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Tandem repeat sequences (TRs), a class of repetitive genomic elements, are broadly distributed in both coding
and non-coding regions. Investigating the relationship between sequences and function is essential for under-
standing the genome. Saccharomyces cerevisiae serves as a vital model organism and is widely used as an engi-
neered strain. Although the transcriptional regulatory functions of TRs in the promoters of S.cerevisiae have been
elucidated, our understanding of their roles within coding sequences (CDS) remains limited. In this study, we
integrate RNA-seq, ChIP-seq, ATAC-seq, Hi-C, and Micro-C data from S.cerevisiae to analyze the types and dis-
tribution of TRs, and their impact on gene expression. Our results indicate that genes containing short tandem
repeats (STRs) in their CDS exhibit lower expression levels. Epigenetic analysis reveals that these regions are
characterized by high levels of repressive histone modifications and low levels of activating marks, with reduced
chromatin accessibility and fewer chromatin interactions. Furthermore, trinucleotide and hexanucleotide
repeated motifs of STR are found primarily enriched in genes encoding transcriptional regulatory proteins. This
study provides new insights into the functions and characteristics of STRs in the CDS of S.cerevisiae. The iden-
tification of key STR motifs offers potential targets for the design of transcriptional regulatory elements.

1. Introduction

Eukaryotic genomes contain a large number of transposable ele-
ments (TEs) and tandem repeats sequences (TRs) [1]. TRs exist in both
noncoding and coding regions. It has been a common misconception that
repetitive sequences were functionless [2]. Recent studies have
demonstrated that TRs sequences play crucial roles in evolution,
phenotypic diversity, gene expression regulation, gene silencing, and
chromatin organization in human genome [3-7]. STRs can regulate gene
expression by affecting the binding affinity of transcription factors [8].
Meanwhile, their mutational susceptibility significantly correlates with
diseases [9-12]. Saccharomyces cerevisiae as a model eukaryotic organ-
ism and a commonly used engineered strain [13,14], investigating the

* Corresponding author.

relationship between TRs and transcriptional regulation, and their roles,
will promote the understanding of DNA sequence function and facilitate
the development and design of new regulatory functional elements.
The effects of TRs in promoter regions on transcriptional regulation
have been well studied [15,16]. TRs in promoter have a high AT content.
Variations in TR length and AT repeat frequency can affect transcription.
These repeat sequences contribute to the formation of variable
nucleosome-free DNA structures, directly impacting local chromatin
structure. Furthermore, this can alter the accessibility of regulatory el-
ements and the recruitment of transcription machinery, ultimately
affecting gene expression [17-19]. Variable repeat sequences in pro-
moter regions facilitate rapid evolution of gene expression and exhibit
higher responsiveness to changing environmental conditions [20].
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Although TRs in promoter regions are important for gene regulation,
TRs in coding sequence (CDS) can also enhance the evolvability of
proteins [21-23]. Variations within coding regions that alter protein
function support many biological adaptations. One study reported a
typical functional gene, FLO1, containing TRs adjacent to 3’ end, which
is associated with flocculation function in S.cerevisiae [24,25]. As for the
characterization of TRs, previous studies primarily focused on physical
features such as repeated motif type, motif length, and repetition fre-
quency [15,26]. However, our understanding of TRs’ function in coding
regions and characteristics are still limited. Studying the specific protein
function of TRs drives the understanding of the association between
DNA sequences and function.

To accurately identify and characterize the functions of TRs in S.
cerevisiae, we integrated RNA-seq, ATAC-seq, ChIP-seq, Hi-C and Micro-
C data from S.cerevisiae. Through investigating the association of TRs
with gene expression, we found that STRs with different motifs and lo-
cations have distinct functions, with trinucleotide and hexanucleotide
repeats are enriched within genes encoding proteins that participate in
transcriptional regulation. Next, given their suppressive effect on gene
expression, we investigated the epigenetic characterization of STRs,
including histone modifications, chromatin accessibility, nucleosome
occupancy, and chromatin interactions. The study of STRs in CDS will
help to understand the association of DNA repeat sequences with tran-
scriptional regulation function, providing guidance for designing regu-
latory functional elements.

2. Materials and methods
2.1. Data source

High-throughput sequencing data of S.cerevisiae strain BY4741,
including Hi-C, ATAC-seq and RNA-seq, are from our laboratory and
have been deposited in the National Center for Biotechnology Infor-
mation (NCBI) Sequence Read Archive (SRA) under accession number
PRJNA1073072. Hi-C, ATAC-seq and RNA-seq for yZSJ025
(GSE219048, GSE168182), Micro-C for BY4741 (GSE85220), histone
ChIP-Seq for BY4741 (GSE61888), and RNA-seq for human NHEK
(GSE78594) are accessible from GEO datasets.

2.2. Extraction of TR

We employed the reference genome S288C for BY4741 strain. For
yZSJ025 strain, the reference genome was sourced from the GEO
DataSet with the identifier GSE168182. The human NHEK cell line
utilized the reference genome version hg19. We utilized TRF (v4.09) to
identify tandem repeats within the reference genomes [27]. By inputting
areference genome, a combination of sequence alignment and statistical
methods is used to detect successive repetitive motifs. The parameters
were set as follows: Match was set to 2, Mismatch to 7, Delta to 7, the PM
(probability match) threshold for alignment was set at 80, PI was set to
10, the Minscore was set at 50, and the maximum repeat unit length in
base pairs (Maxperiod) was set to 500.

2.3. Definition of entropy values for TRs

The entropy values for TRs were defined using TRF (v4.09) through
an alignment process aimed at aligning for detection candidates. The
consistency of sequences can be determined based on the magnitude of
these entropy values. Each repeat is assigned an entropy value ranging
from O to 2. Higher entropy values indicate greater sequence
complexity, whereas lower entropy values signify greater sequence
uniformity.

2.4. Hi-C data processing

Raw sequencing data were first pre-processed using TrimGalore (htt
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ps://github.com/FelixKrueger/TrimGalore) and quality filtered using
the following parameters: -q 20, —length 35 and -e 0.1. Filtered FASTQ
files were then processed using HiC-Pro (v3.1.0) to align reads and
correct for biases [28]. The configuration file settings included the
enzyme recognition site GATCGATC, MAX ITER 100, FILTER_ -
LOW_COUNT_PERC = 0.02, FILTER_HIGH_COUNT _PERC = 0, and EPS
=0.1.

2.5. Micro-C data processing

Quality control for the raw sequencing data followed the same pro-
cedures as for Hi-C data. The data processing for Micro-C utilized the
pipeline provided by Micro-C (https://micro-c.readthedocs.io/en/latest
/). This involved several steps, including: aligning reads to the reference
genome using BWA [29], using Pairtool (parse) to identify proximity
ligation events in the Micro-C library [30], recording the outermost (5°)
paired alignments and writing them to a pairsam file when a ligation
event was identified in the alignment files, sorting the parsed fragments
using Pairtools (sort), marking PCR duplicates using Pairtools (dedup),
splitting the final pairsam file into bam and pairs files using Pairtools
(split), sorting the bam file using Samtools (sort) [31], and finally, pairs
files were converted to hic file format using juicertools for further
analysis.

2.6. ATAC-seq data processing

Raw data quality control follows the same procedure as Hi-C. Reads
were aligned to the reference genome using Bowtie2 [32], with the
parameters -very-sensitive and -X 2000. The Sambamba markdup
module was used for marking and de-duplication of BAM files [33]. Use
samtools for further processing of bam files, including indexing and
sorting. Finally, the bam file was transformed into a bw format file using
bamCoverage, available at (https://github.com/gartician/deepTools-ba
mCoverage) with standardized use of CPM. The bw files were then used
by the computeMatrix and plotHeatmap modules of deeptools to
generate accessibility signal maps and heat maps of TR sites [34]. The
callpeak module of MACS2 software was used to identify the peak sites
of chromatin openness [35].

2.7. RNA-seq data processing

Firstly, genomeGenerate module of STAR was used to index the
reference genome [36]. Subsequently, STAR software was used to
compare the quality-controlled reads to the reference genome.
Following this, the rsem-prepare-reference module of RSEM [37], a gene
expression quantification software, was used to index the bam file.
Finally, the rsem-calculation-expression module was used to quantify
the gene expression.

2.8. Histone signal map

To generate the histone signal map, we used the computeMatrix
reference-point module from the deeptools software package with the
following parameters: —referencePoint center —missingDataAsZero -b
4000 -a 4000 -binSize 50, taking the histone data in bw file format as
input to calculate the histone signal matrix for TR regions and their 4 kb
upstream and downstream regions [34]. Subsequently, we utilized the
plotProfile module to visualize the histone signal map centered on the
TR regions.

2.9. Calculation of significant interactions

Using  HiCPro2FitHiC.py  script  (https://github.com/nserva
nt/HiC-Pro/releases), the transformation of HiC-Pro format to Fi-Hi-C
recognizable format. These three converted Fit-Hi-C files are then used
as input for Fit-Hi-C [38], with the parameter x set to All. The significant
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interaction sites are visualized using the Circos software package [39].
For intrachromosome interactions, those with a count number greater
than 500 and a significance P-value less than 0.001 are selected for
visualization. Similarly, for interchromosome interactions, those with a
count number greater than 50 and a significance P-value less than 0.001
are chosen for visualization.

2.10. Chromosome interaction circos plot

To illustrate the chromosome interactions using a circos plot, we
employed R (v4.3.2). Initially, the RCircos package was loaded.
Following this, we established the plotting area with RCircos.Set.Plot.
Area, depicted the chromosome ideograms using RCircos.Chromosome.
Ideogram.Plot, drew the FIRE signal curves with RCircos.Line.Plot,
marked the positions of TRs via RCircos.Scatter.Plot, and finally repre-
sented both intra- and inter-chromosomal interactions through RCircos.
Link.Plot.

2.11. Calculating FIRE score

The FIRE score was calculated based on the method described by
Schmitt, AD [40]. First, the F_.GC_MAP.file.sh (https://github.com/ay-
lab/HiCnv) script was used to calculate the effective fragment length,
GC content and mappability of the genome. Second, a sparseToDense.py
(https://github.com/nservant/HiC-Pro/blob/master/bin/utils/spars
eToDense.py) script was used for matrix transformation, and contact
sums were calculated at a resolution of 2 kb for each bin within a dis-
tance of 200 kb. Finally, using the local interaction data and the
F_GC_MAP files as inputs, the FIRE score is calculated using the HiC-
NormCis algorithm, which is based on Poisson regression normalization
[41].

2.12. GO enrichment analysis

GO enrichment analysis was performed using the clusterProfiler
software package based on R language [42], and the annotated data
were from org.Sc.sgd.db (https://bioconductor.org/packages/release/
data/annotation/html/org.Sc.sgd.db.html) Package, which provides
the necessary background information. The significance threshold was
set to 0.05.

2.13. Visualization of TR region aggregation matrices

TR Regions Aggregation Matrix Using FANC Kit (https://fan-c.rea
dthedocs.io/en/latest/getting started.html) [43]. The matrix uses
Micro-C data, first pre-processing the TR regions, locating the TRs into a
2 kb bin as the TR-related regions, and using the processed.hic file and
the TR-related regions file as the input of the fanc. The parameter set-
tings include: —expected-norm to normalize the matrix to the expected
value; -log: log2 transforms the normalized matrix; The -relative
parameter is set to 4, which takes each region as a relative extension of
the fraction of the region length. The final area in the image will be:
<start- 4 * 2000 > to <end+ 4 * 2000 > .

2.14. Statistical analysis

All statistical analyses and graphs were generated using R (v4.3.2)
and Linux. The statistical test method used the Wilcoxon rank-sum test
and the Fisher’s precision probability test, with a p-value of less than
0.05 considered statistically significant.
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3. Results

3.1. Genes containing STRs in CDS exhibit lower expression compared to
other TR types

To study the relationship between TRs and gene expression in S.
cerevisiae, we selected both a wild-type strain BY4741 and a synthetic
strain yZSJ025, which consists of six synthetic chromosomes with some
deletions of transposable elements (TEs) [44-47]. Statistical analyses
revealed a significant reduction in the count of TEs and a slight decrease
in TR counts in synthetic chromosomes, leading to differences in chro-
mosome size. Conversely, no differences were observed in non-synthetic
chromosomes (Figure S1A-C). Both strains exhibited similar chromatin
interaction patterns but with differing interaction frequencies
(Figure S1D and E). Comparing the local chromatin structures of wild
chromosome (chr4) and synthetic chromosome (chr5), chr4 showed
similar local structures in both strains, while TE-depleted chr5 exhibited
deviations in local interaction heatmaps (Figure S1F). Additionally,
RNA-seq and ATAC-seq data were highly correlated between strains
(Figure S1G and H). Therefore, despite the altered sequence of yZSJ025,
TRs remained essentially unchanged, enhancing the robustness of our
conclusions through comparative analysis.

TRs were categorized into four groups based on the length of their
repeat motifs: Single base repeats (Single, 1 bp), Short Tandem Repeats
(STR, 2-6 bp), Long Tandem Repeats (LongTR, 7-64 bp), and Super
Long Tandem Repeats (sLongTR, >64 bp). The corresponding minimum
repeat counts for these four categories (Single, STR, LongTR, sLongTR)
were 25, 5, 2, and 2, respectively, while the average repeat counts were
33,17, 4, and 4 (Figure S2A). One characteristic of the TRF algorithm we
used lies in its capability to determine the consensus pattern of the
smallest repeating unit within tandem repeats [27]. This implies that the
TREF software is able to recognizing the fundamental, shortest repetitive
units that constitute larger repetitive regions. For instance, the sequence
GATGATGATGAT is described as four repeats of the trinucleotide GAT,
rather than two repeats of the hexanucleotide GATGAT. To gain insights
into the multi-omics landscape of these TR regions, we conducted an
integrative analysis using Hi-C, ATAC-seq, RNA-seq, and histone modi-
fication datasets (Fig. 1A). Our quantitative analysis revealed LongTRs
to be the most abundant, followed by STRs (Fig. 1B). The minor varia-
tions in TRs numbers between the two strains indicated the robustness of
our TRs screening method. In addition, considering the enrichment of
repetitive sequences in telomeres and centromeres [48-50], we specif-
ically analyzed TRs in these regions and found LongTRs to be particu-
larly abundant (Figure S2B). Since gene expressions in telomeres and
centromeres were generally lower than in other genome regions [51,
52], we excluded genes in these regions to avoid potential interference.

Previous studies have reported that different types of TRs regulate
gene expression at both transcriptional and post-transcriptional levels
through cis- and trans-regulatory mechanisms [53-55]. We first
compared the expression of genes containing various TRs types and
discovered that gene expression in TR regions was significantly reduced,
particularly for STRs (Fig. 1C and S2C). To verify the conservation of
these findings, we scanned TRs in NHEK cell lines and compared gene
expression, finding TRs significantly enriched in coding regions with
lower gene expression (Figure S2D and E). As TRs occur across a wide
spectrum of genic and intergenic regions [56], we further investigated
their impact on gene expression by comparing their genomic distribu-
tions and observed significant differences among various TR types.
Specifically, Single-base repeats were relatively scarce in CDS and pri-
marily enriched in promoter regions, whereas sLongTRs were almost
exclusively enriched in CDS (Figure S3A). We classified TRs based on
their location relative to CDS into Up-CDS (upstream of CDS),
Down-CDS (downstream of CDS), and In-CDS (within CDS), and
compared their gene expression. STRs within CDS regions showed
significantly lower expression compared to non-TR genes (Fig. 1D and
S2F). Due to the small number and uneven distribution of Single base
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Fig. 1. Low expression of STR regions. (A) Investigation framework of this study. (B) Number of various TRs types in two strains. (C) Significance analysis of gene
expression levels between genes containing various types of TRs and genes without any TRs in BY4741 strain. (D) Comparing expression levels of genes with STRs

and LongTR located in Up-CDS, Down-CDS, In-CDS, and Non-TR regions. STR

repeats and sLongTRs, we only compared STRs and LongTRs here. The
varying gene expression among different types of TRs located in distinct
positions indicated that TRs’ influence on gene expression is position
dependent. When STRs were located within the CDS, they exhibited the
most significant suppressive effect on gene expression.

Based on the above findings, we explored the biological functions of
these low-expressing genes containing various types of TRs. Genes with
STRs in their CDS were primarily involved in transcriptional regulation
mediated by RNA polymerase II, regulating RNA synthesis, and tran-
scriptional activity. LongTRs exhibited similar functions to STRs. How-
ever, genes with sLongTRs in the CDS displayed certain differences,
being closely associated with the structural dynamics and stability of
DNA (Figure S3B-E). The above results indicated that genes containing
STRs in their CDS had lower expression levels and played unique roles in
transcriptional regulation. Next, we further investigated the functions
and characteristics of STRs specifically within CDS regions.

3.2. Trinucleotide and hexanucleotide repeated motifs enriched in CDS of
genes encoding transcriptional regulation correlated proteins

Differences in the repeat motifs and frequencies of TRs influenced
their functional diversity. Based on their motif lengths, STRs were
classified into dinucleotide, trinucleotide, tetranucleotide, pentanu-
cleotide, and hexanucleotide repeat sequences, with counts of 96, 136,
11, 14, and 88 respectively. This indicated that STRs in S.cerevisiae were
mainly composed of dinucleotide, trinucleotide, and hexanucleotide
motif lengths (Fig. 2A). Different motif lengths of STRs exhibited a non-
random distribution. Trinucleotide repeats and hexanucleotide repeats

(left); LongTR (right). *P < 0.05, * *P < 0.01, * **P < 0.001, Wilcoxon test.

were primarily localized in CDS regions, whereas dinucleotide repeat
motifs were enriched in promoter regions (Fig. 2B). We examined
whether genes enriched with different motifs overlap. Only 14 over-
lapping genes were found between those containing trinucleotide and
hexanucleotide motifs. We selected genes containing a dinucleotide
repeat motif in the promoter as a dinucleotide repeat-related gene and
found no overlap with genes containing trinucleotide and hexanucleo-
tide motifs (Fig. 2C). The genes containing different length motifs
differed, making it suitable for studying their individual functions.

In addition, as the same length motif has different base types, we next
examined the functions of genes corresponding to different STR motif
types. AT/TA constituted the major of dinucleotide repeats (Fig. 2D),
this aligned with previous studies that AT enriched in promoter regions
[15,57]. According to the Saccharomyces Genome Database description,
genes containing trinucleotide and hexanucleotide repeats were found
primarily associated with transcriptional regulation, encoding large
proportion of transcription factors (TFs) and transcriptional regulation
correlated proteins (Supplementary Table 2). For instance, YKLO28W
containing trinucleotide repeats encoded the large subunit of TFIIE,
recruiting RNA polymerase II to promoter [58]. YNLO27W with hex-
anucleotide repeats encoded a TF activating stress-responsive genes
[59]. YBR289W encoded a SWI/SNF chromatin remodeling complex
subunit [60]. YOLO51W encoded an RNA polymerase II mediator com-
plex subunit [61]. Therefore, we compared TFs counts in genes with
varying motifs lengths. Therefore, we compared the counts of TFs in
genes with different motif lengths and found almost no genes encoding
TFs associated with dinucleotide, tetranucleotide, and pentanucleotide
repeats. In contrast, 26 out of 102 genes with trinucleotide repeats
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Fig. 2. Different STR motifs serves distinct functions. (A) STRs are categorized into five types based on motif length (2-6 bp). The bar graph illustrates the counts for
each STR motif type. Distinct colors represent different motif lengths. (B) Distribution of different STRs motif lengths in CDS, promoters, and other genomic regions.
Colors indicate different regions. (C) Overlap of genes associated with dinucleotide repeats, trinucleotide repeats, and hexanucleotide repeats. (D) Statistical count of
dinucleotide repeat motif types. The counts are located at the top of the bar graph. The blue color represents the number of all motifs, and the yellow color represents
the number of motifs located in promoters. (E) Proportion of genes encoding TFs in different STRs motif types. Bar graphs are labeled with the number of genes on the
right side. (F) Enrichment analysis of genes encoding TFs with trinucleotide repeats (top), enrichment analysis of genes encoding other proteins with trinucleotide
repeats (middle), and enrichment analysis of genes encoding TFs with hexanucleotide repeats (bottom). Bubble size indicates the number of enriched genes, with
color changes reflecting P.adjust significance levels. Functional descriptions marked in red are discussed in the article. (G) Comparative analysis of gene expression of
trinucleotide repeats, and hexanucleotide repeats, and Non-TR. * *P < 0.01, * **P < 0.001, Wilcoxon test. (H) Statistics of trinucleotide repeat types. Counts are
located at the top of the bar graph. Blue color represents all counts for that motif, and purple color represents the counts for that motif located in the CDS region. (I)
(jene expression analysis of different trinucleotide repeat types. *P < 0.05, Wilcoxon test.

(p < 1.26e-13, Fisher’s precision probability test) and 20 out of 51 genes
with hexanucleotide repeats (p < 9.65e-14, Fisher’s precision proba-
bility test) encoded TFs (Fig. 2E). Statistical analyses of amino acid se-
quences encoded by TRs in genes related to transcription regulation
revealed a significant enrichment of Q (glutamine) and N (asparagine)
(Figure S4A and Supplementary Table 3). After querying the SGD
database, we found that 42 out of 46 transcription regulatory proteins
had amino acids encoded by TRs that belonged to intrinsically disor-
dered regions (IDRs) (Supplementary Table 3). The enrichment of
glutamine and asparagine has been reported to correlate with IDRs of
proteins. These regions lack a fixed three-dimensional structure but
perform crucial cellular functions [62]. For instance, IDRs often serve as
hubs in protein interaction networks, interacting with other proteins and
playing a key role in regulating signaling pathways and essential cellular
processes like transcription, translation, and the cell cycle [63-67].
Recent study reported that IDRs mediate specific interactions between
transcription factors [68]. We hypothesized that IDRs within tran-
scription factors encoded by trinucleotide and hexanucleotide repeat
sequences may facilitate interactions among transcription factors, which
require further validation.

Comparing the functions of TF-encoding and non-TF-encoding genes
containing trinucleotide and hexanucleotide repeats (Fig. 2F), genes
with hexanucleotide repeats that did not encode TFs showed no
enriched functions, indicating that genes with trinucleotide and hex-
anucleotide repeats are mostly associated with transcriptional regula-
tion. Additionally, genes containing trinucleotide and hexanucleotide
repeats exhibited significantly lower expression levels compared to
other genes without TRs (Fig. 2G). We then quantified the types of
trinucleotide and hexanucleotide repeats motifs (Fig. 2H and S4B). Eight
prominent types were identified among trinucleotide repeats, while
hexanucleotide repeats types were diverse. We then compared the
expression of these eight prominent types and found that genes con-
taining ATT/TTA/TAT and AAT/ATA/TAA motifs exhibited the lowest
expression levels (Fig. 2I). As previously noted, genes with trinucleotide
and hexanucleotide repeats are primarily involved in transcriptional
regulation. These genes may potentially serve as transcriptional regu-
latory elements, modulating transcriptional regulation by altering the
corresponding motifs.

Additionally, we compared the distribution and function of TRs in
the human genome. STRs were relatively enriched within genes
(Figure S4C). Compared to yeast, dinucleotide and tetranucleotide re-
peats constituted the highest proportion, while dinucleotide and trinu-
cleotide repeats were significantly enriched in exon regions (Figure S4D
and E). GO enrichment analyses revealed that genes enriched with
dinucleotide sequences play crucial roles in neural signal transmission
and regulation, while genes enriched with trinucleotide sequences were
closely related to transcriptional regulation, consistent with our findings
in yeast (Figure S4F and G). This suggested that genes containing
trinucleotide repeats exhibit a certain degree of functional conservation.

3.3. STRs exhibit high-repression and low-activation histone mark
patterns

Previous study had reported that methylation of TRs can lead to the
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formation of repressive chromatin and transcriptional silencing, indi-
cating that epigenetic modifications affect gene expression patterns [69,
70]. Given the low expression levels of STR-associated genes, we
investigated the epigenetic modification features of these motifs. His-
tone modification data were obtained from Nir Friedman et al. [71].
Initially, we mapped the signals of the repressive and activating histone
modifications, H3K36me3 and H4K5ac, respectively, across different
types of TRs regions (Fig. 3A). We found that H4K5ac signals were
consistently lower across various types of TRs, whereas H3K36me3
signals were enriched in TRs regions except for single-base repeat re-
gions. Interestingly, H3K36me3 was notably enriched in trinucleotide
and hexanucleotide repeats. This suggested that the differential
enrichment of histone modifications may be associated with gene
expression levels in these regions. We further selected repressive his-
tones including H3K79me3, H4R3me2s, H3K36me3, H4K20me, and
H3K4me, along with activating histones such as H4K8ac, H4K12ac,
H4K5ac, H2AK5ac, and Htzl. The signals of these ten histone modifi-
cations were mapped across TR and STR regions. Our findings revealed
that repressive histone marks were enriched in TR regions, particularly
in trinucleotide and hexanucleotide repeat regions (Figure S5A-C),
consistent with our previous observation of lower gene expression levels
associated with trinucleotide and hexanucleotide repeats. The length
and type of TRs motifs might affect the extent of epigenetic modifica-
tion. Furthermore, when comparing repeat sequence complexity using
entropy (see method), we found that lower entropy (I to V) correlated
with lower repressive and activating signals, which are more likely to
consist of Single and dinucleotide repeats, supporting our earlier hy-
pothesis (Figure S5D).

Comparing the genomic histone signal tracks at STR locations clearly
demonstrated the enrichment of repressive histone marks and the
depletion of activating histone marks at STR positions (Fig. 3B and S6A).
Consistent enrichment patterns were observed in randomly genomic
regions, further confirming the robustness of our results (Figure S6B). To
illustrate the robustness of our analysis, we performed a significant
analysis of histone signals in regions containing trinucleotide and hex-
anucleotide repeats. The results showed higher repressive histone sig-
nals and lower activating histone signals in trinucleotide and
hexanucleotide repeat regions compared to non-TR regions (Fig. 3C).
This result was also apparent across all TRs regions (Figure S7A).

3.4. Low chromatin accessibility and nucleosome density in TR regions

The enrichment of repressive histone signals in STR regions was
closely associated with low gene expression levels, which may relate to
nucleosome density and chromatin accessibility to TFs. Employing
MNase-seq data to assess nucleosome density, we observed high density
of nucleosomes in STR regions compared to non-TR regions (Fig. 3D).
This was consistent in all TR regions (Figure S7B). Previous studies had
demonstrated a strong correlation between open chromatin and gene
promoter activity [72]. Our analysis revealed a notable reduction in the
number of open chromatin peaks within promoter regions as gene
expression levels decreased, suggesting a correlation between gene
expression and chromatin accessibility (Figure S7C). We further profiled
the chromatin accessibility signals across different types of TRs regions.



Z. Yu et al. Computational and Structural Biotechnology Journal 27 (2025) 705-716

A B chr11: 380098-380177 (bp) chr11: 384400-384493 (bp)
‘ H3K36me3 ‘ ...... GGGGTCAGCCAATAACATGTGTTGT | | ... TTACAGATTAATAGGTTTCGTGGTCTAGTC
TGTTGTTGCTGCTGTTGTIGTTGTIGTT GGTTATGGCATCTGCTTAACACGCAGAACGTC
200 1 — single GGAGCGGCTGCTGCTGTAATGAAA...... CCCAGTTCGATCCTGGGCGAAATCAATAATT......
— STR
150 4 — Tri- 380 kb Mb 384 kb
Hexa- 1 1 L 1 1

2]
- V \y_(
1

0,400]
H3K79me3
al.
LongTR

H4R3mez2s """
—— stong™R M2 il mendratmad.

T [0,400]
-4.0 Center 4.0Kb H3K36me3 -‘ - e : 'I .

[0,400]
H4K20me .

H4K5ac 5551
H3Kdme - I_ aded

[0.400]

H4K8ac
. i = m-‘
10.400]
H4K12ac
——— el
[0,400]
H4K5ac
— a— e B .
— Singl: [0,400]
5 e H2AKS5ac
1 ateibiattn. ot Blolie
— Tri- LongTR [0.400]
25 | Hexa- —— sLongTR Htz1 .
4.0 Center 4.0Kb Gene o o
IXR1 MAE1
‘ Comparison of histone signals at trinucleotide and hexanucleotide repeat positions ‘ D MNase(STR)
*kkk
H3K79me3 H4R3me2s H3K36me3 H4K20me H3K4me 15
" S T 15 T FEEE

2
2
4
o
3
3
2

l0g2(TPM+1)

o
3

10g2(TPM+1)
l0g2(TPM+1)

log2(TPM+1)

o
log2(TPM+1)
o

P
log2(TPM+1)

3

Tri- & Hexa-  Non-TR Tri- & Hexa-  Non-TR Tri- & Hexa- Non-TR  Tri- & Hexa- Non-TR Tri- & Hexa- Non-TR
H4K8ac H4K12ac H4Kb5ac H2AK5ac 5 Htz1

TR (3 TR (i3 1 TR

10 10 STR Non-TR
~10 — =10 —
= = = b 10
T + + é %
£ £ E g g E
= 154 & & & BY4741(STR)
Y S ) 2 =3
85 S5 o5 o5 S5
15 o
14 4
0 0 0 0 0 13
Tri- & Hexa- Non-TR Tri- & Hexa- Non-TR Tri- & Hexa- Non-TR  Tri- & Hexa- Non-TR Tri- & Hexa- Non-TR
12 4
F G “10kb  Center  10kb
*hk —_— | 35
= = Fkxk |
@ ns g 6 T—
g’ *k g) *kkk 30
‘® Hkk »
2 40 2° 25
S )
‘» »
@ @ 4 x 20
@ @ =
Q Q
Q Q 7]
< 2 <, 15
° °
@
g N 10
© © 2
1S E 5
S o )
=z z
RPRCERCIPO & R F O 0
R LA Sy ~ ,\\?f\?? S v\(’?? RO 1.0kb  Center  1.0kb
& O FFF O .
PSR /\0<\ & F &S Distance
v O R R Oy
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The results showed low chromatin accessibility signals for all TRs,
whether Single, STR, LongTR, or sLongTR in BY4741 and yZSJ025
(Fig. 3E, S7D and E).

These findings highlighted the low chromatin accessibility of TR
regions, consistent with reduced gene expression in these areas. Based
on our previous classification of STRs, we examined chromatin acces-
sibility levels in STR regions with different motif lengths and types. The
results showed that trinucleotide and hexanucleotide repeat regions had
lower chromatin accessibility. Additionally, the previously discussed
trinucleotide repeats (ATT/TTA/TAT and AAT/ATA/TAA), associated
with reduced gene expression, also displayed lower chromatin accessi-
bility (Fig. 3F and G). Our study emphasized the low chromatin acces-
sibility feature of STRs.

3.5. Low chromatin interaction pattern within a 10 kb range in STR
regions

TRs have been reported to alter local chromatin structure [19]. Given
the strong relationship between chromatin interactions and gene
expression [73,74], we further investigated chromatin interactions
within TR regions. Using Hi-C data, we first identified significant intra-
and inter-chromosomal interaction sites in BY4741 and evaluated the
strength of these chromatin interactions using FIRE (frequent interac-
tion region) scores. Circos plots revealed that significant interaction sites
were often distant from regions with high entropy TRs [39], and most of
these regions exhibited low FIRE signals (Fig. 4A and B). Frequent in-
teractions between different telomeres are associated with the Rabl
configuration in S.cerevisiae [44,75]. We computed interactions around
trinucleotide and hexanucleotide repeat regions. The results showed
that trinucleotide and hexanucleotide repeat regions lack both intra- and
inter-chromosomal interactions, with the number of interactions
increasing with distance from these regions (Fig. 4C). Similar results
were observed for all TR regions except Single and sLongTR
(Figure S8A). These findings suggest that TR regions exhibit distinct
patterns of chromatin interactions in three-dimensional genome archi-
tecture compared to other genomic regions. By comparing interactions
within TR and non-TR regions, we found that the number of interactions
within TR regions was significantly lower than those in non-TR regions
(Figure S8B).

Since Micro-C reflects interactions at the nucleosomal level, to study
chromatin interactions in STR regions, we utilized Micro-C data pro-
vided by Rando, O. J., et al., for BY4741 strain [76], obtaining a
high-resolution chromatin interaction matrix. We aggregate the inter-
action matrix for the upstream and downstream 10 kb region at trinu-
cleotide and hexanucleotide repeat regions. The result shows that
chromatin interactions in the trinucleotide and hexanucleotide repeat
regions are significantly lower than in the surrounding regions, and this
effect extends to a spatial extent of 8-10 kb (Fig. 4D). Interactions were
also visualized for Single, STR, and LongTR regions (Figure S8C),
sLongTR was excluded due to its limited number. These findings
underscored the chromatin interaction characteristics of TR regions.

To further validate the chromatin interaction characteristics of TRs,
we compared FIRE scores between TR and non-TR regions. The results
indicated that FIRE scores in TR regions of both BY4741 and yZSJ025
strains were significantly lower than in non-TR regions (Figure S8D).
This trend was consistent across different types of TRs (Figure S8E).
Checking FIRE scores at 2 kb intervals around TR regions revealed
consistently lower scores extending 10 kb from the center of TRs
(Figure S8F). Analysis of the correlation between FIRE scores and gene
expression also demonstrated a strong positive correlation between
frequent chromatin interactions and transcription levels (Fig. 4E). Thus,
we concluded that low gene expression levels in TR regions are associ-
ated with reduced chromatin interaction levels. Additionally, we
analyzed FIRE scores for different motif lengths and types of STRs. The
previously discussed trinucleotide repeats (ATT/TTA/TAT, AAT/ATA/
TAT) displayed lower FIRE scores (Fig. 4F and G).
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In summary, this study characterized STRs at the epigenetic and
chromatin structural level, demonstrating that STRs within CDS are
characterized by increased nucleosome density, enrichment of repres-
sive histone modifications, and a lack of chromatin interactions within
these regions. We illustrated the epigenetic features of genes containing
STRs in a schematic diagram (Fig. 4H).

4. Discussion

The relationship between sequence and function has always been a
topic of interest. Our research focused on the relationship between TRs
and gene expression. Since STRs have a more pronounced impact on
gene expression, we investigated the functions and characteristics of
STRs in CDS. Genes containing trinucleotide and hexanucleotide repeat
primarily encode proteins involved in transcriptional regulation and
exhibit lower expression levels. This provide new ideas on the function
of repetitive sequences in transcriptional regulatory mechanisms, and
also provides new guidance for the design of transcriptional regulatory
elements for synthetic biology and precision medicine. Additionally,
these regions were marked by high repressive and low activating histone
modifications. The characteristics of Single, STRs, LongTRs, and
sLongTRs were summarized in a schematic diagram (Fig. 5). Upon their
epigenetic characteristics, researchers can utilize epigenome editing
technologies to modify and design these functional elements in the
future [77], thereby achieving the goal of regulating transcription
processes.

Despite the varied distribution patterns of different TRs, TR-enriched
regions are generally characterized by low chromatin accessibility, few
chromatin interactions, and reduced gene expression. We speculate that
low chromatin accessibility impedes the binding of TFs and transcrip-
tional regulatory proteins to promoter regions, potentially inhibiting
transcription initiation. The low levels of chromatin interactions
observed within a 10 kb range of TRs are probably due to the repressive
histone modifications. In human genome, TRs are closely linked with the
formation of heterochromatin, often featuring numerous repressive
histone modifications and a high density of nucleosomes, which block
the activation of genes near these TR regions. Altogether, these factors
exert complex effects on gene expression, and mutations can disrupt the
transcriptional regulatory network, affecting gene expression.

In particular, genes with trinucleotide and hexanucleotide repeats
encode a large number of transcription factors and transcriptional
regulation correlated proteins. Perhaps there is a “code” between TR-
rich transcription factors and transcriptional regulatory proteins, as
well as their binding to promoter regions, perhaps the repeat sequences
are the key for decoding. Studies have reported the impact of motifs on
transcription factor binding affinity [8]. This finding gives new inspi-
ration to study the mechanisms of transcriptional regulation and also
provides guidance for the design of regulatory functional elements,
which has important implications for synthetic biology. Next, we will
continue to investigate the role of TRs in transcriptional regulatory
proteins.

Comprehensive analysis of TRs in S.cerevisiae drives the under-
standing of the relationship between sequence and function, particularly
in transcriptional regulation. Future research will explore the functional
role of STRs in the structure of transcriptional regulatory proteins and
how these functional elements can be applied to the artificial manipu-
lation of complex regulatory networks.
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Fig. 4. Chromatin interactions within TR regions. (A-B) Circos plots illustrating significant intra- and inter-chromosomal interactions. The blue bar outlines represent
chromosomes; the purple tracks denote FIRE scores; red dots signify the positions of high-entropy TRs; black dots indicate low-entropy TRs; the innermost red lines
represent significant intra-chromosomal interactions; blue lines signify inter-chromosomal interactions. Data consistency areas are marked with red circles. (C)
Distribution of the number of significant interactions within the trinucleotide and hexanucleotide repeat regions. The x-axis displays the regions 8 kb upstream and
downstream of the trinucleotide and hexanucleotide repeats; the y-axis indicates the normalized counts of significant interactions. Red indicates intra-chromosomal
interactions (left); blue indicates inter-chromosomal interactions (right). P < 0.05, Fisher’s exact test. (D) An aggregation interaction matrix of 10 kb upstream and
downstream regions of trinucleotide and hexanucleotide repeat regions, is visualized after normalization to expected values and logarithmic transformation. Blue
color indicates low chromatin interactions in the region. (E) Correlation analysis between FIRE signals and transcription levels. Pearson correlation coefficient 0.93,
p-value < 2.2e-16. (F) Comparison of FIRE scores for different motif length regions and Non-TR regions. (G) Comparison of FIRE scores for different motif types.

*P < 0.05, Wilcoxon test. (H) Model of genes containing STRs.
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regulation is depicted left.
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