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Abstract

The majority of the human genome consists of non-protein coding sequences of unknown function. A pipeline for
predicting the functionality of these sequences utilizing selection algorithms from the HapMap project to identify
SNPs, a mirror UCSC Genome Browser site to collect SNP flanking sequences, and finally the TRANSFAC database
to discover homology to known regulatory sites is described herein. It was found that around three quarters of the
non-coding SNP flanking sequences of human chromosome 16 (a) may play a significant role in transcription
regulation, and (b) are on average 5kb closer to genes than non-coding SNPs as a whole.

Introduction

Francis Crick’s “central dogma” of molecular biology can be simply interpreted as “DNA makes RNA, which makes
proteins.” The completion of the human genome project and the subsequent analysis of the functionality of human
DNA have revealed that only about 2% of the genome participates in the process indicated by this central dogma,
with around 98% of the human genome defined as non-protein coding. When this percentage is compared to other
genomes, a puzzling discord arises between the amount of coding DNA and the apparent complexity of an organism.
This is known as the G-value paradox 8 (Fig. 1). For example, humans have less than twice the number of genes
(20,500) as a fruit fly (14,000) but are seemingly much higher in complexity 1722 Higher complexity seems to be
correlated with the relative increase of the non-coding regions of an organism, but not the protein-coding region 2,

Figure 1. Ratios of the grotein-coding, non-coding and untranscribed sequences in bacterial, yeast, nematode and
mammalian genomes 0
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When faced with this paradox, scientists proposed mechanisms for increased protein diversity in mammals, such as
the use of multiple transcription start sites, alternative pre-mRNA splicing and polyadenylation, pre-mRNA editing, and
post-translational modifications, with alternative splicing considered as the most important source of protein diversity
15. However, this idea warrants serious reconsideration in light of the discovery that mammals do not have
considerably higher levels of alternative splicing than organisms in other phyla, such as insects, which are thought to
be much less complex °.

Current theories that seek to explain the complexity of organisms must rely not solely on the size and diversity of the
transcriptome, but also the complex regulation of gene expression % Gene regulation in eukaryotes involves a
complicated system of transcription factors that activate or repress genes via DNA binding sites ' Within an
organism, each cell type in a certain tissue at each developmental stage has its own custom gene expression profile
due a unique combination of transcription factors. The specialized control of transcription factors over gene
expression seems to offer a possibility for further explanation of the G-value paradox. If the non-coding region is rich
with transcriptional control sites and these transcriptional controls are critical in the complex assortment and
processing of gene products in humans, then the importance of a non-coding region for complexity as a pattern
throughout nature would be an intriguing hypothesis.

Genetic variation has been studied in the context of diseases that afflict humans ' 8. The search for disease genes
was built off the first human genome reference sequence and the subsequent HapMap =, HapMap describes blocks
of DNA tagged by common single nucleotide base variants (single nucleotide polymorphisms, or SNPs) by
determining whether a particular SNP is positively selected or not. Positive natural selection describes the
phenomenon that the prevalence of traits advantageous to reproduction tends to increase in a given population.
Positive selection is detected using five “signatures” or patterns of genetic variation in DNA sequences: high
proportion of function-altering mutations, reduction in genetic diversity, high frequency derived alleles, differences
between populations, and long haplotypes 9 Only SNPs that were recently under selective pressure and were found
in all four HapMap ethnic groups were considered here in order to conservatively denote the most likely sites of
transcription factor binding (see methods). These recently selective pressures could include any widespread selective
effects around the world, from rising average global temperatures to technological changes in modern society. A study
of non-genic sequences of chromosome 21 showed that highly conserved SNPs are present within non-coding
regions on the chromosome °. The fact that some non-protein coding SNPs are highly conserved indicates that they
are either functionally important, possibly possessing structural roles or roles involved with gene expression, or that
they are simply genetic markers of a more extended haplotype that are merely co-inherited with the causal variant.
This ambiguity in the interpretation of genetic variation is a common issue in linkage studies " For example, a non-
coding SNP may be located at a site which allows for both transcription factor binding and the transcription of non-
coding RNA, making it difficult to determine the reason for selection at any given site.

While prokaryotic gene expression is generally divided into discrete operons with transcription factors relatively
nearby and upstream of the site of transcription initiation, in eukaryotes this is not the case. For example, eukaryotic
cis—acting transcription factors have been known to be more than 50 kilobases away from the genes that they
regulate ‘, either upstream or downstream, acting on those genes via a combination of binding to their appropriate
sites and DNA looping. Since sequence proximity correlates to mitotic segregation percentages (as it is the basis of
linkage studies), being close to genes may actually indicate that these SNPs are linkage markers rather than
transcription factor binding sites. On the other hand, proximity to genes may have higher correlation with certain gene
regulation functions. Since TRANSFAC includes both cis and trans-acting elements, further research would need to
be performed in order to determine the relevance of gene proximity to transcription factor binding sites in eukaryotes.

The role of the vast amount of non-coding sequences in the human genome may be further elucidated through the
analyses of SNPs, transcription factor related areas, and the effect of selection on the sequences. A technique for
collecting transcription regulation information of the non-coding regions of chromosome 16, as well as a process for
characterizing some regulatory differences between recently positively selected (Pos) SNP flanking sequences and
recently non-positively selected (NonPos) sequences is described herein. SNPs from the non-protein coding regions
identified from UCSC Genome Browser were screened using Haplotter in the Phase || HapMap Database to
determine selection. SNP flanking sequences from dbSNP build 135 with perfect re-alignment in the Genome
Browser were processed through the PATCH program of the TRANSFAC database to search for potential roles in
transcription.

Materials and Methods
HapMap Data Collection

The International HapMap Consortium has characterized 3.1 million human SNPs, genotyped in 270 individuals from
four geographically diverse populations. In this study, their Phase Il data ® are utilized. Their database has been made



available via a web application that displays the results of a scan for positive selection in the human genome B The
HapMap includes only the most common markers, which are found in at least 5% of the population. Using this
application, a list of the most non-positively selected non-protein coding SNPs was generated (7233 total), and the
most positively selected non-protein coding SNPs (24630 total) on chromosome 16 as recorded by RefSNP
accession IDs (rsnumbers) was analyzed in all four HapMap ethnic groups (CEU/YRI/CHB/JPT). The HapMap
database, while available via a web application, is also available for download. While the web application was used to
do spot checks, the data were downloaded and used directly for this work.

UCSC Genome Browser Mirror

The University of California at Santa Cruz (UCSC) has developed a Genome Browser website as a graphical
interface for a large database of publicly available sequence and annotation data along with tools for comparing and
aligning genome sequences between species and among different datasets * The browser sequences and
annotation data were downloaded from the UCSC website, as well as the Genome Browser source code. The source
code was used to incrementally create a mirror site as per the Genome Browser instructions. For this project, the
track SNP135 was used, which contains data about SNPs and small insertions and deletions from a provisional
release of dbSNP build 135, available from the National Center for Biotechnology Information (NCBI). dbSNP
provided a provisional release of genomic coordinates mapped from NCBI build 36 to the latest human assembly,
GRCH37 (also hg19). Using this mirror site of the UCSC genome browser, each flanking sequence for the non-
protein coding SNPs in chromosome 16 was mined to include only those regions around the SNPs that were found in
each of the four HapMap populations (CEU/YRI/CHB/JPT). Chromosome 16 was chosen as a randomized sample as
it appeared first on our initial search on the UCSC genome browser. Non-coding DNA sequences flanking the SNPs
were gathered and aligned from the UCSC database by an automated process. The sequences were then imported,
via automation, into the TRANSFAC web server that examines the DNA for identifiers and the associated factors that
correlate with the DNA codes. The source code was modified to enable automatic search for flanking sequences.
Before processing with TRANSFAC, those SNPs which were in genes regions were first excluded and those SNPs
with flanking sequences that were in gene regions were also excluded.

An example of the UCSC graphical representation of gene or superclass of various data can be seen along the
chromosome in Figure 2.

Figure 2. Superclass SNP locations plotted in the UCSC Genome Browser
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TRANSFAC is a relational database available via the web as six flat files including various data concerning
transcription factors, DNA-binding sites, and target genes (http://www.biobase-international.com/product/transcription-
factor-binding-sites). The program PATCH uses the single site sequences which are stored in the SITE table and
transcription factors are assigned a certain superclass and class, as well as other categorical determinations
according to the DNA-binding domain b Through collaboration with the Chinese University of Hong Kong, several
fields from the tables of the 2009 version of TRANSFAC were collected and organized into two spreadsheets. Public
versions of this database were available, but they did not contain the updated and extensive data that was desired in
this study. The sequences mined from the UCSC Genome Browser mirror were analyzed by the PATCH program
using automation, and the resultant data, which mostly concerned certain identifier sequences and binding factors,
was returned for further analysis. Data from the PATCH program was compiled into two MYSQL tables, one each for
the positively and non-positively selected SNP data. These tables contain data concerning identifiers found in the




flanking sequences of the SNPs. This includes the classification of the identifier, binding factors, functional properties,
location, and expression information.

Refining of TRANSFAC data

TRANSFAC sequences which were present in the flanking sequences of both a non-positively selected SNP and a
positively selected SNP were eliminated along with the two oppositely selected SNPs in order to ensure
unambiguous selection association for analysis. A total of 6.4% of the SNPs found in TRANSFAC were eliminated in
this process. The remaining sequences not shared by the NonPos and Pos cohorts are named “mono-selected.”

Data Analysis
Proximity test script.

The distances of positively selected and non-positively selected SNPs from their nearest known gene were
determined, collected, and analyzed for statistically significant differences between the two cohorts. The SNPs with
flanking sequences overlapping with known genes were excluded. The SNP location on chromosome 16 was
compared to genes from the UCSC Genome Browser list of “known genes” and the smallest absolute distance
regardless of upstream or downstream orientation was collected. Statistical significance was determined by Student’s
t-test of the natural logs of the determined distances. The natural log was used because it showed a better
distribution of data.

Categorization of TRANSFAC data.

The transcription factors predicted to bind to the various collected non-coding sequences were categorized in
accordance with “superclass” distinctions provided by the TRANSFAC database. Differences in superclass
prevalence between selection cohorts as well as proximity differences between the superclasses were analyzed.
Statistically significant distribution differences between the superclasses for the two selection cohorts were
determined using chi-squared tests. Student’s t-tests were again used to determine statistical significance for the
difference in proximity of superclasses to genes.

TRANSFAC Superclass Descriptions.

There are five broad superclasses given by TRANSFAC to include the different types of known transcription factors in
the human proteome. These superclasses differentiate the transcription factors according to their DNA binding
domain, the part of the protein which binds to specific DNA sequences flanking the SNPs collected. The names of
these superclasses are Basic Domain, beta-Scaffold Factors with Minor Groove Contacts, Helix-Turn-Helix, Zinc-
coordinating DNA binding domains, and Other '® (Fig. 3).

Basic Domain (Basic). DNA binding domains rich in basic amino acids, which bind to DNA as a dimer "> %,

Beta-Scaffold Factors with Minor Groove Contacts (Beta). DNA binding domains which are globular and not
elongated, possibly providing extensive contact with the binding sequence. Domains bind to the minor groove of DNA
unlike other transcription factors which bind to the major groove

Helix-Turn-Helix (HTH). DNA binding domains composed of two short a-helices with a B turn in between. One a-
helical segment is the recognition helix as it has the amino acids which interact with a specific binding sequence. This
helix sits in @ major groove with the other helix 34 A away in another major groove

Zinc-coordinating (Zinc). DNA binding domains comprised of varying amounts of zinc finger domains. Zinc fingers
are elongated loops WhICh bind to the major groove of DNA wrapping partially around the DNA double helix and are
held together b;/ one Zn?* ion at the base. The zinc ion is coordinated to either four cysteines, or two cysteines and
two histidines

Other. This is a superclass for DNA binding domains not found in one of the four other superclasses. Our TRANSFAC

results only produced one transcription factor characterized as “Other” by TRANSFAC, transcription factor HMGI(Y).

“Other" will henceforth be called HMGI(Y). HMGI(Y) transcription factors have DNA binding domains with “A-T hooks”
2 The binding sequences for all of our collected HMGI(Y) transcription factors were poly-adenine.

Unique Sequence Scan. Scans for sequences unique to either non-positive or positive selection were performed.



Figure 3. Examples of 4 superclasses: A) Leucine Zipper, a common Basic Domain transcription factor; B) Zinc
1;i4ngers of the Zinc-coordinating superclass; C) Helix-Turn-Helix; D) beta-Scaffold Factors with Minor Groove Contacts

‘ysa _pd-002

Results
Data collection

Table 1. A summary of SNPs and transcription factor binding site sequences collected

Total SNPs 7233 24630
SNPs with TRANSFAC Data 5373 18568
% SNPs with TRANSFAC Data 74.3% 75.4%
SNPs in TF & Mono-Selected 4606 17799
% SNPs in TF & Mono-Selected 63.7% 72.3%
Unique Sequences 32 226

(Shared - 760)

% Unique Sequence of Total Sequence 3.1% 22.2%
(Total Sequence - 1018)



As seen in Table 1, about three quarters of all non-coding SNPs collected were found to have a potential role in
transcription regulation. Moreover, 6.4% of SNPs found in TRANSFAC were located within a sequence which also
contained an SNP of opposite selection. These SNPs and their corresponding sequences were eliminated during the
refining of TRANSFAC data, before any steps of data analysis were conducted. The impact upon the percentage of
mono-selected SNPs in TRANSFAC was greater for the non-positive cohort because both cohorts had roughly the
same numbers of SNPs eliminated (767 NonPos and 769 Pos) but the non-positive cohort had less SNPs originally
collected.

The Unique Sequence Scan found several transcription factor binding sequences which were either solely positively
selected or non-positively selected. Over 7 times more sequences were found to be uniquely positively selected than
sequences which were uniquely non-positively selected. The size of the cohorts does not fully explain this difference
as the positive cohort is just less than 4 times larger than the non-positive, while containing 7 times more sequences.

Proximity Tests

Figure 4. Proximity Test 1: Average distances of SNPs from nearest known gene comparing positively and non-
positively selected sequences in the 3 stages of collection: all SNPs found in non-coding region, non-coding SNPs
with TRANSFAC sequences, and SNPs with TRANSFAC sequences found exclusively in positive or non-positive
flanking regions or “mono-selected.”
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Figure 5. Proximity Test 1 statistical analysis: The natural logs of SNPs average distances with standard deviation
and P-values above bars indicating significant differences between NonPos and Pos groups at each stage.
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Proximity Test 1 (Figs. 4 and 5) found that there was a statistically significant difference in proximity to genes between
positively selected SNPs and non-positively selected SNPs at every stage of our data collection. Figure 4 shows the
actual distances with non-positively selected SNPs on average about 10,000 (All SNPs) to 20,000 (Mono-Selected in
TRANSFAC) base pairs closer to genes than positively selected SNPs.

Figure 6. Proximity Test 2: Average distances of SNPs from nearest known gene comparing 2 stages of collection, All
SNPs in non-coding regions and non-coding SNPs with TRANSFAC sequences, in positive, non-positive, and
combined cohorts.
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Figure 7. Proximity Test 2 statistical analysis: The natural logs of SNPs average distances with standard deviation
and P-values above bars indicating significant differences between collection stage ‘All SNPs’ and collection stage
‘SNPs with TRANSFAC sequences’ in each selection cohort.
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Proximity Test 2 (Figs. 6 and 7) found that there was a statistically significant difference in proximity to genes between
all the SNPs found in the non-coding regions and non-coding SNPs with TRANSFAC sequences. This difference was
found in the positive and non-positive cohorts as well as the two cohorts combined. Figure 6 shows that regardless of
selection non-coding SNPs with sequences which have potential roles in transcription regulation are on average
about 5,000 base pairs closer to genes than non-coding SNPs as a whole.

Categorization of TRANSFAC data

Table 2. Percentage of superclasses for all Pos and NonPos mono-selected TRANSFAC sequence data with chi-
squared values contributed by each superclass to overall chi-squared test.

Superclass (Chi-Squared Value) %Pos %NonPos
Basic Domains (4.28E-5) 13.20% 13.21%
beta-Scaffold Factors with Minor Groove Contacts (18.15) 23.36% 21.39%
Helix-turn-helix (4.83) 34.05% 32.82%
HMGIY (69.67) 2.34% 3.68%
Zinc-coordinating DNA-binding domains (13.98) 27.04% 28.94%

A chi-squared test was performed to test if differences in relative amounts of different superclass sequences are
related to selection. A chi-squared value of 106.6 of all of the superclasses combined (which is higher than the critical
value) showed statistically significant differences between the relative amounts of different positively selected
superclass sequences versus non-positively selected superclass sequences. To elucidate differences caused by
selection between individual superclasses, the individual chi-squared values of each superclass were examined
(Table 2). Of the five different superclasses, beta-scaffold factors with minor groove contacts, HMGI(Y), and zinc-
coordinating DNA-binding domains each have large chi-squared values, higher than the critical values for
significance. The statistical differences between these three superclasses therefore explain most of the differences
between the positively and non-positively selected groups overall. The chi-square values of basic domains seem to



indicate that their relative abundance has almost no relation to selection, and the effect of selection on helix-turn-helix
transcription factors seems minimally present if at all, as they are smaller than the critical values.

Proximity of Superclasses to Genes

Figure 8. Positively selected, non-positively selected, and combined (Pos and NonPos combined) transcription factor
superclass average distance from genes in number of base pairs.
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Figure 9. Positively selected, non-positively selected, and combined (Pos and NonPos combined) transcription factor
superclass natural log of average distance from genes in number of base pairs for statistical analysis with standard
deviation.
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Table 3. Average distances and natural logs of average distances for non-positively selected transcription factor
superclasses away from genes in number of base pairs (bp). P-values of statistical analysis comparing distances
between each superclass. Bold numbers represent statistical significance between two superclasses’ proximity to
genes.

: Avg Dist inc (p- Basic (p- HMGIY (p- [Beta (p- HTH (p-

Zinc 122680.72 10.24 - 0.013 0.005 4.65E-62 5.29E-78
Basic  126710.00 10.37 0.013 - 0.20 6.78E-30 6.23E-35
HMGIY 143983.88 10.49 0.005 0.20 - 3.59E-8 8.94E-9
Beta 200736.16 11.00 4.65E-62  6.78E-30 3.59E-8 - 0.80
HTH 204733.14 11.01 5.29E-78  6.23E-35 8.94E-9 0.80 =

Table 4. Average distances and natural logs of average distances for positively selected transcription factor
superclasses away from genes in number of base pairs. P-values of statistical analysis comparing distances between
each superclass. Bold nhumbers represent statistical significance between two superclasses’ proximity to genes.

Avg Dist inc (p- Basic (p- HMGIY (p- [Beta (p- HTH (p-

Zinc 144147.4 10.75 — 5.39E-5 0.3 2.47E-185  8.45E-169
Basic  147624.1 10.86 5.39E-5 - 0.31 3.22E-88 9.05E-73
HMGIY 158657.0 10.80 0.36 0.31 -— 2.31E-26 3.32E-21
Beta 223468.0 11.37 2.47E-185 3.22E-88 2.31E-26 o= 0.0004
HTH 224808.8 11.30 8.45E-169 9.05E-73 3.32E-21 0.0004 -

Table 5. Average distances and natural logs of average distances for combined positively and non-positively selected
transcription factor superclasses away from genes in number of base pairs. P-values of statistical analysis comparing
distances between each superclass. Bold numbers represent statistical significance between two superclasses’
proximity to genes.

Both Avg Dist inc (p- Basic (p- HMGIY (p- |Beta (p- HTH (p-

Zinc 139190.48 10.63 -— 6.97E-7 . 1.62E-251 3.27E-247
Basic  143040.90 10.75 6.97E-07  --- 0.37 1.6E-117 3.22E-105
HMGIY 154175.02 10.71 0.11 0.37 - 2.63E-36 6.30E-31
Beta 218821.50 11.30 1.62E-251 1.6E-117 2.63E-36 - 0.002

HTH 220535.38 11.24 3.27E-247 3.22E-105  6.30E-31 0.002 ==
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The superclass proximity tests (Figs. 8 and 9) found statistically significant differences in the proximity to genes
between several superclasses in positive (Table 4), non-positive (Table 3), and combined selection cohorts (Table 5).
One of the major differences found in all selection cohorts was a large distance between average Zinc, Basic, and
HMGI(Y) proximities compared to Beta and HTH proximities. Zinc, Basic, and HMGI(Y) binding sequences were on
average about 60,000 to 80,000 base pairs closer to genes than the average Beta or HTH binding sequences. Zinc
was found to be significantly closer to genes than Basic in all cohorts by about 4,000 base pairs, while the difference
between Beta and HTH cannot be considered statistically significant across the selection cohorts. HMGI(Y) also
cannot be considered significantly different than the two closest superclasses, Zinc and Basic.

Discussion

The implications of gene proximity in relation to selection are difficult to ascertain without further work, but the
patterns elucidated in this paper provide evidential support for the theory that transcription factor binding sites exist in
significant numbers in non-coding DNA as another component of human gene regulation, given that over 74% of
SNPs in the non-coding regions of human chromosome 16 have flanking sequences that are homologous to
transcription factor binding sites (Table 1). The regulatory role of non-coding DNA, however, seems to be a
significantly dynamic part of gene regulation in humans. Since non-positively selected SNPs were on average about
10,000-20,000 base pairs closer to genes than positively selected SNPs (Figs. 4, 5; proximity test 1), and if this
reveals a relationship to the functions that these SNPs play in gene regulation, then it indicates a declining role for
that function. However, since SNPs linked to transcription regulation in the TRANSFAC database were on average
5,000 base pairs closer to genes than non-coding SNPs as a whole (Figs. 6 and 7), there may be conflicting selective
forces at work.

The potential effects on the selection of transcription factors that bind to the sites predicted in this paper, however,
may begin to clarify the nature of these forces. Interestingly, the chi-square test of the prevalence of superclass
groups suggested that distribution between superclasses is affected by selection (Table 2). While these differences
may be graphically minute, there is no standard for a biologically relevant amount of selection, and the selective
differences in superclasses found here are statistically significant. Analysis of individual chi-squared values indicates
that the HMGI(Y) transcription factor group is by far the most enriched by selection, with Zinc-coordinating DNA-
binding domains and beta-Scaffold Factors with Minor Groove Contacts the next most affected groups. Basic Domain
transcription factors and Helix-turn-Helix transcription factors show very minimal effects of selection. Whether these
distributions reveal an actual trend in the role of different transcription factors in chromosome 16 alone could be
investigated by using similar techniques for other chromosomes or even the genome as a whole to see if this pattern
continues.

The differences in the proximity of superclass groups to genes were significant (Figs. 8, 9, Tables 3-5). Basic
Domains, Zinc-Coordinating factors, and HMGI(Y) were on average about 60,000-80,000 base pairs closer to genes
than Beta-Scaffold factors and Helix-turn-helix transcription factors. This phenomenon could be rationalized by the
differences in the nature of the transcription factors involved in DNA binding and their properties for gene regulation.
For example, Zinc-Coordinating factors may require closer proximity to genes than Helix-turn-helix factors because of
their differential ability to navigate steric hindrance from local chromatin structures 12,24 Performing this analysis on
other chromosomes in the human genome could test whether the average location of certain superclass binding sites
is due to something inherent in the function of the transcription factors or due to DNA-chromatin structures specific to
chromosome 16.

Other procedures have been developed for investigating possible functionality of non-coding SNPs, including using
sequence conservation in order to determine the relevance of certain potential transcription factor binding sites.
Interestingly, one study found that conserved segments in non-coding regions have an over-representation of
transcription factor binding sites ® However, a problem similar to what they encountered in their data interpretation
arose: in the literature, transcription factor binding sites may be conserved and play a role in regulation without
actually binding transcription factors.
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Figure 10. A novel pipeline for predicting functionality in non-coding DNA.
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In this study, a novel and proof of concept pipeline was introduced and tested (Figure 10) for predicting functional
transcription factor binding sites in non-coding DNA. The next step would be to verify that at least some of these sites
are in fact functional via biochemical assays, e.g. chromatin immunoprecipitation assays ® for a subset of those
proteins which are known to bind these sites (and for which antibodies exist), followed by gPCR for our corresponding
non-coding sequences. Two problems with this might be (a) determining what kind of samples to use for DNA
extraction, since cis acting reg]ulatory elements in eukaryotes often only bind at certain sites in one or a few different
cell types within an organism °, and (b) determining a subset of transcription factors to test. While overarching
patterns across the entire structure of a human chromosome are provided herein, specific interests, particular
applications and further studies will determine their significance.

The non-coding sequences comprise the majority of the human genome. These sequences have often been
overlooked in comparison to their coding counterparts. Our analysis has shown over 74% of the non-positively or
positively selected non-protein coding SNP flanking sequences in chromosome 16 may be functional as predicted
from the TRANSFAC database. Regardless of selection status, these predicted sites of functionality have also been
shown to be closer to genes than SNPs as a whole.

The discovery of the notable characteristics of the non-coding region presented here offers a possible route towards
a better understanding of gene regulation and, along with the implications for biology’s “central dogma” suggested
herein, encourage further investigation into the non-coding regions.
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