytokines and chemokines, which are summarized in table 1.

1.3 THE MOLECULAR SIGNATURE OF H-RS CELLS

1.3.1 Signal transducer and activator of transcription-6, constitutively
activated in H-RS cells and the L1236 cell line, critical for cell

survival

The Signal transducer and activator of transcription (STAT) family, comprises seven
different members including STAT-1, STAT-2, STAT-3, STAT-4, STAT-5 (STAT-5A and
STAT-5B) and STAT-6[37]. In primary H-RS cells and HL cell lines, STAT-3[38-40],
STAT-5[41, 42] and STAT-6[43, 44] are commonly activated, at least in part likely due
to the multiple cytokines produced by these cells. Among these activated transcription
factors, STAT-6 is constitutively phosphorylated in 5 of 5 tested HL cell lines and in H-
RS cells from 25 of 32 (78%) evaluated classical HL cases[44].

STAT-6 is a mediator involved in the IL-4/IL-13 cascade. Briefly, in response to IL-
4/1L-13, STAT-6 is phosphorylated by the receptor associated Janus kinase, and then



forms STAT-6 homo-dimers that translocate to the nucleus where target genes are
bound and activated (figure 3). IL-13 and the IL-13-specific receptor chain (IL-13Ral)
are frequently co-expressed in H-RS cells and HL-derived cell lines[45, 46], suggesting
that an autocrine loop triggers and maintains constitutively activated STAT-6, which has
been proven by significant decrease of STAT-6 phosphorylation upon IL-13
neutralizing antibody treatment of HL cell lines[47]. In the same study, the cell
proliferation was also affected by antibody-mediated neutralization of IL-13, indicating
that the IL-13/STAT-6 signaling pathway acts as an important proliferation signal in H-
RS cells and HL cell lines. Lentiviral shRNA-mediated STAT-6 inhibition significantly
suppressed proliferation and induced apoptosis in L1236 cells [43], further
demonstrating the crucial role of STAT-6 in HL pathogenesis.

Hodgkin’s lymphoma b. micrograph of Hodgkin lymphema
Acancer with inflammatory feature T

large malignant cells termed Hodgkin and
Reed-Sternberg (H-RS) cell surrounded by
a reactive cell infiltrate composed of variable
proportions of lymphocytes, histiocytes,
eosinophils, and plasma cells. The H-RS cells
are identified as large often bi-nucleated cells.

a. common symptoms: c Mast cell

= Lymph nodes enlargment
« ltchy skin

+ Night sweats

= Unexplained weight loss
* low-grade fever

Plasma cell

¢. Schematic model of Hodgkin
lymphoma microenvirenment P e, 4 CDA4T cells

Infiltrated inflammatory cells and
H-RS cell forma H-RS cell
favoring microenvironment that
promotes H-RS cell survival

CD4T cells

Eosinophil

Figure 2 Clinical symptoms and histologic feature of HL

Additionally, STAT-6 is thought to contribute to the inflammatory features of HL. Our
preliminary data (not shown) revealed changes of cytokine expression pattern upon
STAT-6 inhibition, indicating that STAT-6 directly contributes to cytokine transcription.
Further, STAT-6 is a common transcription factor involved in immune cell
differentiation including Th2 cells, macrophages and dendritic cells, triggered by IL-4

stimulation. In human macrophages and dendritic cells, STAT-6 mediates
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Table 1 Cytokines and Chemokines involved in HL

Pro-inflammation, involved
in host defense[48-50]

Eosinophil activation[22, 58]

B cell and plasma cell
differentiation[62],
pro-inflammation[63]

Growth factor for B and T
cells, involved in activation
of the immune response[70-
72]

T-cell and mast cell growth
factor [75]

Anti-inflammatory cytokine,
inhibits Th1 response[79, 80]

B-cell maturation and
activation[83]

Involved in inflammation,
tissue remodeling, and
wound healing[85]

Pro-inflammatory
cytokine[90, 91]

B- and T-cell suppression;
fibroblast proliferation and
collagen synthesis[92, 93]

Pro-inflammatory cytokine,
Macrophage differentiation
and activation; NK and CD8
T-cell activation[98, 99]

Monocyte, NK cells, B cells
chemotaxis[103, 104]

Recruit Thl cells,
monocytes and dendritic
cells[107, 108]

Recruits monocytes,
eosinophils, mast cells and T
cells[110, 111]

Attracts eosinophils,
monocytes, and T-cells[114,
115]

Recruits monocytes,
eosinophils, and T-cells[117]

Attracts Th2 cells, regulatory
T-cells, basophils, and
monocytes[118]

Th2 response and regulatory
T cell induction[22]

Neutrophils recruitment[123]

Th1 cell recruitment[125]

H-RS cells frequently
express IL-1o (58%-
75%), rarely IL-13
(<5%)[51-55]

Highly expressed in HL
tissue (95%)[35, 59]

Frequently (from 65%
to 100%)[64-68]

IL-7 mRNA expression
was demonstrated in
HL (77%)[73]

Positive (50% )[35, 76]

Detected in a variable
percentage of H-RS
(21% to 36%)[81, 82]
IL-13 expressed in H-
RS cells (86% to
93%)[46, 60, 84]

Detected in primary H-
RS cells (69%)[51, 52,
67, 86-88]

LT-o was detected in
HL (77%)[35, 67, 86]

Expression in H-RS
cells (61%), mainly in
NSHL[94, 95]

Expressed in H-RS
cells (47% tumors) [66,
100-102]

Expressed in HL
tissue[ 105]

Detected in HL tissue,
higher in MCHL
subtype[ 102, 109]

Protein expression in
the H-RS cells[105]

Expressed by
fibroblasts in HL tissue
(63%)[116]

Low protein
expression in H-RS
cells[105]

Highly expressed in H-
RS cells (88%)[119,
120]

Most HL cases,
expression by H-RS
cells (87%),higher in
NSHL[102, 122]

Rarely observed in H-
RS cells, but positive in
reactive cells[124]
Expressed at higher
levels in HL compared
to benign lymphoid
tissues[35]

HDLM2 secrets IL-1a,
KM-H2 mainly
produces IL-1B[56, 57]

Expressed in L-428,
KM-H2[57, 60]

L1236, 1428, KM-H2,
HDLM2[57, 65, 69]

IL-7 was detectable in
L-1236, HDLM-2 and
KM-H2 cells; very low
levels in L-540 and L-
428 cells[73, 74]

In L428 by stimulation
with PHA/PMA([77]

Expressed in L1236
and Ho[69, 81]

Positive in HDLM2,
L1236, L428 and KM-
H2[44, 60]

Expressed in L1236,
1428, KM-H2,
HDLM?2 and L540[32,
57,67, 69, 87]
Detected in HDLM-1,
KMH2, 1428 and
L540[67, 87, 88]

Detected in L1236 and
1428[96, 97]

Expressed in RS cell
lines L1236, HDLM2,
L591 and L1236 but is
absent in L428[69,
101]

mRNA was Detected in
L540, HDLM2 and
L428[105, 106]
mRNA detected in
L1236 cells
(unpublished data)

All Hodgkin cell lines
express [105, 106, 112]

Positive in L1236
cells[116]

Positive in L1236
cells[105]

Expressed in all HL
cell lines[119]

Detected in L1236,
1428 and L591[105,
106]

Detected in L1236 cells
upon LTD,
stimulation[32]

Detected in L1236 cells
and L591[3]

Fibrosis and sclerosis
induction[52, 55]

Associated with tumor
eosinophilia[36, 61]

Pro-inflammatory
infiltration formation

Promotes proliferation
of regulatory T cells[74]

Growth factor for H-RS,
infiltration of
eosinophils and mast
cells [77, 78]

Associated with EBV+
HL[81, 82]

Autocrine growth factor
for H-RS cells[35, 44-
47]

Autocrine effects,
collagen synthesis[89]

Autocrine factor for H-
RS[3]

Associated with nodular
sclerosis subtype,
suppresses T-cell
activation [95]

Stimulates CXCL10[22]

Might contribute to the
pro-inflammatory
microenvironment
Might contribute to the
pro-inflammatory
microenvironment
Contributes to the
recruitment of the
reactive cells in HL[109,
112, 113]

Eosinophil
accumulation, produced
by fibroblasts[116]
Might contribute to the
pro-inflammatory
microenvironment in
HL

Likely contributes to
Th2-like and Treg T
cells enriched
surrounding in HL[119,
121]

Likely contributes to
Th2-like and Treg T
cells enriched
surrounding in HL[3,
22]

Correlated with
Neutrophils
accumulation[3]

Associated with EBV+
HL infiltration[35]



CysLT; receptor[126] and 15-LOX-1 [127] induction upon IL-4 stimulation. Both the
CysLT; receptor and 15-LOX-1 are pro-inflammatory molecules, which will be

discussed in more detail.

Apart from STAT family members STAT-3, STAT-5 and STAT-6, several other
transcription factors were also frequently found in H-RS cell and HL cell lines,
including NF-xB, GATA-2, NOTCHI1 and AP-1 (table 2); among which the NF-xB
pathway has been well studied and its aberrant activity is likely attributed to mutations
in the IkBa gene, amplification of the NF-kB/REL locus, and autonomously active

CD30, CD40, RANK, as well as Notch 1 signaling pathways[128-137].
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Figure 3 Schematic model of STAT-6 activation

1.3.2 The CysLT1 receptor mediates the crosstalk between H-RS cells

and microenvironment

LTC4, LTD4, and LTE,, collectively called CysLTs, are lipid mediators derived from
arachidonic acid (AA) through the 5-LOX pathway. 5-LOX and LTC, synthase catalyze

in sequence the conversion of AA to LTC,4, which in turn is transported out of the cells,
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and further converted to LTD4 and LTE4[138]. The biological function of the CysLTs is
principally mediated by G protein coupled CysLTs receptors named CysLT; and
CysLT; receptor [138, 139] (figure 4). The CysLTs have been considered to contribute
to the pathogenesis of asthma[140] and other inflammatory disorders [141, 142].

A previous study showed that functional CysLT; receptors are expressed in primary H-
RS cells as well as in the HL-derived cell lines L1236 and K-MH2. Stimulation of
L1236 cells with the CysLT, receptor agonist LTDy leads to secretion of tumor necrosis
factor-alpha (TNF-a), IL-6 and IL-8 [32]. As LTDy4-producing cells, such as eosinophils,
macrophages and mast cells, are part of the HL microenvironment, it is hypothesized
that aberrant cytokine production by the H-RS cells is mediated via the CysLT receptor.
Thus, the CysLT, receptor signaling pathways mediating cytokine release is of great

interest to study.
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Figure 4 The 5-LOX pathway
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Table 2 Transcription factors involved in HL pathogenesis

Transcription Factors involved in Hodgkin Lymphoma Pathogenesis

STAT-6

STAT-5

STAT-3

NF-xB

GATA-2

NOTCH1

AP-1

STAT-6 is constitutively phosphorylated in primary H-RS cells (78% of analyzed cases), and HL-
derived cell lines L1236, L1428, KM-H2, L540 and HDLM2. Lentiviral mediated STAT-6 specific
shRNA transfection significantly induces apoptosis in L1236 cells, suggesting that STAT-6 plays a
critical role in H-RS cell survival [43, 44].

STAT-5 is phosphorylated in 38% of examined HL tumors and data suggests that the phosphorylation
status of STAT-5 in H-RS cells in HL could be a prognostic marker in HL [41, 42].

STAT-3 is constitutively activated in 87% classical HL cases and most HL-derived cell lines including
L428 and L1236. Gene knockdown experiments suggested that STAT-3 is essential for cell
proliferation of these HL cells [38-40].

NF-kB is constitutively up-regulated in H-RS cells, and the results showed that more than 90% H-RS
cells in all analyzed HL patients were positive, although HL cell lines revealed different activation
mechanisms. In L428 and KM-H2 cells, the constitutive NF-«kB activity correlates with defective
IkBa, in L1236 and HDLM2 cells, IkBa is associated with p65 and displays an enhanced turnover.
NF-«B plays a crucial role in H-RS cell survival [143-146].

GATA-2 was detected in 50% of tested HL patient H-RS cells, and in all tested HL-derived cell lines.
The expression of GATA-2 is specific for HL cells and not seen in NHL cells or normal GC B cells,
suggesting that GATA-2 is important in establishing the abnormal B-cell phenotype of H-RS cells
[147, 148].

Notchl was detected in all studied H-RS cells from 25 HL patients. The data revealed that Notch is
an essential upstream regulator of alternative NF-kB signaling and indicate cross talk between both

the pathways in H-RS cells [149, 150].

c-Jun and JunB overexpression is found in all tumor cells of patients with HL. AP-1 works
synergistically with NF-kB and stimulates expression of the cell-cycle regulator cyclin D2, proto-
oncogene c-met and the lymphocyte homing receptor CCR7, which are all strongly expressed in

primary HRS cells[151]. Indicating an important role of AP-1 in lymphoma pathogenesis.

1.3.3 15-LOX-1 is highly expressed in primary H-RS cells and the L1236

cell line

15-LOX-1, also called arachidonate 15-lipoxygenase (ALOXI1S5), is an enzyme that

oxygenates polyunsaturated fatty acids and bio-membranes. In healthy subjects, this

enzyme is predominantly expressed in airway epithelial cells, eosinophils, alveolar

macrophages, dendritic cells and reticulocytes. Previous studies suggested that 15-

LOX-1 is a pro-inflammatory enzyme that contributes to asthma pathogenesis [31, 152-
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154]. In certain human cancers including colon cancer, oesophageal cancer, and
pancreatic cancer, the expression of this enzyme is suppressed and has been suggested

as a tumour suppressor| 155-159].

In HL tumor tissue, 15-LOX-1 was found to be expressed in primary H-RS cells in 17
of 20 (85%) investigated biopsies using immunohistochemistry staining [160] (figure
5). However, this enzyme was rarely detected in Non-Hodgkin lymphoma (NHL)
tissues [161], suggesting that the expression of 15-LOX-1 in H-RS cells may have
important diagnostic and therapeutic implication in HL. The few numbers of H-RS
cells in tumor tissue makes the research of HL difficult, therefore the in vitro models
become important tools for the study of 15-LOX-1 biology. Among HL-derived cell
lines, L1236 expresses 15-LOX-1 abundantly, while all other established HL cell lines
are 15-LOX-1 negative [160]. To understand why this molecule is expressed in H-RS

cells, knowledge about its transcriptional regulation is crucial.

Primary H-RS cells L1236 cells

Figure 5 Primary H-RS and L1236 cells express 15-LOX-1. A, probed by 15-LOX-1 specific
primary antibody, B, isotype controls. (Adapted from Claesson HE, et al. 2008, with permission)
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1.4 TRANSCRIPTIONAL REGULATION
Background for understanding 15-LOX-1 regulation

Epigenetic is a definition relative to genetic, which refers to the genetic material DNA
dependent inheritance that only concerns the DNA sequences information. In
comparison, epigenetic is the heritable changes in gene activities which are not caused
by changes in the DNA sequence. DNA decides the genotype, while epigenetic

regulation controls the phenotype.
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% \., ;\ /\ > ol ! !
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DNA methylation canregulate ~ Histone acetylation diminishes

gene transcription both the electrostatic affinity between histone proteins and
activation and suppression DNA to promote gene transcription

Figure 6 Schematic histone structure and modifications

The basic components of chromatin are genomic DNA and histone. Histone is a group
of small proteins including H1, H2A, H2B, H3, and H4, which tightly bind to DNA and
form nucleosome in eukaryotic cell nucleus, in which two copies of histone H2A, H2B,
H3, and H4 assemble the core of nucleosome, and the one histone H1 locks DNA and
histone as soon as the nucleosome is formed[162, 163]. The gene transcription process
requires the double strand DNA to come apart temporarily, so that transcription factors
and RNA polymerase are able to access to the gene promoter and the DNA template. It
is therefore important for cells to have means of unwinding chromatin to permit
transcription to proceed. Several mechanisms are involved in chromatin remodeling
that controls gene transcription, including DNA methylation and histone modification.
Histone modification is a group of events that comprises lysine acetylation, lysine and

arginine methylation, serine and threonine phosphorylation, and lysine ubiquitination
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and sumoylation.

Collectively, gene transcription is regulated by multiple factors including gene
activators and suppressors. In order to access to target DNA, these factors have to find
their binding motifs in loosened DNA regions in the genome. Chromatin remodeling
regulators such as DNA methyltransferases (DNMTs) /demethylases (DDMs), histone
methyltransferases  (HMTs)/demethylases (HDMs), histone acetyltransferases
(HATs)/deacetylase (HDACs) are important to open or close the chromatin. Thus the
chromatin remodeling regulators and gene transcription factors are working

sequentially or synergistically to control gene activation.

1.4.1 DNA methylation

DNA is composed of four nucleotides comprising adenine (A), thymine (T), guanine (G)
and cytosine (C), and among these nucleotides cytosine or adenine can be further
modified by adding a methyl group when needed. Generally, DNA methylation
typically occurs in a so called CpG Island. DNA methylation is controlled by two
classes of enzymes termed DNMTs and DDMs. Although little is known about DNA
DDMs so far, DNMTs are well studied. Three active DNMTs have been identified in
mammals, named DNMTI1, DNMT3A, and DNMT3B[164]. The CpG Island
methylation displays a wide variety of biological functions in development[165], aging
and cancers[166, 167]. In the present study, CpG Island methylation at the 15-LOX-1
promoter region is shown to be implicated in STAT-6 accessibility regulation, thus
controlling the gene transcription in HL cell lines. More details are described in results

and discussion.

1.4.2 Histone modifications

Histone modifications consist of lysine acetylation, lysine and arginine methylation,
serine and threonine phosphorylation, and lysine ubiquitination and sumoylation,
among which lysine acetylation and lysine methylation have been widely investigated.
In the following paragraphs, histone lysine acetylation and lysine methylation will be

discussed.
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1.4.3 Histone acetylation

Histone acetylation is achieved by introducing an acetyl group to lysine residues on
histone proteins. Histone acetylation is regulated by HATs and HDACs. The
introduction of acetyl groups is mediated by HATs, which consist of GNAT, MYST and
p300/CBP subfamilies [168], whereas acetyl groups can be removed by HDACs that
include class I, II, III and IV subgroups in mammals cells [169]. Histone acetylation
diminishes the electrostatic affinity between histone proteins and DNA, thereby
promoting gene transcription [170]. Several lysine residues on the histone N-terminal
tails can be modified. In our current work, we found that histone H3 hyperacetylation
was correlated with high 15-LOX-1 expression in L1236 cells, in which an H3
acetylation-enriched15-LOX-1 promoter is permissive for STAT-6 binding, while in
L428 cells, the hypoacetylated promoter has low accessibility that inhibits gene

activation[171].

1.4.4 Histone lysine methylation

Histone methylation is a critical epigenetic mechanism involved in embryonic
development, immune responses, and cancer genesis. Histone methylation plays a
pivotal role in the maintenance of both active and suppressed states of gene expression
depending on the sites of methylation. Methylation of histone H3 at lysine (K)-4,
H3K36, H3K79 is an activation sign of gene transcription, whereas methylation of
histone H3K9, H3K27 and H4K20 is implicated in suppression of gene
transcription[172-177]. Histone methylation is catalyzed by HMTs and HDMs, as
described below (Figure 7).

1.5 TRANSCRIPTIONAL REGULATION OF THE 15-LOX-1GENE

Several mechanisms are involved

The Th2 cytokines IL-4 and IL-13 induce the expression of 15-LOX-1 in certain human
cells, such as human monocytes [178, 179], human umbilical vein endothelial
cells[180], orbital fibroblasts[181], SCC 1483 oral cavity cancer cells[182] and lung
epithelial carcinoma A549 cells[183]. The classical IL-4/IL-13 triggered STAT-6
pathway is involved and plays an important role in 15-LOX-1 induction by directly
binding to the promoter [184, 185]. However, the STAT-6 activation is not sufficient to
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inducel5-LOX-1 expression in dermal fibroblasts [181] and the human monocytic cell
line THP-1 cells [183]. Moreover, the HDAC inhibitor suberoylanilide hydroxamic
acid (SAHA) suppresses STAT-6 expression, but on the other hand stimulates the
expression of 15-LOX-1[186], indicating that also other pathways are involved in the

transcriptional activation of the gene.

Active

Figure 7 Histone lysine modifications and key regulators. Histone lysine methylation is a major
epigenetic regulation of gene transcription both positively and negatively. Many histone modifiers have
been identified. Lysine methylation has been implicated in both transcriptional activation (H3 Lys4, 36,
79) and silencing (H3 Lys9, 27, H4 Lys20) (Illustration modified from Cell Signaling Technology, Inc.

www.cellsignal.com with a permission).

In human monocytes, apart from the STAT-6 pathway, an important regulatory role of
ERK1/2 was demonstrated, ERK1/2 mediates IL-13-induced 15-LOX-1 expression via
the transcription factors early growth response (EGR)-1 and cAMP response element-
binding protein (CREB)[179]. Several other factors are suggested to be important in IL-
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4 induced 15-LOX-1 expression, including activator protein 2, GATA motif-binding
transcription factor (GATA)1, nuclear factor (NF)1, SP-1[180] and vimentin[187],
while GATA-6 is a suppressor of 15-LOX-1 in colorectal cancer cells [188, 189].
Interestingly, the Thl cytokine INF- y has negative effects on 15-LOX-1 induction,
indicating that this enzyme is a Th1 and Th2-counterregulated-mediator [190, 191]. The
promoter methylation of DNA by DNA DNMTs in CpG-rich regions has been well
described as a critical component of epigenetic silencing in human cells. DNA CpG
methylation is also involved in the regulation of 15-LOX-1 transactivation. In
colorectal cancer, promoter methylation of 15-LOX-1 was detected both in vivo and in
vitro and has been suggested to contribute to the 15-LOX-1 expression inhibition, [192].
The association of hypermethylated promoter and 15-LOX-1 suppression was also
demonstrated in HL cell lines [193]. Interestingly, another study suggested that the
DNMTs can inhibit 15-LOX-1 transcription by a DNA methylation-independent
mechanism [192]. Moreover, in prostate cancer cells, promoter hypermethylation has
been suggested to promote 15-LOX-1 expression [194]. Thus, different mechanisms are
operating in different cell types. This might be due to the fact that different types of

cells express different transcription factors.

Histone modification is another type of epigenetic regulation involved in development,
cancer and other diseases (see also above). Recent experimental evidence revealed that
histone modification also plays a crucial role in 15-LOX-1 transcriptional regulation.
H3K9me2 demethylation catalysed by lysine (K)-specific demethylase 3A (KDM3A)
transcriptionally activates 15-LOX-1 in colorectal cancer cells. Moreover, histone H3
and histone H4 acetylation mediated by histone acetyltransferase lysine (K)-
acetyltransferase 3B (KAT3B) is also implicated in 15-LOX-1 transcriptional
activation [195]. The association of histone acetylation with 15-LOX-1 expression was
also found in the HL cell line L428 cells. In these cells, the transcription of 15-LOX-1
was induced only after stimulation with both trichostatin A (TSA) and 5-Aza [193],
indicating that histone acetylation and DNA methylation synergistically regulate gene

transcription.
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2 AIMS OF THE STUDY

HL is one of the most common malignant disorders among young adults. Although the
disease is largely curable, improved and targeted treatment with less early and late side
effects is urgently needed. The inflammatory microenvironment in HL is a unique
feature of this disease; therefore an understanding of the molecular mechanisms
involved in the inflammatory component of HL is of great interest and of potential
importance for the development of future more specific treatment. Two inflammation-
related molecules, CysLT; and 15-LOX-1, are highly expressed in primary H-RS cells
and the HL cell line L1236.

This study specifically aims to:

1. Characterize the functional role of the CysLT; receptor in the pathogenesis of
HL, focusing on the signaling pathways that bridge the LTD, stimulation to
cytokine induction.

2. Elucidate the involvement of constitutively activated STAT-6 in the expression
of 15-LOX-1 in HL cell lines, and eventually understand the mechanism of 15-
LOX-1 expression in primary H-RS cells.

3. Appraise the role of epigenetic regulation in 15-LOX-1 transcription in HL-
derived cells.

a. Delineate promoter CpG methylation in 15-LOX-1 transcriptional
activation
. Evaluate the involvement of histone acetylation in 15-LOX-1 transcription
c. Assess the histone methylation mediated by SMYD3 and UTX in 15-LOX-
1 transactivation
d. Define the cooperation of DNA methylation, histone modification and
transcription factor in 15-LOX-1 transactivation regulation.
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3 MATERIALS AND METHODS
3.1 EXPERIMENTAL MATERIALS

3.1.1 HL Biopsies and Cell lines

HL tumor tissue was collected from lymph node biopsies and the studies on patient
samples were approved by the local ethics committee. The HL-derived cell lines L1236
(so far the only Hodgkin cell line formally shown to be derived from H-RS cells), L428
and KM-H2 cells were used in the present study, and all three HL cell lines were kind
gifts from Professor Volker Diehl, Cologne, Germany. The human lung epithelial
carcinoma A549 cell line was used as a 15-LOX-1 inducible cell model for studying
epigenetic regulation. AS549 cells were purchased from Leibniz-Institute DSMZ-
German Collection of Microorganisms and Cell Cultures, Brunswick, Germany.
Another 15-LOX-1 positive cell line was used in this study, the human prostate
adenocarcinoma cell LNCaP and this cell line was purchased from the American Type

Culture Collection, Manassas, VA. Detailed information on the studied cell lines is

listed in table 3.
Table 3 Cell lines used in the study
Cell lines L1236 L428 KM-H2 LNCaP A549
Derivation HL (MC) HL (NS) HL(MC to LD) human prostate lung epithelial

Specimen site

peripheral blood

pleural effusion

pleural effusion

adenocarcinoma

lymph node

carcinoma

epithelial cells

Cell type B-cell type B-cell type B-cell type epithelial cells epithelial cells
Patient 34-year-old male 37-year-old female ~ 37-year-old male 50-year-old male 58-year-old male
15-LOX-1 Positive Negative Negative Positive Inducible
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3.2 METHODS
3.2.1 SYBR Green-Based Quantitative Real-Time PCR

Quantitative Real-time PCR (qRT-PCR) is a technique which is a major development
of the polymerase chain reaction that enables reliable detection and measurement of
gene transcription levels. The material needed for this method is achieved through total
RNA extraction. The basic theory of gqRT-PCR is to use fluorescence to detect the
threshold cycle (Ct) during PCR when the level of fluorescence gives a signal over the
background and is in the linear portion of the amplified curve. This Ct value is used for
the accurate quantization of qRT-PCR. The SYBR Green is an asymmetrical cyanine
dye that intercalates with double-stranded DNA, which introduces fluorescence of the
SYBR. The qRT-PCR machine detects the fluorescence and the software calculates Ct
values from the intensity of the fluorescence. All qRT-PCR performed in this study was
carried out in an ABI 7900HT real-time PCR thermo cycler using pre-designed primers
(all detailed primer sequences used in this study can be found in the attached papers).
The levels of gene transcription were calculated by using the 2(-Delta Delta Ct) Method
[196]. The house keeping genes Beta-2 microglobulin (2m) and Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were used as loading controls.

3.2.2 Western blot

Western blot is a protein detection method based on antibody-antigen specific
recognition. In this study, whole cell lysate was prepared, followed by SDS-PAGE
electrophoresis and subsequent transfer to PVDF membranes. The membranes were
then probed by antibodies against the target proteins. Horseradish peroxidase
conjugated secondary anti-mouse or rabbit IgG were used to detect the enrichment of
the target protein by developing with the enhanced chemiluminescent method. Beta-
actin was used as a loading control. In this study we applied this method to detect the
target proteins including EGR-1, STAT-6, 15-LOX-1, SMYD3, SMCX, UTX and B-
ACTIN (more details in the constituent papers).

3.2.3 15-LOX-1 activity assay

In order to measure the catalytic activity of 15-LOX-1, the concentration of 15(s)-
hydroxy eicosatetraenoic acid (15(S)-HETE) was measured by ELISA. 15-LOX-1
catalyzes the conversion of AA to 15(S)-HETE which is the major mediator formed
through this pathway. Briefly, the L1236 cells were harvested and washed by PBS
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followed by centrifugation. The cell pallet was re-suspended in PBS. The cells were
then incubated in a 37°C water bath with AA for 5 minutes and subsequently put on dry
ice to stop the reaction. The concentration of 15(s)-HETE in the supernatant was used

as a biomarker for activation of this pathway.
3.2.4 Immunofluorescence

Immunofluorescence is another immune-recognition-based technique that is commonly
used for detection of the target molecule. Basically, this technique applies the
specificity of antibodies to their antigen, and specifically targets fluorescent dyes to the
molecules as desired. There are two main methods of immunofluorescence including
direct and indirect immunofluorescence. The more frequently used method is the
indirect immunofluorescence, whereby the primary antibody specifically recognizes the
molecule of interest, and the primary antibody is then targeted by a second anti-
immunoglobulin antibody that is tagged with the fluorochrome. Under excitation light,
the fluorochrome expresses emission light that can be captured by microscope-mounted

camera.
3.2.5 Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChIP) assay is also an antibody-antigen based
technique that is commonly used for probing protein-DNA interactions within the
natural chromatin context of the cell. The ChIP assay can be used to assess the histone
modification status during gene expression regulation and to determine the binding of
transcription factors and other DNA interaction proteins. Briefly, the cells were fixed
directly in the culturing medium by adding formaldehyde to a final concentration of 1%
(fixation may not be needed when studying histone modification), which reversibly
preserved the protein-DNA interaction occurring in the cells under certain conditions.
The cells were then lysed and chromatin isolated and fragmented using sonication. The
chromatin was then subjected to immunoprecipitation using antibodies specific to a
particular protein or modified histone of interest to pull down the DNA sequences that
are associated with the particular protein or histone modification. After
immunoprecipitation, the protein-DNA cross-links were reversed and the DNA purified.

The enrichment of a particular DNA sequence can be detected by quantitative PCR.
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3.2.6 Luciferase Reporter-Based Promoter Activity Assay

The luciferase reporter based promoter activity detection system is basically
constructed by the promoter of interest followed by the firefly luciferase coding region.
This luciferase reporter-based system provides an intracellular tool for quantitatively
studying the cis- or trans-regulating elements that putatively modulate gene expression.
To determine the regulation of the promoter of interest, the reporter vector is
transfected into certain cells. Simultaneously, the Renilla reniformis luciferase-
containing vector is co-transfected as a loading control that normalizes the transfection

handling error.
3.2.7 Lentiviral Transduction System for Gene Knock-down

A potent approach to transduce cells is the use of virus derived vectors, among which
the lentiviral vector (derived from HIV-1) is a widely used vector that is able to
transduce both dividing and non-dividing cells as the viral preintegration complex can
get through the intact membrane of the nucleus in the target cell. Lentiviral vectors are
usually created in a transient transfection system, in which the packaging cells (the
HEK293FT cells were used in this study) are transfected with three different plasmids,
including a transfer vector plasmid (pLKO.1 and pGIPZ were used in this study), a
packaging plasmid (psPAX2 was used in this study) and a envelop plasmid (pMD2.G
was used in the present study). The virus particles are then produced and released to
the supernatant that is used to transduce the cells of interest. The transfer vector can be
used both to over-express and knock-down target gene depending on the aim of the
study. In the present study, the pGIPZ was used for EGR-1 knock-down and the
pLKO.1 was used for UTX knock-down.

3.2.8 Microarray Gene Expression Analysis

Microarray gene expression analysis is a technique for gene profiling, which enables
high-throughput gene expression quantification on a small chip. This method has been
developing though the recent decades, and it is widely used for screening for candidate
disease-associated transcripts, diagnostic markers and therapeutic targets. Microarray
is also very useful for investigating signaling pathways. Total RNA preparation is
required to initiate the microarray analysis. The high quality total cellular RNA is
subsequently converted to cDNA or cRNA that hybridizes with tagged DNA probes in
each DNA spot on the chip. The probe-target hybridization is usually detected and
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quantified by fluorescence intensity that represents the abundance of gene transcripts.
In this study the affymetrix Human Gene 1.0 ST Array was performed. The gene
transcription fold change was analyzed by comparing the LTD, treated L1236 cells

versus controls.
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4 RESULTS AND DISCUSSION

41 H-RS CELLS EXPRESS THE CYSLT; RECEPTOR THAT MEDIATES
CYTOKINE AND CHEMOKINE EXPRESSION VIA THE
TRANSCRIPTION FACTOR EGR-1

Accumulating data reveal that the H-RS cells and the infiltrating cells are
interdependent. The H-RS cells secret an abundance of cytokines and chemokines that
recruit inflammatory cells to the tumor sites. The infiltrating cells in turn produce
different growth factors to form a favorable microenvironment for the H-RS cells [11,
30, 35, 36, 74, 113, 197-201]. To understand the crosstalk between H-RS cells and the
bystander cells, knowledge about the mechanisms leading to H-RS cell
cytokine/chemokine production is crucial. Our previous studies have uncovered part of
these mechanisms; by immunohistochemistry in formalin-fixed paraffin-embedded
tissue, CysLT; receptor expression was noted in H-RS cells in 12 out of 20 HL patients
and the expression of CysLT; receptors was also confirmed by microarray analysis in
microdissected primary H-RS cells [32]. This finding was of great interest since the
CysLT; receptor is a high affinity receptor for LTD4 which presumably is released by
eosinophils, macrophages and mast cells in the HL tumor microenvironment. In the
same study referenced above, L1236 cells were studied as a mechanistic model of the

H-RS cells since the CysLT; receptor is also expressed by these cells (Figure 8).
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Figure 8 Primary H-RS cells express the CysLT, receptor
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Interestingly, LTD4 stimulation significantly induced the release of certain cytokines
including IL-6, IL-8 and TNF-a in a dose-dependent fashion. In the present study, we
have checked the transcription level of these cytokines upon LTD,4 treatment. Not
surprisingly, the mRNA levels of IL-6, IL-8 and TNF-a were also dose- and time-
dependently induced upon LTD,4 stimulation. The expression and release of the
cytokines were mediated by the CysLT; receptor since a specific receptor antagonist
against CysLT,; blocked the action of LTD4 on cytokine release. IL-8 is an important
inflammatory chemokine that specifically induces chemotaxis of neutrophils. Thus,
release of IL-8 by the H-RS cells may recruit neutrophils into the tumor site. TNF-a. is
another important inflammatory mediator, which promotes the synthesis of other
proinflammatory compounds by various cell types [35]. Therefore, we demonstrated
the grounds for a paracrine loop that partially may depict the interdependency between
H-RS cells and infiltrating inflammatory cells. Furthermore, two other chemokines,
Mip-1la and Mip-1p, were also induced upon LTD, stimulation. Mip-1a and Mip-1
are also named CCL3 and CCLA4, both of which are chemoattractants for T cells and

monocytes and were detected in HL tumor tissues [35].

The interesting finding of the LTD./CysLT;-cytokine axis in HL provides the CysLT,
receptor as a potential target in HL therapy that warrants further attention. However, the
intracellular signaling pathway(s) bridging the CysLT, receptor activation to cytokine
induction is (are) still unclear. In order to delineate the picture of the signaling
pathways triggered by LTD,4 stimulation, microarray profiling was performed. Several
transcription factors were identified and verified to be induced by LTD4 through the
CysLT; receptor, including EGR-1, NGFI-A binding (NAB) proteins member 2 (NAB-2),
steroid-thyroid hormone-retinoid receptor Nuclear Receptor Subfamily 4, Group A, Member 3
(NR4A3), FOS protein B (FOSB), as well as Tribbles homolog 1 (TRIB-1), which gave us an
idea about how LTD4-CysLT; ligation leads to cytokine trans-activation in H-RS cells.
Among these factors, we further studied the transcription factor EGR-1 that has been
proved to be a critical mediator of LTDy triggered cytokine transcription [202]. The
results demonstrated that EGR-1 is required for expression of IL-6, TNF-o, Mip-1a and
Mip-1p, but the induction of IL-8 was not affected by EGR-1 knockdown, indicating
that alternative pathways are involved in IL-8 induction upon LTD, stimulation. Recent
studies revealed that LTD, initiates activities through robust induction of multiple
signaling pathways in human cells. These pathways are mediated in part by activation

of mitogen-activated protein kinase (MAPK), which in turn activates a large number of
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transcriptional regulators including EGRs and AP-1. Thus, the MAPK pathway might
be involved in LTD,4 induced EGR-1 activation. Downstream targets of EGRs and AP-
1 include multiple inflammatory cytokines that might contribute to LTDs—
pathophysiology [203-206].

In addition to EGR-1, the FOSB, a member of the Fos family (c-Fos, FOSB, Fra-1, and
Fra-2) was induced dramatically at the transcriptional level in L1236 cells upon LTD4
challenge. Fos family members combine with Jun family members (c-Jun, JunB, and
Jun D) [207], to form the transcriptional factor AP-1. AP-1 is a pro-inflammatory
transcription factor that might be implicated in IL-8 induction in L1236 cells since IL-8
was induced through AP-1 in HEK293 cells stably transfected with CysLT; and
stimulated with LTD4[208]. However, EGR-1 knockdown only partially inhibited the
cytokine induction, reflecting either that additional pathways are involved or
insufficient RNA interference efficiency. NR4A3 and TRIB-1 were also identified as
early response genes upon LTD, stimulation. Both of NR4A3 [209-211] and TRIB-
1[212] have been shown to be involved in inflammation and cancer. Identification of
the target genes of AP1, NR4A3 and TRIB-1 might further depict the role of the
CysLT; receptor in the pathogenesis of HL. Based on the overall results, a mechanistic
model of LTDy4-induced signaling in H-RS cells is proposed (figure 9).
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Figure 9 Schematic model of LTD,-mediated signaling in L1236 cells

28



Apart from L1236 cell, the HL cell line KM-H2 was also reported in our previous study
to express CysLT; [32]. The cytokine induction pattern upon LTDy stimulation was
slightly different from L1236 cells, which might be explained by different origin of
these two cell lines. A possible pathophysiological role of the CysLT, receptor in HL
has been suggested (figure 10), as summarized above, the signaling pathway triggered
by LTD4 was also partially depicted (Figure 9). However, it must be considered that not
all tumors exhibit H-RS cells expressing the CysLT; receptor, emphasizing the

complexity of the mechanisms underlying the inflammatory feature of HL.
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Figure 10 The CysLT, receptor mediates cytokine production that
contributes to HL-microenvironment — a hypothetical model

4.2 STAT-6 1S REQUIRED FOR 15-LOX-1 ACTIVATION IN L1236 CELLS

STAT-6 is constitutively activated in primary H-RS cells as well as cultured L1236
cells. This abnormal activation attributes to IL-13/IL-13R mediated autocrine
stimulation [47, 200]. As mentioned above, primary H-RS cells and L1236 cells
express 15-LOX-1, of which the promoter contains three putative STAT-6 binding
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motifs. Thus the question we would like to ask and to answer was: Dose constitutively

activated STAT-6 stimulate 15-LOX-1 expression in H-RS cells?

The classical tool for investigating trans-activation of promoters is a luciferase-based
promoter reporter. Therefore, a 1081 base pair long fragment from the 15-LOX-1
promoter was cloned into the luciferase reporter vector pGL3-basic. After transfection
into L1236 cells, luciferase activity was measured and used as an indicator of
transcriptional activity. In order to pinpoint transcriptionally important regions, series
of 5’-deletion constructs were produced in pGL3-basic reporter vectors. The luciferase
activity indicated that the region from — 1003 to — 866 including two predicted STAT-6

binding sites was found to be essential for transcription.

To specifically elucidate the contribution of STAT-6 to 15-LOX-1 transcription, three
mutant plasmids were created by site-directed mutagenesis of pGL3-wt at three
putative STAT-6 binding motifs. The results indicated that all three putative STAT-6
binding sites are required for full 15-LOX-1 transcription in L1236 cells. Further, we
assessed the association of STAT-6 with the 15-LOX-1 promoter. The results showed a
physical interaction of STAT-6 and the promoter of 15-LOX-1. The critical role of
STAT-6 in 15-LOX-1 expression was verified by STAT-6 siRNA knockdown
experiments, in which 15-LOX-1 mRNA transcription was remarkably reduced by
STAT-6 specific siRNA transfection compared to control siRNA.

In conclusion, constitutively activated STAT-6 contributes to the highly expressed 15-
LOX-1 in L1236 cells, in which STAT-6 is recruited at the 15-LOX-1 promoter to
STAT-6 binding motifs. As the L1236 cell line has been proved to be derived from
primary H-RS cells, it is considered likely that 15-LOX-1 expression also in primary
H-RS cells is attributable to STAT-6. However, in another HL cell line, 1428, 15-
LOX-1 is not expressed despite STAT-6 being activated also in this cell line.
Additional regulatory factors therefore likely exist in 15-LOX-1 trans-activation.

4.3 EPIGENETIC MODIFICATIONS CONTROL STAT-6 ACCESSIBILITY
THAT REGULATES 15-LOX-1 EXPRESSION IN HL CELLS

To identify the factors that cause the different expression pattern of 15-LOX-1 in HL
cell lines L1236 and L428 the following experimental setup was used. The promoter of
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15-LOX-1 in both HL cell lines was sequenced and blasted in NCBI. No mutation was
detected indicating that epigenetic regulation is likely playing a critical role in 15-LOX-
1 gene activation. STAT-6 has been shown to be recruited to the 15-LOX-1 promoter
and activating the gene transcription in L1236 cells. Interestingly, ChIP analysis
revealed no binding of STAT-6 at the 15-LOX-1 promoter in L428 cells, suggesting
that STAT-6 accessibility is suppressed in this particular cell. Notably, a previous study
demonstrated the importance of DNA methylation and histone acetylation in 15-LOX-1
expression in L428 cells, in which the co-stimulation of 5’-azadeoxycytidine (DNA
methyltransferase inhibitor) with either IL-4 or trichostatin (HDAC inhibitor) induces
15-LOX-1 transcription [193], meaning that DNA methylation and histone acetylation
of the 15-LOX-1 promoter are involved in 15-LOX-1 expression in HL cells. Thus, the
methylation status of the 15-LOX-1 promoter was determined with methylation-
specific PCR (MSP). The results revealed that the 15-LOX-1 promoter region is
hypomethylated in L1236 cells while hypermethylated in 1428 cells. Therefore, our
data suggest a strong correlation of the 15-LOX-1 promoter methylation pattern with

STAT-6 accessibility and 15-LOX-1 gene activation in cultured HL cells.

We and others previously showed that histone acetylation was involved in 15-LOX-1
transcription. The acetylated H3 is a sign of gene activation; therefore, ChIP assay was
employed to compare the acetylation status of histone H3 at the 15-LOX-1 promoter in
both HL cell lines. Histone H3 hyperacetylation was demonstrated in the 15-LOX-1
promoter region in L1236 cells, while hardly detectable in L428 cells. Collectively,
these data suggested a correlation of 15-LOX-1 promoter CpG island methylation and
histone acetylation status with STAT-6 accessibility and 15-LOX-1 gene activation in
cultured HL cells.

However, in prostate cancer cells, the hypermethylation of specific CpG island in the
15-LOX-1 promoter leads to the upregulation of 15-LOX-1 expression [194].
Moreover, lack of correlation between promoter methylation and expression of the 15-
LOX-1 gene was reported in colorectal cancer cell line and primary tumor specimens
[192]. Additional or alternative epigenetic controlling mechanisms are therefore likely

involved in 15-LOX-1 gene activation.
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4.4 HISTONE H3 LYSINE 4 METHYLATION/DEMETHYLATION
CONTROLS 15-LOX-1 TRANSCRIPTION IN HL CELL LINES

To seek the additional epigenetic mechanism(s) involved in 15-LOX-1 transcriptional
regulation, we focused on histone methylation that has dual effects on gene activation
and suppression, depending on the precise residues and levels of methylation [213]. In
particular, H3K4me3 and H3K4me?2 associate with gene activation. We compared the
methylation status of the 15-LOX-1 promoter in the two HL cell linesL1236 and 1428
by using ChIP assay. The results showed remarkably higher H3K4me3 levels in L1236
cells compared to 1428 cells, suggesting that the H3K4me3 level is positively

correlated with 15-LOX-1 expression in HL cell lines.

Because histone methyltransferase SMYD3 and histone demethylase SMCX are major
H3K4 methylation modifiers, we hypothesized that they might be responsible for H3-
K4 methylation/demethylation at the 15-LOX-1 promoter, thereby regulating 15-LOX-
1 gene transcription. RT-PCR and immuno-blotting demonstrated that SMYD3 was
highly expressed in L1236 cells but not present in L428 cells, while SMCX was only
detectable in L1428 cells. Furthermore, SMYD3 inhibition reduced 15-LOX-1
expression by decreasing promoter activity in L1236 cells. SMYD3 knocking down in
these cells abolished trimethylation of H3-K4, coupled with diminished occupancy by
STAT-6, and histone H3 acetylation at the 15-LOX-1 promoter. In contrast, inhibition
of SMCX led to upregulation of 15-LOX-1 expression through induction of H3-K4
trimethylation, histone acetylation and STAT-6 recruitment at the 15-LOX-1 promoter
in L428 cells. Interestingly, a putative SMYD?3 binding site was identified in the 15-
LOX-1 promoter. Introduction of a point mutation in the site remarkably affected the
activity of the 15-LOX-1 promoter in L1236 cells. In addition, we observed strong
SMYD3 expression in the prostate cancer cell line LNCaP and its inhibition led to
decreased 15-LOX-1 expression. Taken together, the status of histone
methylation/demethylation at the 15-LOX-1 promoter is critical in controlling 15-LOX-

1 expression.

Taken together, it seems that the chromatin remodeling is a critical “pre-cleaning” step
for transcription factors finding their binding sites. In the 15-LOX-1 negative cell line
1428, the 15-LOX-1 promoter region is occupied by HDM SMCX. The promoter is not
accessible to STAT-6 due to the hypomethylation of H3K4 and the hypoacetylation of
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H3, and thus the transcription of 15-LOX-1 is inhibited. Suppression of SMCX results
in increased H3K4 methylation and leads to transcriptional activation of the 15-LOX-1
gene transcription (Figure 11, left panel). In L1236 cells, the 15-LOX-1 promoter is
associated with SMYD3 coupled with hypermethylation of H3K4 and consequently
activated 15-LOX-1 gene transcription (Figure 11, right panel).. Notably, these results
suggested that chromatin modifiers and transcriptional factors either work sequentially
or synergistically to strictly control the expression of genes important for cell

differentiation and survival.
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Figure 11 schematic model of 15-LOX-1 activation on HL cell lines

4.5 UTX MEDIATES IL-4/IL-13 INDUCED 15-LOX-1 EXPRESSION

IL-4 triggers mRNA transcription and protein expression of 15-LOX-1 in A549 cells
and human monocytes (Figure 12) [178, 179]. Furthermore, highly expressed 15-LOX-
1 in HL primary H-RS cells as well as in cultured L1236 cells [171, 185, 193] was
thought to result from IL-13 autocrine stimulation. However, while binding of the

cytokine to its cognate surface receptor is required for gene expression, it is not
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sufficient in all cells expressing functional IL-4 receptors, indicating more complex
mechanisms to be involved in the induction process. In order to address the specific
mechanisms, A549 cells were established as a model for inducible 15-LOX-1 gene

expression.
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To delineate the uncovered mechanisms in IL-4 induced 15-LOX-1 expression, we

focused on the suppressive histone modification H3K27 methylation, which has been
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implicated in IL-4 mediated macrophage differentiation. We examined the H3K27
trimethylation level of the 15-LOX-1 promoter upon IL-4 stimulation [214]. The ChIP
results showed that the non-IL-4-treated A549 cells exhibit relatively high levels of
H3K27me3 in the proximal promoter region of 15-LOX-1, and that IL-4 treatment
substantially reduced the H3K27me3 level in these regions, indicating that histone
H3K27 demethylation is correlated with 15-LOX-1 transcriptional induction. Tri-
methylation of H3K27 is a repressive marker of gene transcription, which is mediated
by Polycomb-Repressive Complexes (PRCs) [215]. In untreated A549 cells, 15-LOX-1
is not expressed. We hypothesized that occupancy of PRCs at the 15-LOX-1 promoter

might contribute to the silencing of the gene in these cells.

Several histone modifiers are reported to be the components of the PRCs, including the
H3K27 demethylase UTX [216]. Thus we evaluated the expression level of UTX and
its family member JMJD3. While Jmjd3 was hardly detectable, a relatively high level
of UTX was detected in untreated A549 cells, although IL-4 treatment did not increase
the expression. Interestingly, enrichment of UTX at the 15-LOX-1 promoter was
observed upon IL-4 stimulation by using ChIP assay. In order to investigate the
importance of UTX in 15-LOX-1 expression mediated by histone modification, we
transfected UTX specific siRNAs prior to IL-4 treatment, followed by qRT-PCR and
ChIP assay. The results showed that inhibition of UTX not only attenuated
demethylation of H3K27me3, but also reduced 15-LOX-1 induction by IL-4. This
indicates that UTX is a key demethylase implicated in IL-4 mediated H3K27me3
demethylation of the 15-LOX-1 promoter in A549 cells. Upon over-expression of UTX
in A549 cells by transfecting a UTX expression vector, however, 15-LOX-1 expression
was not induced, which indicates that global expression of UTX alone is insufficient to
activate 15-LOX-1 transcription. Taken together, these results suggest that IL-4
signaling mediates specific recruitment of UTX to the 15-LOX-1 promoter, and
subsequent demethylation of H3K27me3 and 15-LOX-1 transcriptional activation.

As 15-LOX-1 is one of the top IL-4-induced genes in human peripheral monocytes, we
further performed the same analyses in monocytes. To assess the role of UTX in human
monocytes, we inhibited UTX by using lentivector siRNA methodology. Analyses of
these cells showed that the IL-4-induced transcription of 15-LOX-1 mRNA was
significantly attenuated; indicating an important role of UTX in IL-4 induced 15-LOX-
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1 expression in human monocytes, as seen in A549 cells. However, IL-4 stimulation
did not change the H3K27Me3 status at the 15-LOX-1 promoter, suggesting that UTX
might also have an H3K27Me3-demethylase-independent regulatory function in terms
of 15-LOX-1 induction in monocytes. Consistently, a histone demethylase-independent

function of UTX was recently described in mice [217, 218].

Although these two cell models revealed distinct mechanisms of UTX action, the
critical role of UTX was demonstrated. In addition, L1236 was considered a useful
model for investigating 15-LOX-1 regulation because of the constitutively expressed
15-LOX-1. Both IL-13 and its active receptor IL-13R alphal are expressed in L1236
cells, and the high expression level of 15-LOX-1 in L1236 cells is believed to be a
consequence of the autocrine pathway mediated by IL-13. The potential role of UTX in
the 15-LOX-1 regulation in L1236 cells was investigated. UTX depletion significantly
inhibited the expression of 15-LOX-1, however, UTX knockdown did not markedly
influence on the methylation level of H3K27, suggesting an H3K27Me3-demethylase-
independent regulatory function by UTX also in these cells.

In summary, these findings illuminate the mechanisms involved in epigenetic
regulation of 15-LOX-1 transcription mediated by IL-4/IL-13 stimulation. We
demonstrate the critical role of UTX through specific H3K27me3 demethylation in
A549 cells, and the results also suggest an H3K27Me3-demethylase-independent
function of UTX in human monocytes and L1236 cells. Further studies aiming at
characterization of the mechanisms associated with UTX H3K27Me3-demethylase-

independent activation of 15-LOX-1 are warranted.

Collectively, a number of epigenetic mechanisms have been identified that are
implicated in 15-LOX-1 transcriptional regulation, including DNA methylation, histone
acetylation and histone methylation. How UTX finds its target promoter is still
unknown. We attempted to pinpoint the potential interaction between UTX and STAT-
6 in 15-LOX-transactivation, however, it remains unclear if all these factors form a
regulatory complex or modify the promoter sequentially. Additionally, the results
showed is that different cell types seem to have distinct machineries to control gene

expression.
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5 SUMMARY AND CONCLUSIONS

In the present study, the crosstalk between infiltrating inflammatory cells and H-RS
cells in the HL microenvironment was delineated by using in vitro cell models. The
transcriptional regulation of a highly expressed inflammation-related enzyme, 15-LOX-

1 was assessed. Several findings were demonstrated, including:

1. The transcriptional factor EGR-1 mediates cytokine expression and secretion
upon LTD, challenge of L1236 cells, via the CysLT; receptor. The CysLT;
receptor was also detected in most primary H-RS cells, suggesting that LTDy,
derived from surrounding cells, might contribute to the inflammatory
microenvironment. Additionally, Mip-lo and Mip-1p were identified to be
transcriptionally induced by LTD, stimulation via the CysLT, receptor.

2. Several mechanisms involved in 15-LOX-1 regulation were identified. STAT-
6 has been proved to be an important transcription regulator of 15-LOX-1.
Three putative STAT-6 binding motifs were predicted and were shown to be
important for the full activation of 15-LOX-1 transcription.

3. The STAT-6 accessibility was correlated with CpG methylation and histone
acetylation of the 15-LOX-1 promoter, and consequently associated with 15-
LOX-1 transactivation.

4. The histone H3 lysine (K)-4 specific methyltransferase SMYD3 plays a
critical role in 15-LOX-1 activation in HL L1236 cells by modifying H3K4,
while H3K4 demethylase SMCX inhibits 15-LOX-1 expression in L428 cells.
Furthermore, the hypermethylated H3K4 1is associated with histone
hyperacetylation and STAT-6 binding, which leads to high expression of 15-
LOX-1.

5. UTX is involved in epigenetic regulation 15-LOX-1 transcription mediated by

IL-4 stimulation.
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6 FUTURE PERSPECTIVES

In the present study, the regulations of 15-LOX-1 was investigated, however, the
biologic function of this enzyme in H-RS cells is still obscure. To identify the role of
this enzyme, we have successfully knocked down 15-LOX-1 in L1236 cells, and
established stable cell lines. Preliminary data reveal that 15-LOX-1 seems not to be
required for L1236 survival and proliferation. However, due to the limitation of RNA
interference, the expression of 15-LOX-1 cannot be totally shut down, thus the
remaining protein might be sufficient for the cells to behave “normally”, although more
than 80% knockdown efficiency was achieved. One way to accomplish a total shut off
could be the use of the cutting-edge technology termed RNA-guided clustered regularly
interspaced shortpalindromic repeats (CRISPR), which modifies the gene at the
genome level leading to complete gene silence [219, 220]. Additionally, the potential
role of 15-LOX-1 in the accumulation of inflammatory cells in the HL

microenvironment needs to be evaluated.

During dendritic cell (DC) differentiation, 15-LOX-1 is one of the most induced genes
[127, 221] however, the function of 15-LOX-1 during this process is unknown. Human
15-LOX-1 has been suggested to play a critical role in cancer cell terminal
differentiation [222-224] . Therefore, the biologic function of this enzyme in DCs,
macrophages and mast cells is of great interest to depict. Our preliminary results
support the hypothesis of role in differentiation. When we knocked down 15-LOX-1 in
DCs, the maturation of the cells was remarkably disturbed. A future step of this project
will be functional analysis to determine the role of 15-LOX-1 in DCs.

38



ACKNOWLEDGEMENTS

Time flies, the four-year doctoral journey eventually come to the end. When I look
back to these years, my experience of research just like the seasons of the lovely
Sweden: the beautiful summer is always followed by cold-dark winter, the challenge
and frustration came always together with opportunity and happiness, which might be
the definition of “no pains no gains”. During this journey, it was you that encouraged
me when I was frustrated; it was you that shared the happiness with me when 1 was
glad; it was also you that supported me whenever I needed. In the end of this story, I

would like to take the opportunity to send my sincere gratitude to:

Dr. Jan Sjoberg, my principle supervisor, for being my supervisor. You are a great
scientist with strict scientific criticism. Thank you for providing a free research
environment and teaching me how to be a good scientist, supporting me whenever I had
a problem, trusting and encouraging me whatever result I got. You are not only a good
mentor, who corrected my first unreadable manuscript patiently, but also a nice friend
that has been sharing your valuable experience with me. Prof. Magnus Bjorkholm,
my co-supervisor, for treating me always like an equal professor, for giving strong
backing to me spiritually and practically whenever I proposed a scientific thinking. You
are an excellent professor with endless humor. Prof. Hans-Erik Claesson, my co-
supervisor, for inspiring me with your enthusiasm in science and for sharing your broad
knowledge with me. Thank you for training me to write manuscript and inviting me for
lunches and beers personally. You are an amazing supervisor and really like a friend.
It’s my honor to have you as my supervisor for these years. Additionally, thank you for
showing your amazing skill of magic track .Dr. Dawei Xu, my co-supervisor, for
introducing me to the group and giving me such a great opportunity to have my
doctoral education in karolinska institutet. Thank you for helping me with the
scholarship application and for those valuable scientific comments. Thank you for
sharing your wise idea and sharp suggestion; Prof. Géran Holm, for sharing your
knowledge in those wonderful setac meetings. Your enthusiastic spirit of doing
research impressed me a lot; Dr. Cheng Liu, very nice collaborator, for sharing the
projects and authorship with me; Dr. Yongtao Xue-Franzén, for your technique
support and for our collaboration. Dr. Anne Sundblad, for all the nice discussion and

talks we had in the lab and for your critical comments. Dr. Anna Fogdell-Hahn, my

39



external mentor, for your encouragement both in science and non-research life.
Dr. Nailin Li, for all affords you have made to get Xinyan here and for inviting me

personally for dinners.

Margareta Andersson, my extra-supervisor, for taking care of me all the time through
these four years and for teaching me hundreds of different skills including FACS and
picking up mushrooms; for your endlessly support. I will never forget the wonderful
lunch in your summer house the other day; Ann-Marie Andreasson, for being super
kind to me and for your professional help for endless ordering. Without you, it could
take an extra year to get all my reagents; Selina Parvin, for taking care of my cells all
the time and for being always kind and patient to me. It was a great dinner that you
invited us too; Ninni Petersen, for all your administrational helps and visa application
assistant; Qiao Li, Na Wang and Anna Birgersdotter, for your patient guiding when I
was completely new in the lab; Ping Li, for inspiring me with your hard working and
your skill of make dumplings. Tiantian Liu, Xiaolu Zhang, and Bingnan Li, Nick de
Jonge, for sharing the harmony atmosphere in the lab and having several lovely
weekends together. Jenny Dahlstrom, for all the nice talking in the cell culture lab and
having you accompany for experiments sometimes during weekend; Monica Ekberg,
for taking over my projects, for having those nice discussions and for correcting my

thesis. Xiaotian Yuan and Kun Wang, welcome to the group.

Dr. Yenan Bryceson, for giving me such a great opportunity to continue my reseach in
your group as a postdoc, and for helping me with the fellowship application; your
enthusiasm of doing research is amazing. I was also impressed by your cake making
skills. Thank you for the nice Christmas dinner; Bianca Tesi, Jakob Theorell, Misty
Raye Marshall, Stephanie Wood, Heinrich Schlums, Samuel Chiang, Martha-
Lena Mueller, Timothy Holmes and Arne ten Hoeve, for being always friendly to me,

looking forward to working with you guys.

Lovely colleagues in the corridor, for creating such a home-like environment, for the
Friday seminars and breakfasts. Because of having you, the lab life has been warm and
beautiful. Bjorn Johansson, for your nice discussion and valuable suggestion. Yabin

Wei, for sharing your feeling of being a phd student. Santi Solé, my good friend, for

our hiking and for those unforgettable dinners. It was a wonderful time to have you

40



working in the same corridor. Rasmus Gustafsson and Malin Ryner, for sharing your
experience and suggestion in thesis writing. Sahl Khalid Bedri, for being a very nice

neighbor in the office.

My Chinese friends in Sweden, Juan Du, for helping me to contact my research group,
for taking care of me when I came to Stockholm first time and for all the nice Friday
Majiang evenings. Qiang Zhang, for being a friend since 2007 and hopefully our
friendship will last for life-long. Fuxiang Bao and Yanlin Chen, for those wonderful
weekends we shared in Stockholm, and for those unforgettable fishing-barbeque
picnics. Jiangnan Luo, for being my great jiyou, for those nice boating trips, Lidi Xu,
for inviting me to the badminton family and being a good friend of mine. Peng Zhang,
Xichen Li, Genping Huang, Chengjun Sun, Houshuai Wang, Feng Wan, Ping Fu,
Yongqing Hua, Changwu Lu, Jie Song, Wei Gao, Liqun Yao, Xin Li, Wei Hu,
Yuanjun Ma, Tianyang Sun, Yang Xuan, for the wonderful Saturday badminton-
afternoons, and Ran Ma, Xinsong Chen, for our friendship, Tianwei Gu, Yixin Wang,
Xun Wang, Bin Zhao, Ziming Du, Jiaqi Huang, Qinzi Yan, Zheng Chang, Ci Song,
Huan Song, Jianren Song, Jianqgiang Xu, Zhenwei Chen, Limin Ma, Hong Xie,
Stanley Cheuk, Yuanyuan Zhang, Xin Wang, Xiaonan Zhang, Chao Sun, Yu Li,
Ting Zhuang, Jian Zhu, Yue Shi, Mei Zong, Xia Jiang, Xintong Jiang, Rui Wang,
Kelin Jia, for having you accompany in Stockholm; Tiansheng Shi, for helping me to

fix my hard drive warmly in the mid-night when I was helpless.

My friend Jo Be, for sharing your boat with me; Li-Sophie Rathje, and Qiqi, for being
always nice to me, and speaking Chinese with me; Pinar Ak¢akaya, Emarndeena Hc,
for being my lovely colleagues and friends in CMM; Anna Aullén Alcaine, for hiking
in Nacka together the other day.

My Swedich family Hildeman, Ann-Marie Hildeman, for sharing the lovely kitchen
in the castle: Kristinebergs slott. You are my extra grandmother and inviting me for all
the family events. Thank you very much for teaching me Swedish through the years
and inviting me to the country side, proving me the tiny bike and letting me to taste all
traditional Swedish food; Per-Axel Hildeman, for teaching me Swedish and sharing
your knowledge in history and your experience during the world war II. Thank you for

sharing the news about China whenever you read. Anders Hildeman, for all the nice

41



talking we had and for inviting me to Lund. Lena Hildeman, a great artist, thanks for
sharing the kitchen and giving the art lesson the other day; Lotta Hildeman, for
providing me a very nice bike and sharing the bloody cake; Emilie Hildeman, for
being a great neighbor and being always considerate; Patrik Hildeman, for having you
around and for the beautiful music you have been playing. Johan Hildeman and Unn
D. Franzén-Hildeman, I like you guys very much, and thank you for inviting me
several times to your place. Ina Dodd, for helping one of my colleagues warmly in
Lund; Hugo Hildeman, and Jimmy Hildeman Borg, young guys, for being always
polite; Marie Laure Le Foulon, Antoine Jacob, and your little Liv, for sharing the

castle with us and for inviting me the other day in Paris.

My grandmother, thank you for bringing me up, wish you have a wonderful life in the
heaven; my father Xiaolai Han and my mother Chane Han, for your endless support
and love. My gratitude is beyond any words description to you; my father in law Jiaqi
Miao and my mother in law Yufang Deng, for treating me as your son, and for your
support; my wife Xinyan Miao, for loving me and being my lover through the last
decade. Nothing will be able to erase our wonderful memories; I cannot imagine what
my life would be without you. Thank you for sharing your life with me and supporting
me. My sister Lanyu Han, and my brother Keshun Han, I cannot express how nice to
have you in my life. Thank you for your endless love and support; my brother in law
Shangan Luo and sister in law Qin Wang, for joining in my family. My nephew

Mingshu Han and little niece Shiman Han, for bringing us so much fun in the family.

I would also like to thank China Scholarship Council for proving the scholarship to
support me for my doctoral education, to thank my former supervisors in China Lishu
Zhang and Yanpeng Zheng, for teaching me from zero, to Jinsheng He and
Honggang Hu, for your valuable discussions in science, to Kui Lin, for all your great

helps for my CSC scholarship application.

BT, Wi, M, Z%, A HUSRONREZELRE NS RFFNE, ik
REMS IR e L. B, BRI ORI, AT LS o JATH %
e R Y Sun AT IV

4



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

REFERENCES

Hodgkin, On some Morbid Appearances of the Absorbent Glands and Spleen. Med Chir
Trans, 1832. 17: p. 68-114.

Bonadonna, G., Historical review of Hodgkin's disease. Br ] Haematol, 2000. 110(3): p. 504-
11.

Hoppe, R., Hodgkin Ilymphoma. 2nd ed. 2007, Philadelphia: Wolters Kluwer
Health/Lippincott Williams & Wilkins. xxiii, 466 p.

Re, D., R. Kuppers, and V. Diehl, Molecular pathogenesis of Hodgkin's lymphoma. J Clin
Oncol, 2005. 23(26): p. 6379-86.

Thomas, R.K., et al., Part I: Hodgkin's lymphoma--molecular biology of Hodgkin and Reed-
Sternberg cells. Lancet Oncol, 2004. 5(1): p. 11-8.

Kuppers, R., M.L. Hansmann, and K. Rajewsky, Clonality and germinal centre B-cell
derivation of Hodgkin/Reed-Sternberg cells in Hodgkin's disease. Ann Oncol, 1998. 9 Suppl
5:p. S17-20.

Kuppers, R., et al., Hodgkin disease: Hodgkin and Reed-Sternberg cells picked from
histological sections show clonal immunoglobulin gene rearrangements and appear to be
derived from B cells at various stages of development. Proc Natl Acad Sci U S A, 1994.
91(23): p. 10962-6.

Kanzler, H., et al., Hodgkin and Reed-Sternberg cells in Hodgkin's disease represent the
outgrowth of a dominant tumor clone derived from (crippled) germinal center B cells. J Exp
Med, 1996. 184(4): p. 1495-505.

Marafioti, T., et al., Hodgkin and reed-sternberg cells represent an expansion of a single
clone originating from a germinal center B-cell with functional immunoglobulin gene
rearrangements but defective immunoglobulin transcription. Blood, 2000. 95(4): p. 1443-50.
Gruss, H.J., et al., Hodgkin's disease: a tumor with disturbed immunological pathways.
Immunol Today, 1997. 18(4): p. 156-63.

Kuppers, R. and K. Rajewsky, The origin of Hodgkin and Reed/Sternberg cells in Hodgkin's
disease. Annu Rev Immunol, 1998. 16: p. 471-93.

Seitz, V., et al., Detection of clonal T-cell receptor gamma-chain gene rearrangements in
Reed-Sternberg cells of classic Hodgkin disease. Blood, 2000. 95(10): p. 3020-4.

Davis, T.H., et al., Hodgkin's disease, lymphomatoid papulosis, and cutaneous T-cell
lymphoma derived from a common T-cell clone. N Engl ] Med, 1992. 326(17): p. 1115-22.
Muschen, M., et al., Rare occurrence of classical Hodgkin's disease as a T cell lymphoma. J
Exp Med, 2000. 191(2): p. 387-94.

Kadin, M.E., et al., Hodgkin's lymphoma of T-cell type: clonal association with a CD30+
cutaneous lymphoma. Hum Pathol, 2001. 32(11): p. 1269-72.

Martinez-Valdez, H., et al., Human germinal center B cells express the apoptosis-inducing
genes Fas, c-myc, P53, and Bax but not the survival gene bcl-2. J Exp Med, 1996. 183(3): p.
971-7.

Re, D., et al., Cultivated H-RS cells are resistant to CD95L-mediated apoptosis despite
expression of wild-type CD95. Exp Hematol, 2000. 28(1): p. 31-5.

Muschen, M., et al., Somatic mutations of the CD95 gene in Hodgkin and Reed-Sternberg
cells. Cancer Res, 2000. 60(20): p. 5640-3.

Maggio, E.M., et al., Low frequency of FAS mutations in Reed-Sternberg cells of Hodgkin's
lymphoma. Am J Pathol, 2003. 162(1): p. 29-35.

Kashkar, H., et al., XIAP-mediated caspase inhibition in Hodgkin's [ymphoma-derived B cells.
J Exp Med, 2003. 198(2): p. 341-7.

Thomas, R.K., et al., Constitutive expression of c-FLIP in Hodgkin and Reed-Sternberg cells.
Am J Pathol, 2002. 160(4): p. 1521-8.

Steidl, C., J.M. Connors, and R.D. Gascoyne, Molecular pathogenesis of Hodgkin's
lymphoma: increasing evidence of the importance of the microenvironment. J Clin Oncol,
2011.29(14): p. 1812-26.

Dorfman, R.F., et al., Ultrastructural studies of Hodgkin's disease. Natl Cancer Inst Monogr,
1973.36: p. 221-38.

Steidl, C., P. Farinha, and R.D. Gascoyne, Macrophages predict treatment outcome in
Hodgkin's lymphoma. Haematologica, 2011. 96(2): p. 186-9.

Tsubokura, M., Y. Kodama, and M. Kami, Macrophages in Hodgkin's lymphoma. N Engl J
Med, 2010. 362(22): p. 2135; author reply 2136.

Steidl, C., et al., Tumor-associated macrophages and survival in classic Hodgkin's lymphoma.
N Engl J Med, 2010. 362(10): p. 875-85.

43



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

44

von Wasielewski, R., et al., Tissue eosinophilia correlates strongly with poor prognosis in
nodular sclerosing Hodgkin's disease, allowing for known prognostic factors. Blood, 2000.
95(4): p. 1207-13.

Mizuno, H., et al., Mast cells promote the growth of Hodgkin's lymphoma cell tumor by
modifying the tumor microenvironment that can be perturbed by bortezomib. Leukemia, 2012.
26(10): p. 2269-76.

Molin, D, et al., Mast cell infiltration correlates with poor prognosis in Hodgkin's lymphoma.
Br J Haematol, 2002. 119(1): p. 122-4.

Aldinucci, D., et al., The classical Hodgkin's lymphoma microenvironment and its role in
promoting tumour growth and immune escape. J Pathol, 2010. 221(3): p. 248-63.

Claesson, H.E., On the biosynthesis and biological role of eoxins and 15-lipoxygenase-1 in
airway inflammation and Hodgkin lymphoma. Prostaglandins Other Lipid Mediat, 2009.
89(3-4): p. 120-5.

Schain, F., et al., Evidence for a pathophysiological role of cysteinyl leukotrienes in classical
Hodgkin lymphoma. Int J Cancer, 2008. 123(10): p. 2285-93.

Yurchenko, M. and S.P. Sidorenko, Hodgkin's lymphoma: the role of cell surface receptors in
regulation of tumor cell fate. Exp Oncol, 2010. 32(4): p. 214-23.

Ohshima, K., et al., Imbalances of chemokines, chemokine receptors and cytokines in
Hodgkin lymphoma: classical Hodgkin lymphoma vs. Hodgkin-like ATLL. Int J Cancer, 2003.
106(5): p. 706-12.

Skinnider, B.F. and T.W. Mak, The role of cytokines in classical Hodgkin lymphoma. Blood,
2002. 99(12): p. 4283-97.

Maggio, E., et al., Chemokines, cytokines and their receptors in Hodgkin's lymphoma cell
lines and tissues. Ann Oncol, 2002. 13 Suppl 1: p. 52-6.

Akira, S., Functional roles of STAT family proteins: lessons from knockout mice. Stem Cells,
1999. 17(3): p. 138-46.

Baus, D. and E. Pfitzner, Specific function of STAT3, SOCS1, and SOCS3 in the regulation of
proliferation and survival of classical Hodgkin lymphoma cells. Int J Cancer, 2006. 118(6): p.
1404-13.

Holtick, U., et al., STAT3 is essential for Hodgkin lymphoma cell proliferation and is a target
of tyrphostin AG17 which confers sensitization for apoptosis. Leukemia, 2005. 19(6): p. 936-
44,

Kube, D., et al., STAT3 is constitutively activated in Hodgkin cell lines. Blood, 2001. 98(3): p.
762-70.

Scheeren, F.A., et al., IL-21 is expressed in Hodgkin lymphoma and activates STATS:
evidence that activated STATS is required for Hodgkin lymphomagenesis. Blood, 2008.
111(9): p. 4706-15.

Martini, M., et al., Phosphorylated STATS represents a new possible prognostic marker in
Hodgkin lymphoma. Am J Clin Pathol, 2008. 129(3): p. 472-7.

Baus, D., et al., STAT6 and STATI are essential antagonistic regulators of cell survival in
classical Hodgkin lymphoma cell line. Leukemia, 2009. 23(10): p. 1885-93.

Skinnider, B.F., et al., Signal transducer and activator of transcription 6 is frequently
activated in Hodgkin and Reed-Sternberg cells of Hodgkin lymphoma. Blood, 2002. 99(2): p.
618-26.

Skinnider, B.F., U. Kapp, and T.W. Mak, The role of interleukin 13 in classical Hodgkin
lymphoma. Leuk Lymphoma, 2002. 43(6): p. 1203-10.

Skinnider, B.F., et al., Interleukin 13 and interleukin 13 receptor are frequently expressed by
Hodgkin and Reed-Sternberg cells of Hodgkin lymphoma. Blood, 2001. 97(1): p. 250-5.
Oshima, Y. and R.K. Puri, Suppression of an IL-13 autocrine growth loop in a human
Hodgkin/Reed-Sternberg tumor cell line by a novel IL-13 antagonist. Cell Immunol, 2001.
211(1): p. 37-42.

Rider, P., et al., IL-1alpha and IL-1beta recruit different myeloid cells and promote different
stages of sterile inflammation. J Immunol, 2011. 187(9): p. 4835-43.

Vonk, A.G., et al., Endogenous interleukin (IL)-1 alpha and IL-1 beta are crucial for host
defense against disseminated candidiasis. J Infect Dis, 2006. 193(10): p. 1419-26.

O'Neill, L.A. and C.A. Dinarello, The IL-1 receptor/toli-like receptor superfamily: crucial
receptors for inflammation and host defense. Immunol Today, 2000. 21(5): p. 206-9.

Ruco, L.P., et al., Cytokine production (IL-1 alpha, IL-1 beta, and TNF alpha) and
endothelial cell activation (ELAM-1 and HLA-DR) in reactive lymphadenitis, Hodgkin's
disease, and in non-Hodgkin's lymphomas. An immunocytochemical study. Am J Pathol, 1990.
137(5): p. 1163-71.



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Xerri, L., et al., In situ expression of the IL-1-alpha and TNF-alpha genes by Reed-Sternberg
cells in Hodgkin's disease. Int J Cancer, 1992. 50(5): p. 689-93.

Benharroch, D., et al., Interleukin-1 and tumor necrosis factor-alpha in the Reed-Sternberg
cells of Hodgkin's disease. Correlation with clinical and morphological "inflammatory"”
features. Eur Cytokine Netw, 1996. 7(1): p. 51-7.

Hsu, S.M. and X. Zhao, Expression of interleukin-1 in Reed-Sternberg cells and neoplastic
cells from true histiocytic malignancies. Am J Pathol, 1986. 125(2): p. 221-5.

Ree, H.J., J.P. Crowley, and C.A. Dinarello, Anti-interleukin-1 reactive cells in Hodgkin's
disease. Cancer, 1987. 59(10): p. 1717-20.

Hsu, S.M., K. Krupen, and L.B. Lachman, Heterogeneity of interleukin 1 production in
cultured Reed-Sternberg cell lines HDLM-1, HDLM-1d, and KM-H2. Am J Pathol, 1989.
135(1): p. 33-8.

Klein, S., et al., Production of multiple cytokines by Hodgkin's disease derived cell lines.
Hematol Oncol, 1992. 10(6): p. 319-29.

Takatsu, K. and H. Nakajima, /L-5 and eosinophilia. Curr Opin Immunol, 2008. 20(3): p.
288-94.

Samoszuk, M. and L. Nansen, Detection of interleukin-5 messenger RNA in Reed-Sternberg
cells of Hodgkin's disease with eosinophilia. Blood, 1990. 75(1): p. 13-6.

Kapp, U., et al., Interleukin 13 is secreted by and stimulates the growth of Hodgkin and Reed-
Sternberg cells. ] Exp Med, 1999. 189(12): p. 1939-46.

Poppema, S. and A. van den Berg, Interaction between host T cells and Reed-Sternberg cells
in Hodgkin lymphomas. Semin Cancer Biol, 2000. 10(5): p. 345-50.

Hirano, T., Interleukin 6 (IL-6) and its receptor: their role in plasma cell neoplasias. Int J
Cell Cloning, 1991. 9(3): p. 166-84.

Vallieres, L. and S. Rivest, Interleukin-6 is a needed proinflammatory cytokine in the
prolonged neural activity and transcriptional activation of corticotropin-releasing factor
during endotoxemia. Endocrinology, 1999. 140(9): p. 3890-903.

Jucker, M., et al., Expression of interleukin-6 and interleukin-6 receptor in Hodgkin's disease.
Blood, 1991. 77(11): p. 2413-8.

Hsu, S.M,, et al., Interleukin-6, but not interleukin-4, is expressed by Reed-Sternberg cells in
Hodgkin's disease with or without histologic features of Castleman's disease. Am J Pathol,
1992. 141(1): p. 129-38.

Merz, H., et al., Cytokine expression in T-cell lymphomas and Hodgkin's disease. Its possible
implication in autocrine or paracrine production as a potential basis for neoplastic growth.
Am J Pathol, 1991. 139(5): p. 1173-80.

Foss, H.D., et al., Lymphotoxin, tumour necrosis factor and interleukin-6 gene transcripts are
present in Hodgkin and Reed-Sternberg cells of most Hodgkin's disease cases. Br ] Haematol,
1993. 84(4): p. 627-35.

Herbst, H., et al., Modulation of interleukin-6 expression in Hodgkin and Reed-Sternberg
cells by Epstein-Barr virus. J Pathol, 1997. 182(3): p. 299-306.

Wolf, J., et al., Peripheral blood mononuclear cells of a patient with advanced Hodgkin's
lymphoma give rise to permanently growing Hodgkin-Reed Sternberg cells. Blood, 1996.
87(8): p. 3418-28.

Freitas, A.A. and B. Rocha, Population biology of lymphocytes: the flight for survival. Annu
Rev Immunol, 2000. 18: p. 83-111.

Plas, D.R., J.C. Rathmell, and C.B. Thompson, Homeostatic control of lymphocyte survival:
potential origins and implications. Nat Immunol, 2002. 3(6): p. 515-21.

Sammicheli, S., et al., IL-7 modulates B cells survival and activation by inducing BAFF and
CD70 expression in T cells. J Autoimmun, 2012. 38(4): p. 304-14.

Foss, H.D., et al., Frequent expression of IL-7 gene transcripts in tumor cells of classical
Hodgkin's disease. Am J Pathol, 1995. 146(1): p. 33-9.

Cattaruzza, L., et al., Functional coexpression of Interleukin (IL)-7 and its receptor (IL-7R)
on Hodgkin and Reed-Sternberg cells: Involvement of IL-7 in tumor cell growth and
microenvironmental interactions of Hodgkin's lymphoma. Int J Cancer, 2009. 125(5): p. 1092-
101.

Soussi-Gounni, A., M. Kontolemos, and Q. Hamid, Role of IL-9 in the pathophysiology of
allergic diseases. J Allergy Clin Immunol, 2001. 107(4): p. 575-82.

Merz, H., et al., Interleukin-9 expression in human malignant lymphomas: unique association
with Hodgkin's disease and large cell anaplastic lymphoma. Blood, 1991. 78(5): p. 1311-7.
Carbone, A., et al., Expression of functional CD40 antigen on Reed-Sternberg cells and
Hodgkin's disease cell lines. Blood, 1995. 85(3): p. 780-9.

45



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

46

Glimelius, 1., et al., IL-9 expression contributes to the cellular composition in Hodgkin
lymphoma. Eur ] Haematol, 2006. 76(4): p. 278-83.

Fiorentino, D.F., et al., IL-10 acts on the antigen-presenting cell to inhibit cytokine
production by Thi cells. J Immunol, 1991. 146(10): p. 3444-51.

Cope, A., et al., The Thi life cycle: molecular control of IFN-gamma to IL-10 switching.
Trends Immunol, 2011. 32(6): p. 278-86.

Herbst, H., et al., Frequent expression of interleukin-10 by Epstein-Barr virus-harboring
tumor cells of Hodgkin's disease. Blood, 1996. 87(7): p. 2918-29.

Beck, A, et al., Expression of cytokine and chemokine genes in Epstein-Barr virus-associated
nasopharyngeal carcinoma: comparison with Hodgkin's disease. J Pathol, 2001. 194(2): p.
145-51.

Zurawski, G. and J.E. de Vries, Interleukin 13, an interleukin 4-like cytokine that acts on
monocytes and B cells, but not on T cells. Immunol Today, 1994. 15(1): p. 19-26.

Ohshima, K., et al., Interleukin-13 and interleukin-13 receptor in Hodgkin's disease. possible
autocrine mechanism and involvement in fibrosis. Histopathology, 2001. 38(4): p. 368-75.
Wallach, D., et al., Tumor necrosis factor receptor and Fas signaling mechanisms. Annu Rev
Immunol, 1999. 17: p. 331-67.

Sappino, A.P., et al., Tumor necrosis factor/cachectin and lymphotoxin gene expression in
lymph nodes from lymphoma patients. Blood, 1990. 75(4): p. 958-62.

Hsu, P.L. and S.M. Hsu, Production of tumor necrosis factor-alpha and lymphotoxin by cells
of Hodgkin's neoplastic cell lines HDLM-1 and KM-H2. Am J Pathol, 1989. 135(4): p. 735-45.
Kretschmer, C., et al., Tumor necrosis factor alpha and lymphotoxin production in Hodgkin's
disease. Am J Pathol, 1990. 137(2): p. 341-51.

Ryffel, B., et al., Tumor necrosis factor receptors in lymphoid tissues and lymphomas. Source
and site of action of tumor necrosis factor alpha. Am J Pathol, 1991. 139(1): p. 7-15.
Calmon-Hamaty, F., et al., Lymphotoxin alpha stimulates proliferation and pro-inflammatory
cytokine secretion of rheumatoid arthritis synovial fibroblasts. Cytokine, 2011. 53(2): p. 207-
14.

Calmon-Hamaty, F., et al., Lymphotoxin alpha revisited: general features and implications in
rheumatoid arthritis. Arthritis Res Ther, 2011. 13(4): p. 232.

Griswold-Prenner, L., et al., Physical and functional interactions between type I transforming
growth factor beta receptors and Balpha, a WD-40 repeat subunit of phosphatase 24. Mol
Cell Biol, 1998. 18(11): p. 6595-604.

Wabhl, S.M., et al., TGF-beta: the perpetrator of immune suppression by regulatory T cells
and suicidal T cells. J Leukoc Biol, 2004. 76(1): p. 15-24.

Kadin, M.E., et al., Immunohistochemical evidence of a role for transforming growth factor
beta in the pathogenesis of nodular sclerosing Hodgkin's disease. Am J Pathol, 1990. 136(6):
p. 1209-14.

Newcom, S.R. and L. Gu, Transforming growth factor beta 1 messenger RNA in Reed-
Sternberg cells in nodular sclerosing Hodgkin's disease. J Clin Pathol, 1995. 48(2): p. 160-3.
Newcom, S.R., et al., L-428 nodular sclerosing Hodgkin's cell secretes a unique transforming
growth factor-beta active at physiologic pH. J Clin Invest, 1988. 82(6): p. 1915-21.
Drexler, H.G., The leukemia-lymphoma cell line factsbook. Factsbook series. 2000, San Diego,
CA: Academic Press. 733 p.

Schroder, K., et al., Interferon-gamma: an overview of signals, mechanisms and functions. J
Leukoc Biol, 2004. 75(2): p. 163-89.

Schoenborn, J.R. and C.B. Wilson, Regulation of interferon-gamma during innate and
adaptive immune responses. Adv Immunol, 2007. 96: p. 41-101.

Dukers, D.F., et al., Quantitative immunohistochemical analysis of cytokine profiles in
Epstein-Barr virus-positive and -negative cases of Hodgkin's disease. J Pathol, 2000. 190(2):
p. 143-9.

Gerdes, J., et al., Immunoenzymatic assessment of interferon-gamma in Hodgkin and
Sternberg-Reed cells. Cytokine, 1990. 2(4): p. 307-10.

Teruya-Feldstein, J., et al., Differential chemokine expression in tissues involved by Hodgkin's
disease: direct correlation of eotaxin expression and tissue eosinophilia. Blood, 1999. 93(8):
p. 2463-70.

Roos, R.S., et al., Identification of CCRS, the receptor for the human CC chemokine 1-309. J
Biol Chem, 1997. 272(28): p. 17251-4.

Tiffany, H.L., et al., Identification of CCRS: a human monocyte and thymus receptor for the
CC chemokine 1-309. J Exp Med, 1997. 186(1): p. 165-70.



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Maggio, E.M., et al., Common and differential chemokine expression patterns in rs cells of
NLP, EBYV positive and negative classical Hodgkin lymphomas. Int J Cancer, 2002. 99(5): p.
665-72.

Hanamoto, H., et al., Expression of CCL28 by Reed-Sternberg cells defines a major subtype
of classical Hodgkin's disease with frequent infiltration of eosinophils and/or plasma cells.
Am J Pathol, 2004. 164(3): p. 997-1006.

Wang, J., et al., Tumor necrosis factor alpha- and interleukin-1beta-dependent induction of
CCL3 expression by nucleus pulposus cells promotes macrophage migration through CCRI.
Arthritis Rheum, 2013. 65(3): p. 832-42.

Xu, LL., et al., Human recombinant monocyte chemotactic protein and other C-C
chemokines bind and induce directional migration of dendritic cells in vitro. J Leukoc Biol,
1996. 60(3): p. 365-71.

Buri, C., et al., CC chemokines and the receptors CCR3 and CCRS are differentially
expressed in the nonneoplastic leukocytic infiltrates of Hodgkin disease. Blood, 2001. 97(6):
p. 1543-8.

Conti, P. and M. DiGioacchino, MCP-1 and RANTES are mediators of acute and chronic
inflammation. Allergy Asthma Proc, 2001. 22(3): p. 133-7.

Conti, P., R.C. Barbacane, and M. Reale, Chemokines in inflammatory states. Allergy Asthma
Proc, 1999. 20(4): p. 205-8.

Fischer, M., et al., Expression of CCL5/RANTES by Hodgkin and Reed-Sternberg cells and its
possible role in the recruitment of mast cells into lymphomatous tissue. Int J Cancer, 2003.
107(2): p. 197-201.

Aldinucci, D., et al., Expression of CCRS receptors on Reed-Sternberg cells and Hodgkin
lymphoma cell lines: involvement of CCLS5/Rantes in tumor cell growth and
microenvironmental interactions. Int J Cancer, 2008. 122(4): p. 769-76.

Van Coillie, E., J. Van Damme, and G. Opdenakker, The MCP/eotaxin subfamily of CC
chemokines. Cytokine Growth Factor Rev, 1999. 10(1): p. 61-86.

Conroy, D.M. and T.J. Williams, Eotaxin and the attraction of eosinophils to the asthmatic
lung. Respir Res, 2001. 2(3): p. 150-6.

Jundt, F., et al., Hodgkin/Reed-Sternberg cells induce fibroblasts to secrete eotaxin, a potent
chemoattractant for T cells and eosinophils. Blood, 1999. 94(6): p. 2065-71.

Garcia-Zepeda, E.A., et al., Human monocyte chemoattractant protein (MCP)-4 is a novel CC
chemokine with activities on monocytes, eosinophils, and basophils induced in allergic and
nonallergic inflammation that signals through the CC chemokine receptors (CCR)-2 and -3. ]
Immunol, 1996. 157(12): p. 5613-26.

Imai, T., et al., The T cell-directed CC chemokine TARC is a highly specific biological ligand
for CC chemokine receptor 4. J Biol Chem, 1997. 272(23): p. 15036-42.

van den Berg, A., L. Visser, and S. Poppema, High expression of the CC chemokine TARC in
Reed-Sternberg cells. A possible explanation for the characteristic T-cell infiltratein
Hodgkin's lymphoma. Am J Pathol, 1999. 154(6): p. 1685-91.

Peh, S.C., L.H. Kim, and S. Poppema, TARC, a CC chemokine, is frequently expressed in
classic Hodgkin's lymphoma but not in NLP Hodgkin's lymphoma, T-cell-rich B-cell
lymphoma, and most cases of anaplastic large cell lymphoma. Am J Surg Pathol, 2001. 25(7):
p. 925-9.

Ohshima, K., et al., Infiltration of Thl and Th2 lymphocytes around Hodgkin and Reed-
Sternberg (H&RS) cells in Hodgkin disease: Relation with expression of CXC and CC
chemokines on H&RS cells. Int J Cancer, 2002. 98(4): p. 567-72.

Hedvat, C.V., et al., Macrophage-derived chemokine expression in classical Hodgkin's
lymphoma: application of tissue microarrays. Mod Pathol, 2001. 14(12): p. 1270-6.
Hammond, M.E., et al., IL-8 induces neutrophil chemotaxis predominantly via type I IL-8
receptors. J Immunol, 1995. 155(3): p. 1428-33.

Foss, H.D., et al., Interleukin-8 in Hodgkin's disease. Preferential expression by reactive cells
and association with neutrophil density. Am J Pathol, 1996. 148(4): p. 1229-36.

Muller, M., et al., Review: The chemokine receptor CXCR3 and its ligands CXCL9, CXCL10
and CXCLII in neuroimmunity--a tale of conflict and conundrum. Neuropathol Appl
Neurobiol, 2010. 36(5): p. 368-87.

Woszcezek, G., et al., Functional characterization of human cysteinyl leukotriene 1 receptor
gene structure. J Immunol, 2005. 175(8): p. 5152-9.

Martinez, F.O., et al., Transcriptional profiling of the human monocyte-to-macrophage
differentiation and polarization: new molecules and patterns of gene expression. J Immunol,
2006. 177(10): p. 7303-11.

47



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

48

Jundt, F., et al., Activated Notchl signaling promotes tumor cell proliferation and survival in
Hodgkin and anaplastic large cell lymphoma. Blood, 2002. 99(9): p. 3398-403.

Hinz, M., et al., Nuclear factor kappaB-dependent gene expression profiling of Hodgkin's
disease tumor cells, pathogenetic significance, and link to constitutive signal transducer and
activator of transcription Sa activity. J Exp Med, 2002. 196(5): p. 605-17.

Emmerich, F., et al., Overexpression of I kappa B alpha without inhibition of NF-kappaB
activity and mutations in the I kappa B alpha gene in Reed-Sternberg cells. Blood, 1999.
94(9): p. 3129-34.

Cabannes, E., et al., Mutations in the IkBa gene in Hodgkin's disease suggest a tumour
suppressor role for lkappaBalpha. Oncogene, 1999. 18(20): p. 3063-70.

Horie, R., et al., Ligand-independent signaling by overexpressed CD30 drives NF-kappaB
activation in Hodgkin-Reed-Sternberg cells. Oncogene, 2002. 21(16): p. 2493-503.

Akagi, R., et al., Molecular analysis of delta-aminolevulinate dehydratase deficiency in a
patient with an unusual late-onset porphyria. Blood, 2000. 96(10): p. 3618-23.

Fiumara, P., et al., Functional expression of receptor activator of nuclear factor kappaB in
Hodgkin disease cell lines. Blood, 2001. 98(9): p. 2784-90.

Martin-Subero, J.I., et al., Recurrent involvement of the REL and BCL114 loci in classical
Hodgkin lymphoma. Blood, 2002. 99(4): p. 1474-7.

Joos, S., et al., Classical Hodgkin lymphoma is characterized by recurrent copy number gains
of the short arm of chromosome 2. Blood, 2002. 99(4): p. 1381-7.

Joos, S., et al., Genomic imbalances including amplification of the tyrosine kinase gene JAK2
in CD30+ Hodgkin cells. Cancer Res, 2000. 60(3): p. 549-52.

Parmentier, C.N., et al., Human T(H)2 cells respond to cysteinyl leukotrienes through
selective expression of cysteinyl leukotriene receptor 1. J Allergy Clin Immunol, 2012. 129(4):
p. 1136-42.

Singh, R.K., et al., Cysteinyl leukotrienes and their receptors: molecular and functional
characteristics. Pharmacology, 2010. 85(6): p. 336-49.

Claesson, H.E. and S.E. Dahlen, Asthma and leukotrienes: antileukotrienes as novel anti-
asthmatic drugs. J Intern Med, 1999. 245(3): p. 205-27.

Samuelsson, B., Leukotrienes: mediators of immediate hypersensitivity reactions and
inflammation. Science, 1983. 220(4597): p. 568-75.

Broom, O.J. and O.H. Nielsen, [The role of cysteinyl leukotrienes in chronic inflammation
and neoplasia of the intestine]. Ugeskr Laeger, 2009. 171(4): p. 243-6.

Krappmann, D., et al., Molecular mechanisms of constitutive NF-kappaB/Rel activation in
Hodgkin/Reed-Sternberg cells. Oncogene, 1999. 18(4): p. 943-53.

Re, D., et al., From Hodgkin disease to Hodgkin lymphoma.: biologic insights and therapeutic
potential. Blood, 2005. 105(12): p. 4553-60.

Jost, PJ. and J. Ruland, Aberrant NF-kappaB signaling in lymphoma: mechanisms,
consequences, and therapeutic implications. Blood, 2007. 109(7): p. 2700-7.

Bargou, R.C., et al., Constitutive nuclear factor-kappaB-RelA activation is required for
proliferation and survival of Hodgkin's disease tumor cells. J Clin Invest, 1997. 100(12): p.
2961-9.

Schneider, E.MM., et al., The early transcription factor GATA-2 is expressed in classical
Hodgkin's lymphoma. J Pathol, 2004. 204(5): p. 538-45.

Poppema, S., Immunobiology and pathophysiology of Hodgkin lymphomas. Hematology Am
Soc Hematol Educ Program, 2005: p. 231-8.

Schwarzer, R., B. Dorken, and F. Jundt, Notch is an essential upstream regulator of NF-
kappaB and is relevant for survival of Hodgkin and Reed-Sternberg cells. Leukemia, 2012.
26(4): p. 806-13.

Schwarzer, R. and F. Jundt, Notch and NF-kappaB signaling pathways in the biology of
classical Hodgkin lymphoma. Curr Mol Med, 2011. 11(3): p. 236-45.

Mathas, S., et al., Aberrantly expressed c-Jun and JunB are a hallmark of Hodgkin lymphoma
cells, stimulate proliferation and synergize with NF-kappa B. EMBO J, 2002. 21(15): p.
4104-13.

Chu, H.W., et al., Expression and activation of 15-lipoxygenase pathway in severe asthma:
relationship to eosinophilic phenotype and collagen deposition. Clin Exp Allergy, 2002.
32(11): p. 1558-65.

Zhao, J., et al., Interleukin-13-induced MUCS5AC is regulated by 15-lipoxygenase 1 pathway
in human bronchial epithelial cells. Am J Respir Crit Care Med, 2009. 179(9): p. 782-90.
Kuperman, D.A., et al., Dissecting asthma using focused transgenic modeling and functional
genomics. J Allergy Clin Immunol, 2005. 116(2): p. 305-11.



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Hennig, R., et al., I5-lipoxygenase-1 production is lost in pancreatic cancer and
overexpression of the gene inhibits tumor cell growth. Neoplasia, 2007. 9(11): p. 917-26.
Heslin, M.J., et al., Tumor-associated down-regulation of 15-lipoxygenase-1 is reversed by
celecoxib in colorectal cancer. Ann Surg, 2005. 241(6): p. 941-6; discussion 946-7.

Nixon, J.B., et al., 15-Lipoxygenase-1 has anti-tumorigenic effects in colorectal cancer.
Prostaglandins Leukot Essent Fatty Acids, 2004. 70(1): p. 7-15.

Shureiqi, 1., et al., Decreased 13-S-hydroxyoctadecadienoic acid levels and 15-lipoxygenase-1
expression in human colon cancers. Carcinogenesis, 1999. 20(10): p. 1985-95.

Shureiqi, 1., et al., Nonsteroidal anti-inflammatory drugs induce apoptosis in esophageal
cancer cells by restoring 15-lipoxygenase-1 expression. Cancer Res, 2001. 61(12): p. 4879-84.
Claesson, H.E., et al., Hodgkin Reed-Sternberg cells express 15-lipoxygenase-1 and are
putative producers of eoxins in vivo: novel insight into the inflammatory features of classical
Hodgkin lymphoma. FEBS J, 2008. 275(16): p. 4222-34.

Schain, F., et al., Differential expression of cysteinyl leukotriene receptor 1 and 15-
lipoxygenase-1 in non-Hodgkin lymphomas. Clin Lymphoma Myeloma, 2008. 8(6): p. 340-7.
Luger, K., et al., Characterization of nucleosome core particles containing histone proteins
made in bacteria. ] Mol Biol, 1997. 272(3): p. 301-11.

Luger, K., et al., Crystal structure of the nucleosome core particle at 2.8 A resolution. Nature,
1997. 389(6648): p. 251-60.

Bestor, T.H., The DNA methyltransferases of mammals. Hum Mol Genet, 2000. 9(16): p.
2395-402.

Deaton, A.M. and A. Bird, CpG islands and the regulation of transcription. Genes Dev, 2011.
25(10): p. 1010-22.

Dai, W., et al., Promoter CpG island methylation of genes in key cancer pathways associates
with clinical outcome in high-grade serous ovarian cancer. Clin Cancer Res, 2013. 19(20): p.
5788-97.

Issa, J.P., CpG-island methylation in aging and cancer. Curr Top Microbiol Immunol, 2000.
249: p. 101-18.

Roth, S.Y., JJM. Denu, and C.D. Allis, Histone acetyltransferases. Annu Rev Biochem, 2001.
70: p. 81-120.

de Ruijter, A.J., et al., Histone deacetylases (HDACs): characterization of the classical
HDAC family. Biochem J, 2003. 370(Pt 3): p. 737-49.

Graff, J. and L.H. Tsai, Histone acetylation: molecular mnemonics on the chromatin. Nat Rev
Neurosci, 2013. 14(2): p. 97-111.

Liu, C., et al., Transcriptional regulation of 15-lipoxygenase expression by histone h3 lysine 4
methylation/demethylation. PLoS One, 2012. 7(12): p. €52703.

Kooistra, S.M. and K. Helin, Molecular mechanisms and potential functions of histone
demethylases. Nat Rev Mol Cell Biol, 2012. 13(5): p. 297-311.

Li, X. and X. Zhao, Epigenetic regulation of mammalian stem cells. Stem Cells Dev, 2008.
17(6): p. 1043-52.

Pedersen, M.T. and K. Helin, Histone demethylases in development and disease. Trends Cell
Biol, 2010. 20(11): p. 662-71.

Shi, Y., Histone lysine demethylases: emerging roles in development, physiology and disease.
Nat Rev Genet, 2007. 8(11): p. 829-33.

Shilatifard, A., Molecular implementation and physiological roles for histone H3 lysine 4
(H3K4) methylation. Curr Opin Cell Biol, 2008. 20(3): p. 341-8.

Wagner, E.J. and P.B. Carpenter, Understanding the language of Lys36 methylation at histone
H3. Nat Rev Mol Cell Biol, 2012. 13(2): p. 115-26.

Nassar, G.M., et al., Induction of 15-lipoxygenase by interleukin-13 in human blood
monocytes. J Biol Chem, 1994. 269(44): p. 27631-4.

Bhattacharjee, A., et al., Monocyte 15-lipoxygenase gene expression requires ERK1/2 MAPK
activity. ] Immunol, 2010. 185(9): p. 5211-24.

Lee, Y.W., et al., Interleukin 4 induces transcription of the 15-lipoxygenase I gene in human
endothelial cells. J Lipid Res, 2001. 42(5): p. 783-91.

Chen, B., et al., Interleukin-4 induces 15-lipoxygenase-1 expression in human orbital
fibroblasts from patients with Graves disease. Evidence for anatomic site-selective actions of
Th2 cytokines. J Biol Chem, 2006. 281(27): p. 18296-306.

Kim, J.H., et al., /5-Lipoxygenase-1 induced by interleukin-4 mediates apoptosis in oral
cavity cancer cells. Oral Oncol, 2006. 42(8): p. 825-30.

Brinckmann, R., et al., Regulation of 15-lipoxygenase expression in lung epithelial cells by
interleukin-4. Biochem J, 1996. 318 ( Pt 1): p. 305-12.

49



184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.
198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

50

Conrad, D.J. and M. Lu, Regulation of human 12/15-lipoxygenase by Stat6-dependent
transcription. Am J Respir Cell Mol Biol, 2000. 22(2): p. 226-34.

Liu, C., et al., Epigenetic and transcriptional control of the 15-lipoxygenase-1 gene in a
Hodgkin lymphoma cell line. Exp Cell Res, 2012. 318(3): p. 169-76.

Zhang, C., et al., Selective induction of apoptosis by histone deacetylase inhibitor SAHA in
cutaneous T-cell lymphoma cells: relevance to mechanism of therapeutic action. J Invest
Dermatol, 2005. 125(5): p. 1045-52.

Samanta, S., et al., Characterization of a human 12/15-lipoxygenase promoter variant
associated with atherosclerosis identifies vimentin as a promoter binding protein. PLoS One,
2012.7(8): p. e42417.

Kamitani, H., et al., 4 GATA binding site is involved in the regulation of 15-lipoxygenase-1
expression in human colorectal carcinoma cell line, caco-2. FEBS Lett, 2000. 467(2-3): p.
341-7.

Shureiqi, 1., et al., GATA-6 transcriptional regulation of 15-lipoxygenase-1 during NSAID-
induced apoptosis in colorectal cancer cells. Cancer Res, 2002. 62(4): p. 1178-83.

Lindley, A.R., et al., 12/15-lipoxygenase is an interleukin-13 and interferon-gamma
counterregulated-mediator of allergic airway inflammation. Mediators Inflamm, 2010. 2010.
Conrad, D.J., et al., Specific inflammatory cytokines regulate the expression of human
monocyte 15-lipoxygenase. Proc Natl Acad Sci U S A, 1992. 89(1): p. 217-21.

Zuo, X., et al., 15-Lipoxygenase-1 transcriptional silencing by DNA methyltransferase-1
independently of DNA methylation. FASEB J, 2008. 22(6): p. 1981-92.

Liu, C., et al., Transcriptional regulation of 15-lipoxygenase expression by promoter
methylation. Exp Cell Res, 2004. 297(1): p. 61-7.

Kelavkar, U.P., et al., DNA methylation paradigm shifi: 15-lipoxygenase-1 upregulation in
prostatic  intraepithelial neoplasia and prostate cancer by atypical promoter
hypermethylation. Prostaglandins Other Lipid Mediat, 2007. 82(1-4): p. 185-97.

Zuo, X., J.S. Morris, and 1. Shureiqi, Chromatin modification requirements for 15-
lipoxygenase-1 transcriptional reactivation in colon cancer cells. J Biol Chem, 2008. 283(46):
p. 31341-7.

Livak, K.J. and T.D. Schmittgen, Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 2001. 25(4): p. 402-8.
Kuppers, R., The biology of Hodgkin's lymphoma. Nat Rev Cancer, 2009. 9(1): p. 15-27.
Niens, M., et al., Serum chemokine levels in Hodgkin lymphoma patients: highly increased
levels of CCL17 and CCL22. Br J Haematol, 2008. 140(5): p. 527-36.

Lamprecht, B., et al., Aberrant expression of the Th2 cytokine IL-21 in Hodgkin lymphoma
cells regulates STAT3 signaling and attracts Treg cells via regulation of MIP-3alpha. Blood,
2008. 112(8): p. 3339-47.

Skinnider, B.F., U. Kapp, and T.W. Mak, Interleukin 13: a growth factor in hodgkin
lymphoma. Int Arch Allergy Immunol, 2001. 126(4): p. 267-76.

Mizuno, H., et al., Mast cells promote the growth of Hodgkin's lymphoma cell tumor by
modifying the tumor microenvironment that can be perturbed by bortezomib. Leukemia, 2012.
Uzonyi, B., et al., Cysteinyl leukotriene 2 receptor and protease-activated receptor 1 activate
strongly correlated early genes in human endothelial cells. Proc Natl Acad Sci U S A, 2006.
103(16): p. 6326-31.

Khanjani, S., et al., NFkappaB and AP-1 drive human myometrial IL8 expression. Mediators
Inflamm, 2012. 2012: p. 504952.

Shi, L., et al., Lipopolysaccharide stimulation of ERK1/2 increases TNF-alpha production via
Egr-1. Am J Physiol Cell Physiol, 2002. 282(6): p. C1205-11.

Jeong, S.H., et al., Up-regulation of TNF-alpha secretion by cigarette smoke is mediated by
Egr-1in HaCaT human keratinocytes. Exp Dermatol, 2010. 19(8): p. €206-12.

Hoffmann, E., et al., Transcriptional regulation of EGR-1 by the interleukin-1-JNK-MKK?7-c-
Jun pathway. J Biol Chem, 2008. 283(18): p. 12120-8.

Hess, J., P. Angel, and M. Schorpp-Kistner, AP-1 subunits: quarrel and harmony among
siblings. J Cell Sci, 2004. 117(Pt 25): p. 5965-73.

Thompson, C., et al., Leukotriene D4 up-regulates furin expression through CysLTI receptor
signaling. Am J Respir Cell Mol Biol, 2008. 39(2): p. 227-34.

Deutsch, A.J., et al., The nuclear orphan receptors NR4A as therapeutic target in cancer
therapy. Anticancer Agents Med Chem, 2012. 12(9): p. 1001-14.

Mohan, H.M., et al., Molecular pathways: the role of NR4A orphan nuclear receptors in
cancer. Clin Cancer Res, 2012. 18(12): p. 3223-8.

McMorrow, J.P. and E.P. Murphy, Inflammation: a role for NR4A orphan nuclear receptors?
Biochem Soc Trans, 2011. 39(2): p. 688-93.



212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Dugast, E., et al., The Tribbles-1 protein in humans: roles and functions in health and disease.
Curr Mol Med, 2013. 13(1): p. 80-5.

Ishii, M., et al., Epigenetic regulation of the alternatively activated macrophage phenotype.
Blood, 2009. 114(15): p. 3244-54.

Kelavkar, U., et al., Human 15-lipoxygenase gene promoter: analysis and identification of
DNA binding sites for IL-13-induced regulatory factors in monocytes. Mol Biol Rep, 1998.
25(3): p. 173-82.

Cloos, P.A., et al., Erasing the methyl mark: histone demethylases at the center of cellular
differentiation and disease. Genes Dev, 2008. 22(9): p. 1115-40.

Lee, M.G., et al., Demethylation of H3K27 regulates polycomb recruitment and H2A
ubiquitination. Science, 2007. 318(5849): p. 447-50.

Shpargel, K.B., et al., UTX and UTY demonstrate histone demethylase-independent function
in mouse embryonic development. PLoS Genet, 2012. 8(9): p. €¢1002964.

Miller, S.A., S.E. Mohn, and A.S. Weinmann, Jmjd3 and UTX play a demethylase-
independent role in chromatin remodeling to regulate T-box family member-dependent gene
expression. Mol Cell, 2010. 40(4): p. 594-605.

Pennisi, E., The CRISPR craze. Science, 2013. 341(6148): p. 833-6.

Cong, L., et al., Multiplex genome engineering using CRISPR/Cas systems. Science, 2013.
339(6121): p. 819-23.

Feltenmark, S., et al., Foxins are proinflammatory arachidonic acid metabolites produced via
the 15-lipoxygenase-1 pathway in human eosinophils and mast cells. Proc Natl Acad Sci U S
A, 2008. 105(2): p. 680-5.

Moussalli, M.J., et al., Mechanistic contribution of ubiquitous 15-lipoxygenase-1 expression
loss in cancer cells to terminal cell differentiation evasion. Cancer Prev Res (Phila), 2011.
4(12): p. 1961-72.

Shureiqi, 1., et al., The critical role of 15-lipoxygenase-1 in colorectal epithelial cell terminal
differentiation and tumorigenesis. Cancer Res, 2005. 65(24): p. 11486-92.

Kim, K.S., et al., Expression of 15-lipoxygenase-1 in human nasal epithelium: its implication
in mucociliary differentiation. Prostaglandins Leukot Essent Fatty Acids, 2005. 73(2): p. 77-
83.

51





