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Abstract: The human papillomaviruses (HPV) are a group of double-stranded DNA viruses that
exhibit an exclusive tropism for squamous epithelia. HPV can either be low- or high-risk depending
on its ability to cause benign lesions or cancer, respectively. Unsurprisingly, the majority of epigenetic
research has focused on the high-risk HPV types, neglecting the low-risk types in the process.
Therefore, the main objective of this study is to better understand the epigenetics of wart formation
by investigating the differences in methylation between HPV-induced cutaneous warts and normal
skin. A number of clear and very significant differences in methylation patterns were found between
cutaneous warts and normal skin. Around 55% of the top-ranking 100 differentially methylated genes
in warts were protein coding, including the EXOC4, KCNU, RTN1, LGI1, IRF2, and NRG1 genes.
Additionally, non-coding RNA genes, such as the AZIN1-AS1, LINC02008, and MGC27382 genes,
constituted 11% of the top-ranking 100 differentially methylated genes. Warts exhibited a unique
pattern of methylation that is a possible explanation for their transient nature. Since the genetics
of cutaneous wart formation are not completely known, the findings of the present study could
contribute to a better understanding of how HPV infection modulates host methylation to give rise to
warts in the skin.
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1. Introduction

Human papillomaviruses (HPV) are double-stranded DNA viruses that exclusively infect the
squamous epithelial layers of the mucosa and skin [1]. HPV can be transmitted between individuals
via direct contact as well as through fomites, and HPV infection is considered to be the most common
sexually transmitted disease on a global scale [2]. Moreover, a number of communicable as well as
non-communicable diseases have been associated with HPV infection, including various types of
warts and cancers [3]. Hundreds of HPV types have been identified and classified as either low-risk
or high-risk depending on their likelihood upon infection to cause malignant or benign symptoms,
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respectively [4]. Due to their greater carcinogenic potential, the majority of HPV research has centered
around high-risk types such as HPV 16 and 18 [5]. In contrast, low-risk HPV infection often manifests
in the form of cutaneous warts in otherwise healthy individuals, although it can result in serious
pathologies in immunocompromised populations [6].

Cutaneous warts are skin growths that can have different appearances depending on the type
and location of HPV infection [7,8]. Common warts, also referred to as Verruca vulgaris, are the most
prevalent type of wart, constituting around 70% of all non-genital cutaneous warts [9,10]. The wart
itself is formed after HPV gains access to the basal layer of the epidermis via a microabrasion in the
skin and induces the rapid growth and proliferation of keratinocyte cells [11]. In immunocompetent
individuals, HPV-induced warts are self-limiting, as the virus is usually cleared from the body in a
period of one to two years [12]. Over the course of the HPV life cycle, the viral genome undergoes
dynamic changes in methylation patterns, an observation that has been tentatively attributed to the
host’s innate immune response [13]. In fact, HPV methylation is the initial trigger for the transformation
of squamous epithelial cells, the latter of which undergo HPV-induced epigenetic re-programming [14].
However, the genetic mechanism of cutaneous wart formation is yet to be clearly elucidated, although
their transient nature points towards the involvement of a regulatory epigenetic component such as
methylation [15].

Cytosine methylation, which involves the post-replicative modification of CpG dinucleotides,
plays a central role in epigenetic regulation by temporarily altering a gene’s functional state [16].
In fact, methylation of CpG sites constitutes the majority of epigenetic modifications, and it is more
pronounced in the gene body compared to the transcription promoter regions [17,18]. While promoter
methylation results in the silencing of gene expression, gene body methylation is associated with
increased expression in dividing cells, and this contradiction, known as the DNA methylation paradox,
is not well understood [19–21]. However, gene body methylation has been reported to be biologically
advantageous as it inhibits the initiation of spurious transcription, the latter of which has undesirable
pathological consequences in both lower and higher organisms [22,23].

Maintaining tissue-specific methylation patterns is of great importance to the normal function
of many biological processes, as aberrant methylation has been implicated in the tumorigenesis of
several types of cancer [24–26]. Moreover, aberrant methylation patterns have been implicated in the
carcinogenesis of cervical cancer and precancer specimens caused by high-risk HPV infection [13,27,28].
HPV-induced methylation of the host genome has been previously reported for high-risk HPV infection,
but, to the best of the author’s knowledge, there is a dearth of information on host methylation in
cutaneous warts. In the current study, genomes from wart and normal skin samples were examined by
means of a whole-genome tiling array for alterations in methylation profiles.

2. Materials and Methods

2.1. Study Population and DNA Extraction

Twelve Arab males presenting with HPV-induced warts were recruited at King Abdullah University
Hospital (KAUH) in Irbid, Jordan. After obtaining informed consent, paired shave biopsies of the warts
(n = 12) and nearby normal skin (n = 12) were performed by a resident dermatologist. The majority
of biopsies were obtained from the hands (n = 20), while a few were taken from the forehead (n = 2)
and foot (n = 2). A QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) was used to extract genomic
DNA from the 24 tissue samples, and optional RNase A digestion was performed. DNA purity was
determined on the BioTek PowerWave XS2 Spectrophotometer (BioTek Instruments, Inc., Winooski,
VT, USA), while DNA integrity was ascertained through agarose gel electrophoresis. Samples were
then shipped on dry ice to the Australian Genome Research Facility’s (AGRF) Melbourne node for
methylation profiling.
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2.2. Infinium MethylationEPIC BeadChip

At the AGRF, samples were subject to further quality control measures through assessment on the
QuantiFluor® dsDNA System (Promega, Gorman, NC, USA) and via 0.8% agarose gel electrophoresis.
The 24 samples were then individually made up to approximately 500 ng of DNA in 45 µL, after which
they were bisulfite converted by the Zymo EZ DNA Methylation kit (Zymo Research, Irvine, CA,
USA). Finally, the samples were individually inputted into the Infinium MethylationEPIC BeadChip
microarray (Illumina, San Diego, CA, USA) for interrogation of over 850,000 CpG sites.

2.3. Data Processing

A computational R package (RnBeads) was adapted to process and analyze the raw intensity data
from the methylation chip in the form of IDAT files [29]. Quality control, preprocessing, batch effects
adjustment, and normalization were carried out on all probes and samples according to the RnBeads
package pipeline.

2.4. Differential Methylation and Statistical Analysis

Differential methylation (DM) analysis was carried out based on tiling region, the latter of
which is a genomic region of 5000 bp length. At the genome-tiling level, the mean of the mean β

values (mean.mean β) of all the tested probes which span specified genomic regions were computed.
The distribution of the number of CpG sites per genome tiling region can be seen in Figure 1A.
Additionally, Figure 1B shows the distributions of CpG sites across genome-tiling regions. DM for
each genome-tiling region was calculated using three measures: the mean.mean β difference between
warts (W) and normal skin (NS); the log2 of the mean quotient in β means across all CpG sites in a
genome-tiling region; and the adjusted combined p-value of all CpG sites in the genome-tiling region
using a limma statistical test [30]. The Benjamini and Hochberg (B–H) 5% false discovery rate (FDR)
was used to correct for multiple testing. Additionally, these three measures were used to give each
genome-tiling region a combined rank, which was computed as the maximum (=worst) rank among
the three ranks. Regions that exhibit more DM will have a smaller combined rank [29]. Genome-tiling
regions were sorted from smallest to largest using the combined ranking score, then the best 1000
ranking regions were selected for further analysis.

Figure 1. Distributions of CpG sites (A) per genomic tiling region and (B) across genomic tiling region.
In Panel B, the relative coordinates of 0 and 1 correlate to the start and end coordinates of the genomic
tiling region. Those coordinates that are smaller than 0 and larger than 1 indicate flanking regions
normalized by region length.
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2.5. Locus Overlap Analysis (LOLA) for Enrichment of Genomic Ranges

LOLA was carried out for the top 1000 genome-tiling regions, the latter of which were selected
based on combined ranking score [31]. The following LOLA reference databases were utilized in the
current analysis: cistrome_cistrome, cistrome_epigenome, codex, encode_segmentation, encode_tfbs,
sheffield_dnase, ucsc_features. LOLA uses a Fisher’s exact test to assess the significance of the overlap.

2.6. Signaling Pathway Analysis

A signaling network of the genes located in the top 100 most DM genome-tiling regions was
created via the Signaling Network Open Resource 2.0 (Signor) [32]. The type of relation was selected
to include ‘all’ interactions with a relaxed layout and a score of ‘0.0’.

3. Results

3.1. Differential Methylation of Genome-Tiling Regions

252,698 genome-tiling regions passed the quality control and pre-processing procedures. Notable
differences were seen during the assessment of the methylation level (β) distributions for the
genome-tiling regions in wart and normal skin samples (Figure 2). The list of DM genome tiling in
warts was limited to the top-ranking 1000 tiling regions using the combined ranking score. Using this
scoring method, 772 and 228 tiling regions were found to be hypomethylated and hypermethylated,
respectively, in warts compared to normal skin (Figure 3A). Of the 772 hypomethylated tiling regions,
the β difference ranged between −0.192 to −0.543, but it ranged between 0.192 and 0.472 in the 228
hypermethylated regions. The log2 of the quotient in methylation between warts and normal skin had
a maximum value of 2.275 and a minimum value of −2.44 (Figure 3B). The 100 genome-tiling regions
with the lowest combined rank scores are presented in Table 1 alongside their gene names.

Figure 2. Comparisons of the density distributions of methylation levels (β) in warts (W) and normal
skin (NS).



Genes 2020, 11, 34 5 of 24

Figure 3. For the 1000 most differentially methylated tiling regions, scatterplot (A) and (B) volcano plot
analyses were performed. In panel A, the mean of mean methylation levels (β) for warts (W) is on the
y-axis, while the mean of mean methylation levels (β) for normal skin (NS) is on the x-axis. β values
range from unmethylated (0) to methylated (1). In panel B, the volcano plot shows the differential
methylation of genomic tiling regions as quantified by log2 of the mean quotient in means across all
sites in a region on the x-axis and the adjusted combined p-value on the y-axis between warts (W) and
normal skin (NS). The color scale corresponds with the combined rank of each genomic tiling region.

3.2. Clustering of Samples

Samples showed expected clustering based on all methylation values of the top 1000 most variable
loci (Figure 4). Samples sharing similar methylation patterns or phenotypes tended to cluster together.
In addition, the dataset was subject to a dimension reduction test using multi-dimensional scaling (MDS)
in order to inspect for a strong signal in the methylation values of the samples (Figure 5). MDS confirmed
that our analysis was dominated by differences between the wart and normal skin samples.
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Table 1. Top-ranking 100 differentially methylated genes in warts (W) compared to normal skin (NS).

Gene Category Chromosome Start End Mean.mean
β Value (NS)

Mean.mean
β Value (W)

Mean.mean β

Value Difference
(W-NS)

Mean.mean.
quot.log2 Comb.p.val Comb.p.adj.fdr Combined

Rank

10 104555001 104560000 0.113 0.585 0.472 2.275 6.818 × 10−16 8.614 × 10−11 8

AZIN1-AS1 RNA gene
(ncRNA) 8 102975001 102980000 0.157 0.603 0.446 1.878 2.736 × 10−14 4.816 × 10−10 32

EXOC4 Protein coding 7 133390001 133395000 0.642 0.134 −0.509 −2.184 2.139 × 10−13 1.386 × 10−9 39

10 4280001 4285000 0.125 0.538 0.412 2.031 6.565 × 10−15 2.074 × 10−10 48

KCNU1 Protein coding 8 36840001 36845000 0.583 0.147 −0.436 −1.914 9.147 × 10−13 3.350 × 10−9 69

SVIL2P Pseudogene 10 30675001 30680000 0.617 0.163 −0.454 −1.859 1.342 × 10−12 4.403 × 10−9 77

RTN1 Protein coding 14 59720001 59725000 0.151 0.538 0.387 1.768 2.738 × 10−15 1.730 × 10−10 95

4 62330001 62335000 0.561 0.118 −0.443 −2.153 2.391 × 10−12 5.796 × 10−9 104

TBC1D22A Protein coding 22 47045001 47050000 0.098 0.479 0.381 2.180 3.913 × 10−15 1.732 x 10−10 110

PIWIL4,
AP000943.3

Protein coding,
RNA gene 11 94610001 94615000 0.609 0.162 −0.446 −1.843 3.742 × 10−12 7.253 × 10−9 130

LINC02008 RNA gene
(ncRNA) 3 82205001 82210000 0.524 0.137 −0.387 −1.863 3.998 × 10−12 7.488 10−9 134

LGI1 Protein coding 10 93770001 93775000 0.514 0.135 −0.379 −1.856 4.742 × 10−12 8.207 × 10−9 146

VPS16,
PTPRA Protein coding 20 2865001 2870000 0.499 0.134 −0.364 −1.819 5.040 × 10−13 2.318 × 10−9 151

5 115915001 115920000 0.513 0.132 −0.381 −1.879 6.570 × 10−12 9.941 × 10−9 167

DPCD Protein coding 10 101590001 101595000 0.579 0.170 −0.409 −1.758 6.785 × 10−12 1.005 × 10−8 170

12 105855001 105860000 0.497 0.126 −0.370 −1.893 6.837 × 10−12 1.005 × 10−8 171

MGC27382 RNA gene
(ncRNA) 1 78295001 78300000 0.185 0.586 0.402 1.615 1.534 × 10−13 1.211 × 10−9 177

IRF2 Protein coding 4 184410001 184415000 0.483 0.125 −0.357 −1.864 4.053 × 10−12 7.531 × 10−9 182

SLC22A16 Protein coding 6 110460001 110465000 0.475 0.118 −0.357 −1.916 2.021 × 10−12 5.283 × 10−9 186

2 152330001 152335000 0.171 0.536 0.365 1.593 7.112 × 10−14 8.169 × 10−10 195

CAB39L Protein coding 13 49365001 49370000 0.563 0.095 −0.467 −2.441 9.568 × 10−12 1.229 × 10−8 195

2 220830001 220835000 0.650 0.197 −0.454 −1.677 1.176 × 10−11 1.363 × 10−8 218

3 24080001 24085000 0.218 0.684 0.466 1.607 1.218 × 10−11 1.406 × 10−8 219
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Table 1. Cont.

Gene Category Chromosome Start End Mean.mean
β Value (NS)

Mean.mean
β Value (W)

Mean.mean β

Value Difference
(W-NS)

Mean.mean.
quot.log2 Comb.p.val Comb.p.adj.fdr Combined

Rank

NRG1 Protein coding 8 32280001 32285000 0.171 0.530 0.360 1.580 1.266 × 10−11 1.434 × 10−8 223

FAAHP1 Pseudogene 1 46465001 46470000 0.507 0.159 −0.348 −1.613 5.414 × 10−12 9.001 × 10−9 228

L3HYPDH,
AL121694.1,

JKAMP

Protein coding,
RNA gene,

Protein coding
14 59480001 59485000 0.494 0.139 −0.355 −1.756 1.410 × 10−11 1.543 × 10−8 231

BPIFA4P Pseudogene 20 33205001 33210000 0.785 0.243 −0.543 −1.655 1.472 × 10−11 1.569 × 10−8 237

CUZD1 Protein coding 10 122835001 122840000 0.124 0.469 0.346 1.843 1.675 × 10−12 4.809 × 10−9 242

LINC02241 RNA gene
(ncRNA) 5 20675001 20680000 0.506 0.148 −0.358 −1.707 1.547 × 10−11 1.608 × 10−8 243

6 14050001 14055000 0.530 0.136 −0.394 −1.889 1.587 × 10−11 1.630 × 10−8 246

FER1L6,
FER1L6-AS1

Protein coding,
RNA gene
(ncRNA)

8 123990001 123995000 0.503 0.160 −0.344 −1.596 2.420 × 10−12 5.796 × 10−9 251

DDAH1,
AC092807.3

Protein coding,
RNA gene 1 85555001 85560000 0.549 0.143 −0.407 −1.873 1.752 × 10−11 1.710 × 10−8 258

15 86070001 86075000 0.172 0.515 0.342 1.526 8.259 × 10−12 1.116 × 10−8 266

1 232655001 232660000 0.421 0.080 −0.341 −2.263 5.031 × 10−12 8.532 × 10−9 269

KLHL7 Protein coding 7 23135001 23140000 0.525 0.150 −0.375 −1.738 1.938 × 10−11 1.814 × 10−8 270

TANGO6 Protein coding 16 69070001 69075000 0.614 0.208 −0.406 −1.519 4.213 × 10−14 6.654 × 10−10 273

LINC01090 RNA gene
(ncRNA) 2 188220001 188225000 0.569 0.193 −0.376 −1.510 3.271 × 10−12 6.621 × 10−9 285

CASC2 RNA gene
(ncRNA) 10 118190001 118195000 0.485 0.142 −0.343 −1.700 2.307 × 10−11 1.971 × 10−8 295

20 5040001 5045000 0.685 0.236 −0.450 −1.500 2.152 × 10−11 1.915 × 10−8 298

ARHGAP24 Protein coding 4 85610001 85615000 0.500 0.153 −0.346 −1.640 2.522 × 10−11 2.096 × 10−8 304

CCR3 Protein coding 3 46235001 46240000 0.542 0.188 −0.354 −1.480 8.227 × 10−12 1.116 × 10−8 322

THOC2 Protein coding X 123630001 123635000 0.652 0.208 −0.444 −1.603 3.058 × 10−11 2.321 × 10−8 333

FBXL17 Protein coding 5 108135001 108140000 0.717 0.221 −0.497 −1.658 3.152 × 10−11 2.351 × 10−8 338
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Table 1. Cont.

Gene Category Chromosome Start End Mean.mean
β Value (NS)

Mean.mean
β Value (W)

Mean.mean β

Value Difference
(W-NS)

Mean.mean.
quot.log2 Comb.p.val Comb.p.adj.fdr Combined

Rank

VPS13D,
SNORA59A

Protein coding,
RNA gene
(snoRNA)

1 12505001 12510000 0.190 0.517 0.328 1.576 2.859 × 10−14 4.816 × 10−10 346

5 141905001 141910000 0.491 0.166 −0.326 −1.513 3.232 × 10−12 6.621 × 10−9 357

1 173115001 173120000 0.491 0.164 −0.327 −1.523 3.557 × 10−11 2.495 × 10−8 358

5 57295001 57300000 0.576 0.174 −0.401 −1.669 3.617 × 10−11 2.525 × 10−8 362

ERBIN Protein coding 5 66010001 66015000 0.495 0.161 −0.334 −1.563 3.822 × 10−11 2.592 × 10−8 371

AC105758.1 Pseudogene 4 126105001 126110000 0.468 0.145 −0.324 −1.628 1.828 × 10−11 1.743 × 10−8 374

17 25850001 25855000 0.206 0.573 0.367 1.431 1.336 × 10−13 1.206 × 10−9 410

FAM76B Protein coding 11 95775001 95780000 0.226 0.623 0.397 1.429 2.820 × 10−13 1.738 × 10−9 415

1 209490001 209495000 0.635 0.201 −0.434 −1.614 5.365 × 10−11 3.172 × 10−8 426

EFCAB13,
AC040934.1

Protein coding,
RNA gene 17 47415001 47420000 0.092 0.410 0.317 2.034 9.620 × 10−12 1.229 × 10−8 430

PHC2 Protein coding 1 33405001 33410000 0.515 0.186 −0.329 −1.422 2.189 10−12 5.477 × 10−9 435

AGO4 Protein coding 1 35835001 35840000 0.203 0.559 0.356 1.418 4.086 × 10−11 2.675 × 10−8 443

AC079160.1 RNA gene 4 84235001 84240000 0.503 0.163 −0.341 −1.572 5.979 × 10−11 3.410 × 10−8 443

PAK4 Protein coding 19 39160001 39165000 0.180 0.498 0.318 1.417 1.745 × 10−14 4.009 × 10−10 448

AP003100.2 RNA gene 11 112700001 112705000 0.510 0.185 −0.325 −1.413 2.551 × 10−11 2.114 × 10−8 456

CLEC4C Protein coding 12 7750001 7755000 0.433 0.119 −0.314 −1.777 2.365 × 10−11 1.998 × 10−8 456

12 92635001 92640000 0.222 0.614 0.392 1.429 6.703 × 10−11 3.642 × 10−8 465

6 164210001 164215000 0.475 0.137 −0.337 −1.717 6.867 × 10−11 3.716 × 10−8 467

METTL15 Protein coding 11 28160001 28165000 0.724 0.267 −0.456 −1.404 3.133 × 10−13 1.885 × 10−9 477

RTKN2 Protein coding 10 62205001 62210000 0.158 0.474 0.315 1.522 7.807 × 10−11 4.119 × 10−8 479

LINC00824 RNA gene
(ncRNA) 8 128535001 128540000 0.439 0.127 −0.312 −1.709 3.343 × 10−12 6.660 × 10−9 482

MSANTD3-TMEFF1,
TMEFF1 Protein coding 9 100550001 100555000 0.564 0.209 −0.355 −1.392 1.378 × 10−12 4.408 × 10−9 500
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Table 1. Cont.

Gene Category Chromosome Start End Mean.mean
β Value (NS)

Mean.mean
β Value (W)

Mean.mean β

Value Difference
(W-NS)

Mean.mean.
quot.log2 Comb.p.val Comb.p.adj.fdr Combined

Rank

MBNL1 Protein coding 3 152310001 152315000 0.121 0.447 0.326 1.804 9.367 × 10−11 4.669 × 10−8 507

AC092106.2 Pseudogene 2 106205001 106210000 0.486 0.170 −0.316 −1.461 9.531 × 10−11 4.677 × 10−8 515

13 106570001 106575000 0.424 0.113 −0.311 −1.822 9.607 × 10−11 4.705 × 10−8 516

FKBP5 Protein coding 6 35690001 35695000 0.219 0.605 0.386 1.424 1.015 × 10−10 4.858 × 10−8 528

ARFGAP3 Protein coding 22 42805001 42810000 0.243 0.647 0.405 1.379 2.067 × 10−13 1.386 × 10−9 529

DDAH1,
AL078459.1

Protein coding,
RNA gene 1 85370001 85375000 0.456 0.150 −0.306 −1.540 1.696 × 10−11 1.689 × 10−8 540

HDAC2 Protein coding 6 113930001 113935000 0.241 0.640 0.398 1.371 1.476 × 10−13 1.211 × 10−9 545

10 4925001 4930000 0.427 0.123 −0.304 −1.719 3.638 × 10−11 2.533 × 10−8 555

AC011287.1 RNA gene 7 13235001 13240000 0.429 0.125 −0.304 −1.699 1.148 × 10−10 5.173 × 10−8 562

8 92330001 92335000 0.476 0.164 −0.312 −1.479 1.154 × 10−10 5.173 × 10−8 564

CD96 Protein coding 3 111620001 111625000 0.468 0.153 −0.316 −1.557 1.178 × 10−10 5.233 × 10−8 569

8 8945001 8950000 0.456 0.143 −0.313 −1.607 1.183 × 10−10 5.233 × 10−8 571

MRPL33,
BABAM2 Protein coding 2 27980001 27985000 0.467 0.165 −0.302 −1.449 1.378 × 10−11 1.514 × 10−8 573

TEX15 Protein coding 8 30855001 30860000 0.561 0.212 −0.349 −1.361 1.055 x 10−10 4.956 x 10−8 574

14 51125001 51130000 0.116 0.417 0.301 1.763 3.558 × 10−11 2.495 × 10−8 581

AC008676.3,
ADAM19 Protein coding 5 157425001 157430000 0.598 0.160 −0.437 −1.835 1.322 × 10−10 5.680 × 10−8 588

4 184025001 184030000 0.433 0.133 −0.300 −1.634 8.532 × 10−11 4.382 × 10−8 590

COG2 Protein coding 1 230645001 230650000 0.409 0.087 −0.323 −2.117 1.358 × 10−10 5.756 × 10−8 596

ATF2 Protein coding 2 175125001 175130000 0.414 0.115 −0.300 −1.767 4.230 × 10−12 7.608 × 10−9 599

7 134975001 134980000 0.406 0.107 −0.298 −1.825 5.356 × 10−11 3.172 × 10−8 610

LINC01320 RNA gene
(ncRNA) 2 34325001 34330000 0.525 0.156 −0.369 −1.691 1.510 × 10−10 6.206 × 10−8 615

ADAMTS6 5 65405001 65410000 0.443 0.134 −0.309 −1.654 1.531 × 10−10 6.251 × 10−8 619
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Table 1. Cont.

Gene Category Chromosome Start End Mean.mean
β Value (NS)

Mean.mean
β Value (W)

Mean.mean β

Value Difference
(W-NS)

Mean.mean.
quot.log2 Comb.p.val Comb.p.adj.fdr Combined

Rank

AC013356.1 Pseudogene 15 40480001 40485000 0.432 0.129 −0.303 −1.667 1.554 × 10−10 6.314 × 10−8 621

AL050403.2 RNA gene 20 10735001 10740000 0.554 0.171 −0.383 −1.640 1.555 × 10−10 6.314 × 10−8 622

MANSC1 Protein coding 12 12345001 12350000 0.482 0.172 −0.310 −1.434 1.571 × 10−10 6.354 × 10−8 625

UAP1 Protein coding 1 162575001 162580000 0.410 0.114 −0.296 −1.762 6.338 × 10−12 9.887 × 10−9 628

AP000311.1,
ITSN1 Protein coding 21 33710001 33715000 0.408 0.112 −0.296 −1.773 9.062 × 10−11 4.580 × 10−8 630

NRG1 Protein coding 8 32550001 32555000 0.421 0.125 −0.296 −1.675 1.996 × 10−12 5.283 × 10−9 632

LINC01470 RNA gene
(ncRNA) 5 152940001 152945000 0.483 0.160 −0.323 −1.538 1.668 × 10−10 6.602 × 10−8 638

FOXN3 Protein coding 14 89165001 89170000 0.566 0.208 −0.359 −1.404 1.672 × 10−10 6.602 × 10−8 640

GPM6B Protein coding X 13840001 13845000 0.528 0.152 −0.376 −1.730 1.729 × 10−10 6.795 × 10−8 643

7 158605001 158610000 0.200 0.519 0.319 1.333 3.342 × 10−11 2.427 × 10−8 651

12 59475001 59480000 0.273 0.687 0.414 1.332 1.031 × 10−14 2.605 × 10−10 653

FOXN3 Protein coding 14 89345001 89350000 0.479 0.131 −0.348 −1.796 1.893 × 10−10 7.201 × 10−8 664

LINC01098 RNA gene
(ncRNA) 4 177930001 177935000 0.609 0.212 −0.397 −1.478 1.914 × 10−10 7.261 × 10−8 666
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Figure 4. Heatmap showing the hierarchical clustering of samples displaying only the 1000 most
variable loci with the highest variance across all samples. Clustering used complete linkage and
Manhattan distance. Patient identification number is shown on the bottom x-axis. The normal skin
(NS) and wart (W) samples are shown on the top x-axis. Values of 0 (red color) and 1 (purple color)
indicate decreased and increased methylation, respectively.

Figure 5. Scatter plot showing samples after performing Kruskal’s non-metric multidimensional scaling
based on the matrix of average methylation levels and Manhattan distance.
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3.3. Locus Overlap Analysis (LOLA) for Enrichment of Genomic Ranges

The overall observation of enrichment and overlap across the LOLA reference databases for the
hypermethylated and hypomethylated tiling regions are shown in Figures 6 and 7, respectively, while
the details of the significantly enriched terms are shown in Figures 8 and 9, respectively. The top-ranking
1000 hypermethylated tiling regions show strong association with the Sheffield_dnase and encode_tfbs
databases as indicated by the large odds ratio values. In addition to the strong association with the top
tiling regions, encode_tfbs also exhibits a higher statistical significance overlap. From the encode_tfbs
database, the c-Fos, STAT3, and c-Myc were among the most enriched terms. Using the Sheffield_dnase
database, these tiling regions were predicted to be enriched in several cell and tissue types, including
fibroblast cells, epithelial cells, muscle tissue, and skin tissue.

Figure 6. Scatterplot of LOLA enrichment analysis showing the effect size (log-odds ratio) versus the
significant q-value (−log10 (q-value)) of the 1000 most hypermethylated tiling regions. These regions
show strong association and significant overlap with Sheffield_dnase and encode_tfbs as indicated by
the large odds ratio and higher q-value. LOLA reference databases collections are shown on the right
side of the plot with color coding.
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Figure 7. Scatter plot of LOLA enrichment analysis showing the effect size (log-odds ratio)
versus the significant q-value (−log10 (q-value)) of the 1000 most hypomethylated tiling regions.
These regions show strong association and significant overlap with Sheffield_dnase, ucsc_features,
codex, cistrome_epigenome, encode_tfbe, and encode_segmentation as indicated by the large odds
ration values and the higher q−value. LOLA reference databases collections are shown on the right
side of the plot with color coding.
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Figure 8. Bar plots of LOLA enrichment analysis showing the log-odds ratios of the 1000 most
hypermethylated tiling regions. Terms that exhibit statistical significance (p-value < 0.01) are shown.
For encode_tfbs, c-Fos, STAT3, and c-Myc are among the top enriched terms showing large odds ratio
values. Fibroblast cells, epithelial cells, muscle tissue, and skin tissue were among the most enriched
cell and tissue types. Coloring of the bars reflects the putative targets of the terms.

On the other hand, the top-ranking 1000 hypomethylated tiling regions show a strong association
with Sheffield_dnase, ucsc_features, and codex indicated by the large odds ratio values, while
cistrome_epigenome, encode_tfbe, and encode_segmentation exhibit statistical significance overlap
with these tiling regions as indicated by the higher q-value. The most enriched terms include
the Dnase weak-normal human dermal fibroblast (NHDF) cell line, Dnase-fibrobalsts, Weak
Enhancer-human umbilical vein endothelial cells (HUVEC), nuclear receptor subfamily 2 group
F member 2 (NR2F2)-Endometrial Stromal Cell, and monomethylation of Histone H3 at lysine 4
(H3K4me1)-lymph node carcinoma of the prostate (LNCaP) cell line.
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Figure 9. Bar plots of LOLA enrichment analysis showing log-odds ratios of the 1000 most
hypomethylated tiling regions. Terms that exhibit statistical significance (p-value < 0.01) are shown.
The most enriched terms include Dnase weak-NHDF, Dnase-fibrobalsts, Weak Enhancer-HUVEC,
NR2F2-Endometrial Stromal Cell, AFF1-leukaemia, H3K4me1-LNCaP, and androgen receptor (AR)-abl.
Coloring of the bars reflects the putative targets of the terms.

3.4. Pathway Analysis

Signaling network analysis of the genes located in the top 100 DM genome-tiling regions illustrated
that two genes, ATF2 and HDAC2, were found to be common regulators of the gene network with a
minimum of 12 connectivities each (Figure 10).
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Figure 10. Pathway signaling network generated from the genes located within the top 100 DM
tiling regions.

4. Discussion

Due to their benign nature, low-risk HPV and the cutaneous warts they induce have not been
the subject of the same research attention and focus as their high-risk counterparts. In this study,
a tiling array was carried out on paired samples of normal skin and warts from 12 Arab males.
Methylation profiles were found to significantly differ between the cases and controls, and the
top-ranking differentially methylated (DM) genes were mostly protein-coding (55%) and non-coding
RNA (ncRNA) (11%) genes.

4.1. Aberrant Methylation of Protein-coding Genes

Of the top-ranking 100 DM genes in warts compared to normal skin, 55 were protein-coding
genes. The exocyst complex component 4 (EXOC4) gene was the most DM protein-coding gene in
warts. Not much is known about EXOC4 except that adjacent polymorphisms were associated with
Type 2 diabetes [33]. However, EXOC4 encodes a component of the exocyst complex, the latter of
which is posited to be involved in viral protein transfer between cells [34]. As part of its infection
process, HPV relies heavily on membrane-bound transport vesicles to deliver the viral material from the
extracellular matrix to the host cell’s nucleus [35–37]. The second most DM protein-coding gene is the
potassium calcium-activated channel subfamily U member 1 (KCNU1) gene, which is a sperm-specific
potassium channel that is essential for male fertility [38]. KCNU1 might be important to HPV biology
due to the fact that potassium channels are involved in cell proliferation and apoptosis, among other
cellular processes [39]. The reticulon 1 (RTN1) gene was the third most DM protein-coding gene in
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warts, with previous reports showing that RTN1 deficiency and isoforms were associated with senile
plaque formation and kidney disease progression, respectively [40,41]. In the context of viral infection,
deletion of RTN1 in yeast cells led to a significant inhibition of viral replication [42].

Interestingly, several DM protein-coding genes, namely the LGI1, IRF2, and NRG1 genes, have
been implicated in squamous cell carcinoma, which involves the same keratinocyte layer that is
exclusively hijacked by HPV infection. The leucine-rich glioma inactivated 1 (LGI1) gene is a putative
suppressor of metastasis and, when downregulated, was found to stimulate esophageal squamous cell
carcinoma metastasis [43]. Similarly, the interferon regulatory factor 2 (IRF2) gene, was reported to
increase the tumorigenicity of esophageal squamous cell carcinoma when overexpressed [44]. Lastly,
the neuregulin 1 (NRG1) gene, a cell adhesion molecule, was previously reported to be upregulated
in oral squamous cell carcinoma cells [45]. It is important to understand the methylation profiles of
benign warts so as to improve the understanding of the effects of low-risk HPV infection on host
methylation, the latter of which has been extensively explored in the context of high-risk HPV infection.

Furthermore, various DM protein-coding genes in warts have been previously associated with
cancers other than squamous cell carcinoma. Encoding an argonaute family protein, the piwi-like
protein 4 (PIWIL4) gene was reported to be highly expressed in breast cancer cells, and its knockdown
was found to lessen leukemic growth [46,47]. Moreover, increased expression of the protein tyrosine
phosphatase (PTPRA) gene and promoter methylation of the calcium-binding protein 39-like (CAB39L)
gene were associated with gastric cancer [48,49]. In addition, the abundant expression of the solute
carrier family 22 member 16 (SLC22A16) gene, a carnitine transporter, has been reported in ovarian
carcinoma cell lines, and its upregulation helped induce melanoma cell death when combined with
chemotherapy [50,51]. Likewise, the dimethylarginine dimethylaminohydrolase 1 (DDAH1) gene,
which plays an integral role in methylarginine removal, was found to be frequently upregulated
in prostate cancer [52], downregulated in gastric cancer [53], and inhibited in attenuated triple
negative breast cancer cells [54]. In contrast, high expression of the Kelch-like family member 7
(KLHL7) gene, which encodes for a mediator of ubiquitination, is associated with aggressive breast
cancer progression [55]. The fact that some protein-coding genes are DM in both warts and various
HPV-associated cancers could potentially suggest that the extent of methylation contributes to whether
the phenotype is malignant or benign.

4.2. Aberrant Methylation of Non-Coding Genes

Non-coding RNAs (ncRNAs) are non-protein coding RNA molecules that generally do not
possess a known biological function, although a small minority have been identified as having
important functional roles [56]. Dysregulated ncRNA expression patterns have also been implicated
in HPV-associated cancers caused by high-risk HPV infection [57]. 11 of the top-ranking 100 DM
genes in warts were non-coding RNAs (ncRNAs), including the most DM gene in warts, AZIN1-AS1.
Very little is known about the AZIN1 antisense RNA 1 (AZIN1-AS1) gene both in terms of its
function and disease associations. Likewise, the second and third most DM ncRNAs in warts were
the long intergenic non-protein coding RNA 2008 (LINC02008) and the uncharacterized MGC27382
(MGC27382) genes. The MGC27382 gene was previously reported to be a part of an endogenous RNA
network that could serve as a prognostic biomarker for lung squamous cell carcinoma [58]. Moreover,
MGC27382 was found to be significantly upregulated in colorectal cancer but downregulated in lung
adenocarcinoma [59,60]. In addition, the long intergenic non-protein coding RNA 2241 (LINC02241)
gene was the fourth most DM ncRNA in warts and was previously associated with hepatocellular
and colorectal carcinomas [61,62]. The fifth most DM ncRNA was the FER1L6 antisense RNA 1
(FER1L6-AS1) gene, which was found to be dysregulated in esophageal squamous cell carcinoma [63].

4.3. Genomic Hypermethylation

Hypermethylation of DNA has been associated with transcriptional silencing of the affected
genes. From among ENCODE’s transcription factor binding sites, the c-Fos, STAT3, and c-Myc genes
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were the most hypermethylated in warts (Figure 7). The proto-oncogene c-Fos is involved in cell
differentiation and proliferation, and its expression is required for skin tumors to become malignant [64].
Moreover, the induction of c-Fos expression promotes inflammation of the skin that, in turn, mediates
the development of preneoplastic lesions [65]. On the other hand, c-Fos expression was found to
decrease keratinocyte growth by increasing sensitivity to apoptosis, but this state was reversed upon
the addition of c-Jun [66]. In high-risk HPV infection, skin tumorigenesis was found to be critically
dependent on E2-induced c-Fos expression [67].

Similarly, the signal transducer and activator of transcription 3 (STAT3) gene is a transcription
factor that is essential for cell apoptosis and growth [68]. In the skin, STAT3 has a dual role in
maintaining homeostasis and wound-healing as well as promoting carcinogenesis and psoriasis
when aberrantly expressed [69,70]. During periods of bacterial and viral infection, STAT3 creates an
inflammatory microenvironment that induces carcinogenesis [71]. STAT3 activation is a common
mechanism of herpesvirus pathogenesis, especially in the context of the varicella-zoster virus [72].
Additionally, autocrine STAT3 activation is an integral part of HPV-mediated cervical cancer, and loss
of STAT3 expression is detrimental to high-risk HPV infection of keratinocytes [73,74].

Lastly, the c-Myc gene is an oncogenic transcription factor that regulates the expression of 15%
of the human genome and is dysregulated in the majority of human cancers [75]. In the mammalian
epidermis, c-Myc overexpression helps stimulate keratinocyte proliferation, while c-Myc knockdown
results in the latter’s inhibition [76]. Alongside the SIN3 transcription regulator family member A
(SIN3A) gene, c-Myc helps maintain tissue homeostasis in the skin, but epidermal cells deficient in
c-Myc were found to be resistant to Ras-mediated tumorigenesis [77,78]. Furthermore, c-Myc gene
amplification was highly associated with infection by oncogenic high-risk HPV types in cervical
carcinomas [79].

4.4. Genomic Hypomethylation

In contrast to hypermethylation, hypomethylation of genomic DNA often leads to the activation
of the affected genes. In warts, the AR, NR2F2, and AFF1 genes were among the most significantly
hypomethylated in warts compared to normal skin (Figure 9). The androgen receptor (AR) gene,
which is a nuclear receptor activated by androgenic hormones, normally functions as a DNA-binding
transcription factor that is important in the development of male sexual characteristics [80]. Moreover,
AR upregulation has been reported to suppress wound healing and increase inflammation in a murine
model, and its dysregulation is involved in a number of different skin pathologies [81]. Loss of AR
expression was reported to be a common event in intraepithelial neoplasia and invasive squamous cell
carcinoma associated with high-risk HPV infection of the cervix [82].

Likewise, the nuclear receptor subfamily 2 (NR2F2) and the AF4/FMR2 family member 1 (AFF1)
genes encode for nuclear transcription factors that play a critical role in vascular development and
osteogenic differentiation, respectively [83,84]. NR2F2 inhibition by miR-302 contributes to somatic
cell pluripotency, and its expression plays an important role in the chondrogenesis of mesenchymal
stem cells [85,86]. In addition, the AFF1 gene was found to be downregulated in melanoma tissue and
dysregulated in acute lymphoblastic leukemia [87,88]. The involvement of the NR2F2 and AFF1 genes
in HPV infection is still not clear.

4.5. Genes Involved in the Signaling Network Pathway

Two genes, ATF2 and HDAC2, were found to be common regulators of the top-ranking 100 most
DM genes in warts (Figure 10). Also known as cyclic AMP response element binding protein 2 (CREB2),
the activating transcription factor 2 (ATF2) gene was found to be a common regulator of the DM gene
network in HPV-induced warts. ATF2 encodes a leucine zipper transcription factor that can also
act as a histone acetyltransferase, and it has been implicated in various malignant skin diseases [89].
In fact, ATF2 overexpression was necessary for tumor growth and progression in murine skin and for
melanoma metastasis in human skin [90,91]. On a similar note, the histone deacetylase 2 (HDAC2)
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gene, which encodes for an enzyme that deacetylates lysine residues situated within core histone
N-terminal regions, plays an essential role in epidermal development [92]. HDAC2 inhibition was
found to stabilize tumor suppression and induce apoptosis in human keratinocyte cells infected with
high-risk HPV [93].

4.6. Anatomical Location of Warts

In the present study, most of the warts were obtained from the hands (n = 20), with a minority
taken from the feet (n = 2) and forehead (n = 2). Anatomic site is an important factor to consider in
such studies, as it can influence the expression and methylation of genes. The hands and forehead,
for example, are exposed to environmental factors that other parts of the body are not, leading to
differences in gene expression between exposed and non-exposed skin [94]. Interestingly, in a cancer
context, one study reported a novel epigenetic signature of HPV infection that was independent of the
anatomic location in HPV-associated head and neck squamous cell carcinomas [95].

5. Conclusions

Wart formation was found to involve a clear methylation pattern that sets it apart from normal
skin. It was demonstrated that most differentially methylated genes were protein coding and included
non-coding RNA genes as well. Surprisingly, many of the DM genes found in benign warts were
previously reported to be involved in high-risk HPV infection and HPV-associated malignancies.
The main limitation of the present study was that the participants were all male, but only males were
included in order to minimize any genetic variation that might occur due to differences in sex.

Author Contributions: L.N.A.-E. designed the method study and supervised the study. L.N.A.-E., A.H.T. and
F.A.A.-Q. are responsible for samples and clinical data collections. L.N.A.-E., M.A.A. and A.H.T. lead the
implementation of the method and performed the data analysis. L.N.A.-E., M.A.A. and A.H.T. helped with the
interpretation, description of the results, and drafted the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Deanship of Research at Jordan University of Science and Technology
under grant number 184/2017.

Acknowledgments: The authors are grateful to all the participants of this study for their invaluable contributions.
The authors would also like to express their gratitude to King Khalid University, Saudi Arabia for providing
administrative and technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stanley, M.A. Epithelial cell responses to infection with human papillomavirus. Clin. Microbiol. Rev. 2012,
25, 215–222. [CrossRef] [PubMed]

2. Sabeena, S.; Bhat, P.; Kamath, V.; Arunkumar, G. Possible non-sexual modes of transmission of human
papilloma virus. J. Obstet. Gynaecol. Res. 2017, 43, 429–435. [CrossRef] [PubMed]

3. Ljubojevic, S.; Skerlev, M. HPV-associated diseases. Clin. Dermatol. 2014, 32, 227–234. [CrossRef] [PubMed]
4. Doorbar, J.; Egawa, N.; Griffin, H.; Kranjec, C.; Murakami, I. Human papillomavirus molecular biology and

disease association. Rev. Med. Virol. 2015, 25, 2–23. [CrossRef] [PubMed]
5. Egawa, N.; Doorbar, J. The low-risk papillomaviruses. Virus Res. 2017, 231, 119–127. [CrossRef] [PubMed]
6. Loo, S.K.F.; Tang, W.Y.M. Warts (non-genital). BMJ Clin. Evid. 2014, 2014.
7. Bacelieri, R.; Johnson, S.M. Cutaneous warts: An evidence-based approach to therapy. Am. Fam. Phys. 2005,

72, 647–652.
8. Dall’Oglio, F.; D’Amico, V.; Nasca, M.R.; Micali, G. Treatment of Cutaneous Warts. Am. J. Clin. Dermatol.

2012, 13, 73–96. [CrossRef]
9. Bruggink, S.C.; de Koning, M.N.C.; Gussekloo, J.; Egberts, P.F.; ter Schegget, J.; Feltkamp, M.C.W.;

Bavinck, J.N.B.; Quint, W.G.V.; Assendelft, W.J.J.; Eekhof, J.A.H. Cutaneous wart-associated HPV types:
Prevalence and relation with patient characteristics. J. Clin. Virol. 2012, 55, 250–255. [CrossRef]

10. Mulhem, E.; Pinelis, S. Treatment of nongenital cutaneous warts. Am. Fam. Phys. 2011, 84, 288–293.

http://dx.doi.org/10.1128/CMR.05028-11
http://www.ncbi.nlm.nih.gov/pubmed/22491770
http://dx.doi.org/10.1111/jog.13248
http://www.ncbi.nlm.nih.gov/pubmed/28165175
http://dx.doi.org/10.1016/j.clindermatol.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/24559558
http://dx.doi.org/10.1002/rmv.1822
http://www.ncbi.nlm.nih.gov/pubmed/25752814
http://dx.doi.org/10.1016/j.virusres.2016.12.017
http://www.ncbi.nlm.nih.gov/pubmed/28040475
http://dx.doi.org/10.2165/11594610-000000000-00000
http://dx.doi.org/10.1016/j.jcv.2012.07.014


Genes 2020, 11, 34 20 of 24

11. Bacaj, P.; Burch, D. Human Papillomavirus Infection of the Skin. Arch. Pathol. Lab. Med. 2018, 142, 700–705.
[CrossRef] [PubMed]

12. Rodriguez, A.C.; Schiffman, M.; Herrero, R.; Wacholder, S.; Hildesheim, A.; Castle, P.E.; Solomon, D.; Burk, R.
Proyecto Epidemiológico Guanacaste Group Rapid Clearance of Human Papillomavirus and Implications
for Clinical Focus on Persistent Infections. JNCI J. Natl. Cancer Inst. 2008, 100, 513–517. [CrossRef] [PubMed]

13. Di Domenico, M.; Giovane, G.; Kouidhi, S.; Iorio, R.; Romano, M.; De Francesco, F.; Feola, A.; Siciliano, C.;
Califano, L.; Giordano, A. HPV epigenetic mechanisms related to Oropharyngeal and Cervix cancers.
Cancer Biol. Ther. 2018, 19, 850–857. [CrossRef] [PubMed]

14. Von Knebel Doeberitz, M.; Prigge, E.-S. Role of DNA methylation in HPV associated lesions. Papillomavirus
Res. 2019, 7, 180–183. [CrossRef]

15. Milavetz, B.I.; Balakrishnan, L. Viral Epigenetics. Methods Mol Biol. 2015, 1238, 569–596.
16. Schübeler, D. Function and information content of DNA methylation. Nature 2015, 517, 321–326. [CrossRef]
17. Jin, J.; Lian, T.; Gu, C.; Yu, K.; Gao, Y.Q.; Su, X.-D. The effects of cytosine methylation on general transcription

factors. Sci. Rep. 2016, 6, 29119. [CrossRef]
18. Lister, R.; Pelizzola, M.; Dowen, R.H.; Hawkins, R.D.; Hon, G.; Tonti-Filippini, J.; Nery, J.R.; Lee, L.; Ye, Z.;

Ngo, Q.-M.; et al. Human DNA methylomes at base resolution show widespread epigenomic differences.
Nature 2009, 462, 315–322. [CrossRef]

19. Yang, X.; Han, H.; DeCarvalho, D.D.; Lay, F.D.; Jones, P.A.; Liang, G. Gene body methylation can alter gene
expression and is a therapeutic target in cancer. Cancer Cell 2014, 26, 577–590. [CrossRef]

20. Jones, P.A. The DNA methylation paradox. Trends Genet. 1999, 15, 34–37. [CrossRef]
21. Moore, L.D.; Le, T.; Fan, G. DNA methylation and its basic function. Neuropsychopharmacology 2013, 38, 23–38.

[CrossRef] [PubMed]
22. Neri, F.; Rapelli, S.; Krepelova, A.; Incarnato, D.; Parlato, C.; Basile, G.; Maldotti, M.; Anselmi, F.; Oliviero, S.

Intragenic DNA methylation prevents spurious transcription initiation. Nature 2017, 543, 72–77. [CrossRef]
23. Wade, J.T.; Grainger, D.C. Spurious transcription and its impact on cell function. Transcription 2018, 9, 182–189.

[CrossRef] [PubMed]
24. Lokk, K.; Modhukur, V.; Rajashekar, B.; Märtens, K.; Mägi, R.; Kolde, R.; Koltšina, M.; Nilsson, T.K.;

Vilo, J.; Salumets, A.; et al. DNA methylome profiling of human tissues identifies global and tissue-specific
methylation patterns. Genome Biol. 2014, 15, r54. [CrossRef] [PubMed]

25. Zhang, C.; Zhao, H.; Li, J.; Liu, H.; Wang, F.; Wei, Y.; Su, J.; Zhang, D.; Liu, T.; Zhang, Y. The Identification of
Specific Methylation Patterns across Different Cancers. PLoS ONE 2015, 10, e0120361. [CrossRef]

26. Wang, Y.; Liu, D.; Jin, X.; Song, H.; Lou, G. Genome-wide characterization of aberrant DNA methylation
patterns and the potential clinical implications in patients with endometrial cancer. Pathol. Res. Pract. 2019,
215, 137–143. [CrossRef]

27. Sen, P.; Ganguly, P.; Ganguly, N. Modulation of DNA methylation by human papillomavirus E6 and E7
oncoproteins in cervical cancer (Review). Oncol. Lett. 2017, 15, 11–22. [CrossRef]

28. Clarke, M.A.; Gradissimo, A.; Schiffman, M.; Lam, J.; Sollecito, C.C.; Fetterman, B.; Lorey, T.; Poitras, N.;
Raine-Bennett, T.R.; Castle, P.E.; et al. Human Papillomavirus DNA Methylation as a Biomarker for Cervical
Precancer: Consistency across 12 Genotypes and Potential Impact on Management of HPV-Positive Women.
Clin. Cancer Res. 2018, 24, 2194–2202. [CrossRef]

29. Assenov, Y.; Müller, F.; Lutsik, P.; Walter, J.; Lengauer, T.; Bock, C. Comprehensive analysis of DNA
methylation data with RnBeads. Nat. Methods 2014, 11, 1138–1140. [CrossRef]

30. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential
expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

31. Sheffield, N.C.; Bock, C. LOLA: Enrichment analysis for genomic region sets and regulatory elements in R
and Bioconductor. Bioinformatics 2016, 32, 587–589. [CrossRef] [PubMed]

32. Perfetto, L.; Briganti, L.; Calderone, A.; Cerquone Perpetuini, A.; Iannuccelli, M.; Langone, F.; Licata, L.;
Marinkovic, M.; Mattioni, A.; Pavlidou, T.; et al. SIGNOR: A database of causal relationships between
biological entities. Nucleic Acids Res. 2016, 44, D548–D554. [CrossRef] [PubMed]

33. Laramie, J.M.; Wilk, J.B.; Williamson, S.L.; Nagle, M.W.; Latourelle, J.C.; Tobin, J.E.; Province, M.A.;
Borecki, I.B.; Myers, R.H. Polymorphisms near EXOC4 and LRGUK on chromosome 7q32 are associated
with Type 2 Diabetes and fasting glucose; The NHLBI Family Heart Study. BMC Med. Genet. 2008, 9, 46.
[CrossRef] [PubMed]

http://dx.doi.org/10.5858/arpa.2017-0572-RA
http://www.ncbi.nlm.nih.gov/pubmed/29848038
http://dx.doi.org/10.1093/jnci/djn044
http://www.ncbi.nlm.nih.gov/pubmed/18364507
http://dx.doi.org/10.1080/15384047.2017.1310349
http://www.ncbi.nlm.nih.gov/pubmed/28362190
http://dx.doi.org/10.1016/j.pvr.2019.03.005
http://dx.doi.org/10.1038/nature14192
http://dx.doi.org/10.1038/srep29119
http://dx.doi.org/10.1038/nature08514
http://dx.doi.org/10.1016/j.ccr.2014.07.028
http://dx.doi.org/10.1016/S0168-9525(98)01636-9
http://dx.doi.org/10.1038/npp.2012.112
http://www.ncbi.nlm.nih.gov/pubmed/22781841
http://dx.doi.org/10.1038/nature21373
http://dx.doi.org/10.1080/21541264.2017.1381794
http://www.ncbi.nlm.nih.gov/pubmed/28980880
http://dx.doi.org/10.1186/gb-2014-15-4-r54
http://www.ncbi.nlm.nih.gov/pubmed/24690455
http://dx.doi.org/10.1371/journal.pone.0120361
http://dx.doi.org/10.1016/j.prp.2018.11.002
http://dx.doi.org/10.3892/ol.2017.7292
http://dx.doi.org/10.1158/1078-0432.CCR-17-3251
http://dx.doi.org/10.1038/nmeth.3115
http://dx.doi.org/10.1093/nar/gkv007
http://dx.doi.org/10.1093/bioinformatics/btv612
http://www.ncbi.nlm.nih.gov/pubmed/26508757
http://dx.doi.org/10.1093/nar/gkv1048
http://www.ncbi.nlm.nih.gov/pubmed/26467481
http://dx.doi.org/10.1186/1471-2350-9-46
http://www.ncbi.nlm.nih.gov/pubmed/18498660


Genes 2020, 11, 34 21 of 24

34. Mukerji, J.; Olivieri, K.C.; Misra, V.; Agopian, K.A.; Gabuzda, D. Proteomic analysis of HIV-1 Nef cellular
binding partners reveals a role for exocyst complex proteins in mediating enhancement of intercellular
nanotube formation. Retrovirology 2012, 9, 33. [CrossRef] [PubMed]

35. Sapp, M.; Bienkowska-Haba, M. Viral entry mechanisms: Human papillomavirus and a long journey from
extracellular matrix to the nucleus. FEBS J. 2009, 276, 7206–7216. [CrossRef] [PubMed]

36. Schiller, J.T.; Day, P.M.; Kines, R.C. Current understanding of the mechanism of HPV infection. Gynecol.
Oncol. 2010, 118, S12–S17. [CrossRef] [PubMed]

37. Zhang, P.; Monteiro Da Silva, G.; Deatherage, C.; Burd, C. Cell-Penetrating Peptide Mediates Intracellular
Membrane Passage of Human Papillomavirus L2 Protein to Trigger Retrograde Trafficking In Brief A
conserved cell-penetrating peptide (CPP) encoded by the HPV genome enables viral protein passage across
the endosomal membrane into the cytoplasm and drives non-enveloped viral entry during infection. Cell
2018, 175, 1465–1476.

38. Santi, C.M.; Martínez-López, P.; de la Vega-Beltrán, J.L.; Butler, A.; Alisio, A.; Darszon, A.; Salkoff, L.
The SLO3 sperm-specific potassium channel plays a vital role in male fertility. FEBS Lett. 2010, 584,
1041–1046. [CrossRef]

39. Pardo, L.A.; Stühmer, W. The roles of K + channels in cancer. Nat. Rev. Cancer 2014, 14, 39–48. [CrossRef]
40. Shi, Q.; Ge, Y.; He, W.; Hu, X.; Yan, R. RTN1 and RTN3 protein are differentially associated with senile

plaques in Alzheimer’s brains. Sci. Rep. 2017, 7, 6145. [CrossRef]
41. Fan, Y.; Xiao, W.; Li, Z.; Li, X.; Chuang, P.Y.; Jim, B.; Zhang, W.; Wei, C.; Wang, N.; Jia, W.; et al. RTN1 mediates

progression of kidney disease by inducing ER stress. Nat. Commun. 2015, 6, 7841. [CrossRef] [PubMed]
42. Diaz, A.; Wang, X.; Ahlquist, P. Membrane-shaping host reticulon proteins play crucial roles in viral RNA

replication compartment formation and function. Proc. Natl. Acad. Sci. USA 2010, 107, 16291–16296.
[CrossRef] [PubMed]

43. Zhu, Y.-H.; Liu, H.; Zhang, L.-Y.; Zeng, T.; Song, Y.; Qin, Y.-R.; Li, L.; Liu, L.; Li, J.; Zhang, B.; et al.
Downregulation of LGI1 promotes tumor metastasis in esophageal squamous cell carcinoma. Carcinogenesis
2014, 35, 1154–1161. [CrossRef] [PubMed]

44. Wang, Y.; Liu, D.-P.; Chen, P.-P.; Koeffler, H.P.; Tong, X.-J.; Xie, D. Involvement of IFN Regulatory Factor
(IRF)-1 and IRF-2 in the Formation and Progression of Human Esophageal Cancers. Cancer Res. 2007,
67, 2535–2543. [CrossRef] [PubMed]

45. Toruner, G.A.; Ulger, C.; Alkan, M.; Galante, A.T.; Rinaggio, J.; Wilk, R.; Tian, B.; Soteropoulos, P.;
Hameed, M.R.; Schwalb, M.N.; et al. Association between gene expression profile and tumor invasion in oral
squamous cell carcinoma. Cancer Genet. Cytogenet. 2004, 154, 27–35. [CrossRef]

46. Wang, Z.; Liu, N.; Shi, S.; Liu, S.; Lin, H. The Role of PIWIL4, an Argonaute Family Protein, in Breast Cancer.
J. Biol. Chem. 2016, 291, 10646–10658. [CrossRef]

47. Bamezai, S.; Mulaw, M.M.; Zhou, F.; Rohde, C.; Muller-Tidow, C.; Dohner, K.; Dohner, H.; Buske, M.F.;
Buske, C.; Rawat, V.P. Knockdown of the Piwi—Like Protein 4 (PIWIL4) Delays Leukemic Growth and Is
Associated with Gross Changes in the Global Histone Methylation Marks in Human MLL—Rearranged
AML. Blood 2013, 122, 597. [CrossRef]

48. Li, W.; Wong, C.C.; Zhang, X.; Kang, W.; Nakatsu, G.; Zhao, Q.; Chen, H.; Go, M.Y.Y.; Chiu, P.W.Y.; Wang, X.;
et al. CAB39L elicited an anti-Warburg effect via a LKB1-AMPK-PGC1α axis to inhibit gastric tumorigenesis.
Oncogene 2018, 37, 6383–6398. [CrossRef]

49. Stebbing, J.; Lit, L.C.; Zhang, H.; Darrington, R.S.; Melaiu, O.; Rudraraju, B.; Giamas, G. The regulatory roles
of phosphatases in cancer. Oncogene 2014, 33, 939–953. [CrossRef]

50. Sagwal, S.K.; Pasqual-Melo, G.; Bodnar, Y.; Gandhirajan, R.K.; Bekeschus, S. Combination of chemotherapy
and physical plasma elicits melanoma cell death via upregulation of SLC22A16. Cell Death Dis. 2018, 9, 1179.
[CrossRef]

51. Ota, K.; Ito, K.; Akahira, J.; Sato, N.; Onogawa, T.; Moriya, T.; Unno, M.; Abe, T.; Niikura, H.; Takano, T.; et al.
Expression of Organic Cation Transporter SLC22A16 in Human Epithelial Ovarian Cancer. Int. J. Gynecol.
Pathol. 2007, 26, 334–340. [CrossRef] [PubMed]

52. Reddy, K.R.K.; Dasari, C.; Duscharla, D.; Supriya, B.; Ram, N.S.; Surekha, M.V.; Kumar, J.M.; Ummanni, R.
Dimethylarginine dimethylaminohydrolase-1 (DDAH1) is frequently upregulated in prostate cancer, and
its overexpression conveys tumor growth and angiogenesis by metabolizing asymmetric dimethylarginine
(ADMA). Angiogenesis 2018, 21, 79–94. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1742-4690-9-33
http://www.ncbi.nlm.nih.gov/pubmed/22534017
http://dx.doi.org/10.1111/j.1742-4658.2009.07400.x
http://www.ncbi.nlm.nih.gov/pubmed/19878308
http://dx.doi.org/10.1016/j.ygyno.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20494219
http://dx.doi.org/10.1016/j.febslet.2010.02.005
http://dx.doi.org/10.1038/nrc3635
http://dx.doi.org/10.1038/s41598-017-05504-9
http://dx.doi.org/10.1038/ncomms8841
http://www.ncbi.nlm.nih.gov/pubmed/26227493
http://dx.doi.org/10.1073/pnas.1011105107
http://www.ncbi.nlm.nih.gov/pubmed/20805477
http://dx.doi.org/10.1093/carcin/bgu040
http://www.ncbi.nlm.nih.gov/pubmed/24510112
http://dx.doi.org/10.1158/0008-5472.CAN-06-3530
http://www.ncbi.nlm.nih.gov/pubmed/17363571
http://dx.doi.org/10.1016/j.cancergencyto.2004.01.026
http://dx.doi.org/10.1074/jbc.M116.723239
http://dx.doi.org/10.1182/blood.V122.21.597.597
http://dx.doi.org/10.1038/s41388-018-0402-1
http://dx.doi.org/10.1038/onc.2013.80
http://dx.doi.org/10.1038/s41419-018-1221-6
http://dx.doi.org/10.1097/01.pgp.0000236951.33914.1b
http://www.ncbi.nlm.nih.gov/pubmed/17581421
http://dx.doi.org/10.1007/s10456-017-9587-0
http://www.ncbi.nlm.nih.gov/pubmed/29150732


Genes 2020, 11, 34 22 of 24

53. Ye, J.; Xu, J.; Li, Y.; Huang, Q.; Huang, J.; Wang, J.; Zhong, W.; Lin, X.; Chen, W.; Lin, X. DDAH1 mediates gastric
cancer cell invasion and metastasis via Wnt/β-catenin signaling pathway. Mol. Oncol. 2017, 11, 1208–1224.
[CrossRef] [PubMed]

54. Hulin, J.-A.; Tommasi, S.; Elliot, D.; Mangoni, A.A. Small molecule inhibition of DDAH1 significantly
attenuates triple negative breast cancer cell vasculogenic mimicry in vitro. Biomed. Pharmacother. 2019,
111, 602–612. [CrossRef] [PubMed]

55. Friedman, J.S.; Ray, J.W.; Waseem, N.; Johnson, K.; Brooks, M.J.; Hugosson, T.; Breuer, D.; Branham, K.E.;
Krauth, D.S.; Bowne, S.J.; et al. Mutations in a BTB-Kelch Protein, KLHL7, Cause Autosomal-Dominant
Retinitis Pigmentosa. Am. J. Hum. Genet. 2009, 84, 792–800. [CrossRef]

56. Palazzo, A.F.; Lee, E.S. Non-coding RNA: What is functional and what is junk? Front. Genet. 2015, 6, 2.
[CrossRef]
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