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ABSTRACT:
G-quadruplexes, a type of nucleic acid secondary structure consisting largely of folded quartets of
guanines, appear to play a regulatory role in the human genome. Heme has been shown to interact with
G-quadruplexes.

The ChIP-Seq-like Heme-Seq assay was developed to identify heme binding G-

quadruplex loci. Using Heme-Seq, 3 primary heme binding loci and 4 secondary minor heme binding loci
were identified on six chromosomes. Two of the primary heme binding loci were found at the centromeric
boundaries of the long arms of metacentric chromosomes with the majority of reads from the primary
heme binding loci consisting primarly of Human Satellite II (HSATII) nucleotide repeat sequences.
Numerous putative G-quadruplex forming sequences were found in the heme-binding locus on
Chromosome 2. Comparison of Heme-Seq results with available data from a G-quadruplex ChIP-Seq study
in live cells, revealed that the regions which exhibited binding at the three peaks from the Heme-Seq data
also showed binding coverage in the CHIP-Seq data. In addition to the known association with Gquadruplexes, heme also appears to bind to HSATII repeats,. The biological role and importance of this
binding is not known.
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INTRODUCTION:
A: BIOLOGICAL RELEVANCE OF G-QUADRUPLEXES
As early as 1910, evidence emerged showing that the nucleotide guanosine monophosphate,
when sufficiently concentrated, would form a gel (Bang 1910). Over 50 years later, Gellert et al. confirmed
this observation, adding that this gel forms at concentrations of around 25 mg/ml at a pH of 5 and that
based on analysis of the resulting gel’s physical properties, this phenomenon is the result of the formation
of a structure by the nucleotide. This structural formation later came to be known as a G-quadruplex.
The current understanding of G-quadruplexes is that they are a type of nucleic acid secondary
structure predominantly consisting of folded quartets of guanines known as G-tetrads (Largy et al. 2016).
The G-tetrads that constitute G-quadruplexes are stabilized primarily via Hoogsteen-bonding
interactions, and coordinate bonding with monovalent cations residing within a central cavity,
primarily potassium and sodium cations; consequently, G-quadruplexes exhibit high thermal stability
(Routh et al. 2017). G-quadruplexes are evolutionarily conserved, forming throughout eukaryotic
genomes primarily in loci with G-rich repeats (i.e.:, telomeric regions), and regulatory regions for various
genes.
G-quadruplexes have been found to play important roles in gene regulation which involves to
multiple key cellular processes, including DNA recombination and replication, transcription, and
translation. G-quadruplexes have also been found to regulate protection of the ends of chromosomes,
genome stability, and DNA damage repair (Dolinnaya et al 2016; Dhaval et al 2020). G-quadruplexes also
form in RNA strands, which have also been found to play important roles in gene regulation.
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I. G-quadruplex Motifs
Preliminary analysis of G-quadruplex motifs. Using in silico analysis of G-quadruplex motifs in
human and yeast genomes, Huppert and Balasubramanian in 2007 demonstrated that in humans, Gquadruplex motifs tended to be found around the promoter regions of genes. An estimated 42.7% of the
genes analyzed contained at least one putative G-quadruplex motif within 1 Kb upstream of the
transcription start site. G-quadruplex motif enrichment was also found at promoter regions in yeast.
Furthermore, treating yeast cells with N-methyl mesoporphyrin IX (NMM), a G-quadruplex ligand, resulted
in significant up-regulation of expression for many of the genes that had G-quadruplex motifs present in
the promoter regions, demonstrating a regulatory role of G-quadruplex (Hershman et al 2008).
In-vivo confirmation of G-quadruplex motifs. In addition to in-silico analysis, in-vitro approaches
such as Dimethyl Sulfate foot printing, Circular Dichroism, Electrophoretic Mobility Shift Assays, etc., have
been used to confirm the folding of G-quadruplex motifs proximal to promoter regions. However, until
recently, in vivo confirmation of these same motifs had been lacking. This changed with the identification
and characterization of G-quadruplex DNA specific antibodies including two recombinant antibodies (HF2
and BG4). These recombinant antibodies bind specifically to G-quadruplex DNA in vivo and have been
successfully used to detect cellular G-quadruplex DNA via chromatin immunoprecipitation analysis
(Hansel-Hertsch et al 2016).
Evolutionary conservation of G-quadruplex motifs. If G-quadruplex motifs do in fact play a key
role in transcriptional regulation, it would be expected that there would be some degree of evolutionary
conservation amongst G-quadruplex motifs. To verify this, Capra et al (2010) compared the genomes of
S. cerevisiae and six other yeast species to determine the degree of conservation of the G quadruplex
motifs. Indeed, G-quadruplex motifs identified in these genomes showed much higher conservation than
expected, and within the motifs themselves, more conservation was noted at nucleotide positions where
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a mutation would result in significant disruption of the structural motif. Again, G-quadruplexes found
were strongly associated with gene promoters. This seems to collectively suggest that transcriptional
regulation via G-quadruplex motifs is a function conserved from yeast to humans.

II. G-quadruplexes As Transcriptional Regulatory Molecules
G-quadruplexes inhibit RNA polymerase. Using the HF2 recombinant antibody in conjunction
with deep sequencing (CHIP-Seq), Lam et al (2013) demonstrated G-quadruplex DNA formation at the
promoter regions of the genes, suggesting the presence of G-quadruplex DNA regulates transcription from
the associated promoters.

It has been proposed that G-quadruplex DNA is capable of blocking

transcription by becoming a physical blockage to RNA polymerase, based on the observed appearance of
G-quadruplex forming sequences as genome instability hot spots in vivo. Given the results of in vitro
transcription experiments using only the minimal required proteins, G-quadruplex motifs within
transcribed regions can impede the physical movement of RNA polymerase complex (Belotserkovskii et al
2013; Belotserkovskii et al 2010; Broxson et al 2011; Belotserkovskii et al 2017). More specifically, the
presence of G-quadruplex motifs on either strand within the transcribed region leads to the
intramolecular G-quadruplex DNA on the template strand and the intermolecular G-quadruplex DNA
(composed of the non-template DNA strand and the nascent RNA) co-transcriptionally forming and
physically interfering with subsequent rounds of RNA polymerase movement (Zheng et al 2013).
G-quadruplexes interfere with transcription by impeding reannealing of DNA strands behind
the RNA polymerase complex. There is also the possibility of the intramolecular G-quadruplex
DNA on the non-template strand interfering with transcription via the impeding of the reannealing of two
DNA strands behind the RNA polymerase complex to afford a favorable condition for formation and
stabilization of RNA/DNA hybrids with the template DNA strand (Belotserkovskii et al 2017). This latter
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possibility is supported by experiments in which removal of RNA/DNA hybrids via addition of recombinant
RNase H to the transcription reaction resulted in efficient RNA polymerase elongation past the Gquadruplex sequence in an in vitro transcription assay.
The correlation between G-quadruplex motifs and promoter-proximal transcriptional pauses.
Further evidence in support of the biological function of G-quadruplex DNA sequences near transcription
start sites comes in the form of analysis results regarding transcription pause sites in human T cells. RNA
polymerase II mediated transcription occurs in phases of initiation, elongation, and termination, with
pauses in between the initiation and elongation phases. It is proposed that these pauses serve as
checkpoints in the transcription process. This “promoter proximal pausing” as it is known can occur within
50 nt of transcription start sites in mammalian cells, and release from the paused state is considered the
rate-limiting step in transcription. In addition to the results of in vitro transcription experiments where
G-runs blocked transcription by T7 RNA polymerase (Belotserkovskii et al 2010; Belotserkovskii et al 2017),
Eddy et al. in 2011 described a correlation between the G-quadruplex motifs near transcription start sites
and the promoter-proximal transcriptional pausing.
G-quadruplex as binding site for transcription factors. G-quadruplex DNA may also serve as a
high-affinity binding site for certain transcription factors. For instance, one well documented example is
human SP1 protein, a zinc-finger transcription factor, which is ubiquitously expressed and controls the
expression of numerous house-keeping genes. This has been initially characterized as a typical sequence
specific double strand DNA binding protein with the minimal consensus of 5’-GGGCGG-3’. However, an
empirically determined SP1 binding site at the promoter of the oncogene c-KIT does not contain the
consensus binding sequence but rather has been shown to form a G-quadruplex structure (Raiber et al
2012). In vitro binding assays later demonstrated that SP1 binds with higher affinity to the G-quadruplex
DNA formed by the single strand oligonucleotide representing the SP1 binding site at the c-KIT promoter.
Analyzing the actual genome-wide SP1-binding sites determined using CHIP-Seq showed that about 36%
8
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of the SP1-occupied sites did not contain the 5’-GGGCGG-3’ consensus binding sequence while most of
such sites contained one or more G-quadruplex motif. It can be inferred from this evidence that SP1
dependent transactivation can be dependent on the conformation of the DNA and thus depend on the
factors affecting the DNA conformation. Recently an essential general transcription factor PC4, previous
characterized as a single strand DNA binding protein (Gao et al 2015), was also identified as a high-affinity
G-quadruplex DNA binding protein.

This implies that other structure-specific transcription trans-

activators could exist, potentially shedding more light on how binding of these proteins could serve as the
mediating step in the G-quadruplex DNA-dependent activation of transcription.

III. Association Of G-quadruplex And Diseases
Given the numerous key biological functions of G-quadruplexes, their formation (or lack of
formation) has been associated with a variety of chronic conditions including cancer, diabetes,
cardiovascular diseases, and various neurodegenerative disorders.
G-quadruplexes are suggested to play a role in cancer. As summarized by Cammas and Millevoi
in 2016, RNA G-quadruplexes are associated with genes responsible for a variety of oncogenic factors such
as resistance of apoptosis (BCL2/AKTIP), metastasis potential (ADAM10/MST1R), cellular proliferation
(MYC), and replicative immortality (TRF2/TERRA). Early research into G-quadruplex structures revealed
that the purine-rich strand in the NHE III1 element of MYC’s promoter region was capable of forming a Gquadruplex (Simonsson et al. 1998). This led to several follow-up studies, including a 2002 study by
Siddiqui-Jain et al which demonstrated that stabilization of the NHE III1 via small molecule ligands silenced
MYC gene expression through the direct action of the G-quadruplex, suggesting that targeted stabilization
of the G-quadruplex forming region of the NHE III1 element holds potential as a therapeutic intervention
for cancer.
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It has also been shown that during tumorigenesis a variety of chemical changes occur which
facilitate transcription of oncogenes through the destabilization of G-quadruplexes. For instance, K+
channels are upregulated in malignant cancer cells, significantly lowering the intracellular K+
concentration of transformed cells (Ousingsawat et al. 2007). As potassium cations are a primary
stabilizing ligand for G-quadruplexes, this lowers the concentration of stabilized G-quadruplexes in the
transformed cell while consequently promoting the transcription of template strands which would
otherwise be restricted by quadruplex formation. Tateishi-Karimata et al demonstrated in 2018 that this
phenomenon occurs both in vitro and in vivo, and that malignant cancer cells produced higher levels of
transcripts derived from G-quadruplex forming templates than nontransformed/control MCF-7 cells. This
in conjunction with the observed disassociation of G-quadruplexes during tumor progression led the
researchers to conclude that under normal circumstances, potassium cations contribute to modulation of
oncogene transcription through the stabilization of G-quadruplex structures. This lends further credence
to the theory that G-quadruplexes play a direct role in tumorigenesis modulation, marking them as a
prime target for therapeutic intervention.
Fragile X syndrome, one of the most common forms of inherited mental disability, is the result of
expansion of a CGG trinucleotide repeat in the 5’ untranslated region of the FMR1 gene; once the repeats
exceed 200, the region becomes hypermethylated with transcriptional silencing of the FMR1 gene and
preventing production of the encoded FMRP gene, leading to the syndrome. It has been reported that
the CGG repeat involved in Fragile X syndrome can form stable G-quadruplexes in a monovalent cation
solution, a finding supported by NMR and various DNA polymerase arrest assays (Fry and Loeb 1994;
Kettani et al 1995; Usdin and Woodford 1995). These G-quadruplex forming CGG repeats can form hairpin
structures, proposed to be responsible for repeat expansion.
Parkinson’s Disease (PD) is characterized by a long-term degeneration of the central nervous
system’s motor system which directly stems from the death of dopaminergic neurons in the brain, causing
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a chronic decrease in dopamine levels. The exact cause of neuronal death is still not completely
understood, but it is generally believed that overaccumulation and aggregation of the protein α-synuclein
(encoded by the SNCA gene) results in a neurotoxic cellular cascade which kills off dopaminergic neurons
(Lu et al 2014). It has been found that at minimum three non-overlapping G-quadruplex motifs exist at
the proximal 5’-UTR of the SNCA gene which work together to cause a cumulative repression of its
translation (Koukouraki and Doxakis 2016). In fact, mutating these G-quadruplex motifs resulted in
enhanced translation of SNCA compared to the wild-type motifs. This implies the possibility for
therapeutic intervention against the onset of Parkinson’s disease through targeting of the three SNCA
gene associated G-quadruplex motifs.
In addition to the more common neurodegenerative diseases, G-quadruplexes have also been
suggested to play a role in other progressive neurological diseases such as those involving prions, or in
Unverricht-Lundborg disease. Progressive myoclonus epilepsy type I, or Unverricht-Lundborg disease, is
another repeat expansion triggered disease which in this case involves C/G dodecamer repeat expansion
at the cystatin B promoter on chromosome 21q22.3 (Saha and Usdin 2001). This repeat expansion
significantly lowers cystatin B mRNA levels, leading to loss of function of cystatin B as a cysteine protease
inhibitor. However, Saha and Usdin have found that the G-rich bottom strand of the cystatin B promoter
region can form stable G-quadruplex secondary structures, although the exact relationship between these
secondary structures and the cystatin B promoter region has yet to be elucidated.

IV. Potential Clinical Applications Of Targeting G-quadruplexes
Initial efforts focused on targeting G-quadruplex structures at telomeres with a view to inhibiting
telomere extension by telomerase in cancer cells (Sun et al 1997; Neidle and Parkinson 2002).
Subsequently it emerged that G-quadruplex binding molecules can cause DNA damage at telomeres and
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at G-quadruplexes throughout the genome (Rodriguez et al 2012; Salvati et al 2010). Targeting of Gquadruplexes in genes by the stabilizing small molecule pyridostatin (PDS) can inhibit gene expression,
including numerous important oncogenes (Rodriguez et al 2012). The naphthalene diimide G-quadruplex
targeting ligand CM03 has shown promising activity against cancer cell lines and in a mouse xenograft
model of pancreatic ductal adenocarcinoma, including a notable reduction in the expression of many Gquadruplex rich genes implicated in vital pathways of cancer cell survival, metastasis, and drug resistance
(Marchetti et al 2018). Whereas early studies focused on modulating individual cancer genes by targeting
their G- quadruplexes, the prevalence of G-quadruplexes in many cancer promoting genes suggests that
collectively targeting multiple G-quadruplexes, and thus inhibiting the expression of many such genes, as
exemplified by CM03, would be a feasible strategy for development of anti-cancer therapies (Siddiqui-Jain
et al 2002; Cogoi and Xodo 2006; Bejugam et al 2007; Marchetti et al 2018). The observed increase in Gquadruplexes in the chromatin of cancer tissues and cell line models, in comparison with normal cells and
tissues, also favors targeting G-quadruplexes as a general anti-cancer strategy (Biffi et al 2014; Biffi et al
2013; Hansel-Hertsch et al 2016).

B: THE TECHNIQUES USED FOR PREDICTING AND IDENTIFYING G-QUADRUPLEX FORMING LOCI

Existing G-quadruplex research generally has focused on identifying formative motifs. Initial
analysis used the Quadparser algorithm, establishing that over 40% of genes encoding human proteins
contained at least one G-quadruplex in the promoter region (Huppert JL and Balasubramanian S 2007).
This supports the concept of G-quadruplexes acting primarily as regulators, typically appearing near
transcription start sites. However, over 800 G-quadruplex motifs having been found up to 5000 base pairs
away from the transcription start site of just over 22,000 human genes (Zhang, Liu et al 2013; Agrawal et
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al 2014). More recent studies have also found G-quadruplex loci missed by the Quadparser algorithm, in
addition to identifying false positives (Chambers et al 2015).
I. Emergence Of Improved Algorithmic Prediction For G-quadruplex Motifs. These exceptions
highlighted a need for more accurate prediction methods, a need eventually fulfilled in 2016 by the
G4Hunter algorithm, which additionally considered G-richness of G-skewness for given sequences (Bedrat
et al 2016). This new algorithm predicted the number of G-quadruplex forming motifs within the human
genome is in fact 2-10 times higher than predicted using the Quadparser algorithm. Both algorithms
predict G-quadruplexes are predominant within promoter regions of human genes encoding for proteins,
and appear frequently throughout the human genome, suggesting a regulatory role. However, these are
merely predictions, requiring empirical data from in vitro/vivo studies to confirm.
II. Progressing Beyond In-silico Prediction. Over the years various in-vitro/vivo techniques to
identify G-quadruplexes have been developed to augment in-silico predictions and more directly detect
G-quadruplexes. It had been previously found that G-quadruplexes stall DNA polymerase and reverse
transcriptase (on DNA and RNA respectively), meaning that it is possible to detect the 5’ end of Gquadruplexes in vitro through comparison of polymerase pause sites between G-quadruplex
stabilizing/non-stabilizing conditions. This typically involves either sequence analysis on polyacrylamide
gels, or genome-wide DNA polymerase-stop assays with high-throughput sequencing.
III. Chemical Mapping of G-quadruplexes. Chemical mapping of G-quadruplexes is another invitro technique reliant on different nucleobases following G-quadruplex formation having different
reactivity. Typically, chemical mapping is used with algorithmic nucleic acid motif prediction to identify
G-quadruplex forming sequences.

For example, potassium permanganate-dependent single-strand

nuclease was used on mouse B cell chromatin in conjunction with computational prediction of non-B-DNA
sequence motifs to identify putative G-quadruplex structures present in gene regulatory regions. Another
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method involves SHAPE (selective 2’-OH acylation analyzed by primer extension) exploiting lithium and
potassium rich conditions to identify RNA based G-quadruplexes (Kwok and Balasubramanian 2016).
However, chemical mapping techniques have limitations due to various factors (Kwok and
Balasubramanian 2018).
IV. Imaging Techniques For Detection Of G-quadruplex Motifs. A variety of imaging techniques
have been used in-vitro and in vivo. For instance, the scFv (single chain variable fragment antibody) BG4
has been used to show the presence of G-quadruplexes in telomeric and non-telomeric DNA in fixed
human cells, a finding later supported by observations using G-quadruplex specific antibodies IgG 1H6 and
scFv D1. This finding is notable in that it is the first demonstration of G-quadruplexes in human cells via
imaging using structure specific antibodies (Biffi et al. 2013; Henderson et al. 2014; Liu et al. 2016).
Regarding in-vivo imaging, synthetic molecules which recognize/stabilize G-quadruplexes can be
incubated with live cells prior to fixation, then conjugated to fluorescent probes in order to visualize a
“snapshot” of the living cell including G-quadruplexes. However more recently true in vivo imaging
techniques have developed using G-quadruplex ligands with intrinsic fluorescence (for example, DAOTAM2), and the resulting findings strongly support the existence of G-quadruplexes in cells (Shivalingam et
al 2015). This “true” in vivo imaging is particularly advantageous as it allows for real-time live cell imaging,
although this also requires consideration of living cell factors like sensitivity of fluorescence to normal
metabolic pH changes, intracellular polarity, etc.
C: HEME AND G-QUADRUPLEXES
I. Functional Association Of heme And G-quadruplexes.

Heme, also known as iron

protoporphyrin IX, is a tetrapyrrole (a compound with four pyrrole rings) with a central iron ion (Anderson
et al 2001). Heme was first observed to bind to G-quadruplexes in 1996, when Li and Sen noted that
porphyrins like heme could be form DNAzymes with G-quadruplexes (Li and Sen 1996). In 2011, Golub et
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al demonstrated that the heme/G-quadruplex complex acts as an oxidation promoting DNAzyme when
paired with an oxidant molecule like NAD. The Heme G-quadruplex complex catalyzes the oxidation of
NADH to produce NAD+ and hydrogen peroxide, the latter of which is itself capable of oxidation reactions
(Yum et al 2019). This oxidative catalytic effect is hypothesized to stem from the structure of the heme/Gquadruplex complex, allowing for conjugation with a water molecule, which in turn can interact with an
oxidant to activate heme and oxidative catalysis (Travascio et al 1998; Travascio et al 2001; and Travascio
et al 2006).
Ibrahim et al suggested that this heme G-quadruplex catalytic complex may serve a practical role
in cellular metabolism as a reagent for so called “green” organic bond forming reactions. This conclusion
was based on a study in which FeII-heme complexed with G-quadruplexes were shown to catalyze carbene
transfer to an alkene substrate, significantly enhancing reaction kinetics and product turnover by
approximately 180-fold compared to disaggregated FeII-heme isolated from the presence of DNA.
Furthermore, they found that intermolecular G-quadruplexes with multiple nucleotides exhibit increased
stereoselectivity relative to intramolecularly folded G-quadruplexes when placed in conjunction with
heme. In addition, the function of the heme G-quadruplex complex, at least in part, seems to be to
regulate the bioavailability of heme. Lucas et al found that administration of the G-quadruplex binding
ligand PhenDC3 not only displaced bound heme from its complex with G-quadruplexes, but also triggered
upregulation of genes leading to the degradation of heme. These findings are supported by a similar study
by Mestre-Fos where PhenDC3 was administered to human cells, resulting in the observed disruption of
ribosomal heme binding and cellular heme bioavailability. This latter study suggested that the presence
of G-quadruplex forming sequences in human ribosomal RNA marked ribosomes as a key player in
regulation of heme homeostasis.
II. Heme Is A Highly Oxidative Molecule. Besides regulating diverse molecular and cellular
processes throughout the body, free heme molecules themselves need to be tightly regulated due to their
15
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oxidative nature stemming from the iron atom present at their centers, which can generate free radicals
(Johannes and Nelson 1997). In contrast to its regulatory roles in the body, free heme is also highly
oxidative and thus cytotoxic due to the iron atom present in its center, which can act as a Fenton’s reagent
which produces free radicals (Johannes E Nelson H 1997). This leads to a variety of detrimental effects
including oxidation/degradation of proteins, production of cytotoxic lipid peroxide, oxidative stress
damage to DNA, and the impairment/destabilization of various cellular structures (Sanjay K Uday B 2005).
To control the potentially detrimental effects of free heme, the body uses a variety of heme-binding
proteins to neutralize the oxidizing nature of free heme molecules. This typically either involves the direct
formation of complexes with heme molecules, or the scavenging of free redox-active iron following its
release from heme catabolism (Kumar S Bandyopadhyay U 2005). Some of the more well-known hemebinding molecules include Hemopexin, albumin, a-1-microglobulin, and reduced glutathione (Kumar and
Bandyopadhyay 2005; Wagner et al 2003). A recent study by Lucas et al (2019) demonstrated that Gquadruplexes also exhibit an innate tendency to sequester free-heme, demonstrating the direct
interaction of free hemes and G-quadruplexes, suggesting this is one of the regulatory mechanisms used
to negate the potential for oxidative damage free heme molecules have.
III. Dysregulation Of Heme Levels Is Associated With Various Diseases. Due to the unique
physical properties of heme, and its multiple biological functions in so many contexts throughout the
body, dysregulation of heme levels results in various diseases. For example, defective heme synthesis is
implicated in anemia and porphyrias and is proposed to be a factor in the mitochondrial and neuronal
decay observed in both aging and Alzheimer’s disease. On the other hand, excess free heme can result
in severe cell and tissue oxidative damage. The resulting inflammation which stems from tissue
oxidative damage is implicated in conditions ranging from arteriosclerosis to renal failure. The
catalytic/oxidative potential of heme/G-quadruplex complexes can also contribute to
neurodegenerative disease. For example, in the context of the C9orf72 gene, expansion of a (G4C2)n
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repeat is associated with a variety of neurodegenerative conditions like familial amyotrophic lateral
sclerosis and frontotemporal dementia; these repeats fold into G-quadruplexes and induce neurotoxic
effects through various mechanisms, including the aforementioned oxidative activation of heme
(Renton et al 2011). G-quadruplex binding and subsequent activation of heme is strikingly like
properties exhibited by Aß peptides/oligomers in Alzheimer’s disease neurons; as such, it has been
proposed that these neurodegenerative diseases share analogous mechanisms involving the catalysis of
oxidative damage like that caused by heme/G quadruplex complexes (Grigg et al. 2014). The elevated
heme level in brain tissues is a key characteristic of Alzheimer’s disease, with autopsies of patients
suffering from Alzheimer’s disease revealing increased heme levels in the temporal lobe (Atamna and
Frey 2004), a phenomenon shown to be concurrent with the appearance of amyloid ß deposits (Cullen
et al 2006). The two events may in fact be causally linked as well, given that it has been reported heme
molecules also bind and alter the aggregation state of Amyloid ß (Chuang et al 2012).
IV. Heme Affinity Chromatography Followed By High-throughput Sequencing To Identify
Heme-DNA Binding Sites. Chromatin immunoprecipitation followed by high-throughput
sequencing (CHIP-Seq) is a widely used method of detecting and mapping regulatory regions within the
genome. We developed a CHIP-Seq like technique to identify heme associated DNA binding sites. This
new technique is known as Heme-Seq. Briefly, following the purification and extraction of DNA from a
human blood sample, the DNA is sheared to <1000 base pairs and allowed to fold into G-quadruplexes.
The sheared DNA is then added to an affinity chromatography column composed of agarose beads with
covalently bound heme molecules as a ligand. Following an incubation period for the binding to take
place, the beads are washed to remove non-heme-binding DNA fragments. The column then is eluted to
collect the heme-binding DNA fragments. The collected DNA fragments are prepared for highthroughput sequencing. This results in the generation of a .fastq file representing the heme-binding
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sequences along with corresponding quality scores, which can then be converted to other file formats
for further graphical analysis with different bioinformatic tools.
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STUDY RATIONALE:
The primary goal of this research was to identify heme binding G-quadruplex forming loci and the
associated genes near the DNA binding loci, in order to gather a better understanding of the biological
functions of heme binding G-quadruplexes. The CHIP-Seq like assay known as “Heme-Seq”, based on the
G-quadruplex binding property of heme using agarose bound heme as a probe, was used to identify heme
binding loci.
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METHODOLOGY:
Heme-Seq
The phenomenon of G-quadruplexes sequestering free heme molecule forms the theoretical basis
for a unique CHIP-Seq-like technique, i.e., Heme-Seq, which is based on the binding property of heme
molecules to DNA. Heme molecules are used as probes to bind the folded chromatin regions of interest,
following by DNA sequencing using next generation Nanopore sequencing. The data derived from the
sequencing can then be further analyzed and interpreted using a multitude of different analysis programs
and software to determine whether there are any genes associated with heme-binding nucleotide
repeats. Figure 1 presents a streamlined schematic of the Heme-Seq procedure.

Figure 1: Heme-Seq procedure

Bam File Generation And Graphical Analysis:
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The Heme-Seq assay generates raw data in a standard fastq file format, which typically contain
nucleotide sequence data along with its quality scores. To prepare this fastq data for further analysis,
alignment data is generated for the sequences using “the Nanopipe” web tool from the Institute of
Bioinformatics Münster. This tool analyzes reads generated by Oxford nanopore sequencing technology,
and produces alignments, alignment statistics, and any relevant polymorphism information, rendering
this information as a .bam file (a binary compressed .sam file, or Sequence Alignment/Map formatted
data file).
“Golden Helix Genome Browser” is a tool from Golden Helix (a company focused on genomic data
analysis software) which allows for visualization of genomic data in a variety of formats, including .bam.
This visualization tool can run natively on a standard Windows installation, meaning that unlike many
other bioinformatic tools developed for Unix based servers, one does not have to rely on the somewhat
slow and unstable user interface experience afforded by SSH command-lines and VNC rendered GUIs.

Dfam Database Matching And Tabulation Of Relevant Information:
To better understand the genes associated with the regions of interest highlighted by earlier bam
file visualization, dfam.org’s database of transposable element DNA sequence alignments, hidden Markov
Models, consensus sequences and genome annotations were employed. By copying and pasting the raw
sequence data from the fasta files into a dfam search query against Homo Sapiens databases, results
regarding sequence matches, tandem and simple repeats, and associated genes were obtained. This data
was then tabulated into a spreadsheet for further analysis and interpretation.
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Functional Categorization Of Dfam Matched Genes By Database For Annotation, Visualization, And
Integrated Discovery (DAVID) Analysis:
Having identified genes associated with the peaks of interest using Dfam database searches, an
effort was made to categorize these genes into functional categories using DAVID v6.8. To do so,
individual lists of genes associated with each peak of interest were compiled and converted to a Homo
sapiens annotation limited gene list using DAVID’s built in wizard tools, then processed with the Functional
Annotation Tool, resulting in data for Functional Annotation Clustering, Functional Annotation Charts, and
Functional Annotation Tables.

Homology Model Analysis
Following graphical analysis of the Heme-Seq data and determination of the heme-binding
loci/peaks of interest, the genetic sequences associated with the top three heme-binding loci were
forwarded to the lab of Dr. Chitrala, head of the Bioinformatics core at Lewis Katz’s Fels Cancer Institute
for Personalized Medicine, to have a homology model analysis performed. The goal was to infer the
roles that expressed proteins from these loci may play in a cellular context based on their predicted
three-dimensional structures. Using gene reference databases, Dr. Chitrala tabulated basic details about
the properties and product of the sequences associated with the primary heme-binding loci, listed in
table 1.
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Table 1: Details regarding sequence properties and products for primary heme-binding loci
derived from Heme-Seq
Gene bank ID

Accession

ORF length

Number

Protein length

Molecular

(AA)

mass (kDa)

Pl

568815597

NC_000001.11

507

168

19983.07

5.90

568815595

NC_000003.12

258

85

10792.64

9.85

568815577

NC_000021.9

705

234

27303.87

5.51

Based on these parameters, Dr. Chitrala searched for appropriate templates available in the
PDB/Protein Data Bank using NCBI BLAST search, and subsequently found appropriate analogous
templates for the heme binding loci on chromosomes 1 and 21, namely alginate lyase PA1167 from
Pseudomonas aeruginosa, and St. Louis Encephalitis Virus envelope protein respectively. Using these
templates as a base, Dr. Chitrala analyzed the primary heme-binding loci sequences on chromosomes 1
and 21 using the homology modelling program MODELLER to produce homology models (Figure 6 under
results). This was followed by evaluation using a combination of the programs WHATIF, PROCHECK,
VERIFY3D, and ERRAT, which generated corresponding quality scores for the loci (Tables 11/12 under
results).

Comparison Of Heme-Seq Data To Data Generated From CHIP-Seq Using Live Cells
To validate and compare the accuracy/efficacy of Heme-Seq compared to other emerging
techniques for G-quadruplex loci identification, the “GenomeBrowse” visualized Heme-Seq data was
directly compared to data visualized in “IGV browser” for a paper from Zheng et al. (2020) in which
researchers created a high affinity/specificity G-quadruplex probe protein for use with living cells in a
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CHIP-Seq assay. More specifically, .bigwig files representing experimentation on 293T transfectable
human embryonic kidney cells (most directly comparable to the cell type used for collection of the HemeSeq data) were downloaded from NCBI’s GEO Accession viewer page for the publication
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE133379) and opened in IGV browser for
visualization. Comparisons were first made between the .bigwig data and the top 3 peaks of interest
from the Heme-Seq data, followed by comparisons between the .bigwig data and the 4 remaining HemeSeq peaks between 2-5 reads/peak.

24

Joshua Ming Mukerjee
Lewis Katz School of Medicine, Temple University

RESULTS:
Graphical Analysis Revealed Three Main Heme Binding Loci And Four Minor Loci
After downloading the reference sequence for “Human GrCh38”, “Golden Helix Genome Browse
3.0.0” was used to open and plot the .bam file generated from the initial Heme-Seq data, resulting in the
pile up graph shown in Figure 2. Essentially, the peaks in the pile-up and coverage graphs are
representative of how many unique sequence reads appear in a sample sequence aligned against the
reference genome.
In the context of Heme-Seq data, these peaks represent Heme/DNA binding to that region of the
genome.

Figure 2: A screenshot of “Golden Helix Genome Browse 3.0.0”, showing the reference sequence for
“Human GrCh38” (RefSeq plot at the bottom) being compared against a plotted bam file derived from
Heme-Seq data (coverage and pile-up plots in the screenshot). Note there are three large peaks of
interest from Heme-Seq data.
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Data File Preparation For “BLAST” Analysis
Highlighting peaks of interest in GenomeBrowse displays the associated genomic coordinates,
which can be used with various external databases for further analysis. The genomic coordinates of the
three main peaks were defined as the first base of the most 5’ read of the peak and the last base of the
most 3’ read of the peak. These coordinates were then entered into the NCBI Genome Data Viewer (a tool
for the exploration and analysis of primarily NCBI-annotated eukaryotic genome assemblies) using the
GRCh38.p13 assembly. This allowed the sequence data associated with the genomic coordinates to be
downloaded in the form of a fasta file (a typical text format for representation of nucleotide sequences
and amino acid sequences) as shown in figure 3.

.
Figure 3: Screenshot of NCBI Genome Data Viewer, highlighting results for a search of the genomic
coordinates 10:127,225,570-127,225,762 (chromosome 10), associated with the highest pileup peak in
the visualized Heme-Seq data. Note download button expanding to present options for downloading
associated sequence data in a variety of formats, including fasta.
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A “Nucleotide BLAST” Analysis Revealed Several Peaks Of Interest
The DNA sequences (Table 2) corresponding to the three largest pile-up peaks over 5 reads/peak
were: chr1: 125,179,516-125,181,075, chr3: 93,470,362-93,470,799, and chr 21: 7,926,142-7,926,762.
Pileup peaks with between 2-5 reads/peak were: chr 2: 109,199,352 – 109,199,834, chr 5: 49,658,620 –
49,659,024, chr 16: 34,592,513 – 34,593,043, and chr 16: 46,390,385 – 46,390,817. The seven peaks
spanned six chromosomes (Figure 4).

Figure 4a: High resolution zoom of primary heme binding loci peak at chr1: 125,179,516-125,181,075

Figure 4b: High resolution zoom of primary heme binding loci peak at chr3: 93,470,362-93,470,799
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Figure 4c: High resolution zoom of primary heme binding loci peak at chr21: 7,926,142-7,926,762

Heme Binding Sites Corresponded To Many Non-G-quadruplex Nucleotide Repeat Sequences
While we expected that the top hits in the Hemeseq data would correspond to G-quadruplex
forming loci, use of the QGRS mapper tool (software used to detect putative Quadruplex forming G-Rich
Sequences in a given sequence) indicated that instead, there were numerous other nucleotide repeats
present in the top three heme binding loci, several of which had matching entries in the Dfam database
(Table 2).
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Table 2: Heme-binding loci (selected based on visualization of Heme-Seq data), and their associated
repeats
Chromosome

Repeat

Repeat

start

end

point

point

GATTCCATTC

9

ATTCCATTCG

Repeat

Repeat

period

family

54

10

HSATII

337

381

10

HSATII

ATTCCATTCG

805

849

10

HSATII

ATTCCATTCG

1351

1531

10

HSATII

GATTCCATTCA

1663

1752

10

HSATII

GATTCCATTC

1785

1823

10

HSATII

ATATTTGATGTACTTTC

3

84

17

SAR

TTCCA

45

3050

5

HSATII

CCATTCCATT

3265

3510

10

HSATII

ATGGA

1

483

5

HSATII

ATTCC

13

482

5

HSATII

TTCCATTCGAG

56

242

10

HSATII

ATTCC

13

482

5

HSATII

Base pair
Associated repeats

number
1

3
21

2
5
16
16

coordinates
125,179,516125,181,075

93,470,36293,470,799
7,926,1427,926,762

109,199,352 –
109,199,834
49,658,620 –
49,659,024
34,592,513 –
34,593,043
46,390,385 –
46,390,817

Genes Residing Nearby To Heme Binding Regions.
Genes did not appear in the vicinity of the primary heme binding loci (tables 3-9) until a distance of
500,000 basepairs from the loci was measured, at which point gene quantities numbering 1 (primary loci
on chromosome 10), 6 and 11 (the primary loci on chromosome 16) were noted. At the 800,000
basepair distance mark, total gene quantities were slightly larger, starting at 9 (chromosome 10), and
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reaching 15 to 17 (chromosome 16). At the 1,000,000 basepair mark, the total quantity of genes for
each primary loci rose slightly, with quantities of 10 (chromosome 10), 20 and 18 (chromosome 16)
being noted.
Table 3: Genes nearby primary heme binding loci matching repeat site chr10: 42,070,289-42,071,249
Within distance of (bp):

Number of genes

100,000

0

500,000

1

800,000

9

1,000,000

10

Table 4: Genes nearby primary heme binding loci matching repeat site chr16: 46,390,242-46,390,866
Within distance of (bp):

Number of genes

100,000

0

500,000

11

800,000

17

1,000,000

20

Table 5: Genes nearby primary heme binding loci matching repeat site chr16: 34592329-34593281
Within distance of (bp):

Number of Genes

100,000

0

500,000

6
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800,000

15

1,000,000

18

Table 6: Genes nearby secondary heme binding loci chr2: 109,199,352 – 109,199,834
Within distance of (bp):

Number of Genes

1000

1

10,000

1

100,000

4

1,000,000
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Table 7: Genes nearby secondary heme binding loci chr5: 49,658,620 – 49,659,024
Within distance of (bp):

Number of genes

1000

0

10,000

0

100,000

0

1,000,000

1

Table 8: Genes nearby secondary heme binding loci chr16: 34,592,513 – 34,593,043
Within distance of (bp):

Number of genes

1000

0

10,000

0
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100,000

0

1,000,000

12

Table 9: Genes nearby secondary heme binding loci chr16: 46,390,385 – 46,390,817
Within distance of (bp):

Number of genes

1000

0

10,000

0

100,000

0

1,000,000

18

Primary Heme Binding Loci Are Adjacent To Chromosomal Centromeres
The top 2 peaks of interest were located close to the centromere of their respective
chromosomes, as shown in figure 5 below. The centromere, being the portion of the chromosome that
spindle microtubules attach to during cell division, is critical to proper segregation of the chromosomes,
with abnormalities in the process being heavily associated with cancer and genomic instability.
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Figure 5: Screenshots from NCBI’s Genome Data Viewer showing the presence of centromeres adjacent
to the top 2 primary heme-binding loci/peaks of interest

DAVID Analysis Reveals Repeat Affinity Towards Gene Functions Relating To Phosphoprotein,
Postsynaptic Density, And The Actin Cytoskeleton
Following tabulation of genes nearby the repeats of chromosomes associated with the primary
peaks, a DAVID analysis was performed on these repeats to better understand the associations between
these genes.
While the DAVID analysis for the genes present on chromosome 10 was inconclusive (likely due
to there being an insufficient number of genes), chromosome 16’s DAVID analysis revealed a pattern of
functionality relating primarily to cellular structure and integrity (phosphoproteins, the actin cytoskeleton,
etc.) as tabulated in table 10 below.
Table 10: DAVID results for genes within 1,000,000 bp of heme binding loci
Loci
Chr10:42,070,289-42,071,249

Functional affinities (from Functional
Annotation Chart)
Isopeptide bond
Ubl conjugation

Chr16:46,390,242-46,390,866

Extracellular exosome
Actin cytoskeleton

Chr16: 34592329-34593281

N/A

Chr2: 109,199,352 – 109,199,834

Cytoplasm
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Cytosol
Chr5: 49,658,620 – 49,659,024

N/A

Chr16: 34,592,513-34,593,043

N/A

Chr16: 46,390,385 – 46,390,817

Phosphoprotein
Postsynaptic density
Actin cytoskeleton

Homology Model Analysis Reveals Regulatory Motifs In Heme Binding Loci
To determine whether any putatively expressed proteins from Heme-Seq binding loci may possess
important motifs, analysis via MODELLER of the primary heme binding loci on chromosomes 1 and 21 with
alginate lyase and Encephalitis virus envelope protein as templates produced two homology models as
shown in figure 6 below. Subsequent evaluation through a combination of the programs WHATIF,
PROCHECK, VERIFY3D, and ERRAT generated corresponding quality scores as shown in tables 11/12 below.
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Figure 6: Homology models data generated via MODELLER for primary heme binding loci on
chromosomes 1 (top) and 21 (bottom), with corresponding quality estimate
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Table 11: Quality scores for homology model generated for primary heme binding loci on
chromosome 1.
Parameter

Score

Amino acids

MolProbity

2.01

Clash Score

3.47

Ramachandran Favoured

91.18%

Ramachandran Outlier

0.0%

Rotamer Outliers

2.94%

C-Beta Deviations

0

Bad Bonds

0/294

Bad Angles

4/392

A133 HIS, A132 ASP, A134 HIS

Cis Non-Proline

1/34

A152 SER-A153 ASN

A137 ASP
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Table 12: Quality scores for homology model generated for primary heme binding loci on
chromosome 21.
Parameter

Score

MolProbity

2.06

Clash Score

3.46

Ramachandran Favoured

82.35%

Ramachandran Outlier

3.92%

Amino acids

A162 PRO, C162 PRO, B162
PRO. A121 ILE, B121 ILE, C121
ILE

Rotamer Outliers

1.96%

C121 ILE, B121 ILE, A121 ILE

C-Beta Deviations

3

A121 ILE, B121 ILE, C121 ILE

Bad Bonds

0/1347

Bad Angles

24/1839

(C121 ILE-C122 PRO), (B121 ILEB122 PRO), (A121 ILE-A122
PRO), (C161 ILE-C162 PRO),
(A161 ILE-A162 PRO), (B161
ILEB162 PRO), B154 HIS, C154
HIS, A154 HIS, (C146 ILE-C147
PRO), (B146 ILE-B147 PRO),
(A146 ILE-A147 PRO), A121 ILE,
C121 ILE, B121 ILE, A153 PHE,
B153 PHE, C153 PHE
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While the quality of a homology model consists of several different factors generally subject to
discretionary interpretation, the MolProbity score can be considered as an “overall” measure of quality.
MolProbity is a log-weighed combination of clash score (a measure of overall Van der Waals repulsion
energy created by clashes in the generated structure), percentage of the Ramachandran plot which is
unfavored (representing energetically disallowed/improbable dihedral ψ- φ backbone dihedral angles),
and percentage of bad side-chain rotamers. MolProbity score represents the crystallographic resolution
expected for the given quality values, meaning that a homology model with a lower MolProbity score is
typically considered higher quality for a given crystallographic resolution than a homology model at the
same resolution with a higher MolProbity score.
The homology model generated for the primary heme binding loci on chromosome 1 is high
quality, with over 90% of the Ramachandran plot energetically favorable, and few bad angles (mostly
involving histidine, aspartic acid, and asparagine) and rotamer outliers. The homology model for the
primary heme binding loci on chromosome 21 is also high quality, although it contains some outliers and
quality abnormalities compared to the model for chromosome 1; the molprobity score is .05 higher than
that for chromosome 1, the proportion of Ramachandran plot which is energetically unfavorable is
significantly higher and contains outliers, and there are significantly more bad angles. The amino acids
involved in these outliers and bad angles are primarily prolines and isoleucines, along with some
histidines and phenylalanines associated with bad angles. It can be inferred that the quality
anomalies/bad angles are indicative of unique structural properties differing from the template protein
structures. In particular, histidine is involved in bad angles for both homology models generated.
Histidine has a propensity to form complexes with a variety of metal ions (usually due to the imidazole
sidechain of the histidine acting as a ligand for metalloproteins), including the iron ion found in heme
molecules. This suggests that the primary heme binding sequences in question may play a unique role
in regulation through the binding of iron ions in the context of heme molecules.
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QRS Mapper Analysis Indicated Large Concentration Of G-quadruplexes Near Secondary Heme-binding
Loci On Chromosome 2
With the initial graphical analysis performed, an analysis was performed on the heme-binding
loci/peaks of interest using the QGRS mapper tool available at bioinformatics.ramapo.edu to detect
putative quadruplex forming G-Rich sequences in the loci. While most of the loci did not indicate
quadruplex forming potential, the heme-binding loci at Chromosome 2, 109,199,352 – 109,199,834, was
found to be associated with numerous putative quadruplex forming sequences, as listed in table 13 below.
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Table 13: Putative quadruplex forming sequences detected within the heme binding loci
present at chromosome 2, 109,199,352 – 109,199,834

Position

Length

QGRS

G-Score

72

17

GGAATGGAATGGAATGG

21

97

17

GGAATGGAATGGAATGG

21

117

17

GGAATGGAATGGAATGG

21

142

17

GGAATGGAATGGAATGG

21

162

17

GGAATGGAATGGAATGG

21

187

17

GGAATGGAATGGAATGG

21

217

17

GGAATGGAATGGAATGG

21

241

17

GGAATGGGATGGAATGG

21

271

17

GGAATGGAATGGAATGG

21

296

17

GGAATGGAATGGAATGG

21

316

17

GGAATGGAATGGAATGG

21

341

17

GGAATGGAATGGAATGG

21

371

17

GGAATGGAATGGAATGG

21

391

17

GGAATGGAATGGAATGG

21

426

17

GGAATGGAATGGAATGG

21

456

17

GGAATGGAATGGAATGG

21

476

17

GGAATGGAATGGAATGG

21

496

17

GGAATGGAATGGAATGG

21

521

17

GGAATGGAATGGAATGG

21

541

17

GGAATGGAATGGAATGG

21

561

17

GGAATGGAATGGAATGG

21

581

29

GGAATGGAAATAACAAAATTGTCTTGGGG

3
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Heme-Seq Technique Is Validated By Comparison Of The Heme-Seq Data To Similar Study Data
Derived From CHIP-Seq In Live Cells
The top three peaks of interest from Heme-Seq data were directly compared against the bigwig
formatted data from the Zheng et al. study in 202. The difference of these two studies is that the HemeSeq assay was performed with the fixed DNA material, which is based on the classical chromatin
precipitation method, using free heme molecules as the probe; the CHIP-Seq assay by Zheng et al was
performed with live cells using a small artificial G-quadruplex binding protein as the probe. The
comparation analysis revealed that the CHIP-Seq data from the Zheng et al study showed universal
significant coverage across the genome, whereas the Heme-Seq data showed specific binding loci as
shown in figures 7a-c. The regions which exhibited binding at the three peaks from the Heme-Seq data
also show binding coverage in the CHIP-Seq data. Results for the comparison analysis of the 4 additional
peaks between 2-5 reads/peak were similar, with the portions of the Heme-Seq data with coverage
agreeing with the CHIP-Seq data, albeit with slight variations and less complete coverage in the CHIP-Seq
data as shown in figures 8a-d.
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Figure 7a: Direct comparison of Heme-Seq data to Zheng paper CHIP-Seq data for loci chr1:
125,179,516-125,181,075

Figure 7b: Direct comparison of Heme-Seq data to Zheng paper CHIP-Seq data for loci chr3:
93,470,362-93,470,799
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Figure 7c: Direct comparison of Heme-Seq data to Zheng paper CHIP-Seq data for loci chr 21:
7,926,142-7,926,762

Figure 8a: Direct comparison of Heme-Seq data for Zheng paper CHIP-Seq data for loci 2: 109,199,352 109,199,834
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Figure 8b: Direct comparison of Heme-Seq data for Zheng paper CHIP-Seq data for loci 5: 49,658,620 49,659,024

Figure 8c: Direct comparison of Heme-Seq data for Zheng paper CHIP-Seq data for loci 16: 34,592,513 34,593,043
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Figure 8d: Direct comparison of Heme-Seq data for Zheng paper CHIP-Seq data for loci 16: 46,390,385 46,390,817
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DISCUSSION:
The Heme-Seq technique was developed to investigate heme-binding loci and the associated
genes, using agarose bound heme molecules as a probe. Using the Heme-Seq assay to analyze the DNA
purified from human blood samples, we successfully identified multiple DNA binding sites. There were
three primary heme binding loci and 4 secondary heme binding loci. Further analysis of the primary 3
peaks of interest revealed that while there were no G-quadruplex forming sequences as originally
predicted, the primary loci did harbor many nucleotide HSATII (Human Satellite II) family of tandem
repeats.
The non-G-quadruplex nucleotide repeats in two out of three primary peaks were located
adjacent to centromeres. Therefore, based on our data, it is reasonable to hypothesize that heme is
functionally associated with centromeric repetitive DNA and may play an important role in chromosome
stability and segregation, as well as gene regulation. It has been well known that there is a large amount
of repetitive DNA present adjacent to centromeres, and empirical evidence which suggests important
roles of repetitive DNA in chromosome stability and segregation, as well as gene regulation (Lower S. E.
et al, 2019). Abnormal centromeric repetitive DNA has been linked to human diseases.
Our homology model data suggested the presence of regulatory motifs in these repeats. Our data
indicates the direct association of heme with the nucleotide repeats adjacent to centromeres, suggesting
heme plays a role in the regulatory function of these repetitive DNA. Our data is also consistent with
published research findings regarding the regulatory functions of these DNA repeats and provides new
evidence which further supports the regulatory role of these centromere nucleotide repeats reported in
literature.
Most heme-binding repeats belong to the HSATII (Human Satellite II) family of tandem repeats,
which is commonly misregulated in the context of various cancers and tied to dysregulation of the
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epigenome. Hall et al found in a 2017 study that HSATII sequences typically bind regulate chromatin
regulatory proteins, and that a common trait of most cancers is the formation of nuclear bodies stemming
from deregulation of HSATII repeats. In other words, HSATII repeats are proposed to function as a
“molecular sponge” which sequesters chromatin regulatory proteins to aggregate into abnormal nuclear
bodies following demethylation. Whether heme may function in regulating this process, or possibly play
a direct role in the process is not yet known.
HSATII has also been implicated in embryonic development and stress responses. For example, at
the beginning of 2021, Mitsuhashi et al. summarized various studies implicating HSATII repeats as one of
the transcriptional regulation mechanisms activated by DUX4 gene, which is misexpressed in
facioscapulohumeral muscular dystrophy, an inherited muscle disease which initiates in the cleavage
stage embryo. Later that same year, Porokhovnik et al. reviewed studies suggesting that satellite III and II
work in conjunction under conditions of stress to facilitate the universal stress response. Heme
oxygenase, the primary enzyme responsible for heme degradation is also up regulated under various
stress conditions.
ASAR, or minisatellite from Human Satellite I locus, was defined as part of a study from 1986 by Prosser
et al., however minimal information is available due to a lack of research into the minisatellite. In addition
to the numerous repeats found in the primary heme binding loci, we also detected the presence of Gquadruplex forming site on one of our secondary heme binding loci on chromosome 2 and identified
several genes near the G-quadruplex forming site. Although very few G-quadruplex forming sites were
found from the Heme-Seq assay, it is possible that this was only the case for the primary and secondary
heme binding loci analyzed. It may be that there were more G-quadruplex forming repeats read by the
Heme-Seq assay, but the non G-quadruplex repeats were more prominent or accessible to heme and thus
constituted the majority of the primary and secondary heme binding loci which were the subject of direct
analytics.
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Satellite DNA, referring to large arrays of tandemly repeating noncoding DNA, is the primary
component of functional centromeres, as well as the primary structure component of heterochromatin
(Lohe et al. 1993) The name refers to the phenomenon where repetitions of short DNA sequences produce
a second “satellite” band when DNA is separated on a density gradiant due to the repetitions producing
a different frequency of bases, leading to a density distinct from that of bulk DNA (Kit 1961). Indeed, the
first human centromeric DNAs to be identified were initially isolated from three distinct genomic DNA
fractions with varying densities (Corneo et al. 1967, 1968, 1970, 1971). These fractions were labeled as
classical satellites I through III. Within these satellites were what is referred to as satellite families 1
through 3, named after their presence in their respective satellites. These satellite families each consists
of a unique simple repeat sequence. Subsequent in situ hybridization studies later established that many
of these DNA fractions could be found adjacent to centromeres, in particular satellite 1 was adjacent to
the centromeres of chromosome 3,4, and the acrocentric chromosomes, (Kalitsis et al. 1993; Meyne et al.
1994; Tagarro et al. 1994b) and satellite 2 could be found adjacent to centromeres in chromosomes 2 and
10 (Tagarro et al. 1994a). While the noncoding DNA which comprises these satellites are traditionally
assumed to be “junk” functionless genetic sequences, there is a growing body of evidence which suggests
a regulatory role.
CHIP-Seq is a common technique used to study the associations of DNA/protein or DNA/DNA.
Most studies are typically performed with chemically fixed cells, although there are some publications
which performed CHIP-Seq using living cells. Given that the Heme-Seq technique to identify G-quadruplex
binding sites is a new approach, it is important to compare the data obtained from Heme-Seq to similar
studies using the more orthodox CHIP-Seq method. To do so, we performed a direct comparison of our
data to CHIP-Seq results from a recent 2020 paper by Zheng et al. Our side-by-side data comparison
analysis revealed that the data collected by Heme-Seq was consistent with the CHIP-Seq data, although
the CHIP-Seq method detected many more genetic loci than the Heme-Seq technique. It should be noted
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that the CHIP-Seq technique used in the Zheng et al. paper was performed using living cells which is much
closer to a natural setting. The fact that the CHIP-Seq results and the Heme-Seq results agreed with one
another indicates that Heme-Seq is a viable means of detecting G-quadruplexes without erroneous false
positives.

Although CHIP-Seq method can identify a broad spectrum of loci associated with G-

quadruplexes, it has a lack of specificity, suggesting more new techniques are needed to further study of
specific G-quadruplex associated genes. Heme-Seq method is an example of a new approach which can
be used to identify more specific groups of genes associated with Heme-binding G-quadruplexes.
The Heme-Seq assay was deployed as a potentially viable alternative to typical ChIP-Seq
techniques to utilize the binding properties of heme molecules for detecting specific heme-bind loci. As
expected, using Heme-Seq assay we were able to identify G-quadruplex forming sites and associated
genes, demonstrating the close association of heme and G-quadruplexes, which is consistent with the
data reported in literature. To our surprise, using Heme-Seq assay, we were also able to identify two nonG-quadruplex forming loci located adjacent to centromeres, indicating that heme not only binds to Gquadruplex forming sequences, but also binds effectively to non-G-quadruplex nucleotide repeats. Heme
is well known as a cofactor for many regulatory molecules and there is plenty of research data in the
literature which suggests important roles of centromeric DNA repeats in chromosome stability and
segregation, as well as gene regulation. Our data also revealed the novel role for heme acting binding to
non-G-quadruplex DNA repeats. The biological role and importance of this binding is not known.
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APPENDIX:
DAVID Analysis Results:
-Primary:
Functional Annotation Chart
Category Term
Count
%
PValue
UP_KEYWORDS
Phosphoprotein 6 85.71429 0.041243
GOTERM_CC_DIRECT
GO:0014069~postsynaptic
2 28.57143
density
0.059079
GOTERM_CC_DIRECT
GO:0015629~actin cytoskeleton
2 28.57143 0.06967

Genes
List Total Pop Hits Pop Total Fold Enrichment
BonferroniBenjamini FDR
81831, 79801, 10294,
7 23594,
8246
55737, 20581
91807 2.139323 0.829485
1
1
81831, 55737
7
184
18224 28.29814 0.768111 0.836043 0.836043
23594, 91807
7
218
18224 23.88467 0.82328 0.836043 0.836043

Functional Annotation Clustering
AnnotationEnrichment
Cluster 1 Score: 0.6353546914993984
Category Term
Count
%
PValue
UP_KEYWORDS
Phosphoprotein 6 85.71429 0.041243
UP_KEYWORDS
Polymorphism
5 71.42857 0.51355
UP_SEQ_FEATURE
sequence variant 5 71.42857 0.586145

Genes
List Total Pop Hits Pop Total Fold Enrichment
BonferroniBenjamini FDR
81831, 79801, 10294,
7 23594,
8246
55737, 20581
91807 2.139323 0.829485
1
81831, 79801, 23594,
7 55737,
12043
91807 20581 1.220685
1
1
81831, 79801, 23594,
7 55737,
12443
91807 20063 1.151709
1
1

1
1
1

Secondary:
Functional Annotation Chart
Category Term
Count
%
PValue
Genes
List Total Pop Hits Pop Total Fold Enrichment
BonferroniBenjamini FDR
GOTERM_CC_DIRECT
GO:0005829~cytosol
5 71.42857 0.011992 6819, 9648, 3987, 4867,
7 5903
3315
18224 3.92674 0.344424 0.419704 0.419704
GOTERM_MF_DIRECT
GO:0005515~protein
7 binding
100 0.019848 6819, 7851, 10913, 9648,
7
3987,
87854867,16881
5903 1.921571 0.274398 0.31756 0.31756
UP_SEQ_FEATURE
mutagenesis site 4 57.14286 0.020171 10913, 9648, 3987, 5903
7
2191
20063 5.232575 0.653416
1
1
GOTERM_CC_DIRECT
GO:0005911~cell-cell
2 junction
28.57143 0.055317 3987, 4867
7
172
18224 30.27243 0.863535 0.96804 0.96804
UP_SEQ_FEATURE
compositionally biased
2 28.57143
region:Glu-rich
0.084219 9648, 4867
7
292
20063 19.63112 0.989692
1
1
GOTERM_BP_DIRECT
GO:0010628~positive
2 28.57143
regulation 0.090052
of gene expression
10913, 3987
7
262
16792 18.31189 0.998514
1
1

Functional Annotation Clustering
AnnotationEnrichment
Cluster 1 Score: 0.27877588887304855
Category Term
Count
%
PValue
UP_KEYWORDS
Cytoplasm
3 42.85714 0.427742
UP_KEYWORDS
Phosphoprotein 4 57.14286 0.45705
UP_SEQ_FEATURE
splice variant
3 42.85714 0.745635

Genes
List Total Pop Hits Pop Total
6819, 9648, 4867 7
4816
20581
6819, 9648, 4867, 5903
7
8246
20581
6819, 9648, 4867 7
7760
20063

Fold Enrichment
BonferroniBenjamini FDR
1.831484
1
1
1.426215
1
1
1.108045
1
1
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1
1

