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Abstract

Ten-Eleven-Translocation 5-methylcytosine dioxygenases 1-3 (TET1-3) convert 5-
methylcytosine to 5-hydroxymethylcytosine (5-hmC), using O- as a co-substrate. Prior work in
the Godley Laboratory showed that contrary to expectations, hypoxia induces 5-hmC gains
in MYCN-amplified neuroblastoma (NB) cells through TET7 up-regulation. There were several
unanswered questions from this work including why this phenotype was unique to MYCN-
amplified NB and whether the transcription factor (TF) HIF-1 interacts with the TET7 gene
and/or the TET1 protein. Additionally, it was unclear if 5-hmC enrichment in hypoxic response
genes and subsequent augmentation of gene expression mediated aggressive hypoxic
phenotypes characteristic of NB cell lines. In my doctoral work, | show that MYCN directly
controls TET1 expression in normoxia via binding to two genomic sites within the first and
second introns of TET1. Further | show that MYCN specifically drives expression of the full-
length TET1 transcript. In hypoxia, HIF-1 augments TET1 expression through the same binding
sites as those bound by MYCN. Unexpectedly, in gene-edited cells that lack the binding sites,
TET1 protein still increases over normoxic levels. Subsequently, 5-hmC levels were also
induced in hypoxia compared to normoxic 5-hmC levels. Using TET1 degradation assays, |
demonstrate that the TET1 protein half-life is 20 hours, whereas it is extended to 40 hours in
hypoxia. The increased TET1 stability in hypoxia is mediated by a binding interaction between
HIF-1 and TET1. | used 5-hmC profiling to determine how 5-hmC distribution changes in
hypoxic cells over 72 hours, and in combination with RNA-sequencing data across this time
course, show that 5-hmC density correlates with expression of genes important for cell
migration, including CXCR4. Treatment of MYCN-amplified NB cells with a CXCR4 antagonist
results in slower migration in hypoxia, suggesting that inclusion of a CXCR4 antagonist into NB
treatment regimens could be beneficial. When parental and gene-edited SK-N-BE(2) cells that
lack the transcription factor binding sites in TET1 were injected into athymic mice, gene-edited

tumors grew slower compared to controls, indicating 5-hmC may mediate tumor growth as well.

Xiii



Overall, | show how MYCN and HIF-1 regulate the TET1 gene and TET1 protein, and

subsequently, how the 5-hmC epigenetic landscape is regulated in NB. | also show that CXCR4
is an integral part of MYCN-amplified NB cell migration pathway in hypoxia, suggesting inclusion
of a CXCR4 antagonist into NB treatment regimens could be beneficial for children with MYCN-

amplified NBs.
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CHAPTERI

Introduction

This chapter is adapted from a review of the TET enzymes co-authored by myself and
John Z. Cao under the supervision of Dr. Lucy Godley, published as a chapter in The DNA,
RNA, and Histone Methylomes: Cao J.Z., Hains A.E., Godley L.A. Regulation of 5-
Hydroxymethylcytosine Distribution by the TET Enzymes. In: Jurga SB, Jan, editor. The DNA,

RNA, and Histone Methylomes: Springer; 2019. p. 229-63. ISBN 978-3-030-14792-1



Epigenetic regulation of transcription in human cells

Epigenetic regulation of gene expression occurs at multiple molecular levels, including
chromatin structure, non-coding RNAs, histone replacement and modifications, and covalent
cytosine modifications in DNA, to regulate transcription in cells (Allis and Jenuwein, 2016).
Many of these modifications and mechanisms were first described in model organisms between
the 1940s and the 1970s (Avery et al., 1944; Holliday and Pugh, 1975; Riggs, 1975). The field
evolved as researchers discovered their relevance and importance in human biology,
particularly in the context of disease (Cheng et al., 2019). Current studies have illustrated the
importance of understanding epigenetic modifications, how they contribute to cancer
pathogenesis, and their potential use as therapeutic targets (Cheng et al., 2019).

Among the different classes of epigenetic mechanisms, single base modifications of
cytosines within DNA were one of the first to be described and are therefore among the most
well-known. However, although their presence in mammalian DNA has been known for nearly
75 years, their role in gene regulation and cancer pathogenesis is the subject of an actively
evolving field (Allis and Jenuwein, 2016; Cao et al., 2019; Feinberg and Tycko, 2004; Hotchkiss,

1948)

The function and physiological roles of 5-methycytosine

In mammalian DNA, cytosine bases found within the context of a 5’-CpG-3’
dinucleotide can be modified covalently to 5-methylcytosine (5-mC) by DNA methyltransferases
(DNMTs). DNMT1, DNMT3A, and DNMT3B utilize S-adenosylmethionine (SAM) as a methyl
group donor to add the methyl group to cytosine. DNMT1 primarily functions in methylating
hemimethylated cytosines that are generated after DNA replication, thereby maintaining DNA
methylation patterns post-replication (Lee et al., 2014). In contrast, DNMT3A and DNMT3B
function as de novo methyltransferases, adding methyl groups to unmodified cytosines (Lee et

al., 2014) During early embryogenesis and primordial germ cell development DNMT3A/B are



highly active and establish methylation patterns (Chen and Chan, 2014; Okano et al., 1999).
Homozygous DNMT3b deleted (DNMT3b”") mice are not viable at birth, whereas DNMT3a™
mice appear normal at birth but die at about 4 weeks (Okano et al., 1999). This indicates that,
although co-expressed at several stages during development, DNMT3A/B have distinct roles in
addition to overlapping functions (Chen and Chan, 2014; Okano et al., 1999).

5-mC has an important role in regulating transcription from genes (Jjingo et al., 2012;
Jones, 2012; Varley et al., 2013). When 5-mC is enriched within gene bodies, it is associated
with active gene expression (Jjingo et al., 2012; Jones, 2012; Varley et al., 2013). However,
when 5-mC is found clustered in gene promoters and CpG islands, expression from the
corresponding gene is repressed. Both transcriptional repression and activation via aberrant
deposition of 5-mC in genes is a commonly observed phenomenon in many cancers (Baylin et
al., 1986; Feinberg and Tycko, 2004; Feinberg and Vogelstein, 1983; Gama-Sosa et al., 1983).

Before 1990, many scientists in the field of developmental biology debated whether the
loss of a methyl group from a cytosine through DNA replication was the only mechanism by
which a cytosine could lose its methyl group, or if an alternative, active demethylation pathway
exists (Li, 2013). Several studies originating from multiple model systems found some genomic
regions became hypomethylated despite a lack of cell division (Mayer et al., 2000; Sullivan and
Grainger, 1987; Zhang et al., 2007). This indicated that an active and rapid mechanism of DNA

demethylation outside of DNA replication likely exists but was yet to be identified.

5-hydroxymethylcytosine in the mammalian genome and its role in demethylation
5-hydroxymethylcytosine (5-hmC) was identified as both the first step in the active
cytosine demethylation pathway (to be described in additional detail in sections below) and as a
functioning part of the mammalian genome in 2009 (Kriaucionis and Heintz, 2009; Tahiliani et
al., 2009). The amount of 5-hmC in the human genome varies across tissue type. Total genomic

percentage of 5-hmC can be as low as 0.01% in myeloid cells, around 1% in cerebral tissue,



Table 1.1. Common available methods that specifically detect 5-hmC.

Method Name Description Resolution Limitation References

Digested nucleoside separated by liquid
Mass spectrometry HPLC-MS/MS  chromatography and measured by tandem mass- Global
spectrometry

Cannot detect local Fernandez et
cytosine modifications al.,2018

Streptavidin pull-down of biotin-labeled 5-hmC in Requires expensive

Affinity hMe-SEAL fragmented DNA 50-100 bp specialized reagents Song et al., 2011
- g Immunoprecipitation of fragmented DNA with 5- g " . Nestor and

Affinity hMe-DIP hmC specific antibody 50-100 bp Antibody specificity Meehan, 2014

Affinity JBP1-seq JPB1 affinity pull-down of glycosylated 5-hmC in 50-100 bp Requires specialized Robertson et al.,

fragmented DNA beads 2012

TET-mediated oxidation of 5-mC to 5-caC, while
Redox TAB-seq 5-hmC is protected by glycosylation, followed by  Single-base Expensive enzyme  Yuetal., 2012
bisulfite treatment

Redox oxBS-se Selective oxidation of 5-hmC to 5-fC followed by Sinale-base Requires parallel Booth et al.,
q bisulfite treatment 9 bisulfite sequencing 2013
- . Digest DNA near modified cytosine except . Sequence specificity Cohen-Kami et
Restriction enzymes MspJd1 family glycosylated 5-hmC Single-base of the enzyme al., 2011
Restriction enzymes PvuRts 11 family 5-hmC specific restriction enzyme Single-base Sequence specificity Wang etal,

of the enzyme 2011

and as high as 5% in undifferentiated embryonic stem cells (Field et al., 2015; Ko et al., 2010;
Kriaucionis and Heintz, 2009; Madzo et al., 2014; Tahiliani et al., 2009; Wen et al., 2014). As 5-
hmC was identified as a product of oxidation of 5-mC, it was postulated that this base was an
intermediate in a yet to be described active cytosine demethylation pathway (Tahiliani et al.,
2009). Subsequently, multiple 5-hmC specific detection assays have been developed (Table
1.1), which have facilitated the investigation of 5-hmC in the mammalian genome (Booth et al.,
2013; Cohen-Karni et al., 2011; Fernandez et al., 2018; Nestor and Meehan, 2014; Robertson
et al.,, 2012; Song et al., 2011; Wang et al., 2011; Yu et al., 2012). 5-hmC has two major
functions, the first of which is the base is an intermediate of the demethylation process.

5-hmC is a part of both passive and active demethylation pathways (Figure 1.1). When
DNA is replicated, a newly inserted cytosine on the daughter strand is unmodified at first. If the
cytosine base within the parent 5’-CpG-3’ dinucleotide is methylated, then DNMT1 methylates
the cytosine within the newly synthesized strand, therefore maintaining the DNA methylation
pattern. However, if the cytosine base within the parent DNA strand is hydroxymethylated, then

maintenance of this base in the novel strand requires two enzymes, first a DNMT to produce 5-



Figure 1.1. Cytosine methylation and demethylation pathways. DNMTs methylate
unmodified cytosine to create 5-mC using SAM as methyl donor. TETs initiate the active
demethylation pathway by oxidizing 5-mC to 5-hmC, 5-fC, and 5-caC stepwise using 2-
OG and 02 as co-substrates and Fe2+ as a co-factor (green arrows). 5-hmC and 5-caC
can be directly converted to unmodified cytosine by removal of modifications through
DNMT3A/B (purple arrows). 5-fC and 5-caC can be removed by base excision repair
proteins TDG and/or NEIL1 and replaced with unmodified cytosine (blue arrows).

NH,
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/ CytOSIne DNMTs
o
|| NH, NH,
_O/C | SN N
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DNA 2+s DNA
5-fC Fe 5-hmC
Succinate 2-0G
CO, 0,

mC, and then a TET to convert that base to 5-hmC. Therefore, in this context, if a DNMT fails to
recognize a 5-hmC base on the parent strand, that base will result in a cytosine in the daughter
strand and the modification is lost. This process is referred to as passive demethylation (Seiler
et al., 2018; Valinluck and Sowers, 2007). A more active pathway is responsible for cell-cycle
independent demethylation which involves further oxidation of 5-hmC by dioxygenases to 5-
formylcytosine (5-fC) and 5-carboxylcytosine (5-caC) (Ito et al., 2011), both of which can be
replaced by unmodified cytosines through base-excision repair (BER) via thymine-DNA

glucosylase (Figure 1.1) (He et al., 2011; Maiti and Drohat, 2011; Pidugu et al., 2016). The base



5-caC, but not 5-fC, can also undergo BER by Nei-like 1 (NEIL1) excision (Figure 1.1) (Slyvka et
al., 2017). In addition to BER-mediated demethylation, some studies have also found that
DNMT3A/3B have the ability to remove the 5’-modification from 5-hmC and 5-caC directly,
resulting in unmodified cytosine, but not from 5-mC or 5-fC (Figure 1.1) (Chen et al., 2012;
Liutkeviciate et al., 2014). It is within this context that 5-hmC was first recognized as a mark
associated with transcriptional activation, as it represented a removal of transcriptionally
repressive 5-mC. However, studies of mammalian 5-hmC and the newly discovered TET
enzymes found 5-hmC functions as a stable epigenetic mark with distinct roles in chromatin

structure and transcriptional regulation

The second major function of 5-hmC is as a stable epigenetic mark

Multiple studies have demonstrated that 5-hmC has a distinct role as a stable epigenetic
mark associated with active transcription (Ficz et al., 2011; Lin et al., 2017; Madzo et al., 2014;
Szulwach et al., 2011). 5-hmC has been found to be strongly associated with promoters,
enhancers, and transcription factor (TF) binding sites (Madzo et al., 2014; Mariani et al., 2014;
Vasanthakumar and Godley, 2015). In addition, 5-hmC is associated with histone modifications
that are linked with open chromatin (Ficz et al., 2011; Madzo et al., 2014). As of now, the
mechanism by which 5-hmC promotes gene expression is an active field of investigation,
however, three proteins have been proposed to specifically bind 5-hmC as “reader” proteins:
NP95/UHRF1, MeCP2, MBD3 (Arita et al., 2008; Baubec et al., 2013; Frauer et al., 2011; lurlaro
et al., 2013; Mellen et al., 2012; Sharif et al., 2007; Spruijt et al., 2013; Yildirim et al., 2011). In
addition, 5-hmC may promote activation simply by baring direct protein interaction with DNA,
preventing any inhibition by 5-mC binding proteins.

More recently, 5-hmC has been implicated in DNA damage repair (Kafer et al., 2016;
Yamaguchi et al., 2012). In human cancer cell lines, 5-hmC foci co-localize with DNA damage

foci marked by yH2AX and 53BP1 upon induced DNA damage (Kafer et al., 2016). Itis



probable that 5-hmC promotes local chromatin remodeling and/or serves as an epigenetic mark

to recruit additional DNA damage repair machinery (Kafer et al., 2016).

TET enzymes structure, function, substrates, and co-factors

Figure 1.2. Homo sapiens TET protein domains. The C-terminal catalytic domain,
consisting of a cystein-rich domain (Cys) and two double-stranded beta-helix (DSBH)
DNA binding domains, is conserved across all three TETs. A low complexity (LC) insert
separates the two DSBH domains. TET1 and TET3 have an N-terminal CpG binding
CXXC domain. The CXXC domain part of the gene of TET2 was evolutionarily separated
and now exists as its own gene independently. Image adapted from Cao et al., 2019
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The enzymes responsible for the oxidation of 5-mC to 5-hmC are the ten-eleven-

translocation 5-methylcytosine dioxygenase (TET) family consisting of TET1, TET2, and TET3
(Tahiliani et al., 2009). All three TETs are transcribed and translated into catalytically functional
dioxygenases. All contain a C-terminal catalytic domain, which consists of a cysteine-rich
domain and a double-stranded B-helix domain that binds DNA in its center (Figure 1.2) (Cao et
al., 2019; Hu et al., 2013, 2015). TET catalytic domains have no preference for flanking
sequences and instead specifically bind modified CpGs (Figure 1.3A) (Hu et al., 2013). To
catalyze the modification of cytosine, the base is flipped into the catalytic cavity (Figure 1.3B)

(Hu et al., 2013). In addition to the oxidation of 5-mC to 5-hmC, TET enzymes further oxidize 5-



Figure 1.3. Crystal structure of the catalytic domain of TET2 with DNA. A. TET2
catalytic domain forms a double-stranded beta-helix (DSBH, yellow) structure that
binds the modified CpG DNA (purple). Alpha helices surround the DSBH structure and
provide stabilization (red). B. Modified cytosine base (copper) is flipped out from the
DNA double helix and stabilized in the pocket of the active site (green) with 2-
oxogluterate and oxygen. From left to right, 5-mC, 5-hmC, and 5-fC. Protein databank
(PDB) ID: 4NM6, 5DEU, 5D9Y.

A

5-fC

hmC to 5-fC and 5-caC progressively (Figure 1.1 and 1.3). 5-fC and 5-caC are present at very
low levels in the mammalian genome, about 2-3 fold lower than those of 5-hmC (lurlaro et al.,
2013). For each oxidization step, the TET enzymes rely on 2-oxoglutarate (2-OG), iron (Fe(ll)),
and molecular oxygen for their activity (Tahiliani et al., 2009). The TET enzymes bind these co-
substrates at 60uM, 30uM, and 4uM K respectively (Table 1.2) (Laukka et al., 2016).
Concurrently, the TETs bind modified CpGs at a 100 nM K, (Laukka et al., 2016). TETs have a
2-3 fold higher efficiency oxidizing 5-mC compared to oxidizing 5-hmC or 5-fC due to

conformation differences in their active sites (Figure 1.3B) (Laukka et al., 2016). Therefore, 5-



hmC accumulates rather than being lost via oxidation to 5-fC. After the base is converted to 5-
caC, the 5-caC is excised and an unmodified cytosine is inserted through base excision repair

(Maiti and Drohat, 2011).

The affinity | Table 1.2. TET1 and TET2 Kxn values compared to HIF prolyl
hydroxylase.
of TETs for oxygen
: : TET1 TET2 HIF PHD
is much higher
Methylated DNA i
than that of the Km (NM) 75£55 125+ 85
HIF prolyl Fe(ll) (uM) 48+4 36+3  0.03+0.004
hydroxylases, 2-0G (M) 55 + 20 60 + 15 60
which are also 2- O2 (kM) 30+10 30+3 250

OG/O,-dependent dioxygenases like TETs, and hydroxylate hypoxia-inducible factor a (HIFa)
for degradation (Laukka et al., 2016). Although both enzyme families use O, as a substrate, the
higher affinity for Oz in TETs (30 uM Kn,) indicates that the TETs may retain activity in hypoxic
environments. Later studies showed that TETSs retain catalytic function under physiological
hypoxia, at O, concentrations at which the HIF prolyl-hydroxylases no longer function (Laukka et
al., 2016).

TET activity is enhanced by ascorbate (vitamin C) by maintaining the Fe co-factor in a
reduced (Il) state (Kuiper and Vissers, 2014). Ascorbate is essential for the function of collagen
prolyl-4-hydroxylase, another 2-OG/O2-dependent dioxygenase like the TETs. The addition of
ascorbate to cultured mouse ES cells or mouse embryonic fibroblasts leads to a rapid Tet-
dependent increase in 5-hmC levels (Blaschke et al., 2013; Minor et al., 2013; Yin et al., 2013).
Other studies show demethylation in ascorbate treated human ES cells and mouse embryonic
fibroblasts in addition to significant changes in the transcriptome (Blaschke et al., 2013; Chen et

al., 2013; Chung et al., 2010).

Alternate transcripts of the TET7 gene



Several recent papers describe alternate transcripts of TET1 that are translated into a
‘short’ TET1 isoform with its own distinct role independent of full-length TET1 (Good et al., 2017;
Greer et al., 2021; Yosefzon et al., 2017; Zhang et al., 2016c¢). To date, most of this research

has been done in mouse systems. Two of these studies posit that a switch from full-length Tet1

Figure 1.4. Transcripts and isoforms of Tet1 identified in (Zhang et al., 2016). A.
Transcripts of Tet1fl and Tet1s. B. Domains of Tet1fl and Tet1s isoforms.
A
Tetle — we———t—— — -
Totls — e—t—t—t- - et
S Exon 2
B
CXXC Cys-rich DSBH
TET1e [ =1 I
1 568 602 2,039
TET1s [ T )
654

(Tet1fl) to short Tet1 (Tet1s) is part of normal cell differentiation and embryonic development
(Yosefzon et al., 2017; Zhang et al., 2016c¢). In Tet1s, the first two exons of Tet1fl are not
transcribed, which means Tet1s does not have a CXXC domain, but the catalytic domain
remains intact (Figure 1.4) (Zhang et al., 2016c). Tet1fl is more common in undifferentiated
tissues, and Tet1s is more common in differentiated tissues, with the switch occurring after
e14.5 (Yosefzon et al., 2017; Zhang et al., 2016c). Because TET1s has an intact catalytic
domain, both studies questioned why the isoform switch even occurred at all, as TET1s was
presumably a functional dioxygenase (Yosefzon et al., 2017; Zhang et al., 2016¢). Here the
findings diverged: one study claimed that TET1s was catalytically inactive, but this study had
only tested its dioxygenase activity on the cytosine modifications in a single gene promoter
(Yosefzon et al., 2017). In contrast, other work showed that TET1s was enzymatically active,
but 5-hmC levels were not as high as those produced by TET1fl (Figure 1.5A) (Zhang et al.,
2016c). Given both TET1fl and TET1s were both catalytically active in their experiments, the

authors hypothesized that global chromatin binding of TET1s might be altered due to the lack of
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CXXC domain
Figure 1.5. Downstream impacts of Tet1s on 5-hmC and gene

(Zhang et al., expression. A. Dotblot of 5-hmC in cells expressing Tet1fl or Tet1s
from Zhang et al., 2016. B. Number of differentially expressed genes
2016¢). When the after Tet1fl (pink) or Tet1s (blue) is overexpressed (top) or repressed
(bottom). Image from Greer et al., 2021.
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compared to TET1fl
(Zhang et al.,

2016c). From these results, the authors concluded that TET1s, although catalytically active and
able to target specific sites, is a less efficient dioxygenase compared to TET1fl (Zhang et al.,
2016c¢). They hypothesized that the efficiency of TET1fl may be required for major global
demethylation, such as imprint erasure of embryonic stem cells, whereas TET1s is sufficient for
normal demethylation of differentiated cells (Zhang et al., 2016c).

The short Tet1 transcript has also been shown to be expressed in hippocampi neurons
of mice and Tet1fl was found to be nearly undetectable (Greer et al., 2021). RNA-sequencing
(RNA-seq) experiments with and without overexpression of each Tet1 transcript revealed that
the loss of Tet1s did not alter the transcriptome as much as loss of TET1fl (Figure 1.5B) (Greer
et al., 2021). Because of its greater impact on global gene expression, the authors hypothesized
Tet1fl is the more efficient isoform, by more proficiently modulating the 5-hmC epigenetic
landscape. In addition, these results support the observations in previous studies that Tet1s
seems to be the less efficient isoform of Tet1 (Greer et al., 2021; Yosefzon et al., 2017; Zhang

et al., 2016c). From the RNA-sequencing experiments, the authors identified differentially
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expressed genes after the loss of Tet1fl or Tet1s. They found that Tet1fl and Tet1s target
distinct differentially expressed genes with some overlap (Figure 1.5), suggesting the two
isoforms are not redundant and have different functional roles. In summary, studies of Tet1
transcripts in mice have found expression of a specific transcript of Tet? results in altered global
5-hmC and/or gene expression and proposed a role for Tet1s that is independent of the role of
Tet1fl.

Similar protein isoforms are also found in human systems: TET1fl is present in ES cells,
and a smaller TET1 protein (TET1s) that lacks the CXXC domain is present in adult tissues
(Figure 1.6) (Good et al. 2017). TET1s is catalytically active, but when each TET1 was
overexpressed in HEK293T cells, subsequent RNA-seq experiments showed TET1s
overexpression did not alter the transcriptome as much as TET1fl overexpression (Good et al.
2017). Overall, TET1s was found to have a weaker effect on DNA methylation, indicating that
TET1s was the less efficient isoform, similar to earlier observations from murine systems (Good
et al., 2017). In addition, researchers showed that TET1s had targets distinct from TET1fl. The
mechanism behind this is unclear, although it has been shown that the TET1s binds outside of
CpG islands, a distinction from TET1fl targeting that may be due to loss of the CXXC domain
(Good et al. 2017). Finally, it was determined that there was frequent overexpression of TET1s,
but not TET1f], in many cancers, including breast, uterine, and ovarian cancers (Good et al.
2017). The role of TET1s is unknown but the researchers hypothesized that this cancer-specific

alternate isoform may be involved in tumorigenesis (Good et al., 2017).

Figure 1.6. Human TET1s isoforms identified in (Good et al., 2017.)

CXXC domain Catalytic domain
TET1F (235kD)! i L b
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TET1AT (147kD) i Sy
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Binding partners of the TET enzymes

Since the discovery of TET proteins, multiple studies have also identified TET binding
partners. A great number of binding partners and interactions involving the entire TET family
has been described. Because my research focused on TET1, | will only report on known binding
partners of TET1 in this chapter. Research on TET1 binding proteins suggests that the function
of these binding partners can modify TET1 localization, activity, and stability (Figure 1.7). Many
of the binding partners are not yet fully characterized and others may have identified functions
outside of their interaction with TETSs.

Regulating and directing

Figure 1.7. TET1 binding partners impact TET1

TET1 to specific sites in the localization, activity, and stability. A. Two common
mechanisms of TET1 localization are to assist in DNA

genome is the most common binding (left), examples are PCNA and EZH2, and to
recruit TET1 to specific genomic sites (right), such as

function of identified TET NANOG. B. Binding of OGT increases TET1 activity

when it is engaged with DNA. C. Calpains bind and
interactors. These interactors are | degrade all three TET enzymes, reducing TET

stability. Image adapted from Cao et al., 2019
usually classified as chromatin-

A
binding proteins: epigenetic Localization
modifiers and TFs. A variety of -- _
proposed mechanisms of TET1 \
recruitment and localization have _Ge-ne_>_
been described: from (1) B Cc

Activity Stability

promoting TET1 binding to DNA
to (2) recruiting TET1 to target

regions in the genome (Figure

1.7A). NH, OH l
H2| NH, O [ |
i W \b" =
Proteins that are thought o NSo
[I)NA I?I)NA
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DNA include MeCP2, HDAC1/6/7, EZH2, mSin3A, PCNA, and LSD1 (Cartron et al., 2013). All
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of these proteins: (1) promote stability of the TET1-DNA interaction, (2) were found to bind
TET1 directly, (3) and form larger complexes with each other (Figure 1.7A) (Cartron et al.,
2013). Further investigation revealed that TET1:EZH2 and TET1:Sin3A complexes recruit TET1
to specific genomic loci (Chandru et al., 2018). However, TET1:EZH2 and TET1:Sin3A have
been only been implicated in the regulation of the genes HOXD12 and NES1 respectively
(Cartron et al., 2013; Chandru et al., 2018; Williams et al., 2011), due to selective screening at
these targets and not an unbiased approach that would include the entire genome. Loss of the
complexes resulted in increased methylation at each promoter, and as a result, lowered
expression from the genes. Another study in mouse ES cells examined the impact of Tet1:Sin3a
complex on global genomic targets and found that Sin3a recruited Tet1 to demethylate the
promoter of Lefty1 (Zhu et al., 2018). Loss of Sin3a resulted in altered localization of Tet1 and
deregulation of expression from 111 genes. The level and distribution of 5-hmC was not
assessed, so it is unknown if aberrant 5-hmC was the cause of these expression changes.

The second mechanism of TET1 localization is via binding partners that act as
‘recruiters’ of TET1 to specific sites in the genome (Figure 1.7A). TFs that aid in the localization
of TET1 include NANOG and EGR1 (Costa et al., 2013; Sun et al., 2019). In addition to binding
each other, TET1 and NANOG occupy the same loci at genes (Costa et al., 2013). When
NANOG was depleted, TET1:DNA binding was reduced, indicating NANOG facilitates TET1
binding of the genome. Co-expression of NANOG and TET1 together increased 5-hmC levels at
specific genes involved in reprogramming to pluripotency. This study concluded that the
physical association of NANOG and TET1 facilitated NANOG function in the reprogramming of
mouse neural stem cells (Costa et al., 2013). In another murine system, EGR1 recruited TET1
to remove methylation marks from EGR1 gene targets, thereby activating their expression (Sun
et al., 2019).

Non-TF proteins that recruit TET1 to genomic sites are the Mbd3/NuRD complex and

PCNA (Cartron et al., 2013; Costa et al., 2013; Williams et al., 2011; Yildirim et al., 2011).
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Sequential chromatin-immunoprecipitation (ChIP) experiments determined TET1:PCNA
complexes bind MUC2 and RRMI and play a role in their regulation by removing modified
cytosines from the genes, thus promoting their expression (Cartron et al., 2013).

Independent of any O-GIcNAcylation activity, stable Tet-Ogt interaction promotes Tet
activity and modulates Tet genomic localization (Figure 1.7B). OGT binds TET1 through a
conserved C-terminal domain on TET1, and is thought to form a larger complex with SIN3A and
possibly other proteins (Hrit et al., 2018; Vella et al., 2013). Ogt and Tet1 colocalized at
unmethylated CpG-rich promoters (Vella et al., 2013), and other studies have found that loss of
Ogt protein resulted in abnormal Tet1 localization in ES cells, indicating Ogt is important for
Tet1 binding of specific genomic sites (Shi et al., 2013). Multiple groups have reported that the
loss of Tet1:0gt interaction causes reduced total 5-hmC level and reduced expression from
Tet1 activated genes (Hrit et al., 2018; Shi et al., 2013). Ultimately, these experiments indicate
that Tet1:0gt binding: (1) increases Tet1 activity, and (2) recruits Tet1 to genomic sites (Figure
4B) (Hrit et al., 2018; Shi et al., 2013). TET2/3:0GT binding, alternatively, does not appear to
impact the 5-hmC epigenetic landscape, and instead, TET2/3 plays a scaffolding role for OGT
(Deplus et al., 2013; Ito et al., 2011).

Very few proteins have been identified that regulate TET stability in general. Proteins
that aid in the degradation of TET proteins belong to a single family: the calpains. Calpains 1
and 2 regulate TET stability by binding the enzyme directly and cleaving it (Figure 1.7C) (Wang
and Zhang, 2014). This mechanism of TET protein degradation predominates stages of
embryonic development when TET expression is particularly high (Wang and Zhang, 2014).
TET1 and TET2 are degraded by calpain1 in mouse ES cells, whereas TET3 is degraded by
calpain2 during ES cell differentiation (Wang and Zhang, 2014). In ES cells, loss of calpains
resulted in two-fold higher total 5-hmC levels, downregulation of genes Cdx2 and Eomes, and

upregulation of genes NgnZ2 and Pax6in (Wang and Zhang, 2014). Therefore, TET:calpain
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complexes are required to maintain the 5-hmC landscape and normal gene expression in ES

cells.

The role of TETs in cancer pathogenesis

In previous sections, | indicated 5-hmC and TETs contribute to certain cancers, such as
through aberrant 5-hmC localization or TET1s expression. Availability or restrictions of TET
substrates and co-factors can also promote cancerous phenotypes in cells as well. 2-OG is
produced from isocitrate by the isocitrate dehydrogenases (IDH1/2) in the TCA cycle. It is
usually very available in cells and is not limiting for TET activities. However, in pathological
conditions, mutations in genes encoding TCA cycle enzymes can result in the accumulation of
2-0OG analogs (Dang et al., 2009; Pollard et al., 2005). Commonly found in cancers, the IDH1
R100/R132 and IDH2 R140/R172 missense mutations catalyze the production of R-2-
hydroxyglutarate (R-2-HG) (Dang et al., 2009; Losman and Kaelin, 2013). R-2-HG competes
with 2-OG for TET binding, but cannot be used in the oxidation reaction and therefore acts as
an inhibitor of TETs (Xu et al., 2011). Consistent with this finding, glioblastomas and leukemias
with these IDH mutations exhibit global hypermethylation (Figueroa et al., 2010; Ko et al., 2010;
Turcan et al., 2012). In addition, IDH and TET mutations are almost always mutually exclusive
in leukemias, strongly suggesting that these pathogenic mutations have the same function in
cancerous processes (Gaidzik et al., 2012; Patel et al., 2012). Two additional TCA cycle
metabolites, fumarate and succinate, were found to accumulate in solid tumors with mutated
fumarate hydratase or succinate dehydrogenase (Pollard et al., 2005). Fumarate and succinate
are also able to inhibit TET activity by competing with 2-OG for TET binding (Laukka et al.,
2016). This was shown in SK-N-BE(2) neuroblastoma cells, where 5-hmC levels decreased 10-
40% upon fumarate or succinate treatment (Laukka et al., 2016). Another example of restricted
resource availability is the loss of molecular oxygen in pathological hypoxia found in solid

tumors, such as neuroblastoma (Thienpont et al., 2016).
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The emerging role of epigenetics in pediatric cancer neuroblastoma

Neuroblastoma (NB)
is the most common
extracranial solid tumor of
childhood and is the primary
cause of death for pediatric
cancer for children between
the ages of one and five
years (Louis and Shohet,
2015). The primary tumor
can arise from a variety of
tissues in the abdomen but
has a predilection for the
adrenal glands (Figure 1.8)
(Delloye-Bourgeois and

Castellani, 2019). Patients

Figure 1.8 Common sites of primary NB tumors. NB
arises from neural crest tissue most commonly in the
abdominal cavity. Although origin sites include the spine,
kidneys, and paraspinal nerve tissue, NB has a
predilection for the adrenal glands. Image adapted from
(Delloye-Bourgeois and Castellani, 2019.)
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with NB have diverse clinical outcomes ranging from tumors regressing spontaneously to

tumors progressing to metastatic disease (Maris et al., 2007). High risk patients receive a

combination of systemic chemotherapy, surgical resection, MIBG-targeted radiation treatment,

tandem autologous transplant, radiation, and immunotherapy as part of current treatment

protocols (Van Arendonk and Chung, 2019).

Patients with NB tumors are classified by risk based on several diagnostic criteria,

including age, grade, DNA ploidy and chromosomal changes, MYCN status, and stage (Van

Arendonk and Chung, 2019). There is an inverse relationship between the age of tumor

diagnosis and prognosis in NB patients, with younger patients less than 18 months of age

17




generally having the best prognosis (George et al., 2005; London et al., 2005; Schmidt et al.,
2005). Children who are older than 18 months are often classified as intermediate or high risk
independent of other factors. NB grade is based on NB tumor histologic features and is
subdivided into 3 categories: differentiating, poorly differentiated, and undifferentiated (Sokol
and Desai, 2019). Although usually only indicative of risk in the context of other diagnostic
criteria, patients with tumors with a ‘differentiating’ grade tend to be classified as low risk.
‘Poorly differentiated’ and ‘undifferentiated’ grades of tumor differentiation are usually classified
as intermediate and high risk.

DNA ploidy and chromosomal changes in NB cells are analyzed and used to stratify risk.
Hyperdiploid NB cells are associated with a better prognosis, specifically in patients under 24
months (George et al., 2005). In addition, there are three recurrent chromosome changes that
occur in NB: 1p deletion, 11q deletion, and 17q gain (Attiyeh et al., 2005; Plantaz et al., 1997).
All three chromosome changes are associated with a worse prognosis in NB (Attiyeh et al.,
2005; Plantaz et al., 1997).

MYCN status refers to the presence or absence of MYCN amplification, which is present
in about 25% of NB tumors (Otte et al., 2021). Patients with a tumor that is MYCN amplified are
always classified as high risk. This is because the amplification of MYCN correlates with poorly
differentiated, aggressive tumors, and poor patient outcome (Huang and Weiss, 2013; Otte et
al., 2021). Multiple studies have shown that MYCN targets and promotes expression from gene
targets involved in angiogenesis, self-renewal and pluripotency, and proliferation (Bell et al.,
2007; Dungwa et al., 2012; Fotsis et al., 1999; Hatzi et al., 2000; Kang et al., 2008; Muth et al.,
2010; Ochiai et al., 2010; Ozer et al., 2007; Tweddle et al., 2001). In addition, MYCN promotes
mechanisms of evading apoptosis and immune surveillance (Slack et al., 2005; Song et al.,
2007; Valsesia-Wittmann et al., 2004). Additionally, MYCN amplification is correlated with an

invasive phenotype and frequency of metastatic spread in stage IV (Stage M) NB patients.
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The International Neuroblastoma Risk Group Staging Systems provides a standard
framework for determining a patient’s stage and risk group based on imaging, physical exam,
and biopsies prior to treatment initiation (Monclair et al., 2009). The INRGSS can be used in
tandem with an older staging system, The International Neuroblastoma Staging System (INSS),
which additionally relies on results of surgical resection (Monclair et al., 2009). Both systems
stage NBs based on origin, location, and whether the tumor has spread to a distant part of the
body (metastasized). Patients with tumors that have metastasized are nearly always classified
as high risk, because the disease is much harder to treat at this stage (Stage M/IV). Because
risk is so high for stage M/IV NB patients, NB researchers have focused on identifying
oncogenic drivers of metastatic spread in NB. Several studies have identified the chemokine
receptor CXCR4 as a promoter of tumor metastatic growth in NB (Klein et al., 2018; Meier et al.,
2007). CXCR4 is perhaps best described in hematopoietic systems, specifically within
hematopoietic stem cells (HPSCs). CXCR4 is a receptor expressed on the cell surface of
HPSCs, where it binds chemoattractant stromal cell-derived factor 1 (SDF-1), playing an
essential role in HPSC localization to the bone marrow (Bianchi and Mezzapelle, 2020; Nie et
al., 2004). In clinical settings, CXCR4 antagonists are most commonly used to mobilize HSPCs
from the bone marrow for harvest for bone marrow transplant (Bianchi and Mezzapelle, 2020;
Nie et al., 2004). However, CXCR4 is also expressed on the surface of many types of cancer
cells, such as breast, pancreas, melanomas, and NBs (Chatterjee et al., 2014; Russell et al.,
2004), where it promotes survival, invasion, angiogenesis, and metastasis through activation of
a large number of signaling pathways, including JAK/STAT, MAPK/ERK, and PI3K/AKT (Figure
1.9) (Chatterjee et al., 2014; Domanska et al., 2013; Guo et al., 2016; Xu et al., 2015). The role
of CXCR4 in NBs is poorly understood but expression of CXCR4 protein in primary NB tumors
correlates with poor patient outcome (Russell et al., 2004).

Large-scale sequencing projects have failed to identify many recurrent mutations in NBs

(Molenaar et al., 2012a; Pugh et al., 2013), prompting investigators to study non-genetic drivers
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of pathogenicity, such as altered transcription from genes (Decock et al., 2011). As epigenetic
mechanisms commonly regulate gene expression, they have been singled out for study as

potential drivers of pathogenicity in NBs

NB arises from the
Figure 1.9. Downstream pathways of CXCR4. CXCR4

sympaticoadrenal lineage of activates downstream targets that promote migration,
survival/proliferation, and transcription. Image adapted
the neural crest. This tissue is | from (Xu et al., 2015).
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transcriptionally active genes, implying 5-hmC is an important epigenetic mark associated with
transcription (Hahn et al., 2013; Kriaucionis and Heintz, 2009). However, it is important to
consider that 5-hmC production may be reduced in NBs, because, as part of a solid tumor, NB

cells are part of a heterogeneous oxygen level microenvironment.

Cells in solid tumors are often subject to a hypoxic microenvironment

Although atmospheric oxygen is 21%, oxygen levels in human tissues have a median of
6.1% (Carreau et al., 2011). Tumor oxygen levels, however, are heterogeneous even within the
same tumor (Vaupel et al., 2007) due to disorganized vasculature that accompanies the rapid
cell proliferation characteristic of tumors (Figure 1.10) (Rankin and Giaccia, 2008; Thomas et

al., 2013; Vaupel et al., 2007). As the tumor cells divide and multiply, access to available
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capillaries becomes restricted, and the most isolated cells in the tumor receive less oxygen

(Rankin and Giaccia, 2008).

Once a cell reaches Figure 1.10. Diagram of hypoxic tumor
) microenvironment. Image adapted from (Thomas et al.,
a hypoxic state, changes 2013.)
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model systems, characterized the HIF o/B-heterodimer TF family (lliopoulos et al., 1996; Pugh
et al., 1997; Wang and Semenza, 1995). HIF-1, the first member of the family to be described,
consists of an a. and B subunit (Wang and Semenza, 1995). The a subunit (HIF-1a), consists of
four distinct domains: (1) A bHLH domain for DNA binding and dimerization; (2) A PAS domain
for dimerization and target gene specificity; (3) An oxygen-dependent degradation domain
(ODD); and (4) Two transactivation domains in the C-terminus of the protein(Huang et al.,
1998). Among these, the ODD is the most essential part of HIF-1a. for activation of the hypoxic
response under low oxygen conditions, as if HIF-1a is targeted for degradation in normoxia
through this domain.

Under normoxic conditions, HIF-1a is targeted for proteasomal degradation (Figure 1.11)
(Ivan et al., 2001; Jaakkola et al., 2001). Both HIF-1a and HIF-1 are constitutively transcribed
and translated in normoxia. In the cytoplasm, HIF-1a is bound by prolyl-4-hydroxylase domain

(PHD) containing proteins. These PHDs recognize and hydroxylate two conserved proline
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residues (p402 and p564) in the HIF-1a. ODD (lvan et al., 2001; Jaakkola et al., 2001). PHDs
are reliant on oxygen and 2-OG to hydroxylate proline (Ivan et al., 2001; Jaakkola et al., 2001).
The von Hippel Lindau tumor suppressor, pVHL, recognizes and targets the hydroxylated
prolines (lvan et al., 2001; Jaakkola et al., 2001). As pVHL is the recognition component of the
E3-ubiquitin ligase complex, HIF-1a is ubiquitinated and subsequently degraded in the
proteasome.

Under hypoxic conditions, PHDs lose activity, and HIF-1a accumulates and activates the

hypoxic response (Figure 1.11). In a hypoxic environment, there is little free oxygen for PHDs to

Figure 1.11. HIF-1a is stabilized in hypoxic environments. A. HIF-1a is regulated through
modification of two prolines. In normoxic environments, these two prolines are
hydroxylated which are then recognized by VHL, which then ubiquitinates it for
proteasomal degradation. In hypoxic environments, HIF-1a is not hydroxylated and
therefore is allowed to accumulate. It binds HIF-18, translocates to the nucleus, and
induces expression from hypoxia target genes.

use in hydroxylation of the HIF-1a prolines. Therefore, HIF-1a is not immediately degraded in
hypoxia, and it accumulates in the cytoplasm (lvan et al., 2001; Jaakkola et al., 2001). HIF-1a
binds its partner, HIF-1p, and then HIF-1 translocates into the nucleus (Wang and Semenza,
1995). Once in the nucleus, HIF-1 interacts with several binding partners and directly regulates

gene expression from hypoxic response targets (Arany et al., 1996; Mahon et al., 2001). The
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direct HIF-1 targets can be classified into four groups: angiogenesis, metabolism, proliferation,
and invasion/metastasis (Rankin and Giaccia, 2008).

As discussed above, tumors often become hypoxic due to disorganized vasculature.
Accumulation of HIF-1a is also commonly detected across many tumors (Talks et al., 2000). In
many clinical cancer studies, elevated HIF-1a correlates with poor patient outcome through
upregulation of pathways in angiogenesis, metabolism, proliferation, and metastasis (Figure
1.11) (Rankin and Giaccia, 2008). Researchers aim to understand how HIF-1 augments
tumorigenesis specifically in each cancer in order to identify novel biomarkers and targets,

including NB.

5-hmC increases in MYCN-amplified NB cells exposed to hypoxia

As mentioned above, NB arises from 5-hmC-rich tissue: the sympaticoadrenal lineage of
the neural crest. Because of this, the Godley and Cohn laboratories thought it would be an
excellent model to test the effect of hypoxia on the level of 5-hmC. They hypothesized that when
NB cells were exposed to hypoxia, 5-mC levels would go up, and 5-hmC levels would decrease.
Unexpectedly, when the hypoxic 5-hmC levels were measured, they found that 5-hmC
increases compared to normoxic levels in MYCN-amplified lines (Figure 1.12) (Mariani et al.,
2014). Further investigation found that the hypoxic 5-hmC was enriched along the gene bodies
of canonical hypoxic response genes. To determine the mechanism behind this increase, TET
MRNA expression was measured to determine if any of them were induced in hypoxia. They
found TET1 was upregulated in hypoxia, and when its expression was silenced, 5-hmC no

longer increased. To identify the mechanism through which TET1 is regulated in hypoxia, HIF-
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Figure 1.12. Model of TET1 function and 5-hmC distribution in hypoxic NB. Despite low
oxygen levels, TET1 expression is induced in MYCN-amplified NB. TET7 induction
subsequently increases total 5-hmC levels in hypoxia. Hypoxic 5-hmC was enriched along
the gene bodies of hypoxic response genes. Image adapted from (Thomas et al., 2013.)
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1o expression was silenced. Under these conditions TET7 expression was no longer induced

and 5-hmC level did not increase (Mariani et al., 2014).

Hypothesis and specific aims

The mechanism by which TET1 regulates hypoxic changes of 5-hmC in NB was not
elucidated fully (Mariani et al., 2014). Unanswered questions include why this phenotype was
unique to MYCN-amplified NB and whether the TF HIF-1 directly regulates the TET7 gene
and/or TET1 protein. Additionally, it was unclear if 5-hmC enrichment in hypoxic response
genes and subsequent augmentation of gene expression mediated the aggressive hypoxic

phenotype characteristic of NB cell lines.

| hypothesize that TFs control and direct the 5-hmC epigenetic landscape and migratory
phenotype via regulation of the TET7 gene and TET1 protein in NB. This will address

unanswered questions about why this phenotype occurred exclusively in MYCN-amplified NB
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cells, how HIF-1 regulates TET1, and whether 5-hmC mediates aggressive hypoxic tumor
phenotype.

My thesis work tested this hypothesis via three Specific Aims:

Aim 1: To determine if MYCN regulates normoxic TET1 transcription in neuroblastoma.
Since hypoxic TET1 induction and 5-hmC increases were limited to NB cells that were MYCN-
amplified (Mariani et al., 2014), | hypothesized that MYCN binds and controls transcription from
TET1 directly. | tested this hypothesis by identifying potential MYCN binding site(s) in TET1,
then confirming MYCN binds these site(s) with ChIP. | also determined whether MYCN controls

TET1 transcription from these site(s) with gene editing.

Aim 2: Determine the molecular mechanism by which HIF-1 regulates TET1 gene and
TET1 protein in hypoxia. Previously, Godley laboratory members identified two HIF-1a binding
sites in the TET1 gene under hypoxic conditions. | hypothesized that HIF-1 controls TET1
transcription from one or both binding sites. | determined that HIF-1 regulates transcription from
these sites in hypoxia via the use of gene editing. | also determined how loss of these regulatory
sites impacts 5-hmC level in hypoxic compared to normoxia. Previously, TET1 protein levels in
normoxia and hypoxia were not described in Mariani et al (Mariani et al., 2014). With Western
blotting | confirmed TET1 protein increases in hypoxia, reflective of TET7 mRNA in SK-N-BE(2)
cells. | also determined TET1 protein stability and compared normoxic and hypoxic conditions.
Additionally, | hypothesized that HIF-1 or HIF-1 associated proteins bind TET1 and augment its

activity.

Aim 3: To identify how 5-hmC enrichment changes in response to a hypoxic environment
contribute to an aggressive tumor phenotype in NB. Although Mariani et al. described

blunted expression from hypoxic response genes in TET1 knockdown cells, any subsequent
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impact altered gene expression had on NB cell hypoxic phenotype was not addressed. |
hypothesized that 5-hmC enrichment in hypoxia target genes augments aggressive migration
and invasion phenotype observed in hypoxic NB cells. | performed functional assays to evaluate
NB cell response to hypoxia, including migration and invasion assays, and compared wild type

NB cells to those that lack TET1.
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CHAPTERII

Methods

Cell culture

NB cell lines were provided by the Cohn Laboratory and were authenticated with STR
profiling analysis and tested negative for Mycoplasma. SK-N-BE(2), NBL-WN, LA1-55n, NBL-S,
SH-SY&Y, LA1-5S, NBL-WS, and SHEP cells were cultured in RPMI with 10% fetal bovine
serum (FBS). Tet-21/N cells (Lutz et al., 1996) were cultured in RPMI with 10% Tet system FBS
(Clontech 631106). Normoxic culture was done at 37°C under 21% Ozand 5% CO.in a
humidified incubator. For hypoxic exposure, cells were incubated under 1% O, and 5% CO-in a
humidified chamber. Tet-21/N cells were maintained with 1 ng/mL doxycycline, and MYCN

induction was induced by the removal of doxycycline from the media.

CRISPR-Cas9 genome editing

A CRISPR-Cas9 system was used to perform genome editing in SK-N-BE(2) and NBL-
WN cells. Guide RNAs (gRNAs) were designed and evaluated with the program CRISPOR
(Concordet and Haeussler, 2018) and were ligated into plasmid Lenticrispr v2
(Addgene plasmid #52961) following the Zhang lab protocol (Sanjana et al., 2014). The plasmid
with the gRNA of interest was co-transfected with psPAX2 (Addgene plasmid #12260) and
pMD2.G (Addgene plasmid #12259) into HEK293T cells to produce lentiviral particles (Moffat et
al., 2006). After 48 hours, lentiviral containing media was collected and filtered. Polybrene was
added to a concentration of 4 ng/mL, and then lentiviral media was added to SK-N-BE(2) or
NBL-WN cells. Lentivirus-containing media was removed after 6-12 hours, and the cells were
incubated in 10% FBS RPMI for 48 hours. Puromycin was added to the cells at 2.5 ug/mL for

SK-N-BE(2) cells and 0.25 pg/mL for NBL-WN cells for 72 hours. Post-puromycin selection, a

27



portion of the mixed clone population was cryopreserved; and another portion was diluted into

96-well plates for single clone expansion. To screen each clone, DNA was extracted using

phenol:chloroform, and PCR using GoTaq (Promega PRM3005) was performed with primers

targeting the region of the edited site (Table 2.1). The mutation within each single cell clone was

defined using Sanger sequencing of the PCR amplicon spanning the gene edited site.

RNA isolation and sequencing

Total RNA was isolated with
RNAzol (Sigma-Aldrich, R4355)
following the RNAZzol manufacturer’s
protocol. RNA was converted to cDNA
with Life Technologies High-Capacity
cDNA Reverse Transcription Kit
(4368814). Quantitative PCR was done
with Power SYBR Green PCR Master
Mix (Life Technologies 4368706).
Primers for gPCR can be found in Table
2.1.
RNA was sequenced on lllumina HiSeq
4000, at a single end for a length of 50
bp. Reads from RNA-seq in fastq format
were aligned to the hg19 reference
genome with Tophat2 (Kim et al., 2013).

Gene expression was quantified and

Table 2.1. Oligos utilized in my work

Primer name

Sequence (5'->3')

TET1_gPCR_F
TET1_gPCR R
MYCN_qPCR_F
MYCN_gPCR_R
CXCR4_gPCR_F
CXCR4_gPCR R
TET3_gPCR_F
TET3_gPCR_R
DNA2_gPCR_F
DNA2_gPCR_R
LARP1_ChIP_F
LARP1_ChIP_R
DNA2_ChIP_F
DNA2_ChIP_R
TET1_S1_ChIP_F
TET1_S1_ChIP_R
TET1_S2_ChIP_F
TET1_S2_ChIP_R

TET1_negcon_ChIP_F
TET1_negcon_ChIP_R

GAGAATAGGTATGGTCAAAA
CTTCATCACTGCTTCTTCTT
CAGACCAGCGGCGGCGA
AACGCCGCTTCTCCACAGT
CCCTCCTGCTGACTATTCCC
TAAGGCCAACCATGATGTGC
CGTCGAACAAATAGTGGAGA
CTTTCCCCTTCTCTCCATAC
TGTCCCAAATGACCTGC
ATTCCCAGTCCTAAGCAAG
TGACACCCAGCCTAAAGA
GGAGGTATCTTAAAGGGCC
ACAGAAAAGACAGCGGAAC
GACACGGGTTGGAGTGT
GGGTGCTGGGGCTGGTC
CTGGGGGCGGTAGGTTGTG
TCTTTGT GGG GCTGTT TTT
GAGGTAGCCATCTTGCTTG

CACTTGAGTCTAGGAGTTTAAGG
GTTTCTCAATATCAGGTTTGTTTTG

_guideRNA Sequence (5'->3')
g1_TET1_S2 F GCCAGCACTGTAGACGTGCT
g1_TET1_S2 R AGCACGTCTACAGTGCTGGC
g2_TET1_S2 F GCCCAGCACGTCTACAGTGC
g2_TET1_S2 R GCACTGTAGACGTGCTGGGC
g3_TET1_S2 F GCCATTGGCTGCACTCTTTG
g3_TET1_S2 R CAAAGAGTGCAGCCAATGGC
g1 _TET1_S1 F GCTGGTCGTGCAGCACGTGA
g1_TET1_S1_R TCACGTGCTGCACGACCAGC
g_DNA2_F GCGTTCCACGTGGGGCCCCT
g_DNA2_ R AGGGGCCCCACGTGGAACGC

compared with tools in the Cufflinks package (Trapnell et al., 2012). Data from my RNA-seq

experiments can be accessed under GSE167476.
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cDNA conversion and quantitative PCR
RNA was converted to cDNA with Life Technologies High-Capacity cDNA Reverse
Transcription Kit. Quantitative PCR was done with Power SYBR Green PCR Master (Life

Technologies) on Applied Biosystems Fast 7500 machines.

DNA isolation
DNA was extracted with phenol:chloroform. Following the removal of the aqueous layer,
the DNA was precipitated with 100% ethanol and washed with 70% ethanol. The pellet was

resuspended in 10 mM tris pH 7.8.

Detection of 5-hmC and 5-mC by UHPLC-MS/MS

UHPLC-MS was performed as described in (Song et al., 2005). Briefly,1-2 ug of genomic
DNA was denatured at 100°C for 3 minutes, followed by incubation with five units of nuclease
P1 (Sigma) at 37°C for 2 hours, followed by addition of 2.5 uL of 1M ammonium bicarbonate
and 0.002 units of phosphodiesterase | (Sigma-Aldrich) and incubation for 2 hours at 37°C. The
sample was then incubated with 0.5 units of alkaline phosphatase (Invitrogen) for 1 hour at
37°C. The samples were diluted and filtered through 0.22 um PVDF filters (Millipore) to remove
any large particulates. Hydrolyzed DNA was run on an Acquity UPLC Oligonucleotide BEH
C18 Column (Waters 186003950). After moving through the column, the sample was injected
into an Agilent 6460 Triple Quad MS-MS with 1290 ultra high-performance liquid

chromatography (UHPLC) for multiple reaction monitoring (MRM) quantitation.
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5-hmC selective chemical labeling

5-hmC selective chemical labeling (hMe-Seal) was performed according to reported
methods (Mariani et al., 2014; Song et al., 2011). 20 pg of sonicated genomic DNA was labeled
with UDP-6-N3-glucose and biotinylated using DMCO-S-S-PEG3-Biotin Conjugate (Click
Chemistry Tools). The biotinylated DNA was affinity purified and prepared as DNA libraries for
sequencing. DNA libraries were sequenced on lllumina HiSeq 4000, at a single end for a length

of 50 bp.

hMe-SEAL peak calling and FPKM quantification analysis

First, quality of the reads and the fastq files were checked by running FastQC.
Sequenced reads were aligned to the hg19 genome with Burrows-Wheeler Aligner (Li and
Durbin, 2009). Peaks were called with MACS2 (Zhang et al., 2008). Peak files from all time
points were merged. To determine how the peaks were growing or shrinking over time, the bed
files from every timepoint were combined with bedtools merge into a single file, which was then
converted into gtf format so it could be used as an input for HTSeg-count analysis (Anders et
al., 2015). Using this input and the original bam file for each timepoint, HTSeq-count calculated
the number of reads present at each site per timepoint, which was converted to FPKM (number
of fragments/number of kilobases/1x10°). Selective filtering for regions that underwent ~1.3-fold
changes in FPKM was done in R (R Core Team, 2020).

Following reported methods, | conducted genomic element analyses by intersecting 5-
hmC peaks that underwent significant changes over time with files containing the location and
annotation of genomic elements (Cao et al., 2019; Mariani et al., 2014). Defined genomic
regions included 3’'UTR, 5’UTR, coding domain sequences, CpG islands, CpG shores, exons,
genes, intergenic regions, introns, predicted enhancer sites, HIF-1 binding regions, and MYCN
binding regions. All genomic regions were previously described in (Mariani et al., 2014), with the

exception of predicted enhancers and HIF-1 and MYCN binding sites. Predicted enhancers
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were generated from data collected by enhanceratlas (Gao et al., 2016). Enhanceratlas
identifies enhancer regions in several cell lines that are available for download. Enhancer
regions from NB cell line SK-N-SH were downloaded and converted to bed files for genomic
enrichment analysis (Gao et al., 2016). HIF-1 and MYCN binding regions were generated from
ChlP-sequencing files (Durbin et al., 2018; Thienpont et al., 2016; Zeid et al., 2018a) for each
TF respectively. The HIF-1a binding sites bedfile was generated from HIF-1a ChlP-sequencing
peak files called with MACS2 (Quinlan and Hall, 2010). To identify the enrichment of 5-hmC in
each genomic element, bedtools intersect was used to find peaks from the hME-SEAL file in
each genomic element. To establish how many peaks were expected in each genomic region
based on random chance, bedtools shuffle was utilized. Bedtools shuffle used an input of peaks
found in a 5-hmC bed file and placed them randomly throughout the genome. For accuracy, the
shuffle was repeated 1000 times and the sum of the peaks per genomic element was recorded
each time, then averaged after shuffling was completed. Enrichment was calculated by ‘sum of
observed peaks in genomic element’/’expected sum based on random distribution’.

Pathway analysis was performed with PANTHER pathway analysis, using adjusted P-
values (Thomas et al., 2003). Data from hMe-Seal sequencing have been deposited in GEO

under the accession number GSE167475.

Chromatin-Immunoprecipitation (ChlP)

ChIP was performed as published (Shang et al., 2000) with minor modifications. Briefly,
cells were crosslinked with 1% formaldehyde for 10 minutes at room temperature and quenched
with 175 mM Tris pH 7. Extracted nuclei were sonicated with a Covaris S220 Sonolab 7.2 1.0.
Sonicated DNA was immunocleared with 2 ug/mL sheared salmon sperm DNA (Thermo Fisher
Scientific AM9680), 6 ug/mL normal mouse IgG (Santa Cruz Biotechnology sc-2025), and 30 uL

Protein G Dynabeads (50% vol/vol) (Fisher Scientific 10-004-D). Antibody pulldown was
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performed with 5 ug a-MYCN IgG (Santa Cruz, B8.4.B) or 5 ug a-HIF-1 (overnight at 4 °C. As
an antibody control, 5 ug of normal mouse IgG was used. After immunoprecipitation, 30 uL
Protein G Dynabeads and 2 ug/mL sheared salmon sperm DNA were added for an additional 2
hours. Captured protein-DNA complexes were washed, eluted, and reverse-crosslinked (Shang
et al., 2000). DNA was purified for gPCR or sequencing with Genelute PCR Clean Up Kit
(Sigma-Aldrich). If samples were to be used for ChIP-gPCR, the purified DNA was amplified

in ChIP-gPCR with Power SYBR Green PCR Master. Serially diluted input DNA was used for
the standard curve. ChlIP-gPCR data were normalized using the percent input method (% input

= 100*2*(adjusted input — Ct). Primers for target regions are presented in Table 2.1.

ChIP-sequencing read mapping and peak calling analysis

The quality of fastq files was checked with FastQC before files were processed. Once
they passed the quality check, files were aligned to the hg19 genome with Burrows-Wheeler
Aligner. Finally, peaks from the ChIP sequencing files were called using the MACS2 peak
calling function. If starting with public accession data, files were downloaded in their original
bigwig format, then converted to a bedgraph format with the UCSC genome tool. Peaks were

called with the MACS2 bdgpeakcall function.

Protein extraction

Protein extraction was performed via high salt fractionation (Camenisch et al.,
2002). Cells were resuspended by mechanical shearing in Buffer A (10 mM Tris pH 7.8, 1.5 mM
MgClz, 10 mM KCI). After incubation on ice for 10 minutes and centrifugation, the supernatant
containing the cytosolic proteins was removed. The nuclei pellet was resuspended in Buffer C
(20 mM Tris 7.8, 1.5 mM MgCl,, 420 mM KCI, 20% glycerol). After shaking for 30 minutes, the

lysates were spun and nucleic proteins in the supernatant were collected.

32



Western blotting

Nuclear proteins were separated via SDS-PAGE on 6% acrylamide gels. Membranes
were probed with primary antibody: o-TET1 (Genetex GT1462) overnight at 4°C; a-TOP1
(abcam ab109374) for one hour at room temperature; or a-MYCN (abcam ab16898) at 1:1000
dilution for one hour at room temperature. After primary antibody incubation, the membranes
were incubated with 1:5000 dilution secondary antibodies against appropriate species: a-Rabbit
IgG (Millipore 401393-2ML); or a-Mouse IgG (Cell Signaling Technology 70765) for one hour at
room temperature. Western blots were then incubated with Western-lightning Plus-ECL,

enhanced chemiluminescence (PerkinElmer) and exposed to film.

Wound healing and transwell assays

Cells were grown in a 96-well plate until confluent. Wells were scratched with an Essen
Woundmaker and then placed in IncuCyte and photographed every 4 hours. Alternatively, the
wound was created with the abcam Wound Healing Assay kit (ab242285), and cells were
photographed at 0, 6, 12, 24, and 48 hours on an Evos FL Auto 2 microscope. To achieve
pseudo-hypoxia, cells were treated with FG-4592 at 30 uM for 24 hours and with plerixafor
(Sanofi) at a concentration of 10 ug/mL at hour 0, and subsequently at every 12 hours.
Transwell assays were performed by incubating cells in serum free media on Falcon cell
culture insert in a 24-well plate, with PBS control and 10 ug/mL plerixafor in the media (Justus et
al., 2014). After 6 hours, cells were fixed with methanol for four min followed by 10% formalin for
20 min and stained with crystal violet or Giemsa stain. The transwell membrane was
photographed under an Evos FL Auto 2 microscope at 10x magnification, and cells were
counted and averaged per field. Numbers were compared between experimental lines and the

parental control line.
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Tumor xenograft experiments

Athymic mice were procured from The Jackson Laboratory (stock no: 002019). Cells
were injected subcutaneously into the flank at a concentration of 25 X 10° cells/mL. Tumor
length and width were measured every other day using calipers. Tumor volume (V) was
calculated using the formula V=(length*width?)/2. Mice were followed for 90 days unless tumor

reached a terminal size of 3 cm3.

Data availability

Datasets generated by this work can be found at the Gene Expression Omnibus
under the SuperSeries accession number GSE167478.

GEO accession numbers for publicly available ChIP-seq datasets used in this
work are GSE94822, GSE80151, GSE138315, and GSE71399 (Durbin et al., 2018;
Thienpont et al., 2016; Upton et al., 2020; Zeid et al., 2018). RNA-sequencing data for
NB cell lines can be found on GEO databank (GSE89413) and sequencing for NB
tumors can be accessed through R2: Genomics Analysis and Visualization Platform

(https://r2.amc.nl/) (Gartlgruber et al., 2021; Harenza et al., 2017).
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CHAPTER Il

MYCN regulates TET1 transcription in normoxic neuroblastoma cells

The data in this chapter are adapted from a manuscript currently under review at
Scientific Reports: Hains AE, Uppal S, Cao JZ, Salwen HR, Applebaum MA, Cohn SL, Godley
LA. MYCN and HIF-1 directly regulate TET1 expression to control 5-hmC gains and enhance
neuroblastoma cell migration in hypoxia.

In this chapter, | designed and performed the experiments, analyzed the data, and wrote
the manuscript. S.U. performed experiments. J.Z.C. analyzed data and helped perform
experiments. M.A.A. analyzed and contributed sequencing data. H.R.S. helped design
experiments. L.A.G. and S.L.C. conceived the study, analyzed the data, and edited the

manuscript.
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Introduction

Commonly diagnosed in children 5 years and younger, NB tumors originate from the
developing sympathetic nervous system, commonly located in the adrenal gland. NBs exhibit a
broad range of clinical behaviors, with some tumors resolving spontaneously and others
requiring intensive treatment (Van Arendonk and Chung, 2019). Patients with NB are classified
by risk based on several diagnostic criteria, including MYCN status, age, stage, and grade (Van
Arendonk and Chung, 2019). Broadly, low risk patients are young and have tumors restricted to
the primary site, whereas high risk patients are older and have tumors that have spread beyond
the primary site. Other factors that increase risk are the presence of undifferentiated cells and
the presence of MYCN amplification in the tumor DNA. Over time, treatment protocols have
evolved to include a combination of systemic chemotherapy, surgical resection, tandem
autologous transplants, radiation, MIBG, and/or immunotherapy for high risk patients (Park et
al., 2019; Van Arendonk and Chung, 2019). Although improved outcomes have been observed
with these intensive multi-modal approaches, 5-year survival of high risk patients remains at
less than 60% (Moreno et al., 2020), indicating that more effective therapies are still needed.

Next-generation sequencing has allowed researchers to process and analyze datasets
of NB genomes and transcriptomes, with the goal of identifying additional genetic biomarkers
and novel therapeutic targets (Bellini et al., 2015; Pinto et al., 2016). However, results from
multiple sequencing studies show that NBs have a relatively low mutational burden compared to
other cancers (Maleki Vareki, 2018; Pugh et al., 2013), and there are only a few recurrent
mutations (Pugh et al., 2013). Aside from MYCN amplification and chromosomal aberrations,
(11g-deletion, 1p-deletion, and 17q gain), the only consistently identified recurrent mutations are
variants found in ALK (5-10% of cases) and TIAM1 (~3%) (Molenaar et al., 2012b; Pugh et al.,
2013). In 1983, MYCN amplification was identified as the first genetic alteration associated with
NB (Kohl et al., 1983; Schwab et al., 1983). Very soon after its discovery, it was shown to

correlate with poor prognosis (Brodeur et al., 1984; Seeger et al., 1985). All three chromosomal
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aberrations, described in greater detail in Chapter I, correlate with poor outcome as well (Attiyeh
et al., 2005; Plantaz et al., 1997). Mutations in AKT are often activating in nature and are
correlated with poor outcome (Opel et al., 2007). Alternatively, TIAM1 variants are associated
with a better outcome, particularly when the variant is located in one of the domains that interact
with RAS pathway members (Pugh et al., 2013; Sanmartin et al., 2017). The paucity of
recurrent somatic genetic alterations has driven a search for another source of NB
pathogenesis: epigenetic modifications (Applebaum et al., 2020; Maleki Vareki, 2018; Schulte et
al., 2010).

NBs originate from neural crest tissue, which contains high levels of 5-hmC epigenomic
marks (Kriaucionis and Heintz, 2009). When neural crest cells differentiate into neurons, 5-hmC
increases and is enriched in the gene bodies of activated genes, suggesting that 5-hmC is an
important epigenetic mark associated with transcription (Hahn et al., 2013; Kriaucionis and
Heintz, 2009). The 5-hmC base is associated with open chromatin and active gene transcription
(Ficz et al., 2011; Madzo et al., 2014; Mariani et al., 2014) and is an intermediate in the
demethylation pathway (He et al., 2011; Ito et al., 2010).

Previously the Godley and Cohn Laboratories described how increases of global 5-hmC
levels are essential for induction of the hypoxic transcriptional response specifically in MYCN-
amplified NB cell lines, and not in NB cells with low MYCN protein levels (Chlenski et al., 2019;
Mariani et al., 2014). This implies that MYCN directly or indirectly regulates TET1, but this
remained untested in prior work (Mariani et al., 2014). In this chapter, | show that MYCN directly
upregulates TETT expression in normoxia and specifically targets transcription from the full-

length TET1 gene.

Results

MYCN binds three potential regulatory regions of TET1
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Figure 3.1. TET1 and MYCN expression correlation in NB cell lines and tumors. A. TET1
expression data from RNA-seq of 38 NB cell lines (Harenza et al., 2017) graphed by
MYCN-amplified and non-amplified designations. GEO accession numbers can be found
in the methods. B. TET1 and MYCN expression data from RNA-seq of 38 NB cell lines.
Cell lines are plotted in order of increasing TET1 expression. TET1 expression data are
plotted in squares and on the left Y-axis. MYCN expression data are plotted in red circles
on the right Y-axis. C. TET1 and MYCN expression data from RNA-seq of 579 NB tumors
(Gartlgruber et al., 2021). Tumors are plotted in order of increasing TET1 expression.
TET1 is plotted in black squares on the left and MYCN is plotted in red circles on the right.
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To determine if there is a link between MYCN and TET1 expression, | examined the
relationship between MYCN and TET1 expression using publicly available RNA-sequencing
(RNA-seq) data from NB cell lines and tumors (Gartlgruber et al., 2021; Harenza et al., 2017).
Overall, MYCN-amplified NB cell lines have higher baseline TET1 expression compared to non-
MYCN amplified NB cell lines (Figure 3.1), and there is a positive correlation between MYCN
and TET1 expression levels (R=0.58, P=7.7e-5, Figure 3.1B). This positive correlation
between TET1 and MYCN expression is also observed in RNA-seq data from primary NB
tumors (Gartlgruber et al., 2021) (R= 0.48, P=2.54e-34, Figure 3.1C). To test if this observation
is specific for TET1 or all members of the TET family, | performed the same correlation analysis
with TET2 and TET3 (Gartlgruber et al., 2021; Harenza et al., 2017), and found no correlation
between MYCN expression and that of TET2 or TET3 in NB cell lines (Figure 3.2A and C). In
NB tumors, however, there is a modest correlation between MYCN and TET3 (R=0.31, P=9.9e-
15, Figure 3.2D), but not between MYCN and TET2 (Figure 3.2B and D).

Next, | asked if the TET1 gene is bound directly by MYCN. MYCN is a TF that
recognizes and binds an E-box element that consists of a canonical 5-CANNTG-3’ (where N is

any nucleotide) sequence (Zeid et al., 2018). Using HOMER (Heinz et al., 2010), | identified
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Figure 3.2 Correlations between MYCN and TET2 or TET3 in NB cell lines. A. TET2
and MYCN expression data from RNA-seq of 38 NB cell lines. Cell lines are plotted in
order of increasing TET2 expression with TET2 on the left Y-axis (black squares) and
MYCN on the right Y-axis (red). B. TET2 expression data from 579 tumors are plotted
in order of increasing TETZ2 expression. TETZ2 is represented by black squares. C.
TET3 and MYCN expression data from RNA-seq of 38 NB cell lines. Cell lines are
plotted in order of increasing TET3 expression with TET3 on the left Y-axis (black
squares) and MYCN on the right Y-axis (red). D. TET3 expression data from 579
tumors are plotted in order of increasing TET3 expression. TET3 is represented by
black squares.
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numerous 5’-CANNTG-3" motifs within and around TET7 (Figure 3.3A), suggesting that MYCN
could bind TET1 directly and regulate transcription from several possible sites. To determine
which sites are the most probable, | used EnhancerAtlas (Gao et al., 2016), an enhancer
annotation tool based on compiled Chromatin-immunoprecipitation-sequencing (ChIP-seq) and
chromatin accessibility data, to visualize enhancer sites where MYCN could bind and regulate
TET1 expression (Figure 3.3A). EnhancerAtlas provides a database of annotated enhancers
from a variety of cell lines, and the most useful for my analysis was the only available NB cell

line: non-MYCN amplified SK-N-SH (Gao et al., 2016). Using data from this cell line,
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Figure 3.3 MYCN ChIP of TET1. A. MYCN ChlIP sequencing data from SK-N-BE(2)-C,
Kelly, NGP, NB1643, COGN415, and LAN5 cells. at locus 10921 visualized with
IGVtools. The shaded region corresponding to the first peak, from left to right, is DNA2.
The second peak is TET1-intron 1 (S7), and the last peak is TET7-intron 2 (S2), both
shaded in TET1. The ‘Enhancer prediction’ track is generated from ‘EnhancerAtlas.org’.
The ‘Enhancer’ track was generated with the UCSC LiftOver tool which remapped the
mouse TET1 superenhancer to the hg19 human genome. ‘MYCN Motif track is
generated with HOMER. The Gene Ref track represents the gene positions in hg19 build
of the human genome. Arrows represent the direction of gene transcription. B. Real time
gPCR validation of MYCN ChIP-sequencing performed in SK-N-BE(2). From left to right,
positive control (LARP1), DNA2, S1, S2, and negative control (neg TET17) binding sites
are plotted on the x-axis. The y-axis corresponds to the amount of DNA pulled down
normalized to the amount of input DNA. * represents p-value of p<0.05.

A B
10g213 70233878 70,318,117
q P r
GeneRef HH DNA2 TET1 ——}% } 0.05
Enhancer predicton ¥ = n
Enhancer =
MYCN Motif | I EERTT
SK-N-BE@)-C | L ]
2 Kelly I J L1l II ol
% NGP -l-l | PR P A—-—-AL“-AA_M-M
3
3 NB1643
3 s ° ;
Z| coenats ) i 1
tans U B

EnhancerAtlas identified two enhancers in TET1, in the first and second introns (Gao et al.,
2016) (Figure 3.3A). In addition, data from murine systems identified a superenhancer that
encompasses the enhancer located in the first intron (Whyte et al., 2013) (Figure 3.3A). Next, |
examined publicly available MYCN ChlP-seq data (Durbin et al., 2018; Robinson et al., 2011;
Upton et al., 2020; Zeid et al., 2018) at the TET1 locus from as many MYCN-amplified NB cell
lines as were available to determine experimentally validated MYCN binding sites (Figure 3.3A).
In ChIP-seq data from the six available MYCN-amplified lines, | found evidence for direct MYCN
binding to two sites in the first and second introns of TET1, which | will refer to hereafter as Site

1(S71) and Site 2 (S2) (Figure 3.3A). S1 is located centrally within an established
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superenhancer described in the first intron, and S2 is located in the enhancer in the second
intron of TET1 (Figure 3.3A). Since TET1 could also be regulated by a distal enhancer, | used
EnhancerAtlas to identify distal enhancer sites and found a potential TET 7-regulatory enhancer
located ~88 kb upstream in the first intron of the gene DNA2 (Figure 3.3A). Analysis of publicly
available MYCN ChlP-seq data also revealed MYCN binding to this predicted distal enhancer
(Figure 3.3A). To validate the results of my analysis of the publicly available ChIP-seq data, |
tested the binding of MYCN to each of these three sites with MYCN ChlIP-quantitative PCR
(gPCR) and found all three sites are enriched with MYCN binding in SK-N-BE(2) cells (Figure
3.3B). This suggests MYCN has the potential to regulate baseline TET1 through any or all of

these three sites.

Figure 3.4. Transcripts of TET1 and model of possible TET1 isoforms present in
humans. A. TET1 transcripts proposed to be expressed in NB. Top, NCBI reference
sequence and model of TET1fl. Bottom, Gnomon predicted transcript XM_011540207.2.
Genomic coordinates of TSS listed on left. B. Full length TET1 (top) and potential short
TET1 isoform on the bottom. Short TET1 lacks the N-terminal CXXC domain and is
predicted to be 1494 amino acids long
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MYCN specifically drives expression of the full-length TET1 transcript specifically
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Recent studies have determined that: (1) expression of the full-length TETT transcript is
exclusively expressed in embryonic cells; and (2) identified the existence of an alternate ‘short’
TET1 isoform that is present in differentiated tissues (Good et al., 2017; Greer et al., 2021;
Yosefzon et al., 2017; Zhang et al., 2016c¢). Given the embryonic origins of NB tumors, | tested
which TET1 transcripts are expressed in NB cell lines. Both full-length TET1 (TET1fl) and a
TET1 transcript predicted to exist by Gnomon, XM_011540207.2, were identified by Cufflinks
analysis of RNA-seq data (Figure 3.4A) (Souvorov et al., 2010). Transcript XM_011540207.2,
which | will refer to hereafter as TET1s, lacks the first two exons of TET7fl and has a novel exon
1 about 0.5 kb 5’ of TET1fl exon 3 (Figure 3.4A). Because S2 appears to be encompassed by
this novel TET1 exon, | tested whether MYCN drives TET1s expression specifically in MYCN-
amplified NB cells. Analysis of TET1 transcript expression in MYCN-amplified versus non-
MYCN-amplified cells revealed that MYCN preferentially induces TET1fl expression (Figure

3.5A). In MYCN-amplified cells, TET1fl makes up 66% percent of all TET1, whereas TET1fl

. | Figure 3.5. Expression of TET1fland TET1s in common NB cell lines.
constitutes only | A “TET1f and TET7s FPKM in MYCN-amplified and non-MYCN-

2% of | amplified NB. B. Circle represents 100% of all TET1 expression, TET1fl
62% of tota is represented in orange, TET1s is represented in blue. P-value is
TET , Student’s t-test comparison of MYCN-amplified TET1fl (66%) vs non-

transcripts | prycN-amplified TET11 (62%).
in non-MYCN- A B
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TET1s. MYCN correlated with TET1fl (R=0.34) better than TET1s (R=0.21), demonstrating that

MYCN expression is associated with expression of TET1fl and suggesting that MYCN targets

expression from TET1f] preferentially (Figure 3.6).

To determine if the
presence of MYCN induces
baseline TET1 and/or TET1fl
expression, | used the inducible-
MYCN NB line Tet-21/N cells
(Lutz et al., 1996), which
overexpresses MYCN through a
tetracycline-off system. In order
to induce MYCN expression, |
incubated the cells with
doxycycline for 24 hours and
then washed out the drug
(Figure 3.7A). MYCN expression
levels reached maximal
expression three days after
induction (Figure 3.7A), followed
by induction of TET1 expression
on day 4 (Figure 3.6B and C).

RNA-seq data showed that Day

Figure 3.6. MYCN expression correlation with TET1
isoforms. Log2(FPKM) values of TET1fl expression (y-
axis) by MYCN expression (x-axis) (top). Bottom,
log2(FPKM) values of TET1s expression (y-axis) by
MYCN expression (x-axis).
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4-induced expression is centered around exons 1 and 2, showing that MYCN induction targets

expression from TET1fl (Figure 3.8). Overall, this indicates that MYCN drives TET1 expression,

preferentially expressing TET1fl. In addition, gPCR from Day 4 samples showed TET3 is

induced and Western blotting of TET1 protein showed TET1fl protein is also elevated (Figure
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3.6B, C, D, and E). Despite induction of TET1/3 on day 4, | observed no increase in total 5-hmC
levels (Figure 3.6F), likely because the parent line of Tet-21/N cells has very low TET1

expression in comparison to MYCN-amplified lines (van Groningen et al., 2017).

Figure 3.7. MYCN is sufficient to induce TET1 and TET3 expression but not 5-hmC levels.
A. Real time gPCR quantification of MYCN in Tet-21/N cells (Lutz et al., 1996) over a 5 day
time course. Tet-21/N cells were maintained with 1 mg/mL doxycycline, and MYCN induction
was induced by the removal of doxycycline from the media. MYCN-induced Tet-21/N cells
are plotted in green. MYCN-uninduced Tet-21/N cells are plotted in black. MYCN expression
in MYCN-induced Tet-21/N cells (green) is normalized to MYCN-uninduced Tet-21/N cells
(black) on respective days. P values were determined with one-tailed t-tests (n=3). B. TET
expression analyzed from RNA-seq data from both MYCN-induced (green) and MYCN-
uninduced (black) Tet-21/N cells 4 days post induction. TET1, TET2, and TET3 are plotted
along the x-axis. FPKM is plotted on the y-axis. C. Real time qPCR data for TET1
expression 5 days post MYCN induction from MYCN-induced and MYCN-uninduced Tet-
21/N cells. Relative TET1 expression (y-axis) in MYCN-induced cells (green) is normalized
to respective TET1 expression in MYCN-uninduced cells (black). Each day is plotted on the
x-axis. P values were determined with one-tailed t-tests (n=3). D. TET3 expression
determined by real time gPCR 5 days post MYCN induction from MYCN-induced and
MYCN-uninduced Tet-21/N cells. Relative TET3 expression (y-axis) in MYCN-induced cells
(green) is normalized to respective TET3 expression in MYCN-uninduced cells (black). Each
day is plotted on the x-axis. P values were determined with one-tailed t-tests (n=3). ***, ** *
represent p-values of p<0.05, p<0.01, and p<0.001 respectively. E. TET1, MYCN, and TOP1
protein levels 4, 5, and 6 days post MYCN induction assayed by Western blot. F.
Quantitation of 5-hmC level with UHPLC-MS/MS performed on days 4 through 7 days post
MYCN induction.
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Figure 3.8. Bam files from uninduced (MYCN OFF) and induced (MYCN ON) RNA-seq

data. IGVtools (Robinson et al., 2011) visualizes the first 20 kb of TET1.

- .
TET1

MYCN OFF| i |
MYCN ON

MYCN controls TET1 expression directly in normoxia through two binding sites

| hypothesized that one or more of the MYCN binding sites in/near TET1 (Figure 3.3A
and Figure 3.9A) directly controls TET1 transcription. To test the functional role of each site, |
used CRISPR-Cas9 gene editing in SK-N-BE(2) cells to create double strand breaks at the E-
box motif and delete each potential binding site. As expected, deletions were commonly located
on both alleles (Figure 3.9B). From the resulting mixed population of cells, | generated single
cell clones and used PCR amplification and Sanger sequencing to confirm that the binding site
of interest was eliminated (Figure 3.9B). Deletions generated by this process were often unique

to each clone in their placement and length, but all lacked the core of the E-box motif (Figure

Figure 3.9. CRISPR gene editing generated deletions of ST and S2. A. Model of MYCN
binding around 10g21.3. The two sites are (1) S7, in a superenhancer (orange) in the first
intron of TET1, and (2) S2 in the second intron of TET1. B. Sanger Sequencing of the
deletions generated by gRNAs targeting the MYCN binding motifs in the S7 site in TET1
(AST), and the S2 site in TET1 (AS2) in SK-N-BE(2) cells. All clones utilized in my work
lacked the CpG that makes up the core of the E-box motif. C. Sanger sequencing of the
deletions generated by gRNAs targeting both MYCN binding motifs at S7 and S2in TET1
(AS1/2).

A

B
Ref CTGGTCGTGCAGCACGTGAGGGGCCTGGTCCT Ref TCTTTG/ /CAGCACGTCTACAGTGCT
ATET1-S1.1 |CTGGTCCTGCAGCA--TCAGGEGGCCTGETCCT ATET1-S2.1|tCcTT——/ /==~~~ - GcT
ATET1-S1.2 |c——- --- CTGGTCCT ATET1-S2.2|TCT——/ /oo GeT
o
Ref CTGGTCGTGCAGCACGTGAGGGGCCTGETCCT | TCTT/ /GGCATGCCCAGCACGTCTACAGTGCT
ATET1-S1/2.1 |CTGGTCGTGCAGCA--TGAGGGGCCTGGTCCT [TCT-//~GCAT--——============== GCT
ATET1-S1/2.2 |CTGGTCGTGCAGCA--TGAGGEGGCCTGGTCCT | TCTT/ /- ~—===—====—=-————————- GCT
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3.9B). To control for unintentional batch effects introduced by the single cell cloning process,
two gene-edited single-cell clones per binding site were used in further experiments.
Additionally, | generated SK-N-BE(2) lines lacking both S7 and S2 sites (Figure 3.C) through

CRISPR-Cas9 gRNA targeting of the S2 site in one of the AS7 cell lines. Clones were named

after their binding site deletion Figure 3.10. TET1 expression after deletion of
MYCN binding site in DNA2. A. Model of MYCN
(ADNA2, AS1, AS2, and AS1/2) binding near 10921.3. Shown, a predicted enhancer
site in gene DNA2 upstream of TET1 B. Sequences

followed by “1” or “2” to of the deletions generated by a gRNA targeting the
MYCN binding motifs in the DNAZ2 gene (ADNA2). C.

distinguish individual clones Real time gPCR of TET1 mRNA across ADNA2
CRISPR-edited SK-N-BE(2) cell lines (n=3).

t ting th ion (Fi

argeting the same region (Figure A . Exon Enhancer region

3.9A, B, C and Figure 3.10A, B).

| also generated a clone that did

not feature any genetic

B
alterations at the binding sites to Ref GAGCCC (15bp) GEGCCCCACGTGRAACGCGECEEEG)
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differentiate between TET1

transcripts, so going forward TET1 expression refers to expression from all TET1 transcripts.
First, gPCR showed no change in TET1 expression in SK-N-BE(2) cells when either the
potential binding site near DNA2 or S2 was deleted, suggesting that MYCN binding at these

sites is not essential for maintaining baseline TET1 (Figure 3.10C and Figure 3.11A).
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Figure 3.11. TET1 mRNA expression after deletion of S7, S2, and S1/2. A. Real time
gPCR of TET1 mRNA across AS1, AS2, and AS1/2 CRISPR-edited SK-N-BE(2) cell lines
(n=3). P-values were determined with one-tailed t-tests between the value of interest and the
parental value. ***, **, * represent p-values of p<0.05, p<0.01, and p<0.001 respectively. B.
Western blot for TET1 protein (top panel, cropped at ~280 kDa) in AS7, AS2, and AS1/2. In
normoxia, all TET1 at 280 kDa detected and quantified. TOP1 from the same blot is
visualized below (bottom panel, cropped at ~110 kDa).
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In contrast, AS7 and AS71/2 cells exhibit decreases in TET1 expression, of 0.7 fold and
0.25 fold respectively, compared to parental cells (Figure 3.10A). This indicates that S partially
controls baseline TET1, but both sites together are required to maintain high baseline TET1
expression. However, | also obtained an antibody that was able to detect the TET1fl protein
reliably. | found TET1fl protein levels in AS71 and AS71/2 cells remain comparable to parental cell
line and NTC controls (Figure 3.11B), indicating TET1 protein levels compensate for decreased
TET1 mRNA and suggests that TET1 is relatively stable in these cells. This also indicates that
transcription of TET 1l is not exclusively controlled by S7 as previously considered. Regulation
of TET1 isoform transcript expression appears to be more nuanced than S7 regulating TET1f]
and S2regulating TETTs. It is likely that S2 at least partially compensates for the loss of S71 and

promotes expression of TET1fl as well as TET1s.
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Discussion

In this chapter, | have shown that MYCN induces expression from TET1 directly, with a
preference for the TET1fl transcript, in normoxic MYCN-amplified NB cell lines. In normoxia,
TET1 is bound by MYCN at two sites in introns 1 and 2, S7 and S2. Single deletions of either S17
or S2 lower transcription by 30%, but upon loss of both sites, TET1 expression is severely
reduced by 80%, suggesting that ST and S2 compensate for each other if just one binding site
is lost. This implies that preserving TET1 expression is important in MYCN-amplified NB cell
lines.

My data analysis of publicly available RNA-seq experiments revealed that there are at
least two different TET1 transcripts expressed in NB cell lines (Figure 3.5). The first is the
original full-length transcript, the second is a ‘short’ transcript that lacks exons 1 and 2 of the
‘full-length’ transcript. Instead, the novel transcript, TET1s has a novel exon 1 located just
before canonical exon 3. When translated, the TET1s isoform would lack the CXXC domain
present in TET1fl (Figure 3.4B).

In my work above, it is important to note | detected TET1fl protein, but not TET1s, via
Western blot in NB cell lines. Although | attempted to detect the short TET1 isoform, TET1s, |
was never able to do so definitively via Western blot. As a positive control, | transiently
transfected HEK293T cells with a TET1s expression vector that was expected to express TET1s
with both GFP and FLAG tags (Good et al., 2017). | could not detect TET1s with o-TET1, a-
GFP, or a-FLAG antibodies. Likewise, | was unable to obtain reliable gPCR results when |
attempted using alternate-transcript TET1 specific primers (Good et al., 2017). This is because
the melt curve of TET1s primers indicated multiple products, even though a single band was
present when the PCR reaction was run on a gel. For future study, devising a way to efficiently

and reliably differentiate between TET1fland TET1s in NB cells is imperative.
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The implications of the presence two different TET1 isoforms and their impact on 5-hmC
epigenetic landscape in NB cells are unclear. When TET1s was discovered in humans, the
authors of that study also determined the abundance of each TET1 transcript in several cancers
(Good et al., 2017) Overall, they found TET1s was more frequently overexpressed than TET 11l
in multiple different cancers than TET1fl, and suggested that TET1s was more the more
pathogenic transcript of the two (Good et al., 2017). Here, | observed the opposite paradigm:
TET1fl was always preferentially expressed over TET1s, and TET1fl correlated better with
MYCN-amplification (Figure 3.5 and Figure 3.6). Questions remain about whether TET1fl and
TET1s have different roles in NB and whether one transcript is more ‘pathogenic’ than the other.
To answer these, | would first establish TET7fl and TET1s expression in NB tumor RNA-seq
data. If | confirm TET1fl is also preferentially expressed in MYCN-amplified tumors, | would next
stratify tumor samples by TET1 transcript expression, then perform hierarchical clustering or
association analysis with a number of variables to determine if one transcript has a higher
association with prognosis. This would determine if one transcript is more ‘pathogenic’ than the
other. These results have the potential to determine if TET1 transcript quantification can be
used as a clinical biomarker for NB. | would also query whether tumors that express high levels
of TET1fl have distinct 5-hmC profiles from tumors that express lower levels of TET1fl. Further
discussion of the role of different TET1 isoforms in the broader context of cancer can be found

in Chapter VI.
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CHAPTER IV

HIF-1 regulates TET1 gene and TET1 protein in hypoxia

The data presented in this chapter are adapted from a manuscript currently under review
at Scientific Reports: Hains AE, Uppal S, Cao JZ, Salwen HR, Applebaum MA, Cohn SL,
Godley LA. MYCN and HIF-1 directly regulate TET1 expression to control 5-hmC gains and
enhance neuroblastoma cell migration in hypoxia.

In this chapter, | designed and performed the experiments and analyzed the data. S.U.

performed ChIP experiments.
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Introduction

NB falls into the category of solid tumors that are often characterized by poor

vasculature which results in various hypoxic pockets in the tumor (Rankin and Giaccia, 2008).

When NB cell lines are exposed to hypoxia, they dedifferentiate, indicating they are genetically,

epigenetically, and phenotypically responsive to hypoxic environments (Edsjo et al., 2007;

Huertas-Castario et al., 2019). In addition, NB cell lines become more aggressive, displaying a

phenotype of enhanced proliferation, migration, and invasion. All of these phenotypes are the

result of activation of hypoxic gene expression profiles by the HIF family. The HIF family

consists of three members: HIF-1/2/3, all of which are a/p heterodimeric TFs. HIFTA mRNA is

expressed at higher levels than HIF2A and HIF3A in NB cell lines (Figure 4.1) and

predominates the regulation of the hypoxic response (Mariani et al., 2014).

The Godley and Cohn Laboratories used
RNA silencing in MYCN-amplified NB cells to
knock down expression of HIF1A (Mariani et al.,
2014). When these cells were exposed to
hypoxia, TET1 expression was no longer induced
and 5-hmC levels did not increase (Mariani et al.,
2014). This showed that HIF-1a. regulates TET1
expression by an unknown mechanism. In
addition, how TET1 protein levels change in
response to hypoxia was not previously described
(Mariani et al., 2014). In this chapter, | show that
HIF-1 directly upregulates TET7 in hypoxia and
describe a novel interaction between HIF-1a and

TET1 proteins.
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Figure 4.1. Expression
Log2(FPKM) data of HIF1A,
EPAS1(HIF2A), and HIF3A in NB
cell lines (Harenza et al., 2017).
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Results

S1 and S2 modulate TET1 expression together in hypoxia

The Godley Laboratory Figure 4.2. HIF-10 and MYCN consensus
previously reported hypoxic TET? Zgﬁgm)ences as defined by HOMER (Heinz et al.,

induction was dependent on the H I F'1 - T C I
= A5

presence of HIF-1a (Mariani et al.,

2014), but had not determined the MYCN j-ﬁzcc C T

mechanism through which HIF-1 regulates TET1. | again used HOMER (Heinz et al., 2010) to

search for potential HIF-1a binding sites. HOMER finds sites that match the HIF-1 consensus
motif (Figure 4.2) in a provided sequence. Because HIF-1, like MYCN, is an E-box TF both HIF-
1 and MYCN have very similar consensus motifs. In addition, HIF-1 and MYCN recognize a

core CpG that must be unmethylated for binding (Mariani et al., 2014). Because of these

similarities, many Figure 4.3. HIF-1 ChlP-seq at S7 and S2. A. Real time gPCR of
TET1 mRNA across AS1, AS2, and AS1/2 CRISPR-edited SK-N-

of the MYCN BE(2) cell lines (n=3). P-values were determined with one-tailed t-
tests between the value of interest and the parental value. ***, **, *
binding motifs represent p-values of p<0.05, p<0.01, and p<0.001 respectlvely.
B. Western blot for TET1 protein (top panel, cropped at ~280 kDa)
previously in AS1, AS2, and AS7/2. In normoxia, all TET1 at 280 kDa
detected and quantified. TOP1 from the same blot is visualized
identified in below (bottom panel, cropped at ~110 kDa).
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both DNA2 and TET1. To determine

Figure 4.4. Hypoxic TET1 expression in TET1

if HIF-1 binds at any of these sites, gene edited clones. Real time gPCR
quantification of TET1 transcription in hypoxia

Dr. Sakshi Uppal performed HIF-1a across AS1, AS2, and S1/2 clones, normalized to
parental SK-N-BE(2) TET1 expression. P-values
ChlIP, and | analyzed the raw reads. | | were determined with one-tailed t-tests between
the parental cell line and the cell line of interest

confirmed that HIF-1a, binds TET7 at | (n=3).

c
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TET1. However, neither HIF-1a nor
HIF-13 bind the E-box element present in DNAZ2 that is bound by MYCN in normoxia (Figure
4.3). This suggests HIF-1 controls expression from TET1 directly in hypoxia.

To assess the function of HIF-1 binding at S7 and S2 on TET1 expression, | measured
TET1in AS1, AS2, and AS1/2 cells that were exposed to hypoxia for 48 hours with gPCR
(Figure 4.4). TET1 expression was reduced by about 60% fold in hypoxia in AS7 cells compared
to parental cells (Figure 4.4). Regardless, TET1 protein levels in AS1 cells remained elevated in
hypoxia over normoxia (Figure 4.5A). In fact, hypoxic TET1 protein levels in AS7 cells were
comparable to hypoxic parental levels, suggesting TET1 protein turnover is low enough to
compensate for decreased TETT mRNA. Expression of TET1 in AS2 cells was no different from
control cells. This indicates that S2 alone does not control TET1 expression. As expected, TET1
protein levels were also induced in hypoxia (Figure 4.4 and 4.5A). However, hypoxic AS1/2 cells
had very low TET1 compared to hypoxic control lines and even AS7 and AS2 lines (Figure 4.4),
indicating that hypoxic TET1 expression is mediated by both S7 and S2. | expected TET1

protein levels in AS1/2 would be reflective of the very low TET7T mRNA levels. Unexpectedly,
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when TET1 protein was measured in hypoxic AS1/2 cells, it was detected at about the same
levels as control cell TET1 (Figure 4.5A). This suggests that the TET1 protein has very low
turnover and is able to compensate for low mRNA levels. Because TET1 protein is induced
across all gene-edited cell lines in hypoxia, | investigated whether global 5-hmC levels are

induced in hypoxia as well. Using mass spectrometry, and DNA samples from normoxic and

Figure 4.5. TET1 protein and 5-hmC levels in hypoxia. A. Western blots for TET1
protein in AS71, AS2, and AS1/2 SK-N-BE(2) cells in normoxia and hypoxia, cropped at
~280 kDa. TOP1 loading control bottom, cropped at ~110 kDa. B. Fold change of
hypoxic 5-hmC levels over normoxic 5-hmC levels in parental, NTC, AS7, AS2, and
AS1/2 cells. Percent 5-hmC measured via UHPLC-MS/MS and is calculated relative to
guanine. ***, ** * represent p-values of p<0.05, p<0.01, and p<0.001 respectively.

A B o 3 m Normoxia
0\ g') m Hypoxia
& At A o S| = =
AR AN AN\ 52
NH NH NH NH o
£
<
n
m:Tor O TN O

IB: TET1

BTOPI S G we oo

5-hmC fold change

F-

W

NH NH NH NH
IB: TET1

5-hmC fold change
- N

o

54



hypoxic gene-edited cells, | confirmed hypoxic 5-hmC levels are induced compared to normoxic
5-hmC levels in AS1, AS2, and AS1/2 cells (Figure 4.5B).

Up until this point, all gene-editing experiments had been performed in a single NB cell
line. To validate my results in a second cell line, | also generated NBL-WN AS1/2 (Figure 4.6A).
| selected this cell line because NBL-WN cells are also MYCN amplified, and have a similar N-

type morphology to SK-N-BE(2) cells (Fotsis et al., 1999). After AS1/2 cells were generated, |

Figure 4.6. S7-and S2-deleted NBL-WN cells in normoxia and hypoxia. A. Model of
MYCN and HIF-1a binding around 10921.3 B. Sequences of the deletions generated by
gRNAs targeting the MYCN binding motifs in the S7 site in TET1 (AS7), and the S2 site
in TET1 (AS2) NBL-WN cells. C. Real time qPCR quantification of TET1 transcription in
hypoxia across clones that lack the MYCN/HIF-1 binding site in the superenhancer (AS1
clones), clones that lack the MYCN/HIF-1 binding site in the second TETT intron (AS2
clones), and clones that lack both (AS7/2 clones), compared to parental NBL-WN TET1
expression. P-values were determined with one-tailed t-tests between the parental cell
line and the cell line of interest (n=3). D. Western blots for TET1 protein in AS1, AS2,
and AS7/2 NBL-WN cells in normoxia and hypoxia. TOP1 loading control in bottom
panel. E. Fold change of hypoxic 5-hmC levels over normoxic 5-hmC levels in parental,
NTC, and AS1/2 cells. Percent 5-hmC measured via UHPLC-MS/MS and is calculated
relative to guanine. ***, **, * represent p-values of p<0.05, p<0.01, and p<0.001
respectively.
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measured TET1 expression in normoxia and hypoxia with gPCR and found TET7 expression is
low in both conditions, similar to what | reported earlier in SK-N-BE(2) cells (Figure 4.6B). | also
found that TET1 protein levels were induced in hypoxia, again independent of the TET7T mRNA
status, confirming hypoxic TET1 protein levels were similar across NBL-WN and SK-N-BE(2)
AS1/2 cells (Figure 4.6C). Similarly, global hypoxic 5-hmC levels were elevated over normoxic
levels in AS1/2 NBL-WN cells as well (Figure 4.6D). These results indicate that regulation of
TET1 through S7/2 in normoxia and hypoxia is not unique to SK-N-BE(2) cells, and the same
mechanism is most likely present in other NB cell lines as well. Additionally, these results show

that NB cells are able to maintain TET1 protein levels even when TETT mRNA is low.

HIF-1a promotes TET1 stability in hypoxia

To determine if induced TET1 protein levels in hypoxia are a consequence of low protein
turnover, | performed protein degradation assays with cycloheximide in normoxic and hypoxic
parental SK-N-BE(2) cells. These degradation assays demonstrated that TET1 levels, already
very stable in normoxia (22 hours), persist even longer in hypoxic conditions (42 hours) (Figure
4.7A). As a control, HIF-1a degradation, which has a reported half-life ~3 hours (Huang et al.,
1998), was also measured and is largely degraded by 6 hours as expected (Figure 4.7A). To
determine if the presence of HIF-1a is necessary for the increased stability or lower turnover of
TET1 in hypoxia, | performed the same protein degradation assays in normoxia and hypoxia in
cells in which HIF1A had been deleted via gene editing (AHIF1A) (Figure 4.7B). Unlike the
parental line, TET1 in hypoxia has similar turnover to TET1 in normoxia. Half-life calculations in

both parental and AHIF1A cells in both conditions revealed that TET1 protein in normoxic
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parental SK-N-BE(2) cells has a half-life
of 20 hours, whereas the protein in
hypoxic parental SK-N-BE(2) cells has a
much longer half-life of 40 hours (Figure
4.7C). However, TET1 protein half-life
returns to about 20 hours in both
normoxic and hypoxic AHIF1A cells,
implying that HIF-1a itself, not just
enzymes activated in the hypoxia, is
necessary to stabilize TET1 protein in
hypoxia (Figure 4.8).

Next, | aimed to determine how
HIF-1a promotes TET1 stability. Because
other studies have determined TFs bind
TET1 directly, | hypothesized HIF-1 binds
TET1 in hypoxic NB, and this interaction
promotes TET1 stability (Costa et al.,
2013; Lio et al.). To determine if HIF-1
and TET1 form part of a complex, |
performed TET1 co-immunoprecipitation
(ColP) experiments in normoxic and
hypoxic SK-N-BE(2) cells. | found HIF-1a.
was precipitated with TET1, indicating
HIF-1a and TET1 are part of the same

protein complex (Figure 4.9A). In hypoxic

Figure 4.7. TET1 degradation assays and
half-life. A. Western blot of TET1 degradation
assay in parental SK-N-BE(2) cells with
detection of HIF-1a and TOP1 (cropped at
~280 kDa, ~130 kDa, and ~110 kDa,
respectively). Samples from normoxia and
hypoxia were collected at 0, 3, 6, 12, 24, and
30 hours post treatment with cycloheximide.
B. Western blot of TET1 degradation assay in
gene edited AHIF1A SK-N-BE(2) cells with
detection of HIF-1a and TOP1. Samples from
normoxia and hypoxia were collected at 0, 3,
6, 12, 24, and 30 hours post treatment with
cycloheximide. C. Half-life calculations of
TET1 protein in normoxia and hypoxia in both
parental and AHIF1A SK-N-BE(2) cells.
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AS1/2 cells it appears 5-hmC levels - — -
Figure 4.8. Model of TET1 half life in normoxia

and hypoxia. (Top) TET1 degradation in
normoxic/hypoxic parental SK-N-BE(2) cells.
(Bottom) TET1 degradation in normoxic/hypoxic
AHIF1A SK-N-BE(2) cells.

were induced by TET1 protein with
very low turnover, therefore |
wanted to measure TET1 protein
activity over time to determine if it
retains its activity independent of
new translation. To determine if
TET1 protein activity, independent
of TET1 mRNA regulation, is
sufficient to induce 5-hmC levels in
hypoxia, | measured global hypoxic

5-hmC after inhibition of protein

synthesis in both parental and

AHIF1A SK-N-BE(2) cells. After treatment with cycloheximide, hypoxic 5-hmC levels continued

to increase, but hypoxic 5-hmC levels in AHIF1A cells were significantly lower than parental

Figure 4.9. IP of TET1 and fold change of 5-hmC levels after protein translation inhibition.
A. Immunoprecipitation of TET1 protein with detection of HIF-1a. B. Fold change of
hypoxic 5-hmC levels over normoxic 5-hmC levels in parental and AHIF1A SK-N-BE(2)
cells 0 to 36 hours after treatment with cycloheximide. Percent 5-hmC measured via
UHPLC-MS/MS and is calculated relative to guanine. ***, **, * represent p-values of
p<0.05, p<0.01, and p<0.001 respectively.
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hypoxic 5-hmC levels (Figure 4.9B). This shows that HIF-1a protein is integral for hypoxic 5-
hmC gains post-protein synthesis inhibition, possibly by augmenting TET1 stability or activity.
Previous work has described an antagonistic relationship between HIF-1 and MYC in
hypoxia (Gordan et al., 2007). Because of this, | tested if ST and S2 are bound exclusively in
hypoxia by HIF-1 or if MYCN is also present at these sites in hypoxia. To test this, | performed
MYCN ChIP-gPCR in hypoxia to determine if it still binds S7 and/or S2. MYCN was present at
both S7 and S2 in hypoxia, demonstrating that binding still occurred when HIF-1 was present in

the cell (Figure 4.10).

Discussion

In this chapter, | describe the mechanism

Figure 4.10. ChIP of MYCN in
by which HIF-1 regulates TET7 gene transcription hypoxia. Real time qPCR of MYCN
ChlIP in hypoxic SK-N-BE(2) cells.
and TET1 protein stability in hypoxic NB cell lines. Targets include AS7, AS2, and
negative control (neg TET1) (n=3).
In hypoxia, ST and S2 are bound by HIF-1 and
0.025;
TET1 expression is induced. However, it is
interesting to note that S7 and S2 are not entirely 0.020;
whd
functionally redundant. When S7 was deleted, 3_0_01 5
c
TET1 transcription was no longer induced in -
52 0.010
hypoxia. This suggests that S7 is more important
for hypoxic expression than S2. However, hypoxic 0.005;
TET1 transcription was not completely lost until S2 0.000:
o & A
was also deleted, demonstrating that S2 was able «Q/
to partially compensate for the loss of S71. Future {\Q’O)
studies will investigate why S7 is more important
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for hypoxic TET1 transcription. It may be because S7 and S2 preferentially express different
TET1 isoforms, but more experiments are needed to determine this.

| also determined that HIF-1a. binds TET1 protein. Past studies have described TF: TET
binding and its role in their respective biological systems NANOG:TET1 and EGR1:TET1
complexes work synergistically to promote TET activity and enhance gene expression (Costa et
al., 2013; Lio et al.). In NB, HIF-1a binding of TET1 appears to have a stabilizing effect.

Although hypoxic TETT transcription was attenuated in AS71/2 cells compared to controls, TET1

protein still accumulated in hypoxia. These results show Figure 4.11. Model of

that HIF-1 not only regulates TET1 at the transcriptional g;?éﬁ!?i?g;;i;icgﬂr;?nqé
level, but at the post-translational level as well. In addition, sites.

this interaction promotes TET1 activity in hypoxia through

deposition of 5-hmC. This implies that, in addition to

stability, HIF-1a. may be directing TET1 activity.

Previously, the Godley Laboratory found that TET1

modifies DNA at HIF-1 binding sites and canonical HIF-1 Gene

targets. This suggests that this HIF-1:TET1 binding interaction may be required to recruit TET1
to specific genomic sites (Figure 4.11) (Mariani et al., 2014)

Future experiments could determine how loss of this interaction changes the 5-hmC
epigenetic landscape and whether other proteins participate in the HIF-1o/TET1 complex. Other
possible mechanisms of TET1 post-translational regulation could also be the subject of future
work, including identifying any post-translational modifications (PTMs) that increase stability
and/or activity of TET1, especially in hypoxia. Currently, there are more than 40 PTMs predicted
to occur on TET1 (Hornbeck et al., 2015), implying the mechanism of TET1 PTM may be

complex and nuanced. In addition, although multiple PTMs of TETs and TET1 have been
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described (Bauer et al., 2015; Jeong et al., 2019a), their functional roles are poorly understood.
Future work will determine if TET1 PTMs regulate protein level and activity.

In this chapter, | also determined that MYCN still binds S7 and S2 in hypoxia despite
these sites also being occupied by HIF-1 under the same conditions. This implies that TET1
expression from S7 and S2 is not exclusively mediated by HIF-1. Although different genes in the
same family, MYC overexpression will also take the same role as MYCN amplification in NB
(Westermann et al., 2008). Because both MYCN and HIF-1 promote expression from TET1, my
results deviate from the paradigm that HIF-1 and MYC are ‘rivals’ and promote opposing
oncogenic pathways (Gordan et al., 2007). Future experiments could define the relationship
between MYCN and HIF-1 further to determine whether they assist each other functionally.
Specifically, experiments could test whether HIF-1 and MYCN are present together on the TET1
gene or even bind each other independently of TET1. Further, additional investigation should

determine if the relationship is synergistic for global gene regulation in NB.
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CHAPTER V
5-hmC enrichment changes in response to a hypoxic environment

contribute to an aggressive tumor phenotype in NB

The data presented in this chapter are adapted from a manuscript currently under review
at Scientific Reports: Hains AE, Uppal S, Cao JZ, Salwen HR, Applebaum MA, Cohn SL,
Godley LA. MYCN and HIF-1 directly regulate TET1 expression to control 5-hmC gains and
enhance neuroblastoma cell migration in hypoxia.

In this chapter, | designed and performed the experiments and analyzed the data. J.Z.C.
assisted with data analysis. M.A.A. analyzed and provided RNA-seq data from NB cell lines.

Michael W. Drazer assisted in data collection of mouse xenograft experiments.
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Introduction
The cell surface receptor CXCR4 was originally identified as the co-receptor for HIV-1 infection
of CD4+ lymphocytes (Bleul et al., 1996; Oberlin et al., 1996). Since then, it has been implicated
in a myriad of cellular processes, including in hematopoietic systems where CXCR4 retains
HSPCs in the bone marrow (Domanska et al., 2013). CXCR4 also promotes differentiation of
human embryonic stem cells into neural stem cells and functions in chemotactic guidance in
neural progenitor cells (Domanska et al., 2013; Zhang et al., 2016a). In the context of many
solid tumors (Chatterjee et al., 2014; Domanska et al., 2013), CXCR4 and its ligand, SDF-1,
have roles in tumor growth and metastasis, where they are thought to mediate interactions
between cancer cells and the tumor microenvironment (Domanska et al., 2013). In several solid
tumor cell lines, CXCR4 promotes or activates MAPK/ERK, JAK/STAT, and PI3K/AKT
pathways, resulting in cell migration and survival (Fernandis et al., 2002; Pfeiffer et al., 2009;
Xue et al., 2013). Few studies have examined the mechanism of CXCR4 in the pathology of
neuroblastoma, although it is believed to promote tumor growth and therapeutic resistance
(Klein et al., 2018). Additionally, no studies have identified a link between hypoxia and CXCRA4.
When NB cells are exposed to hypoxia, they lose their primitive neuronal appearance
and gain more a stem-like morphology (J6gi et al., 2004). In addition, they undergo specific
phenotypic changes that promote proliferation, survival, and migration and invasion (Chen et al.,
2015; Jogi et al., 2004). The Godley Laboratory previously recognized that genes involved in
these processes, such as VEGF, are targeted by 5-hmC and which augments their hypoxic
expression (Mariani et al., 2014). However, the extent 5-hmC-augmented gene expression
profiles impact hypoxic NB cell phenotype was unknown. In this chapter, | describe how 5-hmC
enrichment in NB cells changes over time in hypoxia, and | identify 5-hmC enriched CXCR4 as
a mediator of the increased migratory phenotype characteristic of hypoxic NB cells. | also

observe reduced tumor growth in AS71/2 cells, possibly resulting from altered 5-hmC enrichment.
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Results
Hypoxic 5-hmC gains are enriched in and around genes that are important for neuronal
morphology, hypoxia adaptation, and cell migration

The Godley Laboratory described the 5-hmC landscape at 0 and 48 hours in parental
SK-N-BE(2) cells, but not at intervals between these two points (Mariani et al., 2014). To
characterize 5-hmC enrichment over time, | measured 5-hmC distribution changes in hypoxic
MYCN-amplified cells with hMe-SEAL at different times (Song et al., 2011). Parental SK-N-
BE(2) cells were incubated in hypoxia for 0, 6, 12, 24, 48, or 72 hours. After this, Dr. Sakshi
Uppal extracted DNA and processed it for hMe-SEAL. As expected, the mean FPKM at each
time point increases over time, confirming prior observations that 5-hmC peaks increase over
time in hypoxia (Figure 5.1A) (Mariani et al., 2014).

| aimed to determine where the earliest 5-hmC gains occurred in the genome, so |
decided to focus my analysis exclusively on 5-hmC gains in hypoxia. | filtered out all FPKM
values that did not increase in hypoxia over time and found there are two distinct major
increases in 5-hmC (Figure 5.1B). The first major increase consisted of the ‘early’ peaks that
gained 5-hmC density in the first 6 hours (Figure 5.1B). The second major increase consisted of

the ‘late’ peaks that gained 5-hmC density after 24 hours (Figure 5.1B). Genomic element

Figure 5.1. Hypoxic 5-hmC levels over time. A. FPKM values of all 5-hmC peaks plotted
over time exposed to hypoxia. Timepoints consist of 0, 6, 12 24, 48, and 72 hours of
hypoxia. (n=415,416) *** represents P value of less than 2.2e-16. B. A subset of peaks
from A that featured a positive log fold change from 0 to 72 hours. Shaded regions
indicate high fold-change between two timepoints. Peaks are plotted the same as A, 5-
hmC FPKM over time. (n= 189,949). *** represents P value of less than 2.2e-16. P-
values are calculated compared to hour O
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analysis of the early gains showed that they are enriched in enhancer and HIF-1a binding
regions (Figure 5.2A). Next, | extracted the enriched enhancer locations and used
EnhancerAtlas (Gao et al., 2016) to predict what gene targets would be regulated via those

enhancers. Then | performed GO overrepresentation analysis of those gene targets (Thomas et

Figure 5.2. 5-hmC enriched genomic elements and biological pathways. A. Log2
enrichment (y-axis) of peaks that increase from 0 to 6 hours plotted by genomic element.
Peaks that were classified as ‘early’ have a FPKM increase greater than 1.2-fold from 0
to 6 hours and remain stable throughout the rest of the time course. Genomic elements
(x-axis) consist of promoters, 5’ untranslated region (5’ UTR), coding domain sequences
(CDS), 3’ untranslated region (3’ UTR), introns, enhancers, HIF-1a binding regions
(generated from our HIF-1a. ChIP-sequencing data), CpG islands, CpG shores, and
intergenic regions. (n= 26,061). *** represents P value of less than 2.2e-16. B. Genes
associated with the enriched enhancers from A run through PANTHER biological process
statistical overrepresentation analysis. Biological process is shown on the y-axis and
enrichment score is shown on the x-axis. C. Enrichment of peaks that increase from 24 to
48 hours by genomic element. Peaks that were classified as ‘late’ were stable from 0 to
24 hours and increased greater than 1.1-fold between 24 and 48 hours. (n= 56,190). ***
represents P value of less than 2.2e-16. D. Genes associated with enriched CDS in C run
through PANTHER biological process statistical overrepresentation analysis. Biological
process is shown on the y-axis and enrichment score is shown on the x-axis.
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al., 2003), which showed that many of the biological processes overrepresented in my data set
are related to neuronal morphology and development (Figure 5.2B), consistent with the
observation that NB cells dedifferentiate and undergo morphological changes in hypoxia
(Bhaskara et al., 2012). Also overrepresented were processes related to the hypoxic response,
such as artery morphogenesis, which validated our earlier findings of 5-hmC enrichment in
hypoxia (Figure 5.2B). A similar analysis of the late gains showed that they are enriched in
distinct genomic regions compared to the early gains. The late gains occupy more genomic
elements and are enriched in promoters, 5’ untranslated regions (5 UTRs), coding domain
sequences (CDSs), 3’ untranslated regions (3’ UTRs), CpG islands, and CpG shores (Figure
5.2C). Among the late gains in CDS, | found that many of the genes were overrepresented in
pathways of neuronal development processes, hypoxia biological processes, and cell migration

(Figure 5.2D).

CXCRM4 is critical for hypoxic migration of NB cells

To identify candidate genes involved in cell migration from my earlier analysis, |
extracted a list of hypoxic 5-hmC enriched genes from the pathway analysis and compared this
list to RNA-seq data from normoxic and hypoxic parental SK-N-BE(2) cells, looking for those
that had induced expression in hypoxia. There were two targets that increased expression in
hypoxia: CXCR4 and CRKL (Figure 5.3). The gene with hypoxic 5-hmC gain and the highest
fold change (3.8 fold) in expression is CXCR4 (Figure 5.3 and 5.4A). Particular to NB, CXCR4
expression is correlated with metastatic spread and worse outcome (Russell et al., 2004).
CXCR4 is 5-hmC enriched in the gene body and the promoter, suggesting that 5-hmC

augments expression from CXCR4 in hypoxia, similar to canonical hypoxic response targets.
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Given CXCR4 is induced in hypoxia and a 5- Figure 5.3. Expression of 5-

, L ) hmC targets CXCR4 and CRKL
hmC target, | aimed to determine if CXCR4 is in hypoxia. CXCR4 and CRKL

) expression analyzed from RNA-
regulated by MYCN and/or HIF-1. | found CXCR4 is a seq data from both normoxic

(red) and hypoxic (blue)

direct target of MYCN and HIF-1 in normoxia and samples. CXCR4 and CRKL

) . . ) are plotted along the x-axis.
hypoxia respectively (Figure 5.4A and B) (Durbin et FPKM is plotted on the y-axis.
al., 2018; Upton et al., 2020; Zeid et al., 2018). | 801

B Normoxia

extended my analysis of CXCR4 expression to m Hypoxia

40
include RNA-seq data from several NB cell lines with

FPKM

varying MYCN-amplification statuses and MYCN
20+

protein levels to determine if CXCR4 is a hypoxia

target on other NB cell lines. Indeed, CXCR4 is

0-
CXCR4 CRKL

induced in hypoxia in NB cell lines that are MYCN-
amplified and one with abundant c-MYC protein (SH-SY5Y) (Figure 5.5) (Chlenski et al., 2019).
NBL-S cells are not MYCN-amplified, but do have high levels of MYCN protein, which probably
drives high baseline CXCR4 expression even if it is not induced in hypoxia (Cohn et al., 1990).
Next, | measured CXCR4 expression in AS1/2 cells and observed hypoxic CXCR4 is decreased
in both SK-N-BE(2) and NBL-WN AS1/2 cell lines (Figure 5.6A and B), possibly because the 5-
hmC enrichment along the promoter or gene body of CXCR4 is altered, and therefore, CXCR4
expression is no longer augmented by 5-hmC in these cells.

To determine whether CXCR4 affects NB cell migration, | performed transwell assays
with hypoxic SK-N-BE(2) AS1/2 cells. | observed that hypoxic AS1/2 cells migrate slower
compared to controls (Figure 5.7A). Moreover, AS1 cells, which similarly do not exhibit hypoxic
induction of TET1, also migrate slower in hypoxia (Figure 5.7A). Wound healing assays, a
complementary approach that measures cell migration, were performed under pseudo-hypoxic

conditions and confirmed the migration phenotype in the AS7 cells (Figure 5.7B and C). To test
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Figure 5.4. TF binding and 5-hmC enrichment CXCR4 in normoxia and hypoxia. A.
Sequencing data along the CXCR4 gene at locus 2g22.1 visualized with IGVtools.
Arrows represent the direction of gene transcription. In the top two tracks, hMe-SEAL
data obtained at 0 and 48 hours hypoxia are visualized. The bottom two tracks display
ChiIP-seq data. MYCN ChlP-seq from SK-N-BE(2)-C cells was obtained under normoxic
conditions and HIF-1a ChlP-seq from SK-N-BE(2) cells was done at 48 hours hypoxia. B.
MYCN ChIP-sequencing data at CXCR4 at locus 2g22.1. In the top track, the Gene Ref
track of the CXCR4 gene. MYCN ChlIP sequencing data from Kelly, NGP, NB1643,
COGN415, and LANS cells are below the Gene Ref track. MYCN ChIP-seq files
generated from publicly available data (Durbin et al., 2018, Upton et al., 2020; Zeid et al.,
2018).
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if CXCR4 promotes NB cell migration, | treated hypoxic SK-N-BE(2) and NBL-WN cells with
plerixafor, a CXCR4 antagonist (Chatterjee et al., 2014). In both hypoxic transwell and
pseudohypoxic wound healing assays, | found that plerixafor-treated cells migrate slower than
their control counterparts (Figure 5.8), indicating CXCR4 directs MYCN-amplified NB tumor

migration.

The mechanism of CXCR4 in hypoxic NB cell migration
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In 2018, another laboratory
proposed a mechanism by which
CXCR4 contributes to overall NB
tumor pathogenesis (Klein et al.,
2018). Here | will describe their
findings, why their results could not be
replicated in our research, and
propose a potential mechanism of
CXCR4 action in hypoxic NB. The
Peled Laboratory found that
overexpression of CXCR4 supports NB
tumorigenesis. Treatment of NB tumor
growth in vivo with the CXCR4
antagonist BL-8040 slowed tumor
growth. Treatment of cell lines with the
same antagonist resulted in the

upregulation of miR-15a/16-1 and

Figure 5.5. CXCR4 expression in hypoxia
from RNA-seq data from multiple NB cell lines.
NBL-WN, SK-N-BE(2), and LA1-55n are
classified as MYCN-amplified and have
abundant MYCN protein. SH-SY5Y is a cell
line that is not MYCN-amplified but does have
elevated expression and protein levels of c-
MYC. Two (5S and NBL-WS) are MYCN-
amplified but have little to no MYCN protein.
NBL-S cells are not MYCN-amplified but do
have detectable levels of MYCN protein (Cohn
et al., 1990). SHEP cells are neither MYCN-
amplified nor have detectable MYCN protein
levels. Expression (log2) measured in
normoxia (red) and 48 hours hypoxia (blue).
represents p-value of less than 0.001.
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consequently, BCL-2 and CCND1 mRNAs were reduced, inducing cell death in these lines.

These data indicated that CXCR4 promoted tumor cell survival via down regulation of miR-

15a/16-1 and upregulation of BCL-2. Ultimately, the authors did not indicate any role for CXCR4

in hypoxia. Given their findings, however, | decided to compare their data to ours obtained from

SK-N-BE(2) cells, one of the cell lines featured in their published paper. Comparison of their

data with ours revealed an important difference: the 2018 paper found that CXCR4 could not be

detected on the cell surface and only seemed to be expressed internally, whereas | had no

trouble measuring CXCR4 on the surface of SK-N-BE(2) cells (Figure 5.9A) Although it was not

as big effect as a lymphocyte control cell line, plerixafor bound CXCR4 on the surface of SK-N-
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BE(2) cells (Figure 5.9).

@ (Fig ) Figure 5.6. CXCR4 hypoxic expression in hypoxia in SK-

: N-BE(2) and NBL-WN cells. A. Real time gPCR of CXCR4

Nonetheless, | examined :
expression in hypoxic SK-N-BE(2) cells (Parental, NTC,
RNA-seq data from SK-N- AS1 and AS1/2) in hypoxia at 48 hours (n=3). P values
were determined with one-tailed t-tests, *, **, *** represent
BE(2) cells to see if p-values of less than 0.05, 0.01, and 0.001 respectively. B.
@ Real time gPCR of CXCR4 expression in NBL-WN cells
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B
. H Hypoxia
hypoxia had an effect on 4 *
o * c 50 B Hypoxia
7 S -
MIR15A, CCND1, or g 3 2 40
5 g
BCL2. Although the g, 3
. >L§ % 20
targets were expressed in g, °
w = 10
. 2 £ —
normoxia, none were 0 = oL NN BN I
> & AN AY g ¥ SO AR
. . . &5@ \S‘ Vg\ v%'\ 6"0 6"0 o&o > Va.;\\ vs»\\
induced in hypoxia Q? v W ?

(Figure 5.10).
Given the results from the 2018 paper were only obtained under normoxic conditions

(Klein et al., 2018), | investigated alternative genes and/or proteins that CXCR4 may target,

specifically in hypoxia. Because of the 2020 pandemic, my research was limited to data that |

could access via computer. | reviewed possible candidate CXCR4 targets and consulted our

Figure 5.7. Cell migration assays with cells lacking S1 and S7/2. A. Transwell migration
assays were performed with SK-N-BE(2) AS7 and AS1/2 clones in hypoxia. P values
were determined with one-tailed t-tests (n=3). Percentages were calculated with respect
to average number of parental SK-N-BE(2) cells B. and C. Wound healing assays with
SK-N-BE(2) cells that lack the MYCN/HIF-1 binding site in the TET1 superenhancer (AS1
clones) observed in the presence of (B) DMSO or (C) FG-4592 (30 mM).
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Figure 5.8. Cell migration assays with SK-N-BE(2) and NBL-WN cells with/without
plerixafor. A. Transwell assays performed with parental SK-N-BE(2) and NBL-WN cells
and treated with 10 ug/ml plerixafor or DPBS in hypoxia (n=4). P-values were determined
with one-tailed t-tests, * represents p-value of less than 0.05. B. Wound healing migration
assays performed with parental SK-N-BE(2) and NBL-WN cells and treated with 10 ug/ml

plerixafor or DPBS. Both control and experimental cells treated with 30 mM FG-4592. P
values were determined with one-tailed t-tests, *, **, *** represent p-values of less than
0.05, 0.01, and 0.001 respectively.
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own hypoxic RNA-seq data as well as public RNA-seq data sets. Generally, CXCR4 is a
mediator of G Protein Coupled Receptor Kinase (GRK) proteins. | searched our RNA-seq data

from SK-N-BE(2) cells for any GRK genes that are upregulated in hypoxia and identified one:

Figure 5.9. Measurements of CXCR4 on the surface of SK-N-BE(2) NB cells. Cells
stained with anti-CXCR4 antibody (clone 12G5) which competes with plerixafor binding

pocket. Cells treated with 10 ug/ml plerixafor (blue) or PBS (pink). A. SK-N-BE(2) NB
cells. B. control SUP-T11 lymphocytic cell line.
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GRKS. GRKS expression Figure 5.10. Several potential downstream targets of
- - CXCR4 expressed in hypoxic NB cells. RNA-seq
increases from 6.9 FPKM in expression in FPKM from hypoxic SK-N-BE(2) cells.
normoxia to 13.0 FPKM in A250]- Normoxia
E m Hypoxia
hypoxia (Figure 5.10). GRK5 & 200
and GRK2 have reported roles g 150-
0
in promoting F-actin bundling in N
p g g 9 100]
neural development and %
w 5.
selective phosphorylation of the
neurotensin receptor (Chen et 0M’R15A CCND1 BCL2 GRK5 GRK2 ST13

al., 2011; Inagaki et al., 2015). Both of these processes indirectly promote cell migration in
neural tissue. Given that NBs arise from neural crest tissue, it is possible there is a similar
mechanism involving GRK5 and GRK2 in hypoxic NB cell migration: that upregulation of GRK5
in hypoxia is due to downstream signaling of activated CXCR4. However, although, GRK2 is

expressed in SK-N-BE(2) cells, it is not induced in hypoxia (Figure 5.10). | found an additional

. Figure 5.11. Model of proposed CXCR4 downstream
connection between GRKS | targeting in hypoxic NB cells. Solid lines represent
experimentally supported interaction. Dashed lines
and CXCR4: GRKS represent hypothesized interaction.
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gene that encodes for Hip, ST13, is highly expressed in SK-N-BE(2) cells (152.7 FPKM) but
does not increase in hypoxia (Figure 5.10). As a whole, | have devised a preliminary model of
downstream signaling of CXCR4 in hypoxic SK-N-BE(2) cells (Figure 5.11), where CXCR4 is
activated, and subsequently, activates GRKS, which may modulate NB migration or morphology
possibly with the assistance of GRK2. GRK5 also may help internalize activated CXCR4 in SK-

N-BE(2) cells by phosphorylating chaperone protein Hip (Figure 5.11).

AS1/2 form tumors slower than control SK-N-BE(2) cells

To determine if any potential changes in 5-hmC enrichment in AS7/2 cells had an impact
on tumorgenicity or tumor growth, | performed tumor xenograft experiments with both clones of
AS1/2 cells and the parental control line. After mice were injected, the parental line had visible

tumors within the first three weeks (Figure 5.12). Mice injected with AS1/2 lines formed tumors

Figure 5.12. Incidence curve of mice with tumors greater
than 2 cm®. Mice injected with parental SK-N-BE(2)

by the end of the experiment two (red), AS1/2.1 SK-N-BE(2) (blue), and AS1/2.2 SK-N-
BE(2) (purple). Log rank test was used to test for

slower than the parental line and

mice, each injected with a significance **<0.01.
different clone, failed to grow any § o 1.0
s N *
tumors. Additional experiments o e **
O ®©
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w EE
replicates as well as NBL-WN c 3 : 0.5
;g ® = - Parental
S
cells, however these results show g- g - AS1/2.1
that TET7 and 5-hmC contribute 3 —AS1/2.2
e 50 [
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overall growth. Days since injection
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Discussion

In this chapter, | describe how hypoxic 5-hmC is distributed throughout the genome over
time and identify 5-hmC target CXCR4 as a potential driver of tumor cell migration. | have also
shown that AS7/2 cells form tumors slower than the parental tumorigenic MYCN-amplified SK-
N-BE(2) controls.

I hypothesized that 5-hmC augmented gene expression contributed to the aggressive
hypoxic phenotype characteristic of NB. This was supported when the Cohn and Applebaum
Laboratories determined 5-hmC profiles from tumor and cell-free DNA can serve as DNA-based
biomarkers that are predictive of metastatic burden and prognostic of overall outcome
(Applebaum et al., 2020). In this chapter, | performed detailed bioinformatic analyses that
determined, in hypoxia, 5-hmC gain is enriched at genes involved in pathways associated with
cell migration. Hypoxic CXCR4 expression, similar to genes like VEGFA, appears to be
augmented by 5-hmC enrichment in hypoxia, which contributes to MYCN-amplified NB
migration. Hypoxic upregulation of CXCR4 has implications both as a biomarker for aggressive
disease in MYCN-amplified NBs and as a therapeutic target for high risk tumors. CXCR4 has
been identified previously in expression studies of primary NB tumors samples, correlating with
metastatic spread and poor outcome (Russell et al., 2004). One study proposes a role for
CXCR4 in NB in which CXCR4 promotes cell survival by downregulation of miR-15a/16-1 and
upregulation of BCL-2. | proposed a different role for CXCR4 in hypoxia whereby it activates
GRKS5 and promotes cell migration. Future studies could elucidate more details about the
mechanism by which CXCR4 and its downstream targets augment migration in hypoxia in NB,
first by identifying those downstream targets. Additionally, future studies of NB tumor growth
could determine whether introducing a CXCR4 antagonist or antibody to the NB treatment
regimen would serve as a potential method to slow the spread of malignant cells and improve

patient outcome.
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Finally, | also observed AS1/2 cells grow slower than parental SK-N-BE(2) cells in tumor
xenograft models. These results need to be replicated with an NTC, but they suggest that TET1
expression is important for overall tumor growth. Future experiments could determine the

mechanism by which TET71 promotes tumor growth in tumorigenic MYCN-amplified NB cells.
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CHAPTER VI

Discussion

In the previous chapters, | presented results that detailed how MYCN and HIF-1 regulate
the TET1 gene and TET1 protein, and subsequently, how the 5-hmC epigenetic landscape is
regulated in NB (Figure 6.1). In addition, | determined 5-hmC was enriched in the gene body of
CXCR4 and CXCR4 protein mediated cell migration in hypoxic NB cells (Figure 6.1). Findings

from other recent studies support my observations about TET1 regulation and 5-hmC

Figure 6.1. Model of TET1 gene and TET1 protein regulation in normoxia and hypoxia.

(Applebaum et al., 2019, 2020; Cao et al., 2020; Good et al., 2017; Greer et al., 2021).
Collectively, they have emphasized that: (1) alternate TET1 transcripts are expressed in adult vs
embryonic tissues (2) TET genes are regulated by HIF-1 via two binding sites in hypoxia in two
different biological systems; (3) Study of the 5-hmC profiles in NB tumors has implications for
clinical settings and may vyield further therapeutic targets in NB (Applebaum et al., 2019, 2020;

Cao et al., 2020; Good et al., 2017; Greer et al., 2021).

Implications of the presence of TET1flin NB
In Chapter I, | outlined specific future experiments that could determine the role and
significance of TET1s and TET1fl in NB. Here, | will consider broader implications about TET1

isoform switches, or lack thereof, in NB. As previously mentioned, TET1s was identified as the
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‘pathogenic’ transcript in cancers (Good et al., 2017). However, it is interesting to note that the
cancers surveyed, including breast, uterine, ovarian, and glioblastoma, are all cancers that
present in an adult age range. NB is a pediatric cancer and is believed to have embryonic
origins (Huang and Weiss, 2013). This is significant because the isoform switch of TET1 protein
is occurs during development (Zhang et al., 2016c). TET1fl is present in embryonic cells,
whereas TET1s is expressed in adult tissues (Yosefzon et al., 2017; Zhang et al., 2016c). To
help elucidate the mechanism of ‘normal’ TET1 transcript switch in neural crest cells, the cell of
NB origin, | reviewed a public RNA-seq database from induced pluripotent stem cells (iPSC)
that differentiated into neurons (Burke et al., 2020). | searched for expression from all TET1
exons and all time points from 0 to 77 days. Expression from TET1 exons 1 and 2 dramatically
decreased to near absent expression after 21 days (Figure 6.2A and B). However, expression
from exon 3 did not change from 0 to 77 days (Figure 6.2C) (Burke et al., 2020). These results
suggest that expression of TET7fl decreases to almost nothing over the course of normal neural
development. Yet, TET1fl is highly expressed in NB cells, MYCN-amplified or not. | can only
speculate on the origin of this discrepancy in TET1 expression between NB and normal neural
development, but the most likely possibilities are that normal cells turn precancerous before the
TET1 protein isoform switch occurs or TET1fl is reactivated as part of NB gene expression
program.

TET1 is not the only gene subject to alternative splicing in MYCN-amplified NB, yet it is
one of few to be described (Guo et al., 2011; Zhang et al., 2016b). Two papers have shown that
MYCN-amplified tumors have distinct alternative splicing patterns that are controlled specifically
by MYCN (Guo et al., 2011; Zhang et al., 2016b). However, neither paper addressed the
question of what genomic targets were subject to alternative splicing, suggesting there is an
entire MYCN-driven alternate transcriptome yet to be described. Additionally, it is completely

unknown if expression of these splice variants impacts cell phenotype or, even, if they
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Figure 6.2. Expression from the first three TET1 exons during
iPSC neuronal differentiation. A. Expression of TET1 exon 1
log2(RPKM+1). B. Expression of TET1 exon 2 log2(RPKM+1).
C. Expression of TET1 exon 3 log2(RPKM+1). Plots were
generated by http://stemcell.libd.org/scb/ (Burke et al., 2020).
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contribute to NB pathology. In conclusion, investigation of splice variants in high risk NB with

transcriptomic analysis could identify novel diagnostic biomarkers or even therapeutic targets.

HIF-1 and TET1 gene interaction

| described TFs and TET1 gene interactions in both normoxia and hypoxia in MYCN-

amplified NB. Recently, the Godley Laboratory identified and published a similar mechanism of

HIF-1 regulation of TET3 in hypoxia during erythropoiesis (Cao et al., 2020). In K562 cells, HIF-

1 regulates TET3 by binding two sites in a predicted enhancer region in the second intron of

TET3 (Figure 6.2). In that system, gene editing was used to delete each and then both sites in

TET3 (Cao et al., 2020). When the control, single, and double-deleted K562 lines were exposed

to hypoxia, control
lines increased TET3
expression, as
expected (Cao et al.,
2020). However, in
AS7 and AS2 lines,
there was no change
in TET3 expression
between normoxia and
hypoxia (Cao et al.,
2020). Additionally,
TET3 expression was
significantly decreased
in AS1/2 cells in

hypoxia (Cao et al.,

Figure 6.3. Model of TF binding of TET1/3 in NB and erythropoietic
systems. Model of TF binding in normoxia (red) and hypoxia (blue)
in NB cells and erythroblasts. TET1 and TET3 are each regulated
through two binding sites in enhancer (orange) regions.
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2020). Despite being a very dissimilar cell type, this mechanism parallels the one | identified in
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hypoxic NB cells (Figure 6.3). However, although unalike in morphology, both NB tumors and
erythrocytes often reside in hypoxic environments: NB because of the lack of organized
vasculature in tumors and erythrocytes because the bone marrow is a hypoxic environment.
This indicates that there is a necessity that both cell types be primed to respond to fluctuations
in oxygen. Future studies of TET gene regulation in other biological systems could consider the
physiological oxygen level of the microenvironment so these studies can be performed in
conditions approximate to physiological ones. Conversely, in the search to identify other
biological systems with a similar mechanism of TET regulation, researchers could consider cells
derived from a source that experiences at least intermittent hypoxia, as these cells are likely to

be ‘primed’ to changes in oxygen level.

Implications for the 5-hmC epigenetic landscape in NB

The results of (Mariani et al., 2014) prompted our collaborators to investigate the 5-hmC
epigenetic landscape in NB tumors in a clinical setting. Because the Godley and Cohn
Laboratories found 5-hmC deposition was targeted to specific regions (canonical hypoxic
response genes), our collaborators studied the 5-hmC profiles of NB tumor DNA (Applebaum et
al., 2019, 2020). Additionally, they performed RNA-seq and identified differential gene
expression (Applebaum et al., 2019, 2020). Then, they performed hierarchical clustering for
both differential 5-hmC profiles and gene expression (Applebaum et al., 2019). Clustering
revealed a stark separation of tumors that had been independently classified as low,
intermediate, and high risk: 86% of tumors from low risk patients were included in cluster 1, and
89% of high risk tumors were included in cluster 2 (Applebaum et al., 2019). Our colleagues
identified 62% of 2,722 genes with significantly differential 5-hmC were also differentially
expressed within the two clusters (Applebaum et al., 2019). Among the genes that featured
differential 5-hmC profiles, biological pathway analysis of cluster 1 identified oncogenic

signatures of activated KRAS signaling and suppression of integral components of the
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polycomb repressive complex 1: BMI1 and MEL18 (Applebaum et al., 2019). In cluster 2,
biological pathway analysis of 5-hmC profiles found that they were enriched in genes involved in
inflammatory response pathways and activation of EZH2 and the PRC2 complex (Applebaum et
al., 2020). Ultimately, differential 5-hmC profiles of NB tumors were found to be prognostic of
outcome (Applebaum et al., 2020). Our collaborators also performed hierarchical clustering
analysis with plasma-derived cell-free DNA collected from blood samples from NB patients
(Applebaum et al., 2020). They found increased 5-hmC levels at known oncogenic drivers
MYCN, TERT, and ALK genes (Applebaum et al., 2020). In addition, 5-hmC profiles from cell
free DNA were associated with metastatic disease burden, and were even predictive of
metastatic disease, indicating analysis of cell-free 5-hmC profiles can be used to detect
metastases in patients (Applebaum et al., 2020). Both studies support the work | present here.
They corroborate my hypothesis that 5-hmC is a mediator of the aggressive phenotype often
observed in NB, particularly the connection | identified between 5-hmC and metastatic spread.
Future investigation of the clinical implications of the 5-hmC targets, specifically CXCR4, will be

discussed later in this chapter.

Future directions

HIF-1 and TET1 protein interaction

Upon discovering that there was abundant TET1 protein in AS7/2 cells that even increased,
independent of MRNA, in hypoxia, | hypothesized there must be a mechanism of post-
translational regulation of TET1 protein. As previously mentioned in Chapter |, TET1-TF binding
has been observed in other biological systems. | hypothesized that there was a binding
interaction between HIF-1 and TET1 that would either stabilize it or sequester it from
proteasomal degradation. Ultimately, | was able to demonstrate TET1/HIF-1a binding in SK-N-

BE(2) cells in hypoxia. However, there are still multiple unanswered questions about this
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interaction, the first being: Are TET1 and HIF-1 part of a multiprotein complex? This could be
addressed through mass spectrometry after IP of TET1. | hypothesize TET1 is part of a larger
protein complex, if only because there are numerous HIF-1 interactors (Semenza, 2017).
Unbiased analysis of proteins that ColP with TET1, in normoxia and hypoxia, would reveal if
TET1 is part of a larger protein complex.

The second remaining question is: what domains in HIF-1 and TET1 are critical for their
interaction? The second question could be answered with systematic deletion of TET1 binding
domains. In earlier studies that identified TET1 TF binding partners, NANOG and EGR1, both
studies found that the CXXC domain was unnecessary for TF:TET1 interaction. Indeed, binding
occurred between EGR1 and only the TET1 catalytic domain, but was lost when the Cys rich
region of the catalytic domain was deleted. It is believed that TET1 is bound by transcription
factors through its catalytic domain, whereas the TET1 CXXC domain interacts with DNA (Costa
et al., 2013; Sun et al., 2019). Although experiments to identify the NANOG domain that
interacts with TET1 were not performed, researchers discovered EGR1 interacts with TET1
through its zinc-finger domain on the C-terminus (Sun et al., 2019). As HIF-1 does not contain a
zinc finger domain on either subunit, the question of what domain interacts with TET1 remains
open.

Thirdly, does HIF-1 utilize this interaction to recruit TET1 to specific genomic sites,
allowing TET1 to modify the gene bodies of canonical HIF-1 targets (Figure 6.4)? Determining if

HIF-1 promotes TET1:DNA binding (Figure 6.4A) or if HIF-1 recruits TET1 to specific genomic
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sites (Figure 6.4B) will Figure 6.4. HIF-1 and TET1 interaction could also assist in

DNA binding through A. Stabilizing the TET1:DNA interaction

require multiple and/or B. Recruiting TET1 to specific genomic targets.

experiments. | propose A B
performing TET1 ChIP and
comparing the peaks to

those from the HIF-1 ChIP

to create a profile of their

binding and where their

binding overlaps. Next, |

suggest performing HIF-1 and TET1 ChIP in cells that only express TET1 that lacks the HIF-1
binding domain. This way the binding profile of TET1 could be analyzed under conditions where
it is incapable of binding HIF-1. Comparing this TET1 binding profile to the original binding
profile will determine if TET1 binding is altered when it cannot complex to HIF-1a. In addition,
mass spectrometry and hMe-SEAL could determine if the interaction between TET1 and HIF-1a

is essential for maintaining the 5-hmC epigenetic landscape in hypoxia.

CXCR4 signaling in neuroblastoma

For several years, it has been known that patients with NB tumors with high CXCR4
protein expression have poor outcome, however the mechanism behind this is not well
understood. My work has described a novel mechanism by which CXCR4 is upregulated in
hypoxia via HIF-1 in NB cell lines that express MYCN protein. This has clinical implications
because, at the very least, the level of CXCR4 on the surface of a NB tumor cell may serve as
an indicator of prognosis or the oxygen level of the tumor microenvironment. Determining the
oxygen level of a tumor in a clinical setting may be informative, as hypoxia is known to cause
NB cells in culture to dedifferentiate and make them more aggressive. Therefore, there is

potential for CXCR4 to serve as a staging biomarker in the diagnosis of NB.

83



However, it is also possible that CXCR4 could serve as a therapeutic target in patients
with NB. Being a receptor on the cell surface, CXCR4 is easily targetable and CXCR4
antagonists are available as currently in use in human medicine. Targeting CXCR4 as part of
the NB treatment regimen could slow the spread or reduce the frequency of metastases in NB
patients.

Although CXCR4 is an attractive target for researchers developing therapies against NB
tumors, it does have its drawbacks. Plerixafor, the drug used in my work, is currently in clinical
use as a stem cell mobilizer. Should plerixafor be given to NB patients as a treatment against
the primary tumor, it would be an expected side effect that some stem cells would leave the
bone marrow. Currently, it is not known if the long-term presence of stem cells in the blood
stream has an adverse effect on human health. Future studies of CXCR4 antagonists in NB
should test effects on NB cell lines as well as stem cells to identify which antagonists have the
most specific effects on NB. Another option would be to test the effectiveness of an anti-CXCR4

antibody against NB cell lines in hypoxia.

Figure 6.5. CXCL12is expressed
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ubiquitin. Future experiments should include testing the effect different CXCR4 ligands have on

downstream targets and phenotype in NB.

TET enzyme post-translational modifications (PTMs) in normoxia and hypoxia

TET proteins are subject to a variety of PTMs, many of which are poorly understood
functionally. Preliminary research suggests that PTMs play a role in stability, activity, and
localization of the TET enzymes. Briefly, | will report on known TET PTMs and what is known
about their function. Then | will discuss how TET1 may be post-translationally modified in NB
cells and how TET1 PTMs may be altered in response to hypoxia.

Known PTMs of the TET proteins include phosphorylation, O-GlcNAcylation (O-GIcNAc),
and ubiquitination (Figure 6.6) (Bauer et al., 2015; Nakagawa et al., 2015; Zhang et al., 2017). A
study performed in murine and human systems indicated phosphorylation of the three TET
proteins was enriched in the N-terminus (Figure 6.6A) (Bauer et al., 2015). This modification can

occur singly or in tandem with another phosphorylation modification (Bauer et al., 2015). O-

Figure 6.6. Approximate distribution of described TET PTMs. A. Representation of a
common TET domains featuring modifications that are conserved across all three TET
enzymes. The phosphorylation and O-GIlcNAcylation rich region is representative of a
large cluster of Phosphate and O-GIcNAc marks of variable distribution B. General
distribution of modifications specific to TET1 protein. Colors: Acetylation is orange,
Ubiquitination is purple, Phosphorylation is blue, O-GlcNAcylation is green.
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GIcNAc and phosphorylation modifications are thought to be occasionally in competition with
each other (Bauer et al., 2015). Specifically, Ser-97 and Ser-374 of TET2 and Ser-362 and Ser-
557 of TET3 could be phosphorylated or O-GlcNAcylated. Overall, some TET phosphorylation
marks are stable, such as Ser-950 of TET1, but some are lost when OGT is highly expressed,
like Ser-2016 of TET1.

O-GIcNAc modifications of the TET enzymes are generally concentrated on the N-
terminus and the low-complexity insert (Figure 6.A and B). TET1 has fewer O-GIcNAc
modifications than TET2 or TET3, with most found in the N-terminus and very few in the C-
terminal region (Figure 6.6B). In addition, research has shown O-GIcNAc modifications of TET1
are highly dynamic (Bauer et al., 2015; Shi et al., 2013). There are a myriad of proposed
functions of TET O-GIcNAc modifications (Bauer et al., 2015; Hrit et al., 2018; Vella et al.,
2013). Several studies have demonstrated that this modification increases Tet1 protein stability
and activity (Hrit et al., 2018; Vella et al., 2013). Others have implicated O-GIcNAc groups in
mediating binding of TET partners and localization (Bauer et al., 2015).

Monoubiquitination of all three TET proteins occurs on a lysine, mediated by VprBP, in
the highly conserved cysteine-rich domain (Figure 6.6A) (Nakagawa et al., 2015). The
monoubiquitination occurs on K1589 in TET1, and its loss prevents binding to DNA and
therefore results in an overall loss of 5-hmC.

Because there are an extremely large number of reported TET1 PTMs, an unbiased,
systematic approach is needed to identify all PTMs on TET1 in normoxia and hypoxia (Bauer et
al., 2015; Hrit et al., 2018; Nakagawa et al., 2015; Vella et al., 2013). First, normoxic and
hypoxic TET1 protein should be isolated, then mass spectrometry analysis would identify all
PTMs present under each condition, then differential PTMs between the two conditions. Then,
experiments should be designed to test the function of each PTM.

Although PTM regulation of TET1 function is likely to be complex and nuanced, there is

an attractive model of TET2 phosphorylation that also fits our existing data of TET1 in NB
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(Jeong et al., 2019). There have been no studies of any TET PTMs under hypoxic conditions,
but a study of TET2 phosphorylation described a mechanism that may be relevant for TET1
modifications in hypoxia (Jeong et al., 2019). The study was performed in an erythroid
progenitor system and found TET2 was phosphorylated via JAK2, activating it and increasing
global 5-hmC levels (Jeong et al., 2019). TET2 was phosphorylated at two tyrosines, Y1939 and
Y1964, both located in the catalytic domain of TET2 (Jeong et al., 2019b). When both phospho-
marks were present, binding affinity for transcription factor KLF1 increased dramatically (Jeong
et al., 2019b). Following the results presented in this study, | hypothesize that, in NB cells, an
unknown kinase phosphorylates TET1, similarly in the catalytic domain, that promotes TET1
binding to HIF-1. TET1 is then activated and stabilized and is recruited by HIF-1 to specific sites
in the genome. Results from mass spectrometry analysis of TET1 PTMs will determine if this is

a possibility.
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