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Abstract

The human genome contains thousands of retrocopies, mostly as processed pseudogenes, which were recently shown to be prev-

alently transcribed. In particular, those specifically acquired in the human lineage are able to modulate gene expression in a manner

that contributed to the evolution of human-specific traits. Therefore, knowledge of the human-specific retrocopies that are tran-

scribed or their full-length transcript structure contributes to better understand human genome evolution. In this study, we identified

16 human-specific retrocopies that harbor 50 CpG islands by in silico analysis and showed that 12 were transcribed in normal tissues

and cancer cell lines with a variety of expression patterns, including cancer-specific expression. Determination of the structure of the

transcripts associated with the retrocopies revealed that none were transcribed from their 50 CpG islands, but rather, from inside the

30 UTR and the nearby 50 flanking region of the retrocopies as well as the promoter of neighboring genes. The multiple forms of

the transcripts, such as chimeric and individual transcripts in both the sense and antisense orientation, might have introduced novel

post-transcriptional regulation into the genome during human evolution. These results shed light on the potential role of human-

specific retrocopies in the evolution of gene regulation and genomic disorders.

Introduction

Duplicated genes are abundant in eukaryotic genomes and

thus are presumed to play important roles in evolution. One

main mechanism underlying the production of duplicated

genes is retrotransposition, which is associated with the re-

verse transcription of processed mRNA and integration into a

new genomic locus. The retrocopies that have lost the ability

to code protein due to the accumulation of multiple mutations

are called “processed pseudogenes” (Mighell et al. 2000;

Balakirev and Ayala 2003) while “retrogenes” are termed

for the retrocopies that are expressed retaining a protein-

coding function similar or identical to that of the parent

genes (McCarrey and Thomas 1987; Charrier et al. 2012).

It is estimated that there are thousands of retrocopies in the

human genome and recent studies have revealed that a large

number of retrocopies and pseudogenes are expressed in var-

ious human tissues and cell lines (Vinckenbosch et al. 2006;

Baertsch et al. 2008; Kalyana-Sundaram et al. 2012; Zhang

2013; Guo et al. 2014; Navarro and Galante 2015; Carelli

et al. 2016). Interestingly, accumulating evidence shows that

these retrocopy or pseudogene transcripts are able to function

as noncoding RNAs and modulate their parent genes by post-

transcriptional mechanisms. For example, expression of the

phosphatase and tensin homolog (PTEN) tumor suppressor

gene is controlled by the transcription of its processed pseu-

dogene PTENP1, which functions as a competing endogenous

RNA (ceRNA) that acts as a molecular sponge directly com-

peting for PTEN-targeting microRNAs (miRNAs) (Poliseno et al.

2010). Another study in snails showed that neuronal expres-

sion of the neuronal nitric oxide synthase (nNOS) protein

was suppressed by an antisense RNA transcribed from an

NOS pseudogene establishing a stable RNA–RNA

duplex with the parent NOS mRNA (Korneev et al. 1999).

Furthermore, the transcribed retrocopies are known to be

involved in the production of endogenous small

interfering RNAs (siRNAs) in mouse oocytes (Tam et al.

2008; Watanabe et al. 2008). These siRNAs are formed

by hybridization of the retrocopy transcripts to their
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complementary parent mRNA and subsequent digestion by

Dicer. Thus, retrocopies have the potential to introduce nov-

elty into the control of gene expression in diverse species,

including humans.

A large number of studies have reported differences in

gene expression across primates, particularly between

humans and chimpanzees (Enard et al. 2002; Cheng et al.

2005; Loisel et al. 2006; Warner et al. 2009; Pai et al.

2011). Comparisons of the genomic sequences between

humans and other primates have revealed certain character-

istic features of the human genome that may explain such

gene expression differences, such as the hundreds of large

indels (McLean et al. 2011) and the human accelerated re-

gions, that is genomic regions that have acquired significantly

high number of nucleotide substitutions specifically in the

human lineage (Pollard et al. 2006). However, the impact of

human-specific retrocopies that duplicated only after the di-

vergence of the chimpanzee so as to introduce novel mecha-

nisms for the regulation of gene expression during human

evolution is not yet fully understood. A number of recent

large-scale evolutionary studies of retrocopies including pri-

mate genomes described important potential contributions

of transcribed retrocopies for species-specific evolution of pri-

mate genomes (Zhang 2013; Navarro and Galante

2015; Carelli et al. 2016). Navarro and Galante also described

a large set of human-specific retrocopies (Navarro and Galante

2015). Other recent studies reported retrocopy number vari-

ations resulting from both gain and loss of retrocopy insertions

within natural populations of humans, illuminating potential

evolutionary, and functional relevance (Abyzov et al. 2013;

Ewing et al. 2013; Schrider et al. 2013; Richardson et al.

2014; Kabza et al. 2015). However, more information is still

needed to extend our knowledge of human-specific retroco-

pies that are actually transcribed and the structure of their full-

length transcripts.

In this study, we focused on human-specific retrocopies

that harbor 50 CpG islands (CGIs) in light of the possibility

that the emergence of novel CGIs by retrotransposition

might have altered gene regulation as well (Suzuki et al.

2011). Because transcription start sites (TSSs) tend to be inter-

spersed in a CGI rather than positioned at one or a few specific

sites (Yamashita et al. 2005; Okamura and Nakai 2008), we

presumed retrocopies that have a 50 CGI may be transcribed

from the TSSs remaining in their CGIs. Extracting the human

CGIs that are not found in the orthologous chromosomes of

other primates, we identified 16 human-specific retrocopies

and demonstrated that they were mostly transcribed.

Furthermore, the determination of the structure of the retro-

copy-associated transcripts by rapid amplification of cDNA

end (RACE) experiments clarified their TSSs. Multiple forms

of the transcripts potentially function as noncoding RNAs in-

volved in post-transcriptional regulation, such as ceRNAs and

antisense RNAs.

Results

Identification of the 16 Human-Specific Retrocopies

To identify human-specific retrocopies harboring 50 CGIs, we

extracted newly emergent human CGIs that did not share

sequence similarity within any orthologous chromosomes

with the chimpanzee, orangutan or gorilla using a BLAST-

like alignment tool (BLAT) (Kent 2002). This filtering provided

214 candidate loci for potentially human-specific CGIs. After

the manual removal of false-positive calls, such as CGIs re-

garded as human specific not because of retrotransposition

but because of the presence of sequencing gaps in the geno-

mic sequences of all three of these nonhuman primates along

with small chromosomal translocation and tandem repeat cre-

ation in the human genome, such that 46 CGIs were identified

as specifically human. Removing SVA retrotransposons and

CpG-rich minisatellites, it appeared that 16 of the 46 CGIs

were 50 CGIs of human-specific retrocopies (fig. 1a and b,

table 1). The chromosomal location of these loci did not ex-

hibit any obvious proximal–distal preference or clear pattern of

accumulation to any specific chromosome (fig. 1a).

Intriguingly, more than half (10/16) of the retrocopies were

inserted into gene introns and the sense-antisense orientation

of the insertion into host genes had no clear bias (six for sense,

four for antisense) (table 1). These intragenic insertions may

imply the possibility that they exert an effect on host gene

expression. Since these retrocopies are very young, as they
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FIG. 1.—Genomic locations of the 16 human-specific retrocopies. (a)

The locations of the 16 human-specific retrocopies are indicated on the

right of the human chromosome by the red arrowheads. The chromosome

numbers are also indicated. (b) Dot plot analyses between human (x-axis)

and chimp (y-axis) indicate human-specific retrocopy insertions. The chro-

mosome positions are based on GRCh37 and CHIMP2.1.4. The arrow-

heads indicate the target site duplication (TSD) sequences flanking the

insertion sites. Dot plot analyses for other loci are shown in supplementary

figure S1, Supplementary Material online.
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became duplicated just after the divergence between the

human and chimpanzee lineages, 9 out of 14 copies of the

protein-coding genes unsurprisingly still retain an intact open

reading frame (ORF) with only a few amino acid replacements

(table 1). The Ka/Ks ratio between the retrocopies and their

parent genes were less than one in most cases, implying pu-

rifying or stabilizing selection for protein-coding sequence of

these retrocopies (table 1). Statistical significance (Fisher’s

exact test, P<0.05) was attained in four retrocopies,

UHRF1-r, EIF3FP3, BMPR1APS2, and NUS1P1, but not in

others unsurprisingly considering that only a small number

of nucleotide substitutions were analyzed. This suggests that

these retrocopies potentially produce proteins with functions

that are mainly conserved but slightly distinct from those of

their parents upon transcription. We therefore next analyzed

the DNA methylation status in the CGIs located in the 50

region of the retrocopies.

50 CpG Island Methylation of the Human-Specific
Retrocopies

Although genome-wide DNA methylation data obtained

using microarray or next-generation sequencing (NGS) are

available in public databases, the extremely close sequence

similarity between the retrocopies and their parent genes

raises the potential that the 50 CGIs in the retrotransposed

loci have not been clearly distinguished from the original loci

in genome-wide data. We therefore performed combined

bisulphite and restriction analysis (COBRA), designing one of

a pair of PCR primers in the 50 flanking sequences of the

retrocopies to correctly determine the 50 CGI methylation

levels of the retrocopies. The 50 CGIs in the nine retrocopies

were highly methylated in almost all of the tissues and cancer

cell lines examined except the testis, consistent with the

notion that retrotransposed elements are subject to DNA

hypermethylation (fig. 2, upper group). Three other CGIs

were highly methylated in normal tissues, but relatively

Table 1

List of 16 Human-Specific Retrocopies

Retrocopy Location Length (bp) Full-length ORF Ka/Ks Parent Gene Host Gene

GCSHP5 chr1: 168024571–168025743 1,173 Yes (no aa change) – GCSH DCAF6 (AS)

C1orf106-r chr3: 111902199–111904845 2,647 Noncoding – C1orf106 SLC9C1 (S)

TMEM183A-r chr3: 149699451–149701166 1,726 Yes (6 aa change) – TMEM183A PFN2 (S)

ZNF322P1 chr9: 99957623–99962428 4,806 Yes (3 aa change) – ZNF322 ANKRD18CP (S)

RALGAPA1P chr9: 108282022–108290003 7,982 No 0.912 RALGAPA1 FSD1L (S)

RPS28P7 chr11: 82400563–82400978 416 Yes (no aa change) – RPS28 lincRNA (AS)

UHRF1-r chr12: 20704359–20707315 2,957 No 0.182* UHRF1 PDE3A (S)

RPL18AP3 chr12: 104656954–104661687 643 Yes (1 aa change) – RPL18A TXNRD1 (S)

RBM8B chr14: 60864423–60867249 2,827 No 1.807 RBM8A C14orf39 (AS)

H2BFS chr21: 44985061–44986086 1,026 Yes (2 aa change) 0.330 H2BK HSF2BP (AS)

PHKA1P1 chr1: 91356714–91359574 2,861 No – PHKA1 Intergenic

EIF3FP3 chr2: 58478566–58479819 1,254 Yes (8 aa change) 0.308* EIF3F Intergenic

BMPR1APS2 chr11: 121231080–121234015 2,936 No 0.010* BMPR1A Intergenic

AK4P3 chr12: 31766166–31769527 3,362 Yes (2 aa change) 0.199 AK4 Intergenic

Novel-r chr14: 90991749–90992338 590 Noncoding – Novel Intergenic

NUS1P1 chrX: 47369025–47373053 4,029 Yes (1 aa change) 0.106* NUS1 Intergenic

NOTE—The table summarises the human-specific retrocopies. The chromosome positions of the inserted sequences were based on GRCh37. The retrocopy and parental
gene names are from HGNC. The genes without any established name were tentatively named (indicated by gray letters). The Ka/Ks ratio was not able to be calculated at
seven loci due to the lack of synonymous or nonsynonymous site. The retro-insertion locations are indicated as intergenic or by the host gene name along with the
orientation (S: sense or AS: antisense) to host genes.

*Statistically significant (Fisher’s exact test, P< 0.05).
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FIG. 2.—Methylation status of the CGIs located in the human-specific

retrocopies. Heat map of the methylation status of the 16 human-specific

retrocopies. The percentages of methylated DNA in each sample were

measured by COBRA. The unmethylated status is shown in white, highly

methylated in black and intermediate in a blue gradient.
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reduced methylation levels were observed in multiple cancer

cell lines (fig. 2, the middle group). Interestingly, the four re-

maining CGIs were hypomethylated in normal tissues, but

were highly methylated in certain cancer cell lines (fig. 2,

lower group). These results show that not all retrocopies are

highly methylated, suggesting that at least some have

the potential to be transcribed. Hence, we next performed

RT-PCR to determine whether they are indeed actually

transcribed.

Transcription of Human-Specific Retrocopies in Normal
Tissues and Cancer Cell Lines

To detect the retrocopy transcripts separately from their

parent genes or other paralogues, we designed PCR primers

to make the 30-terminus contain a single nucleotide replace-

ment site only in the retrocopies. Performing PCR with geno-

mic DNA using these primer pairs under stringent annealing

conditions, the specific amplification of 12 out of the 16 retro-

copies was confirmed by restriction fragment length polymor-

phism (RFLP) analysis or direct sequencing of the PCR products

containing the internal retrocopy-specific sequence. In addi-

tion, the RT-PCR products were also analyzed in the same

manner in order to confirm the retrocopy-specific detection.

The specific primer sets were not able to be designed for four

retrocopies, GCSHP5, RALGAPA1P, RPS28P7, and RPL18AP3,

due to the lack of retrocopy-specific sequences. The results of

RT-PCR showed that all of the 12 retrocopies examined were

transcribed and displayed expression patterns that varied in a

tissue and cell line-specific manner. The expression of retro-

copies AK4P3, BMPR1APS2, H2BFS, and EIF3FP3 was clearly

higher in the multiple cancer cell lines than in normal tissues

(fig. 3). In particular, in the cases of BMPR1APS2 and H2BFS

the expression was almost entirely cancer-specific, while

EIF3FP3, interestingly, was clearly expressed only in the malig-

nant prostate cancer cell lines PC3 and PC3M. On the other

hand, UHRF1-r was ubiquitously expressed in normal tissues,

but seemed to be repressed in many cancer cell lines. These

results suggest that these transcribed human-specific retroco-

pies function as novel genetic elements specifically acquired

during human evolution, while dysregulation of these retro-

copies expression is associated with certain human diseases,

including cancer. However, we wondered if these

retrocopies were in fact transcribed from their 50 CGIs, be-

cause no correlation was found between their expression

and the 50 CGI methylation levels. The expression and meth-

ylation data from normal tissues may not be fully compara-

ble, because it was not obtained from matched DNA and

RNA sets, but the cancer cell line data is not

subject to this concern. This prompted us to deter-

mine the structure of the transcripts associated with the

retrocopies.

Determination of the Structure of the Transcripts
Associated with the Human-Specific Retrocopies

RACE experiments were performed to the structure of the

retrocopy-associated transcripts. To avoid any amplification

of highly similar parent transcripts, we designed gene-specific

primers for RACE to include single nucleotide substitution sites

at their 30 ends, as described in the RT-PCR section.

Considering that retrocopy transcription does not necessarily

occur in sense orientation, the gene-specific primers were de-

signed in both directions for each RACE experiment. It turned

out that three retrocopies were expressed as chimeric tran-

scripts in that the retrocopies were connected to their neigh-

boring genes in the sense or antisense orientation by a pattern

of splicing conforming to the GT-AG rule (fig. 4a–c).

The chimeric transcript associated with H2BFS was formed

by splicing the connecting exon 8 of HSF2BP and the 30 UTR of

H2BFS in the antisense orientation (fig. 4a). The splice
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FIG. 4.—Identification of the structure of the retrocopy-associated trasncripts and their expression pattern. Schematic representations of the genomic
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exons are represented as filled boxes and nontranslated sequences are indicated as open boxes. The exons are not drawn to scale. The regions included in the
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acceptor site in H2BFS was located 507 bp inside the 30 end of

H2BFS and the chimeric transcript was terminated by a poly-

adenylation signal sequence located approximately 1,460 bp

upstream of the 50 end of H2BFS. In the chimeric transcript,

the ORF in exon 9 of HSF2BP, encoding part of the armadillo-

type fold domain, was truncated, and the sting of 12 amino

acids encoded by antisense sequence of H2BFS was added.

The expression level of the chimeric transcript was remarkably

high in the testis compared with other tissues and cell lines,

where the expression was nevertheless still detectable (fig. 4a).

The chimeric transcript associated with TMEM183A-r was

formed by splicing the connecting exon 8 of RNF13 with the 30

UTR of TMEM183A-r in the antisense orientation (fig. 4b). The

splice acceptor site in TMEM183A-r was located 388 bp inside

of the 30 end of TMEM183A-r and the chimeric transcript was

terminated by a polyadenylation signal sequence located ap-

proximately 190 bp upstream of the 50 end of TMEM183A-r.

In the chimeric transcript, the ORF in exon 9 and 10 of RNF13,

encoding a ring-type zinc finger domain, was truncated and

the string of 11 amino acids encoded by antisense sequence

of TMEM183A-r was added. Expression of the chimeric tran-

script was detected in all the tissues and cancer cell lines ex-

amined, but the expression level in cancer cell lines was

relatively low (fig. 4b).

The chimeric transcript associated with EIF3FP3 was formed

by splicing the connecting exon 7 of VRK2 with the 50 flanking

region of EIF3FP3 in the sense orientation (fig. 4c). The splice

acceptor site in EIF3FP3 was located 327 bp upstream from

the 50 end of EIF3FP3 and the chimeric transcript was termi-

nated by a polyadenylation signal sequence located at the 30

end of EIF3FP3 itself. In the chimeric transcript, the ORF in

exon 8–14 of VRK2, encoding part of a kinase domain and

transmembrane region, was truncated and the string of 48

amino acids encoded by 50 flanking region of EIF3FP3 was

added. Interestingly, the chimeric transcript was exclusively

expressed in the malignant prostate cancer cell lines PC3

and PC3M (fig. 4c).

The four other retrocopies were solely transcribed from the

novel TSSs in their 30 UTRs or the nearby 50 flanking region

(fig. 4d–g). NUS1P1 produced a 977 bp antisense transcript

that was transcribed from the 30 UTR, and its expression level

was relatively high in the fetal brain and adult testis (fig. 4d).

UHRF1-r was found to be a retrocopy of the chimeric tran-

script that consists of RNA18S and UHRF1 lacking exon 1–6

(fig. 4e). The transcription of UHRF1-r started 232 bp upstream

of the 50 end of the integrated sequence and was terminated

by the polyadenylation signal located at the 30 end. AK4P3

was transcribed in the sense orientation from the novel TSS in

the 30 UTR, producing a 841 bp RNA (fig. 4f). Only the 50 end

was determined for the transcript associated with

BMPR1APS2 and its antisense transcription from the 30 UTR

was shown (fig. 4g). The retrocopy of a novel unannotated

transcript transcribed from the 50 region of PCMT1 in a

head-to-head manner was incorporated into the 30 UTR of

TTC7B according to the Ensemble database (fig. 4h).

Discussion

In the present study, we have identified 16 human-specific

retrocopies and determined the transcript structure for 8 of

the 12 retrocopies that were confirmed to be transcribed. The

form of their transcription varied among the loci, but none of

them was transcribed from their 50 CGIs. One retrocopy was

incorporated into the 30 UTR of the host gene, so it should be

transcribed as part of the host gene transcript. Four others

were transcribed as sole transcripts in the sense and antisense

orientation from novel TSSs in the 30 UTR and in the nearby 50

flanking region of the retrocopies. The remaining three were

transcribed as chimeric transcripts in which the retrocopies

were fused to their neighboring genes. These observations

provided good agreement with a number of recent works

that comprehensively analyzed transcription and other fea-

tures of retrocopies in human and other species

(Vinckenbosch et al. 2006; Baertsch et al. 2008; Kalyana-

Sundaram et al. 2012; Guo et al. 2014; Carelli et al. 2016).

In the dataset of expressed retrocopies by Carelli et al., 7 of the

16 retrocopies, GCSHP5, TMEM183A-r, RALGAPA1P,

RPS28P7, EIF3FP3, AK4P3, and NUS1P1, were also included.

The dataset by Baertsch et al. contained 5 of the 16 retro-

copies, RALGAPA1P, RPS28P7, UHRF1-r, RPL18AP3, and

RBM8B, and two of them, UHRF1-r and RPL18AP3, also

exist in the dataset by Guo et al. and RALGAPA1P and

UHRF1-r were in the dataset by Kalyana-Sundaram et al.

Also the dataset by Vinckenbosch et al. contained 5 of the

16 retrocopies, GCSHP5, TMEM183A-r, RPL18AP3, RBM8B,

and NUS1P1. Interestingly, GCSHP5 and RPL18AP3 were ap-

peared in the retrocopy number variation dataset by Schrider

et al., indicating the insertions of these two retrocopies are

polymorphic (Schrider et al. 2013). In total, the transcription of

10 of the 16 retrocopies has been detected in the other stud-

ies based on RNA-Seq and EST data while six cases were only

detected in our RT-PCR-based study. We also agreed with the

previous studies about the retrocopy transcription from the

nearby 50 flanking region of the retrocopies as well as the

promoter of neighboring genes (Vinckenbosch et al. 2006;

Baertsch et al. 2008; Carelli et al. 2016). The transcription of

TMEM183A-r has been previously reported as the origination

of a human-specific transmembrane protein gene (Yu et al.

2006). However, the present results show that TMEM183A-r

was transcribed in the antisense orientation as part of a chi-

meric transcript (fig. 4b), suggesting the previous study also

detected this antisense transcription of TMEM183A-r. Only

human-specific retrocopies that have a 50 CGI were subject

for the detection as we initially presumed these retrocopies

might be transcribed from their 50 CGIs. However, all the

retrocopy-associated transcripts identified in this study were

indeed transcribed from TSSs independent from their 50 CGIs.
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Hence the high detection rate of the transcripts associated

with human-specific retrocopies unlikely due to the presence

of 50 CGI.

Since the retrocopy-associated transcripts presented here

are all human specific, their functionalities are potentially re-

lated to the acquisition of novel genomic regulation in the

evolution of the human genome. At the same time, dysregu-

lation of these transcripts expression can be regarded as po-

tential of diseases including cancer by altering gene

regulation. Recent studies have shown that transcribed retro-

copies function as ceRNAs that act as molecular sponges or

decoys for miRNAs via their preserved miRNA binding sites,

thereby upregulating the target genes of miRNAs, including

their parent genes. The three retrocopy-associated transcripts

identified in this study contained the 30 UTRs of retrocopies in

the sense orientation (fig. 4c, e, and f). These transcripts there-

fore have the potential to function as ceRNAs to regulate their

parent and other genes that share common miRNA binding

sites. One such parent gene, EIF3F, exhibits a deubiquitinase

activity that regulates Notch activation in mice (Moretti et al.

2010). UHRF1 recruits DNMT1 to hemi-methylated regions

during DNA replication, maintaining the proper DNA methyl-

ation status (Bostick et al. 2007). AK4 is a progression-associ-

ated gene in human lung cancer that promotes metastasis

(Jan et al. 2012). Because human-specific retrocopies have

an extremely close similarity to their parent genes due to

their recent duplication, the miRNA binding sites are well pre-

served in the retrocopies so there is an increased likelihood

that these young human-specific retrocopies function as

ceRNAs. Indeed, analysis of the pseudoMap database (http://

pseudomap.mbc.nctu.edu.tw, last accessed July 11, 2016)

predicted several miRNAs that target both human-specific

retrocopies and their parent genes (data not shown).

Antisense transcription of the four retrocopies was also

observed (fig. 4a, b, d, and g). These transcripts containing

antisense retrocopy sequences potentially form an RNA–RNA

duplex by hybridization with their complementary parent

mRNAs. Consequently, it is possible that the translation of

parent genes is inhibited or endogenous siRNAs are produced

from these double-stranded RNAs. The parent gene H2BK

encodes a replication-dependent histone that is a member

of the histone H2B family. NUS1, also known as Nogo-B re-

ceptor or NgBR, binds farnesylated Ras and recruits Ras to the

plasma membrane, a critical step that is required for the acti-

vation of Ras signaling in human breast cancer cells and tu-

morigenesis (Wang et al. 2013). BMPR1A mediates TGF-beta

and activin signal transduction, while the function of

TMEM183A is currently unknown.

In addition to regulation of the expression of parent genes,

the formation of chimeric transcripts regulates their fusion

with partner genes. Because these chimeric transcripts are

transcribed from the promoter of partner genes, their produc-

tion leads to a reduction in the normal transcripts of partner

genes by partly capturing their transcriptional activity, albeit

the expression levels of the chimeric transcripts were not very

high. Alternatively, these chimeric transcripts, as well as the

individual sense and antisense transcripts, may simply function

as long noncoding RNAs (lncRNAs) that positively or negatively

regulate their neighboring genes. Indeed, the fusion partner

genes of the chimeric transcripts identified in this study are

known to have important functions. The E3 ubiquitin ligase

gene RNF13, the chimeric partner of TMEM183A-r, plays a

role in spatial learning and assembly of the soluble N-ethylma-

leimide-sensitive factor-attachment protein receptor (SNARE)

complex that controls synaptic function in mice (Zhang et al.

2013). Vaccinia related kinase 2 (VRK2), the chimeric partner

of EIF3FP3, phosphorylates and stabilises p53, and its binding

to the C-terminus region of JNK1 suppresses apoptosis, con-

sistent with the finding that knockdown of VRK2 promotes

apoptosis (Blanco et al. 2008; Monsalve et al. 2013). Another

potential regulatory effect might result from the production of

truncated proteins. As all the chimeric transcripts identified in

this study contained incomplete ORFs of partner genes due to

the fusion of retrocopies, translation of the chimeric tran-

scripts would result in truncated partner gene proteins lacking

the C-terminus regions that contain a number of domains

important for protein function. These truncated proteins

therefore might exert dominant-negative effects in preventing

the activities of wild-type proteins translated from the full-

length transcripts of partner genes.

Of course, it should also be considered that some of these

retrocopy-associated transcripts may be the product of tran-

scriptional noise and/or not yet under natural selection pres-

sure because these retrocopy insertions are young events.

Further investigation by gain-of-function and loss-of-function

experiments would clarify precise function of individual tran-

scripts and whether the expression in the cancer cells is directly

involved in cause of cancer progression or consequence of

transcriptional dysregulation in cancer.

We here report 16 human-specific retrocopies that possess

50 CGIs and 12 transcripts associated with them. Although

their expression levels are low, their potential biological signif-

icance as lncRNAs would not depend on the expression level

because it is becoming clearer that numerous lncRNAs do

have important role in gene regulation despite their much

lower expression levels than that of protein-coding genes.

There are many more human-specific retrocopies in the

human genome (Navarro and Galante 2015). The high detec-

tion rate of the retrocopy-associated transcripts supports the

hypothesis that the acquisition of human-specific retrocopies

has helped create novel regulatory activities in the human

genome that are related to evolution and/or health and dis-

ease in human-beings. The investigation of the actual roles of

human-specific retrocopies in the regulation of the human

genome is now open for cell-based functional studies

utilising RNA interference (RNAi) and genome editing

technologies.
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Materials and Methods

Identification of Human-Specific Retrocopies Harboring 50

CGI

The list of human CGI sequences was downloaded from the

table browser of the UCSC Genome Bioinformatics Site

(http://genome.ucsc.edu/cgi-bin/hgTables, last accessed July

11, 2016) setting assembly to GRCh37/hg19 and track to

CpG Islands. Using BLAT (blatSrc35 parameters: -

minIdentity = 90), we checked similar sequences to each

human CGI among all of the sequences in the orthologous

chromosomes of nonhuman primate species, chimpanzee,

orangutan and gorilla. Each human CGI sequence as is in

the list was used for query and the entire sequence of the

specific orthologous chromosome of nonhuman primate spe-

cies downloaded from Ensembl (http://www.ensembl.org, last

accessed July 11, 2016) was used for database. The 214

human CGIs that did not share sequence similarity with any

of the orthologous chromosomes of these three nonhuman

primates were extracted as candidate human-specific CGIs.

After the manual removal of false-positive calls, such as

CGIs regarded as human specific not because of retrotranspo-

sition but because of the presence of sequencing gaps in the

genomic sequences of all three of these nonhuman primates

along with small chromosomal translocation and tandem

repeat creation in the human genome, such that 46 CGIs

were identified as specifically human. Removing SVA retro-

transposons and CpG-rich minisatellites, it appeared that 16

of the 46 CGIs were 50 CGIs of human-specific retrocopies.

Ka/Ks Analysis

DnaSP (ver. 5.10.1) (Librado and Rozas 2009) was used for the

analysis. Ka and Ks were calculated by the Nei–Gojobori

method.

DNA Methylation Analysis by COBRA

Genomic DNA was extracted from human cell lines using

Trizol (Life Technologies) or a DNeasy Blood and tissue kit

(QIAGEN). Human tissue genomic DNA was obtained from

BioChain (D1234035, D1234062, D1234086, D1234142,

D1234149, D1234260, D1234274, D1234200, D1244035,

D1244142, D1244149, D1244272). Genomic DNA was trea-

ted with sodium bisulphite solution, as described previously

(Frommer et al. 1992; Raizis et al. 1995). After the bisulphite

treatment of the genomic DNA, 30 to 35 cycles of PCR were

carried out using the primer pairs listed in supplementary table

S1, Supplementary Material online. The primers were de-

signed using MethPrimer (Li and Dahiya 2002). The PCR prod-

ucts were digested with 1–10 units of restriction enzymes for

1–2 h at the appropriate temperature for each enzyme (sup-

plementary table S1, Supplementary Material online). The in-

tensity of the cut and uncut bands was quantified with ATTO

CS Analyzer 3 software (ATTO).

RT-PCR

Total RNA was extracted from human cell lines using Trizol

(Life Technologies) as instructed by the manufacturer. Normal

human tissue total RNA was obtained from Clontech

(636643, 636527, 636584) and BioChain (R1234142-50,

R1234062-50, R1234051-50, R1234149-50, R1234078-50,

R1234066-50, R1244039-50, R1244078-50, R1244051-50,

R1244062-50, R1244066-50, R1244149-50). Total RNA was

treated with DNase I to remove genomic DNA (Promega,

M6101). cDNA was synthesised using a Transcriptor First

Strand cDNA Synthesis Kit (Roche) with an oligo dT primer.

No detection of �-ACTIN amplification from the minus RT

controls was confirmed for any of the RNA samples examined

in this study. Thirty to thirty five cycles of PCR amplification

were carried out in 10 ml total volume with 10 ng cDNA using

0.2 U TaKaRa Ex Taq HS (TaKaRa), 4 pmol of each primer and

2 nmol of each dNTP mixture under the following cycle con-

ditions: 96�C for 15 s, 60–71�C for 30 s and 72�C for 15–60 s.

PCR products were resolved by gel electrophoreses. The

primer sequences are listed in supplementary table S2,

Supplementary Material online.

50 and 30 RACE

To determine the complete structure of the retrocopy-associ-

ated transcripts, we performed 50 and 30 RACE using a

SMARTer RACE 50/30 Kit (Clontech) according to the manu-

facturer’s instructions. The gene specific primer sequences

and the derivation of the RNAs that were used for RACE ex-

periments are listed in supplementary table S3, Supplementary

Material online. The PCR products were cloned using a pTAC-

2 vector (BioDynamics Laboratory) and ECOS-competent

Escherichia coli DH5a (NIPPON GENE). Plasmids were purified

using FastGene Plasmid Mini (NIPPON Genetics) and

sequenced.

Quantitative RT-PCR

cDNA was prepared as described in the RT-PCR section.

Quantitative real-time polymerase chain reaction (qPCR) was

carried out in triplicate in 10 ml volumes containing 25 ng

cDNA, 5 nM of the primers and FastStart Essential DNA

Green Master (Roche) using LightCycler 96 (Roche). The am-

plification efficiency was calculated from the standard curve.

GAPDH was used as the reference gene and the data was

analyzed Microsoft Excel. The primer sequences and PCR con-

ditions are listed in supplementary table S2, Supplementary

Material online.

Supplementary Material

Supplementary tables S1–S3 are available at Genome Biology

and Evolution online (http://www.gbe.oxfordjournals.org/).
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