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geneXtendeR is designed to optimally annotate a histone modification ChlP-seq peak input file with
functionally important genomic features (e.g., genes associated with peaks) based on optimization
calculations. These optimization calculations automatically factor in experimental conditions such as
the broadness of the histone peaks found in the specific tissue of the ChIP-seq peak file.

To accomplish this level of custom-tailored data-centric analysis, geneXtendeR first optimally extends
the boundaries of every gene in a genome by some genomic distance (in DNA base pairs) for the
purpose of flexibly incorporating cis-regulatory elements, such as enhancers and promoters, as well as
downstream elements that are important to the function of the gene relative to an epigenetic histone
modification ChlP-seq dataset. This action effectively transforms genes into “gene-spheres”, a new
term that we coin to emphasize the 3D-nature of heterochromatin. A gene-sphere is composed of
cis-regulatory elements (e.g., proximal promoters +/- ~ 3 kb from TSS), distal regulatory elements
(e.g., enhancers), transcription start/end sites (TSS/TES), exons, introns, and downstream elements
of a gene. As such, geneXtendeR maximizes the signal-to-noise ratio of locating gene regions closest
to and directly under peaks. By performing a computational expansion of this nature, ChIP-seq reads
that would initially not map strictly to a specific gene can now be optimally mapped to the regulatory
regions of the gene, thereby implicating the gene as a potential candidate, and thereby making the
ChlP-seq experiment more successful. Such an approach becomes particularly important when working
with epigenetic histone modifications that have inherently broad peaks with a diffuse range of signal
enrichment (e.g., H3K9mel, H3K27me3). geneXtendeR has been successfully employed in previous
ChlP-seq studies (Barbier et al. 2016).

A series of diagnostic criteria are used to compute optimal gene extensions tailored to the tissue-specific
broadness of the specific epigenetic mark in the ChlP-seq peak input file:

First, install the geneXtendeR R package via:

> ## try http:// if https:// URLs are not supported
> source("https://bioconductor.org/biocLite.R")



> biocLite("geneXtendeR")
> library(geneXtendeR)

This automatically loads the rtracklayer R package, which contains the readGFF() command used
to retrieve gene transfer format files of any model organism. As such, load in a GTF file into your R
environment, e.g.:

> rat <- readGFF("ftp://ftp.ensembl.org/pub/release-84/gtf/
+ rattus_norvegicus/Rattus_norvegicus.Rnor_6.0.84.chr.gtf.gz")

URLs may be obtained as direct links from: http://useast.ensembl.org/info/data/ftp/index.html. Click
on the “GTF" link under the “Gene sets” column for a particular species and then right-click (or command-
click on Mac OS X) the name of the file containing the species name/version number and file ex-
tension chr.gtf.gz (e.g., Homo_sapiens. GRCh38.84.chr.gtf.gz, Mus_musculus. GRCm38.84.chr.gtf.gz,
etc), and copy the link address. Then, paste it into the readGFF () as shown above. This will create
an R data frame object containing the respective gene transfer format file.

Next, the user must input their peak data from some peak caller (e.g., SICER, MACS2, etc). The peak
data must contain only three tab-delimited columns: chromosome number, peak start, and peak end.
See 7samplepeaksinput for an example. Once the peak input data (e.g., “somepeaksfile.txt") is ready,
it must be properly formatted prior to the execution of various geneXtendeR analyses. First, the user
must set their working directory to point to the location of this peak data file. Then type the following
command:

> peaksInput ("somepeaksfile.txt")

This command preprocesses the user’s peaks file in preparation for subsequent analyses, producing a
resultant “peaks.txt” file that is deposited into the user's working directory. This file is then used for
the remainder of the data flow (i.e., for all subsequent geneXtendeR analysis).

Now, we may use the R object that we created with readGFF () above to create a bar chart visualization
showing the number of peaks that are sitting directly on top of genes across a series of upstream
extensions (of each gene in a genome):


http://useast.ensembl.org/info/data/ftp/index.html

> barChart(rat, 0, 10000, 500)
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This command first generates 21 individual whole-genome files: 0, 500, 1000, ..., and 10000 bp upstream
extension files for the rat (Rattus norvegicus) genome, each having an automatic 500 bp downstream
extension. In other words, each gene in the rat genome is extended upstream and downstream by
some user-specified distance, thereby creating a “gene-sphere.” As such, this command visualizes the
raw count of the number of peaks that are sitting on top of genes at each individual upstream cutoff.

Clearly, the wider the gene-sphere, the more peaks-on-top-of-genes are found throughout the genome.
However, the law of diminishing returns begins to kick in at increasing upstream extension levels (see
linePlot () for a visual representation):



> linePlot(rat, 0, 10000, 500)
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Clearly, there is a sharp rise in the number of peaks-on-top-of-genes from a 0 bp upstream extension
to a 1500 bp upstream extension, and from a 2000 bp upstream extension to a 3000 bp upstream
extension. This steady rise up until 3000 bp is followed by a steady decline at subsequent extension
levels followed by some noisy fluctuations. It may be interesting to investigate what is going on in the
interval from 2500 bp to 3000 bp:



> linePlot(rat, 2000, 3000, 100)
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Clearly, there is a relatively sharp spike in the number of peaks-on-top-of-genes at the 2400 bp upstream
extension (as compared to the 2300 bp extension). This spike then drops back down at subsequent
extension levels and fluctuates in a noisy manner

It is also possible to identify the genes that are unique amongst the 2300 and 2400 bp upstream extension
levels:

> distinct(rat, 2300, 2400)

[1]
[2]
[3]
[4]
[5]
(6]
[7]

"1\t79718600\t79725199\t1\t79725197\t79728613\tENSRNOGO0000026891\tAC093995.1\t0"
"1\t188715600\t188716999\t1\t188688243\t 188715680\ tENSRNOG0O0000016013\tGprc5b\t0"
"1\t214368800\t214373199\t1\t214373115\t214386385\tENSRNOG00000018367\tTaldo1\t0"
"1\t221669800\t221671199\t1\t221671190\t221694018\tENSRNOG0O0000027456\tCdc42bpg\t0"
"1\t236532800\t236534799\t1\t236529431\t236532885\tENSRNOG00000022308\tL0C103691298\t0"
"3\t82239000\t82242199\t3\t82096568\t82239064 \ tENSRNOGO0000008758\tTspan18\t0"
"3\t82780200\t82784599\t3\t82762362\t82780214\tENSRNOG00000042533\tAccs1\t0"



[8] "3\t146409600\t146412399\t3\t146376328\t146409652\tENSRNOGO0000006795\tApmap\t0"

[9] "3\t165702800\t165706799\t3\t165678807\t165702889\tENSRNOGO0000042101\tZfp93\t0"

[10] "4\t84850400\t84851999\t4\t84851986\t84872257\tENSRNOG00000010205\tMturn\t0"

[11] "4\t118157000\t118157799\t4\t118157747\t118166562\tENSRNOG00000016273\tFam136a\t0"

[12] "4\t171955800\t171956999\t4\t171956961\t171961084\tENSRNOGO0000057540\tAABR07062363.1\t0"
[13] "4\t180237200\t180239199\t4\t180231882\t180237204\tENSRNOGO0000048961\tBhlhe41\t0"

[14] "5\t36437600\t36438199\t5\t36433358\t36437694\tENSRNOGO0000055329\tAABRO7047528.1\t0"
[156] "5\t69038200\t69039399\t5\t69035218\t69038218\tENSRNOGO0000060997\tU6\t0"

[16] "5\t121456000\t121457199\t5\t121451803\t121456072\tENSRNOGO0000045614\tL0C102552337\t0"
[17] "5\t153628200\t153630199\t5\t153568245\t153628269\tENSRNOGO0000018109\tClic4\t0"

[18] "7\t14586000\t14587199\t7\t14587120\t14615369\tENSRNOGO0000048450\tCyp4£37\t0"

[19] "7\t75225000\t75225799\t7\t75225775\t75249569\tENSRNOGO0000061463\tAABRO7057510.3\t0"
[20] "8\t133130600\t133133199\t8\t133126720\t133130690\tENSRNOGO0000006730\tCcr111\t0"

[21] "10\t1830200\t1832199\t10\t1832118\t1841132\tENSRNOGO0000040121\tRGD1565158\t0"

[22] "11\t80315400\t80316799\t11\t80316777\t80332099\tENSRNOG00000022160\tRtp2\t0"

[23] "14\t76654000\t76654999\t14\t76654911\t76833661\tENSRNOG00000051169\tC1lnk\t0"

[24] "14\t103716400\t103719199\t14\t103711769\t103716440\tENSRNOGO0000054704\tAABRO7016558.1\t0"
[25] "16\t631200\t642399\t16\t517332\t631224\tENSRNOGO0000061982\tAABR07024473.2\t0"

[26] "16\t9020200\t9020999\t16\t9020987\t9055164\tENSRNOGO0000042628\tRGD1561145\t0"

[27] "16\t75363800\t75364599\t16\t75364529\t75368406\tENSRNOG00000029462\tDefalli\t0"

[28] "20\t1747000\t1747399\t20\t1747316\t1751142\tENSRNOGO0000050043\t01r1735\t0"

[29] "20\t22423400\t22426199\t20\t22420251\t22423425\tENSRNOGO0000057124\tAABRO7044824 . 1\t0"

shows entries sorted by chromosome and start position. Note that “denotes a tab character, which is
used to output the table in a compact fashion. To display the output without this “character, simply
do: cat(distinct(rat, 2300, 2400)). V1-V3 denote the chromosome/start/end positions of the
peaks, V4-V6 denote the respective values for the genes, V7 is the gene ID (e.g., Ensembl ID), V8 is
the gene name, and V9 is the distance of each respective peak to its nearest gene. It should be noted
that the X chromosome is designated by the integer 100, the Y chromosome by the integer 200, and
the mitochondrial chromosome by the integer 300. This is done for sorting purposes (see ?peaksInput
for details). In short, the distinct () command finds what peaks-on-top-of-genes would be missed if
a 2300 bp upstream extension is used instead of a 2400 bp extension. Of course, subsequent follow-up
extensions naturally incorporate additional peaks-on-top-of-genes, since the concept of a gene is being
expanded into an ever-widening gene-sphere.

However, even though these dynamics are to be expected, such extensions are unlikely to add significant
value to the annotation of the peak file. Taking the example of the 0-10000 bp line plot, an upstream
extension beyond 3500 bp globally across every gene in a genome would most likely not accurately
reflect the biology of the peak input file (since such large global upstream extensions are likely to reach
considerably beyond known proximal promoter elements, especially for relatively narrow histone marks).
Such assumptions may be validated directly by the user by investigating the p-value and FDR of specific
peaks using a combination of HT-seq (to count the reads) and edgeR/DESeq (to assess statistical
significance). As such, geneXtendeR is designed to be used as part of a biological workflow involving
subsequent statistical analysis:
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Figure 1: Sample biological workflow using geneXtendeR in combination with existing statistical software
to analyze peak significance. Subsequent gene ontology or network analysis may be conducted on genes
associated with statistically significant peaks.

It is entirely possible (and probable) for significant peaks to be present at relatively high upstream
extension levels (i.e., large gene-spheres), albeit these significant peaks may be associated with biology
not directly relevant to the study at-hand, due mainly to the sheer magnitude of the distance of the
peak from traditional gene boundaries (where traditional gene boundaries are defined as +/- ~ 3 kb
from TSS and +/- ~ 0.5kb from TES). Consequently, it is normal for peaks-on-top-of-genes to exhibit
higher levels of noise at higher upstream extension levels. However, this does not mean that potential
enhancer activity should be discounted. For instance, it is not uncommon to see a steady rise or even
a surge in the number of peaks-on-top-of-genes at higher upstream extension levels:



> linePlot(rat, 7000, 8500, 100)
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In far-out cases like this, it is particularly recommended to examine the statistical significance of peaks
to get a sense for the possibility of potential enhancer activity. Of course, such computational findings
would require experimental follow-up and/or database mining for known motifs.

Assessment of such statistical significance values is beyond the scope of geneXtendeR, in order to
allow the user freedom to choose the respective statistical package/technique. As before, first use the
distinct () command to create a table of unique genes located under peaks between the two upstream
extension levels:

> distinct(rat, 8000, 8200)

[1] "1\t23967600\t23969599\t1\t23969488\t24003006\tENSRNOGO0000011114\tTbpl1\t0"

[2] "1\t61512600\t61514199\t1\t61514098\t61533678\tENSRNOGO0000043341\tZfp51\t0"

[3] "1\t84626800\t84630999\t1\t84630914\t84642805\tENSRNOGO0000045741\tZfp780b\t0"

[4] "1\t99607400\t99608399\t1\t99608247\t99621537\tENSRNOGO0000033706\tK1k14\t0"

[5] "1\t113355600\t113357199\t1\t113345941\t113355622\tENSRNOGO0000028324\tRn50_1_1144.1\t0"



[6] "1\t167926800\t167927799\t1\t167917271\t167926914\tENSRNOGO0000018612\tAC096030.1\t0"

[7] "1\t197598400\t197599799\t1\t197500014\t197598477\tENSRNOGO0000016722\tXpo6\t0"

[8] "1\t213542800\t213546599\t1\t213523139\t213542841\tENSRNOG00000024073\tSycel\t0"

[9] "1\t229434000\t229434999\t1\t229434902\t229444543\tENSRNOG00000042023\t01r334\t0"
[10] "1\t256443200\t256445399\t1\t256445375\t256454473\tENSRNOGO0000050136\tAC096353.1\t0"
[11] "1\t282126400\t282126799\t1\t282126781\t282136272\tENSRNOG00000025060\tNanos1\t0"
[12] "2\t60910600\t60912199\t2\t60912057\t60943000\tENSRNOGO0000018570\tC1qtnf3\t0"

[13] "2\t207861600\t207862599\t2\t207862411\t207872183\tENSRNOGO0000055255\tAABR07012774.2\t0"
[14] "2\t210422000\t210424999\t2\t210393189\t210422185\tENSRNOG00000018293\tStrip1\t0"

[156] "3\t23214600\t23215399\t3\t23215279\t23259821\tENSRNOG00000014034\t01fm12a\t0"

[16] "3\t43127200\t43131199\t3\t43110740\t43127359\tENSRNOGO0000005600\tNr4a2\t0"

[17] "3\t92250400\t92254199\t3\t92183056\t92250518\tENSRNOGO0000005191\tTrim44\t0"

[18] "3\t122821600\t122824799\t3\t122808064\t122821783\tENSRNOGO0000007316\tIdh3B\t0"

[19] "4\t179131200\t179132399\t4\t179132240\t179141058\tENSRNOGO0000041589\tAABRO7062477.1\t0"
[20] "5\t10115400\t10116999\t5\t10116870\t10125752\tENSRNOGO0000060709\tAABRO7046866.1\t0"
[21] "5\t60879800\t60880999\t5\t60868002\t60879905\tENSRNOGO0000012409\tExosc3\t0"

[22] "B\t78792200\t78798599\t5\t78798407\t78967313\tENSRNOGO0000006719\tZfp618\t0"

[23] "5\t127531200\t127533999\t5\t127505114\t127531289\tENSRNOGO0000012443\tCpt2\t0"

[24] "5\t155618000\t155641199\t5\t155641017\t155673079\tENSRNOG0O0000013166\tWnt4\t0"

[25] "5\t172452600\t172461799\t5\t172461778\t172475644\tENSRNOGO0000024012\tPex10\t0"

[26] "6\t107990800\t107991799\t6\t107991646\t108032143\tENSRNOGO0000038166\tPtgr2\t0"

[27] "6\t130034000\t130037999\t6\t130037851\t130046634\tENSRNOGO0000053121\tSNORA17\t0"

[28] "6\t135600200\t135602599\t6\t135602543\t135719064\tENSRNOGO0000008145\tTraf3\t0"

[29] "7\t9112800\t9114999\t7\t9103281\t9112919\tENSRNOGO0000054122\t01r1058\t0"

[30] "7\t18299800\t18301199\t7\t18287897\t18299888\tENSRNOGO0000052125\tAABRO7056013.2\t0"
[31] "7\t32065200\t32067799\t7\t32067710\t32084929\tENSRNOGO0000057371\tAABRO7056608.1\t0"
[32] "7\t34278600\t34280199\t7\t34280165\t34320735\tENSRNOGO0000004494\tLtadh\t0"

[33] "7\t36009000\t36009599\t7\t35849898\t36009106\tENSRNOGO0000007970\tP1xnci\t0"

[34] "7\t80173400\t80174599\t7\t80164218\t80173408\tENSRNOGO0000058911\tAABRO7057611.1\t0"
[35] "7\t126607200\t126610999\t7\t126610996\t126682252\tENSRNOG00000021463\tPpara\t0"

[36] "7\t139411200\t139412999\t7\t139412855\t139421837\tENSRNOGO0000058874\t7SK\t0"

[37] "7\t145361200\t145361999\t7\t145361875\t145371997\tENSRNOGO0000053626\tAABRO7058955.1\t0"
[38] "8\t70751200\t70752799\t8\t70752722\t70776391\tENSRNOG0O0000029911\tCilp\t0"

[39] "8\t122913000\t122916599\t8\t122848001\t122913113\tENSRNOG00000011201\tCmtm8\t0"

[40] "9\t20629200\t20630999\t9\t20545659\t20629251\tENSRNOGO0000011517\tTnfrsf21\t0"

[41] "9\t93020600\t93022599\t9\t93022514\t93043131\tENSRNOGO0000017540\tSpata3\t0"

[42] "9\t100146600\t100147999\t9\t100147954\t100166718\tENSRNOGO0000004452\tAgqp12a\t0"

[43] "10\t11325400\t11330199\t10\t11330106\t11343570\tENSRNOG00000027368\tUbald1\t0"

[44] "10\t21273200\t21275999\t10\t20844399\t21273226\tENSRNOG00000027341\tTenm2\t0"

[45] "10\t41003000\t41012399\t10\t40993737\t41003072\tENSRNOG00000038478\tRGD1563668\t0"

[46] "10\t83454800\t83467999\t10\t83467907\t83489378\tENSRNOGO0000046799\tPhb\t0"

[47] "10\t90183000\t90184599\t10\t90184427\t90214986\tENSRNOGO0000020908\tL0C303566\t0"

[48] "10\t108519200\t108519599\t10\t108519540\t108625188\tENSRNOGO0000029658\tRnf213\t0"

[49] "13\t101878000\t101878399\t13\t101869239\t101878046\tENSRNOGO0000045399\t5S_rRNA\t0"

[50] "13\t104164600\t104165199\t13\t104155520\t104164654\tENSRNOGO0000023091\tAABR07022046.1\t0"



[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
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"14\t33172200\t33176199\t14\t33134011\t33172341\tENSRNOGO0000002074\tRest\t0"
"15\t10108600\t10112199\t15\t10112006\t10263099\tENSRNOG00000024061\tRarb\t0"
"15\t47950600\t47956199\t15\t47956098\t47964882\tENSRNOGO0000035471\tMir124-1\t0"
"16\t20195400\t20197799\t16\t20197711\t20206505\tENSRNOGO0000050776\t5S _rRNA\t0"
"16\t39484400\t39485999\t16\t39367191\t39484402\tENSRNOG0O0000010731\tGpm6a\t0"
"18\t7089400\t7091599\t18\t6833865\t7089556\tENSRNOGO0000015867\tChst9\t0"
"18\t30462800\t30466799\t18\t30466747\t30478617\tENSRNOGO0000020072\tPcdhb9\t0"
"19\t24959800\t24960999\t19\t24951063\t24959866 \ t ENSRNOGO0000061250\tU6\t0"
"19\t27680800\t27681599\t19\t27658589\t27680954\tENSRNOGO0000061623\tAABRO7043354 . 1\t0"
"19\t50672000\t50675399\t19\t50675331\t50684163\tENSRNOGO0000055087 \t SNORA51\t0"

Then, assess the statistical significance of these peaks using a combination of HT-seq and edgeR, or
HT-seq and DESeq?2, or some other appropriate combination of existing software tools. Genes associated
with the resultant statistically significant peaks may then be further assessed with gene ontology analysis
or network analysis to help answer a variety of interesting research questions. DNA sequences under
peaks may be checked for the presence of known regulatory motifs (e.g., using TRANSFAC (Matys et
al. 2006) or MEME/JASPAR (Sandelin et al. 2004, Bailey et al. 2009, Bailey et al. 2015)), or for the
presence of biological repeats (e.g., using RepeatMasker (Smit et al. 2016)). Pending a prospective
GO/network analysis, functional validation may be followed up in the lab to test any potential regulatory
sites or prospective enhancer elements, thereby bringing the computational analysis pipeline successfully
back to the bench.

Even though geneXtendeR is designed to compute (and analyze/display) optimal gene extensions tai-
lored to the characteristics of a specific peak input file, geneXtendeR will not explicitly impose on the
user the optimal extension to use, since this information is highly study-dependent and, as such, is
ultimately reserved to the user's discretion. For example, a user may choose a conservatively lower
upstream extension (e.g., for studies investigating narrow peaks such as H3K4me3 or H3K9ac that ex-
hibit a compact and localized enrichment pattern, where high upstream extensions may lose biological
meaning). An example of such user-driven decisions would be the selection of a 1500 bp upstream
extension instead of a 3000 bp extension in situations like this:
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Likewise, a user may also investigate the statistical significance of specific peaks of interest at varying
upstream cutoffs via the help of external software (e.g., HT-seq/edgeR, HT-seq/DESeq2, etc). Once
the user has chosen the specific upstream extension to be used, the peak file is ready to be fully
annotated:

> annotate(rat, 3000)

which generates a fully annotated peaks file containing various genomic features and labeled headers.
See 7annotate() for more information.
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