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Abstract 

Background  GGC and GCC short tandem repeats (STRs) are of various evolutionary, biological, and pathological 
implications. However, the fundamental two-repeats (dyads) of these STRs are widely unexplored.

Results  On a genome-wide scale, we mapped (GGC)2 and (GCC)2 dyads in human, and found monumental colo-
nies (distance between each dyad < 500 bp) of extraordinary density, and in some instances periodicity. The largest 
(GCC)2 and (GGC)2 colonies were intergenic, homogeneous, and human-specific, consisting of 219 (GCC)2 on chro-
mosome 2 (probability < 1.545E-219) and 70 (GGC)2 on chromosome 9 (probability = 1.809E-148). We also found 
that several colonies were shared in other great apes, and directionally increased in density and complexity in human, 
such as a colony of 99 (GCC)2 on chromosome 20, that specifically expanded in great apes, and reached maximum 
complexity in human (probability 1.545E-220). Numerous other colonies of evolutionary relevance in human were 
detected in other largely overlooked regions of the genome, such as chromosome Y and pseudogenes. Several 
of the genes containing or nearest to those colonies were divergently expressed in human.

Conclusion  In conclusion, (GCC)2 and (GGC)2 form unprecedented genomic colonies that coincide with the evolu-
tion of human and other great apes. The extent of the genomic rearrangements leading to those colonies support 
overlooked recombination hotspots, shared across great apes. The identified colonies deserve to be studied in mech-
anistic, evolutionary, and functional platforms.
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Introduction
Short tandem repeats (STRs), also referred to as micros-
atellites or simple sequence repeats, play a significant role 
in evolution and disease [1–13]. GGC and GCC repeats 
are particularly linked to natural selection due to sev-
eral reasons, including enrichment in genic region [14, 
15], predisposition to mutations [1, 2, 16–18], frequent 
order-specificity of these STRs, expanded GGC and GCC 
repeats in various neurodevelopmental, neurodegenera-
tive, and movement disorders [19, 20], and lastly, indi-
cations of unambiguous genotypes at certain GGC and 
GCC STRs in late-onset neurocognitive disorders, such 
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as Alzheimer’s disease and cerebrovascular dementia 
[1–3].

The fundamental two-repeats (dyads) of STRs are 
largely overlooked in genetic and genomic studies. Based 
on the biological, evolutionary, and pathological implica-
tions of GGC and GCC STRs, in a pilot study, we chose 
to investigate dyads of these STRs, i.e., (GGC)2 and 
(GCC)2. We mapped the (GGC)2 and (GCC)2 dyads 
across the human genome, and identified genomic colo-
nies of these dyads, of exceeding significance, based on 
Poisson probability. Several of the largest colonies that 
were further studied in additional species, were found 
to be specific to the human species, or while shared with 
other great apes, were at maximum complexity in human. 
Our findings unveil dyad colonies of evolutionary rele-
vance and overlooked shared recombination hotspot loci 
across human and other great apes.

Methods
Genomic (GGC)2 and (GCC)2 extraction
The UCSC genome browser (https://​hgdow​nload.​soe.​
ucsc.​edu) was utilized to download the most recent ver-
sion of the human genome assembly, GRCh38.p14. To 
investigate the abundance of the (GGC)2 and (GCC)2 
dyads throughout the entire genome, a Java software 
package was developed. The software package can be 
found at the following GitHub repository: https://​github.​
com/​arabf​ard/​Java_​STR_​Finder. Our approach involved 
searching for annotations of (GGC)2 and (GCC)2 on 
both the forward and reverse strands of the genome. The 
software extracted a list of (GGC)2 and (GCC)2 dyads, 
along with their respective genomic locations. To vali-
date the accuracy of the tool, a random selection of these 
dyads was manually inspected across the genome.

Details of extraction algorithm
A written program was used to identify (GGC)2 and 
(GCC)2 in the human genome. The program followed a 
specific method, starting from the first nucleotide and 
moving across the genome nucleotide by nucleotide. In 
the first stage, the program examined a window frame of 
size 6 (2 * 3), where 2 represented the number of tandem 
repetitions and 3 represented the length of the GGC or 
GCC core. If the initial half of the sequence within the 
window did not match the second half, the program 
moved one nucleotide forward. If the nucleotides were 
equal, the program continued examining them until it 
located all identical continuous nucleotides matching the 
core. The final chosen sequence, represented as (GGC)2 
or (GCC)2 with a core length of 3 and repetition of 2, 
was considered a new dyad. To find additional dyads, the 
entire process was repeated starting from the end of the 
preceding dyad.

To validate the obtained data, the final list of infor-
mation was manually evaluated using Ensembl genome 
browser 109 (https://​asia.​ensem​bl.​org/​index.​html). The 
identified locations of (GGC)2 and (GCC)2 dyads were 
then manually determined using the Ensembl database 
109. The algorithm’s output was classified in an Excel 
file, and for each dyad, the start and end points on the 
genome were determined (with the sequence address 
provided in another column). The detailed data can be 
accessed at the URL: https://​figsh​are.​com/​artic​les/​datas​
et/_​GGC_2_​and_​GCC_2/​22178​102. To identify the col-
onies, a method was employed where the start and end 
points of the next dyad were calculated. If the difference 
between these points was < 500 bp, they were considered 
candidate colonies. The colonies containing (GGC)2 and/
or (GCC)2 dyads were then highlighted, and the total 
number of colonies was determined. The detailed infor-
mation about these colonies can be found at the URL: 
https://​figsh​are.​com/​artic​les/​datas​et/_​GGC_2_​and_​
GCC_2/​22178​102.

Screening selected colonies of (GGC)2 and (GCC)2 
in human and other species
The Ensembl Genome Browser 109 (https://​asia.​ensem​bl.​
org/​index.​html) BLASTN program was utilized to exam-
ine several of the largest colonies in several species of pri-
mate and rodent orders.

Statistical analysis
Given the assumption that the number of (GGC)2 and 
(GCC)2 elements in the entire genome is known, their 
distribution can be modeled as a Poisson process. The 
number of these elements within a specific interval fol-
lows a Poisson distribution with an average proportional 
to the length of the interval.

In this study, considering the wide range of detected 
colony locations, it was assumed that these dyads are 
distributed relatively evenly across the genome. Con-
sequently, the probability of colony occurrence was 
calculated using the Poisson density function with the 
following parameter:

Results
(GGC)2 and (GCC)2 dyads formed colonies 
across the human genome
According to the dataset available at    https://​figsh​are.​
com/​artic​les/​datas​et/_​GGC_2_​and_​GCC_2/​22178​102, 
a total of 127,770 occurrences of (GGC)2 and 124,023 
occurrences of (GCC)2 were identified throughout the 
human genome. Among those, 26,199 instances formed 
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colonies, i.e., the dyads were located within a distance 
of < 500 bp from each other (Figs. 1 and 2).

The distribution of (GGC)2 and (GCC)2 was found to 
be non-proportional to the length of several chromo-
somes (p < 0.000). This observation indicates that the 
occurrence of these dyads is not random. Additionally, 
various size colonies were associated with highly signifi-
cant occurrence of these colonies, as indicated by statisti-
cal analysis (Table 1).

The top largest (GCC)2 and (GGC)2 colonies in human
(GCC)2 colonies
The largest (GCC)2 colony, comprising 219 (GCC)2 
dyads, i.e., (C219), was identified on chromosome 2, in 
an intergenic region (Table 2, Fig. 3). Notably, this colony 
was found to be specific to human.

The second largest colony consisted of 99 (GCC)2 
dyads, (C99), and was located 5 kb downstream of the 
cadherin 4 (CDH4) gene. Interestingly, this homogeneous 

Fig. 1  Chromosome by chromosome distribution of (GGC)2 and (GCC)2 in human

Fig. 2  Genome-wide abundance of various colony sizes of (GGC)2 and (GCC)2 in human
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colony was specific to great apes. Furthermore, our anal-
ysis revealed a directional incremented complexity and 
density of this colony in human, compared to other great 
apes (Fig. 4).

Another example of a directional trend observed in 
humans compared to other species was the RAB40C 
colony (C51) (Fig.  5). This colony was specific to great 
apes, and exhibited a significant increase in complexity 
in humans, reaching its maximum complexity in human 
(Fig.  5). This finding suggests that the RAB40C colony 
has undergone evolutionary changes, potentially contrib-
uting to the unique characteristics of the human species.

(GGC)2 colonies
The largest (GGC)2 colony, C71, was located 16 kb 
upstream of the WDR5 gene, and was specific to human. 
This colony exhibited a predominantly homogeneous 
composition (Fig. 6).

Additionally, directional trends were observed for 
(GGC)2 colonies, when comparing humans to other spe-
cies. For instance, the [(GGC)2]38 colony (Table 2) was 
specific to great apes. This colony reached its maximum 
complexity and density in the human genome (Fig. 7).

Chromosomes X and Y harbor numerous colonies 
of (GGC)2 and (GCC)2
Several colonies of (GGC)2 and (GCC)2 dyads were 
detected on chromosomes X and Y (Table 2). For exam-
ple, C36 was located in the pseudoautosomal regions of 

Table 1  Poisson probability of various colony sizes

Colony Size Probability Colony Size Probability

2 0.020541568 26 3.59193E-44

3 0.001554709 27 3.02065E-46

4 8.82523E-05 28 2.44951E-48

5 4.00768E-06 29 1.91787E-50

6 1.51663E-07 30 1.45156E-52

7 4.91946E-09 31 1.06319E-54

8 1.39625E-10 32 7.5439E-57

9 3.52256E-12 33 5.19062E-59

10 7.99825E-14 34 3.46639E-61

11 1.65097E-15 35 2.24877E-63

12 3.12388E-17 36 1.41834E-65

13 5.45617E-19 37 8.70392E-68

14 8.84906E-21 38 5.20078E-70

15 1.3395E-22 39 3.02789E-72

16 1.9009E-24 40 1.71877E-74

17 2.53891E-26 41 9.51854E-77

18 3.20266E-28 42 5.14586E-79

19 3.82732E-30 43 2.71723E-81

20 4.34512E-32 46 3.49232E-88

21 4.69807E-34 51 7.4769E-100

22 4.84879E-36 53 1.3987E-104

23 4.78677E-38 71 1.809E-148

24 4.52864E-40 99 1.545E-220

25 4.11305E-42 219 0

Table 2  Several of the top largest (GCC)2 and (GGC)2 colonies across human genome

a For the intergenic colonies, the nearest gene to those colonies is annotated

Colony Formula Chr. No Location Transcript ID Biotype

[(GCC)2]219 2 Intergenica (14 kb downstream of COPS7B) ENST00000350033.8

[(GCC)2]99 20 Intergenic (5 kb downstream of CDH4) ENST00000611855.4

[(GGC)2]70 (GCC)2 9 Intergenic (16kb upstream of WDR5) ENST00000358625.4

[(GCC)2]51 16 RAB40C (Intron 1) ENST00000248139.8 Protein coding

[(GGC)2]41 4 Intergenic (21 kb downstream of TRAPPC11) ENST00000334690.11

[(GGC)2]38 (GCC)2 10 ABCC2 (Intron 25) ENST00000647814.1 Protein coding

[(GGC)2]38 19 Intergenic (14 kb downstream of CYP2B7P) ENST00000599198.5

[(GCC)2]36 X, Y IL3RA (Intron 9 pseudo autosomal region) ENST00000331035.10 Protein coding

[(GGC)2]35 X KDM6A (Intron 8) ENST00000611820.5 Protein coding

[(GGC)2]33 4 Intergenic (109 kb downstream of COPS4) ENST00000264389.7

[(GCC)2]32 16 Intergenic (118 kb downstream of SETD1A) ENST00000262519.14

[(GCC)2]30 18 ANKRD20A5P (Intron 15) ENST00000431648.8 Transcribed unprocessed pseudogene

[(GCC)2]20 (GGC)2 17 Intergenic (160 kb upstream of COPS3) ENST00000268717.10

[(GGC)2]11 [(GCC)2]5 17 KANSL1 (promoter/5′ UTR) ENST00000262419.10 Protein coding

[(GGC)2]16 Y TTTY10 (Intron 1) ENST00000661812.1 lncRNA

[(GCC)2]8 [(GGC)2]8 11 Intergenic (229 kb downstream of MACROD1) ENST00000255681.7

[(GCC)2]11 Y XGY1 (Intron 6) ENST00000381172.3 Unprocessed pseudogene

[(GCC)2]6 [(GGC)2]4 3 Intergenic (197kb downstream of WDR82) ENST00000296490.8
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these chromosomes, was human-specific, and located in 
the IL3RA gene (Fig. 8).

In several instances, not only were the colonies human-
specific, but the genes containing those colonies were 
also specific to the human genome, such as C17 in the 
long non-coding RNA (lncRNA) gene TTTY10, (Table 2).

Colonies of (GGC)2 and (GCC)2 dyads were detected 
in pseudogenes as well. One such example is C11, in the 
XGY1 pseudogene (Table  2). This particular colony was 
specific to great apes, and reached its maximum size in 
the human genome. This observation underscores the 
importance of considering pseudogenes in the context 
of CG-rich dyads, and their potential impact on genome 
dynamics.

Discussion
The significance of STRs in biological, evolutionary, and 
pathological contexts is an expanding area of research. 
However, the fundamental and most basic repeats of 
these elements, such as (GGC)2 and (GCC)2, are largely 
unexplored. In this study, we aimed to address this gap, 
which resulted in the identification and characterization 
of unprecedented genomic colonies, formed by these 
dyads. Our findings revealed numerous colonies that 
were specific to humans or exhibited directional incre-
mented complexity when comparing humans to other 
species. These observations, combined with the statisti-
cally significant occurrence of these colonies, lead us to 
propose that these (GGC)2 and (GCC)2 colonies may 
play a role in the evolution of the human species. By 
shedding light on the overlooked basic repeats of STRs 

and their genomic coloniza tion, our study provides 
new insights into the potential importance of these ele-
ments in the evolutionary processes that have shaped the 
human genome.

The genomic rearrangements in the identified colo-
nies are remarkable in terms of their frequency within 
the genomic lengths that they occurred. These colonies 
do not conform to the conventional description of seg-
mental duplications, as the shortest reported human seg-
mental duplications and copy number variations involve 
genomic DNA lengths of at least 10 kilobases (kb) in 
humans [21–24]. The likely explanation for the occur-
rence of these colonies is recombination, involving the 
dyads and the flanking sequences around each dyad. In 
other words, the identified colonies can be considered 
recombination hotspots. Previous studies comparing 
fine-scale recombination rates in humans and chimpan-
zees have reported rapid evolution of local recombina-
tion patterns, which are often not conserved between the 
two species [25]. However, if we assume that the identi-
fied colonies are at least partially formed by recombina-
tion, it suggests that common recombination hotspots at 
the same genomic locus between the two species are not 
as rare as previously reported. For example, the colonies 
C99, C51, and C38 are likely to be shared recombination 
hotspots in great apes, albeit with higher complexity in 
humans. These examples demonstrate prime instances, 
where the directional incremented density and com-
plexity of repeats at specific loci in the genome coin-
cide with human evolution. Another example includes 
a CT-repeat complex in the PAXBP1 core promoter and 

Fig. 3  The largest (GCC)2 colony in human (C219). This gigantic, intergenic, and homogeneous colony consists of 219 (GCC)2, and the nearest 
gene to this colony is COPS7B, which is nearly 14 kb upstream of this colony. This colony is human-specific i.e., trace of (GCC)2 was non-existent 
across other species. (GCC)2 are green-highlighted
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5’  untranslated region, which exhibits maximal com-
plexity in human compared to other species (OMIM: 
617,621) [26]. These findings underscore the potential 
role of recombination hotspots in shaping genomic rear-
rangements and their association with the evolutionary 
changes observed in the human genome. Based on the 
fact that the main elements, in common, across the colo-
nies are the dyads, it is likely that the main reason for the 
rearrangement hotspots in the identified colonies is the 
dyads, rather than their flanking sequences.

Several of the genes, which contained (or were nearest 
to) the top largest colonies (Table  2) interacted closely 
at the protein level (https://​string-​db.​org) (Fig. 9A), and 
were enriched in chromatin remodeling and histone 
modification pathways (Fig. 9B).

For example, C219 and C71 were intergenic, and the 
nearest genes to those colonies were COPS7B and WDR5, 

respectively, which directly interact at the protein level. 
Intergenic distance and genome architecture are known 
to be non-random and influenced by regulatory informa-
tion present in noncoding DNA [27]. The expansion of 
the non-coding genome and its regulatory potential have 
been implicated in vertebrate neuronal diversity. It is not 
surprising, therefore, that the largest colonies, which 
are mainly human-specific or more complex in humans 
compared to other species, are associated with genes that 
exhibit divergent expression in the human brain [28]. 
This information is supported by research available at the 
Assembly resource (https://​www.​ncbi.​nlm.​nih.​gov/​IEB/​
Resea​rch/​Acemb​ly/), [29]. A subset of the (GCC)2 and 
(GGC)2 colonies were found deep within large introns. 
It is noteworthy that for certain genes, the regulatory 
sequences of importance are not located in the promot-
ers, but rather within introns [30–32].

Fig. 4  Directional incremented complexity and density of an intergenic homogeneous (GCC)2 colony (C99) in human versus other species. 
This colony was located 5 kb downstream of CDH4, and was specific to great apes. (GCC)2 are green-highlighted. This colony signifies a novel 
recombination hotspot shared between human and other great apes

https://string-db.org
https://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/
https://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/
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Remarkably, in C36, we detected tandem long terminal 
repeats (LTRs) (https://​genome.​ucsc.​edu/). C36 is a pseu-
doautosomal gene, located in the immune gene, IL3RA. 
To our knowledge, this colony is prime example of LTR 
tandemization in the human genome. Similar to the 
other colonies, the mechanism of tandemization in this 
colony may be linked to the dyads. It should be noted that 
instances of retrotransposon tandemization (such as the 
LTRs in C36) in human are rare. An exceptional instance 
of short interspersed nuclear element (SINE) tandemiza-
tion has been recorded in connection with (GAA)n (for a 
review see [33]).

Some of the identified colonies were found in close 
proximity to long non-coding RNAs (lncRNAs). 
Although the exact targets of many lncRNAs are not fully 
understood, they have gained significant attention due to 
their versatile roles in fine-tuning various signaling path-
ways [34]. Another category of colonies was found within 
pseudogenes. Some of those colonies were specific to 
great apes, and exhibited directional trend of increased 
complexity and size in human. Pseudogenes, once con-
sidered nonfunctional gene remnants, are abundant in 
the human genome. However, recent observations sug-
gest that pseudogenes play a role in regulating gene 

Fig. 5  Directional incremented complexity and density of an intragenic (GCC)2 colony in human (C51). This homogeneous colony 
was within RAB40C, specific to great apes, and reached maximum complexity in human. This colony may unfold a novel recombination hotspot 
shared by great apes. (GCC)2 are green-highlighted

Fig. 6  The largest homogeneous (GGC)2 colony in human (C70). This colony is human-specific and located 16 kb upstream of the WDR5 gene. 
(GGC)2 are blue-highlighted. (GCC)2 is green-highlighted

https://genome.ucsc.edu/
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Fig. 7  Example of a (GGC)2 colony with directional incremented complexity in human (C38). The colony is 14 kb downstream of CYP2B7P, specific 
to great apes, and maximally complex in human. This colony may unfold a common recombination hotspot in great apes

Fig. 8  Example of a human-specific pseudoautosomal colony (C36). This homogeneous colony is located in IL3RA. (GCC)2 are green-highlighted. 
This colony contains prime instance of LTR tandemization in the human genome
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expression both transcriptionally and post-transcription-
ally in human cells. Pseudogenes are transcribed on both 
strands and are significant drivers of gene regulation, 
with implications for health and diseases [35–37].

It should be noted that this is a pilot study, which 
unveils the potential significance of trinucleotide dyads 
in shaping part of the recombination landscape in the 
human genome, and challenges the long-lasting hypoth-
esis that human and closely related species do not share 
recombination hotspots. Numerous other trinucleotide 
dyads and additional species are yet to be studied in this 
context, to obtain a more resolved perspective of the role 
of trinucleotide dyads in recombination, speciation, and 
evolution.

Conclusion
In conclusion, our findings unveil a genomic phenome-
non, characterized by the formation of large colonies of 
(GGC)2 and (GCC)2 dyads of exceeding statistical sig-
nificance throughout the human genome. These colonies 

exhibit unprecedented frequency and, in some instances, 
periodicity of genomic rearrangements, signifying 
recombination hotspots. Some of the identified colo-
nies that were further studied in additional species, were 
specific to human, or were shared with other great apes, 
albeit of directional increased complexity in human. 
Future studies are warranted to unveil the mechanisms 
leading to the emergence of those colonies and their bio-
logical implications.

Abbreviations
C	� Colony
kb	� Kilobase
Gb	� Gigabase
LTR	� Long terminal repeat
STR	� Short tandem repeat

Glossary
Colony	� Consecutive (GGC)2 and/or (GCC)2 that were <500 bp apart on 

the genomic DNA
Dyad	� (GCC)2 or (GCC)2
Homogeneous	� Applied to colonies that primarily consisted of a single 

Fig. 9  Interactions and biological role of the genes containing (or nearest to) the largest colonies. A Protein–protein interaction network, B 
Biological pathway enrichment analysis
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dyad type
Human-specific	� Indicates the absence of (GGC)2 or (GCC)2 traces in 

other species

Acknowledgements
Not applicable.

Authors’ contributions
M. A and N. T performed the bioinformatics analyses. M.S performed the sta-
tistical analysis. H.B, S. A, S. Kh, and H.R. Kh, contributed to data collection, and 
provided useful discussions. A. D contributed to coordination. M. O conceived, 
designed, and supervised the project, and wrote the manuscript, with input 
from all authors.

Funding
Not applicable.

Availability of data and materials
All raw data are available in at the following link: https://​figsh​are.​com/​artic​les/​
datas​et/_​GGC_2_​and_​GCC_2/​22178​102.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 31 July 2023   Accepted: 11 February 2024

References
	1.	 Khamse S, Arabfard M, Salesi M, Behmard E, Jafarian Z, Afshar H, et al. 

Predominant monomorphism of the RIT2 and GPM6B exceptionally 
long GA blocks in human and enriched divergent alleles in the disease 
compartment. Genetica. 2022;150:27–40. https://​doi.​org/​10.​1007/​
s10709-​021-​00143-5.

	2.	 Khamse S, Alizadeh S, Bernhart SH, Afshar H, Delbari A, Ohadi M. A 
(GCC) repeat in SBF1 reveals a novel biological phenomenon in human 
and links to late onset neurocognitive disorder. Sci Rep. 2022;12:15480. 
https://​doi.​org/​10.​1038/​s41598-​022-​19878-y.

	3.	 Jafarian Z, Khamse S, Afshar H, Khorshid HRK, Delbari A, Ohadi M. Natural 
selection at the RASGEF1C (GGC) repeat in human and divergent 
genotypes in late-onset neurocognitive disorder. Sci Rep. 2021;11:19235. 
https://​doi.​org/​10.​1038/​s41598-​021-​98725-y.

	4.	 Fotsing SF, Margoliash J, Wang C, Saini S, Yanicky R, Shleizer-Burko S, et al. 
The impact of short tandem repeat variation on gene expression. Nat 
Genet. 2019;51:1652–9. https://​doi.​org/​10.​1038/​s41588-​019-​0521-9.

	5.	 Hannan AJ. Tandem repeats mediating genetic plasticity in health and 
disease. Nat Rev Genet. 2018;19:286–98. https://​doi.​org/​10.​1038/​nrg.​
2017.​115.

	6.	 Maddi AMA, Kavousi K, Arabfard M, Ohadi H, Ohadi M. Tandem repeats 
ubiquitously flank and contribute to translation initiation sites. BMC 
Genom Data. 2022;23:59. https://​doi.​org/​10.​1186/​s12863-​022-​01075-5.

	7.	 Arabfard M, Salesi M, Nourian YH, Arabipour I, Maddi AA, Kavousi K, et al. 
Global abundance of short tandem repeats is non-random in rodents 
and primates. BMC Genom Data. 2022;23:77. https://​doi.​org/​10.​1186/​
s12863-​022-​01092-4.

	8.	 Ohadi M, Valipour E, Ghadimi-Haddadan S, Namdar-Aligoodarzi P, Bagheri 
A, Kowsari A, et al. Core promoter short tandem repeats as evolution-
ary switch codes for primate speciation. Am J Primatol. 2015;77:34–43. 
https://​doi.​org/​10.​1002/​ajp.​22308.

	9.	 Ranathunge C, Pramod S, Renaut S, Wheeler GL, Perkins AD, Rieseberg 
LH, et al. Microsatellites as agents of adaptive change: an RNA-Seq-based 
comparative study of transcriptomes from five helianthus species. Sym-
metry. 2021;13:933.

	10.	 Watts PC, Kallio ER, Koskela E, Lonn E, Mappes T, Mokkonen M. Stabiliz-
ing selection on microsatellite allele length at arginine vasopressin 1a 
receptor and oxytocin receptor loci. Proceed Royal Society B: Biol Sci. 
2017;284:20171896. https://​doi.​org/​10.​1098/​rspb.​2017.​1896.

	11.	 Press MO, Hall AN, Morton EA, Queitsch C. Substitutions are boring: some 
arguments about parallel mutations and high mutation rates. Trends 
Genet. 2019;35:253–64. https://​doi.​org/​10.​1016/j.​tig.​2019.​01.​002.

	12.	 Arabfard M, Kavousi K, Delbari A, Ohadi M. Link between short tandem 
repeats and translation initiation site selection. Hum Genomics. 
2018;12:47. https://​doi.​org/​10.​1186/​s40246-​018-​0181-3.

	13.	 Jakubosky D, D’Antonio M, Bonder MJ, Smail C, Donovan MKR, Young 
Greenwald WW, et al. Properties of structural variants and short tandem 
repeats associated with gene expression and complex traits. Nat Com-
mun. 2020;11(1):2927.https://​doi.​org/​10.​1038/​s41467-​020-​16482-4.

	14.	 Annear DJ, Vandeweyer G, Elinck E, Sanchis-Juan A, French CE, Ray-
mond L, et al. Abundancy of polymorphic CGG repeats in the human 
genome suggest a broad involvement in neurological disease. Sci Rep. 
2021;11:2515. https://​doi.​org/​10.​1038/​s41598-​021-​82050-5.

	15.	 Sawaya S, Bagshaw A, Buschiazzo E, Kumar P, Chowdhury S, Black MA, 
et al. Microsatellite tandem repeats are abundant in human promoters 
and are associated with regulatory elements. PLoS ONE. 2013;8: e54710. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00547​10.

	16.	 Khamse S, Jafarian Z, Bozorgmehr A, Tavakoli M, Afshar H, Keshavarz M, 
et al. Novel implications of a strictly monomorphic (GCC) repeat in the 
human PRKACB gene. Sci Rep. 2021;11:20629. https://​doi.​org/​10.​1038/​
s41598-​021-​99932-3.

	17.	 Alizadeh S, Khamse S, Bernhart S, Vahedi M, Afshar H, Rezaei O, et al. A 
primate-specific (GCC) repeat in SMAD9 undergoes natural selection in 
humans and harbors unambiguous genotypes in late-onset neurocogni-
tive disorder. Research Square; 2022.

	18.	 Braida C, Stefanatos RK, Adam B, Mahajan N, Smeets HJ, Niel F, et al. 
Variant CCG and GGC repeats within the CTG expansion dramatically 
modify mutational dynamics and likely contribute toward unusual 
symptoms in some myotonic dystrophy type 1 patients. Hum Mol Genet. 
2010;19:1399–412. https://​doi.​org/​10.​1093/​hmg/​ddq015.

	19.	 Tang H, Kirkness EF, Lippert C, Biggs WH, Fabani M, Guzman E, et al. 
Profiling of short-tandem-repeat disease alleles in 12,632 human whole 
genomes. Am J Hum Genet. 2017;101:700–15. https://​doi.​org/​10.​1016/j.​
ajhg.​2017.​09.​013.

	20.	 Fan Y, Shen S, Yang J, Yao D, Li M, Mao C, et al. GIPC1 CGG repeat expan-
sion is associated with movement disorders. Ann Neurol. 2022;91:704–15. 
https://​doi.​org/​10.​1002/​ana.​26325.

	21.	 Marques-Bonet T, Eichler EE. The evolution of human segmental duplica-
tions and the core duplicon hypothesis. Cold Spring Harb Symp Quant 
Biol. 2009;74:355–62. https://​doi.​org/​10.​1101/​sqb.​2009.​74.​011.

	22.	 Bailey JA, Gu Z, Clark RA, Reinert K, Samonte RV, Schwartz S, et al. Recent 
segmental duplications in the human genome. Science. 2002;297:1003–
7. https://​doi.​org/​10.​1126/​scien​ce.​10720​47.

	23.	 Mehan MR, Freimer NB, Ophoff RA. A genome-wide survey of segmental 
duplications that mediate common human genetic variation of chromo-
somal architecture. Hum Genomics. 2004;1:335–44. https://​doi.​org/​10.​
1186/​1479-​7364-1-​5-​335.

	24.	 Sharp AJ, Locke DP, McGrath SD, Cheng Z, Bailey JA, Vallente RU, et al. 
Segmental duplications and copy-number variation in the human 
genome. Am J Hum Genet. 2005;77:78–88. https://​doi.​org/​10.​1086/​
431652.

	25.	 Winckler W, Myers SR, Richter DJ, Onofrio RC, McDonald GJ, Bontrop 
RE, et al. Comparison of fine-scale recombination rates in humans and 
chimpanzees. Science. 2005;308:107–11. https://​doi.​org/​10.​1126/​scien​ce.​
11053​22.

	26.	 Mohammadparast S, Bayat H, Biglarian A, Ohadi M. Exceptional expan-
sion and conservation of a CT-repeat complex in the core promoter of 
PAXBP1 in primates. Am J Primatol. 2014;76:747–56. https://​doi.​org/​10.​
1002/​ajp.​22266.

	27.	 Nelson CE, Hersh BM, Carroll SB. The regulatory content of intergenic 
DNA shapes genome architecture. Genome Biol. 2004;5:R25. https://​doi.​
org/​10.​1186/​gb-​2004-5-​4-​r25.

https://figshare.com/articles/dataset/_GGC_2_and_GCC_2/22178102
https://figshare.com/articles/dataset/_GGC_2_and_GCC_2/22178102
https://doi.org/10.1007/s10709-021-00143-5
https://doi.org/10.1007/s10709-021-00143-5
https://doi.org/10.1038/s41598-022-19878-y
https://doi.org/10.1038/s41598-021-98725-y
https://doi.org/10.1038/s41588-019-0521-9
https://doi.org/10.1038/nrg.2017.115
https://doi.org/10.1038/nrg.2017.115
https://doi.org/10.1186/s12863-022-01075-5
https://doi.org/10.1186/s12863-022-01092-4
https://doi.org/10.1186/s12863-022-01092-4
https://doi.org/10.1002/ajp.22308
https://doi.org/10.1098/rspb.2017.1896
https://doi.org/10.1016/j.tig.2019.01.002
https://doi.org/10.1186/s40246-018-0181-3
https://doi.org/10.1038/s41467-020-16482-4
https://doi.org/10.1038/s41598-021-82050-5
https://doi.org/10.1371/journal.pone.0054710
https://doi.org/10.1038/s41598-021-99932-3
https://doi.org/10.1038/s41598-021-99932-3
https://doi.org/10.1093/hmg/ddq015
https://doi.org/10.1016/j.ajhg.2017.09.013
https://doi.org/10.1016/j.ajhg.2017.09.013
https://doi.org/10.1002/ana.26325
https://doi.org/10.1101/sqb.2009.74.011
https://doi.org/10.1126/science.1072047
https://doi.org/10.1186/1479-7364-1-5-335
https://doi.org/10.1186/1479-7364-1-5-335
https://doi.org/10.1086/431652
https://doi.org/10.1086/431652
https://doi.org/10.1126/science.1105322
https://doi.org/10.1126/science.1105322
https://doi.org/10.1002/ajp.22266
https://doi.org/10.1002/ajp.22266
https://doi.org/10.1186/gb-2004-5-4-r25
https://doi.org/10.1186/gb-2004-5-4-r25


Page 11 of 11Arabfard et al. BMC Genomic Data           (2024) 25:21 	

	28.	 Closser M, Guo Y, Wang P, Patel T, Jang S, Hammelman J, et al. An expan-
sion of the non-coding genome and its regulatory potential underlies 
vertebrate neuronal diversity. Neuron. 2022;110:70-85.e6. https://​doi.​org/​
10.​1016/j.​neuron.​2021.​10.​014.

	29.	 Thierry-Mieg D, Thierry-Mieg J. AceView: a comprehensive cDNA-
supported gene and transcripts annotation. Genome Biol. 2006;7:S12. 
https://​doi.​org/​10.​1186/​gb-​2006-7-​s1-​s12.

	30.	 Rose AB. Introns as gene regulators: a brick on the accelerator. Front 
Genet. 2018;9:672. https://​doi.​org/​10.​3389/​fgene.​2018.​00672.

	31.	 Baier T, Jacobebbinghaus N, Einhaus A, Lauersen KJ, Kruse O. Introns 
mediate post-transcriptional enhancement of nuclear gene expression 
in the green microalga Chlamydomonas reinhardtii. PLoS Genet. 2020;16: 
e1008944. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10089​44.

	32.	 Gallegos JE, Rose AB. An intron-derived motif strongly increases gene 
expression from transcribed sequences through a splicing independent 
mechanism in Arabidopsis thaliana. Sci Rep. 2019;9:13777. https://​doi.​
org/​10.​1038/​s41598-​019-​50389-5.

	33.	 Zattera ML, Bruschi DP. Transposable elements as a source of novel repeti-
tive DNA in the eukaryote genome. Cells. 2022;11:3373.

	34.	 Zhao S, Zhang X, Chen S, Zhang S. Long noncoding RNAs: fine-tuners 
hidden in the cancer signaling network. Cell Death Discov. 2021;7:283. 
https://​doi.​org/​10.​1038/​s41420-​021-​00678-8.

	35.	 Glavan D, Gheorman V, Gresita A, Hermann DM, Udristoiu I, Popa-Wagner 
A. Identification of transcriptome alterations in the prefrontal cortex, 
hippocampus, amygdala and hippocampus of suicide victims. Sci Rep. 
2021;11:18853. https://​doi.​org/​10.​1038/​s41598-​021-​98210-6.

	36.	 Zheng LL, Zhou KR, Liu S, Zhang DY, Wang ZL, Chen ZR, et al. dre-
amBase: DNA modification, RNA regulation and protein binding of 
expressed pseudogenes in human health and disease. Nucleic Acids Res. 
2018;46:D85-d91. https://​doi.​org/​10.​1093/​nar/​gkx972.

	37.	 Milligan MJ, Harvey E, Yu A, Morgan AL, Smith DL, Zhang E, et al. Global 
intersection of long non-coding RNAs with processed and unprocessed 
pseudogenes in the human genome. Front Genet. 2016;7:26. https://​doi.​
org/​10.​3389/​fgene.​2016.​00026.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.neuron.2021.10.014
https://doi.org/10.1016/j.neuron.2021.10.014
https://doi.org/10.1186/gb-2006-7-s1-s12
https://doi.org/10.3389/fgene.2018.00672
https://doi.org/10.1371/journal.pgen.1008944
https://doi.org/10.1038/s41598-019-50389-5
https://doi.org/10.1038/s41598-019-50389-5
https://doi.org/10.1038/s41420-021-00678-8
https://doi.org/10.1038/s41598-021-98210-6
https://doi.org/10.1093/nar/gkx972
https://doi.org/10.3389/fgene.2016.00026
https://doi.org/10.3389/fgene.2016.00026

	Dyads of GGC and GCC form hotspot colonies that coincide with the evolution of human and other great apes
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Methods
	Genomic (GGC)2 and (GCC)2 extraction
	Details of extraction algorithm
	Screening selected colonies of (GGC)2 and (GCC)2 in human and other species
	Statistical analysis

	Results
	(GGC)2 and (GCC)2 dyads formed colonies across the human genome
	The top largest (GCC)2 and (GGC)2 colonies in human
	(GCC)2 colonies
	(GGC)2 colonies

	Chromosomes X and Y harbor numerous colonies of (GGC)2 and (GCC)2

	Discussion
	Conclusion
	Acknowledgements
	References


