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ABSTRACT

Topological organization of

RNA polymerase III-dependent genes

in colorectal cancer cells

Yong-Jin Kim

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Hyoung-Pyo Kim)

In eukaryotic cells, there are three major classes of RNA Polymerases. Among 

them, RNA Polymerase III is important for translation system and transcribes 

many different types of RNA molecules. Pol. III transcription is regulated in 

many different biological processes such as cell cycle, differentiation, 

regeneration, cellular stress. Deregulation of Pol. III transcription has been 

found to cause or to be linked to various diseases. Therefore, it is important to

understand the mechanisms for regulation of Pol. III genes. The spatial

organization of the genome into compartments and topologically associated

domains can have an important role in the regulation of gene expression.

However, it is not well known that how Pol. III genes are organized

topologically and what extent they are involved in multi-level chromatin
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structures. In recent years, many different high-throughput sequencing methods 

have been developed to study the three-dimensional organization of the genome 

and to measure genome-wide gene transcription. In this study, various types of

data were analyzed which had been produced by several sequencing methods 

that are widely used in epigenetic researches such as ChIP-seq, ATAC-seq, in

situ Hi-C and HiChIP to investigate Pol. III mediated chromatin landscape and

PRO-seq to capture nascent RNA transcription level. As a result, integrative

analysis using high-throughput sequencing methods could identify actively

transcribed Pol. III genes and found that Pol. III genes are clustered in highly

connected chromatin structure.

_________________________________________________________

Key words : RNA polymerase III, 3D chromatin structure, tRNA
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Topological organization of

RNA polymerase III-dependent genes

in colorectal cancer cells

Yong-Jin Kim

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Hyoung-Pyo Kim)

I. INTRODUCTION

In eukaryotes, there are three main RNA Polymerases(RNA Pol. I, Pol. II, Pol. 

III) which are highly specialized in their target gene transcription1-4. RNA Pol. I 

transcribes ribosomal RNA genes, Pol. II transcribes mRNA, miRNA, snRNA, 

and snoRNA genes, and Pol. III transcribes a variety of non-coding genes, for 

example, tRNA, vault RNA, 7SL, 7SK, U6, and other small RNA genes1,4.

These Pol. III products have well-defined functions in translation and involved in 

other biological processes. In addition, many genomic loci contain the structure of 
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Pol. III gene promoter, and these genes are transcribed in a tissue-specific manner 

or specific malignant states. However, the functions of these RNAs are still 

understandable and new features continue to be revealed even as well-known Pol. 

III products4.

Regulation of Pol. III transcription is involved in different biological processes 

such as the cell cycle5, differentiation6, development7, regeneration8, and cellular 

stress9. Not surprisingly, defects in Pol. III transcription have been found to be 

associated with or cause various diseases4. Although Pol. III transcription is 

associated with a variety of biological processes, recent studies are mainly focused 

on protein-coding genes transcribed by Pol. II and their regulation.

Gene expression is controlled by complex and various mechanisms, including the 

interaction of promoter with distal enhancers, which are short genomic elements 

often positioned several kilo-bases away from their target genes10. 

Regulatory mechanisms of gene expression are linked to the hierarchical 

organization of the genome. In mammalian cells, each chromosome is organized 

into hundreds of megabase-sized, local chromatin interaction domains termed  

topologically associated domains (TADs)11. 

The spatial organization of the human genome is known to play an important role 

in regulating gene expression12-14. tRNA genes(tDNA) are known to be enriched in 

the TAD boundary and are reported to play an important role in the chromosomal 

organization of eukaryotic cells in certain contexts6. However, it is not known to 

what extent the tRNA gene is involved in long-range interactions and 3D 

organization contributes to tRNA gene expression.

In recent years, some genome-wide studies have found the presence of Pol. III 

around active Pol. II gene promoters and Pol. II has also found near most of the 

loci that Pol. III binds15. Association of the two Polymerases with common loci 

harboring the histone modifications which mark transcriptionally active chromatin 

suggests that both polymerases may engage in a cross-talk15. And a research 

reported that a transcriptional interference by Pol. II could be confirmed as a direct 
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cause of the Pol. III gene repression16. These findings show that, even with 

gene-specific results, Pol. II contributes to Pol. III gene expression and vice versa, 

Pol. III may contribute to regulating Pol. II gene expression. In this study, various 

types of sequencing data were analyzed, which are commonly used in epigenetic 

studies such as ChIP-seq, ATAC-seq, HiChIP and PRO-seq, to investigate how 

Pol. III and its target genes are topologically organized and whether there are Pol. 

III mediated chromatin structures or other features.

ChIP-seq(Chromatin immunoprecipitation followed by sequencing) method is 

widely used to map DNA binding protein and histone modification throughout the 

genome17. Several ChIP-seq data for various target proteins such as transcription 

factor and histone protein were processed by using an in-house pipeline. In this 

study, RNA Pol. III, RNA Pol. II, which are major polymerases in human cell, 

CTCF, SMC1, which are well-known proteins for master regulator to organize 

genome topology18, BRD4 which is a member of the bromo-domain protein family 

and interact with hyper-acetylated histone regions along the chromatin, 

accumulating on transcriptionally active regulatory elements19 were sequenced and 

processed. Several histone modifications were also mapped such as H3K27Ac, 

H3K4me1, H3K4me3, H3K27me3 which are commonly used as markers for 

chromatin transcriptional states20,21. ATAC-seq(Assay for transposase-accessible 

chromatin) is used to profile the genome-wide accessible chromatin region and the 

composition of accessible chromatin throughout the genome reflects a network of 

physical interactions in which regulatory elements and transcription factors 

collaboratively regulate gene expression22. HiChIP (Hi-C chromatin 

immunoprecipitation) method is a recently developed sequencing technique that 

allows for the identification of interacting regulatory elements centric to specific 

target proteins23. 

By integrating and analyzing these data, genome-wide Pol. III occupancy and 

chromatin states were characterized in HCT116 cells. Active histone modification 

and chromatin accessibility have close relationship with Pol. III binding sites more 
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than transcription. Moreover, long-range interaction which is centric to Pol. III 

was identified by HiChIP. Chromatin interactions were observed throughout the 

genome, but were more frequent in chromosome 6. By performing 3D network

analysis, surprisingly, it is found that a large number of tRNA genes are linked to 

other tRNA regions. These results suggest that these novel features of topological

organization of Pol. III genes may have other unique gene regulation system in the 

3D chromatin interacting domain.
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II. MATERIALS AND METHODS

1. Dataset

All sequencing libraries were prepared in our laboratory and sequenced.

2. Annotation

A. Human Genome Sequence

Reference Human genome sequence file(v19, GRCh37.p13) and corresponding 

gene annotation GTF file were downloaded from gencode website24. 

(https://www.gencodegenes.org/). Genes annotated as ‘level 3’ which means 

automatically annotated loci in GTF file were excluded.

B. tRNA 

The information for tRNA genes in the human genome were obtained from the 

Genomic tRNA Database25 (GtRNAdb, http://gtrnadb.ucsc.edu/).

C. Repeat Sequence

The information for repeat sequence in the human genome were retrieved from 

UCSC genome browser database using table browser program.

3. Definition of Regulatory Element

A. Promoter

Promoter is defined as TSS ±2Kb flanking region. ‘level 3’ annotated genes 
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were excluded from GTF file.

B. Enhancer

H3K27Ac ChIP-seq peaks called by MACS2 software were determined as 

enhancers. (see method below).

4. Sequencing data processing

A. ChIP-seq

  Paired-end sequencing libraries were constructed for all types of sequencing 

methods and sequenced on the Illumina platform. ChIP-seq reads were trimmed 

using trim_galore(v0.6.4) to remove adapter and low quality reads. Trimmed 

reads were mapped to hg19 human reference genome using bwa26(v0.7.17) with 

default parameters. primary mapped reads were filtered using samtools27(v1.9)

with parameters -q 30 -F 1804. Duplicated reads were marked using 

picard(v2.18.23) default parameters. Reads marked as duplicated and mapped to 

mitochondrial chromosome were filtered using samtools. To visualize mapped 

reads on IGV or to use these reads in downstream analysis, bigwig files were 

generated using deepTools28 function bamCoverage(v3.4.3) with parameters 

--normalizeUsing CPM --binSize 1.

  ChIP-seq Peaks were identified from bam file using MACS229(v2.2.7.1) with 

parameters -f BAMPE --nomodel. Input DNA was sequenced and applied to

peak-calling process to eliminate bias in fragmentation and sequencing. Peaks 

under q-value cutoff < 1e-2 were filtered out to optain significant binding sites. 

Consensus peak sets were identified by intersecting peaks from each replicate 

using bedtools30 function intersect(v2.29.2).
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B. ATAC-seq

ATAC-seq reads were trimmed using trim_galore with default parameters. 

Trimmed reads were mapped to reference genome using bowtie231 with 

parameters --end-to-end --very-sensitive -X 2000. mapped reads were filtered 

using samtools with parameters -q 30 -F 1804. Duplicated reads were marked 

using picard with default parameters. Marked reads and mitochondrial reads 

were removed using samtools. Fragment size distribution plot was generated 

after mapping process using Picard function CollectInsertSizeMetrics(v2.18.23). 

all uniquely mapped reads were shifted by +4bp on the positive strand and -5bp 

on the negative strand using deepTools function alignmentSieve to minimize 

Tn5 transposase binding biases. Bigwig files were generated using deepTools

function bamCoverage with parameters --normalizeUsing CPM --binSize 1. 

ATAC-seq peaks were called using MACS2 with parameters -f BAMPE 

--nomodel --min-length 100. Significant and Consensus peak sets were 

identified as described above.

C. HiC & HiChIP

Hi-C reads of each replicates were pooled together for downstream analysis 

because they demonstrated high correlations. Raw reads were mapped and 

processed using HiC-Pro pipeline32(v2.11.4). Configuration file for HiC-Pro 

was modified with parameters MIN_MAPQ=30, REFERENCE 

_GENOME=hg19, LIGATION_SITE=GATCGATC for DpnII restriction 

enzyme. All valid pair files from HiC-Pro were converted to .hic format file 

using hicpro2juicebox.sh in HiC-Pro utilities. .hic files were transformed 

to .cool file format using HiCExplorer33 function hicConvertFormat(v3.4.3)

to use in downstream analysis. Normalization was performed to minimize 

sequencing depth biases using HiCexplorer function hicNormalize with 

parameters --normalize smallest. Given matrices were normalized to the 

lowest read count matrix. Normalized count matrices were corrected using 
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HiCExplorer function hicCorrectMatrix with parameters --correctionMethod 

KR. Hi-C contact maps normalized and KR-corrected matrix were visualized 

by HiCExplorer function hicPlotMatrix.

FitHiChIP23(v.8.0) was used to call loops with 10kb bin, corresponding 

ChIP-seq peaks, allValidPairs, and q-value < 1e-2 threshold was used to 

determine significant loop.

D. PRO-seq

PRO-seq raw sequence data were trimmed using trim_galore. Trimmed 

reads were aligned to human reference genome using bwa. Duplicated reads 

were marked using picard. Duplicated, low quality and mitochondrial reads 

were filtered out using samtools. Bigwig files were generated from bam files 

using deepTools function bamCoverage.

5. Topologically Associated Domain (TAD) boundary

Insulation score quantifies the interactions passing across each genomic bin and

allows defining boundaries by identifying local minima. To calculate Insulation

score, Sparse format ICE-balanced matrix at 10kb resolution in HiC-Pro output

directory was converted to dense format matrix using sparseTodense.py python 

script contained in HiC-Pro utilities with parameters --ins -g hg19 --perchr. Each 

of the dense format matrices was compressed to be used as input for insulation 

score calculation. Insulation scores were calculated using matrix2insulation.pl perl 

script with default parameters and this script provides insulation score and TAD 

boundary region. Aggregate TAD plot was generated using FAN-C 

software34(v.0.9.10).
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6. Chromosomal A/B compartment

Genomic compartments were identified using eigenvector function of juicer 

software35(v1.22.01) to calculate the first principal component (PC1) value of the 

Pearson’s matrix at 100kb resolution with parameters -p KR BP 100000. The signs 

of PC1 values were manually adjusted on the basis of genome-wide ATAC-seq

read density indicating open and active chromatin region. Saddle plot was 

generated at 100kb resolution using cooltools (v.0.3.2), and strength of 

compartmentalization was defined as the ratio of (AA+BB)/(AB+BA) interactions.

7. 3D connected clique

3D connected clique analysis was performed as previously described36. An 

undirected graph of regulatory interactions was constructed for Pol. III HiChIP 

loops where each vertex was a Loop anchor and each edge was significant 

interaction identified by FitHiChIP described as above. 3D Cliques were defined 

by spectral clustering of the regulatory graph interactions using cluster_louvain 

function in igraph R package with defulat parameters. A 3D clique connectivity 

was defined as the number of edges(loops) connecting vertices within the clique. 

the connectivity of cliques was ranked in ascending order and plotted against the 

rank36.
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III. RESULTS

1. Profiling genome-wide RNA Pol. III occupancy and Pol. III gene 

transcription in HCT116 cells

To find out how RNA Pol. III is distributed in the genome and what 

characteristics it has, an analysis was performed on ChIP-seq data (Table 1).

ChIP-seq is a sequencing method that can identify the genome-wide binding sites 

of a specific target protein. Before the analysis, RNA Pol. III ChIP-seq profile was

confirmed directly on genomic viewer to verify that it can reflect Pol. III specific 

binding profile. It shows sharp and specific binding patterns on its target gene sites

(Fig. 1A). Next, the number of binding site for each chromosome was calculated

to see how RNA Pol. III is distributed in the genome. The chromosome 6 was 

found to have 80 peaks out of total 330 peaks except for the peaks located in the 

blacklist region (Fig. 1B). Pol. III is known primarily for transcribing tRNA genes 

and transposable elements. The location informatoin of tRNA genes and 

transposable elements were downloaded from GtRNAdb and UCSC to find out 

what kind of elements Pol. III is binding. 257 tRNA elements overlap the most, 

followed by 87 SINE and 23 LINE sequences (Fig. 1C). To identify what types of 

elements are located in Pol. III binding sites according to its binding density, a 

boxplot was generated. Pol. III peaks are divided into tRNA, TE, and not 

annotated region and ChIP-seq signals for each peaks were quantified. It shows

that most of the regions with high binding density were tRNA genes and signals at 

transposable elements were relatively low (Fig. 1D). RNA Pol. III is known to 

transcribe its target genes but Pol. III gene specific sequencing problems made it 

difficult to quantify Pol. III gene expression using standard RNA-seq method.

Therefore, PRO-seq was used as an alternative method to quantify nascent RNA 

transcripts. Scatterplot shows Pol. III enrichment and PRO-seq signals are highly 
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correlated (Fig. 1E). and PRO-seq signals on tRNA genes which Pol. III is binding 

were higher than tRNA genes which Pol. III is not binding (Fig. 1F). 
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Figure 1. Genome-wide distribution of RNA Pol. III-dependent transcription. 

(A) Genomic snapshot showing enrichment of RNA Pol. III and nascent RNA 

transcription. Arrows in the bottom indicate tDNA genes with direction of 

transcription. (B) Number of Pol. III peaks across whole chromosomes. (C) 

Distribution of tRNA genes and transposable elements which are annotated to Pol. 

III binding sites (*L.C. : Low complexity, *S. R. : Simple Repeat). (D) Box plot 

showing the enrichment of RNA Pol. III in each type of elements. (E) Scatter plot 

indicating the relationship between Pol. III ChIP-seq signal and PRO-seq signal in 

tRNA gene body. Spearman’s correlation coefficient is represented in the plot. (F) 

Box plot showing PRO-seq signal in tRNA genes with or without binding of Pol. 

III. Significance was determined by t-test (****, p-value < 0.0001).
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Table 1. ChIP-seq, PRO-seq, ATAC-seq data mapping result summary
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2. tRNA anticodon and transcription

There are several copies of tRNA genes in the human genome encoding 

anticodon sequences for specific amino acid. To compare the tRNA gene count 

and Pol. III enrichment, PRO-seq signals in these tRNA genes, gene counts for 

each anticodon family and read signals were quantified. tRNAAsn-GTT, tRNACys-GCA, 

tRNAAla-AGC are most abundant anticodon family in human genome, each gene has

more than 30 copies. However, Pol. III enrichment and PRO-seq signals are not 

higher as much as than other anticodon families. tRNAIle-GAT, tRNAAsn-ATT, 

tRNATyr-ATA, tRNASup-TTA, tRNAPro-GGG, tRNACys-ACA exist less than 10 copies and

ChIP-seq, PRO-seq signals are rarely observed. These results show that tRNA

genes exist in mutl copies thought the genome, but this is not proportional to the

Pol. III enrichment or transcription level.
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Figure 2. Number of tRNA gene(left), occupancy of RNA Pol. III(middle), 

and nascent RNA expression(right) in each tRNA gene classified into gene 

families according to their anticodon.
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3. Association of Pol. III-dependet transcription with chromatin accessibility

Chromatin accessibility which means the degree to which nuclear molecules are

able to physically contact DNA was identified using ATAC-seq. To see if Pol. III 

occupancy and transcription level are correlated with chromatin accessibility, the 

signals of the entire Pol. III occupied region were compared (Fig. 2A). As a result 

of the spearman correlation test, both Pol. III enrichment and PRO-seq signal were 

highly correlated with chromatin accessibility. Next, to determine whether these 

accessible chromatin features are dependent on Pol. III occupancy, tRNA genes

are classified as genes with and genes without Pol. III, and ATAC-seq signals 

flanking 2Kb regions from the center of the genes are compared (Fig. 3B). The 

average signal difference is statistically significant (Fig. 3C). In order to verify

that Pol. III dependent ATAC-seq signals are common patterns across the entire

binding site rather than some specific regions, a heatmap was generated. As a

result, most of regions have co-enriched Pol. III ChIP-seq, PRO-seq, and

ATAC-seq signals (Fig. 3D). The co-enriched pattern of Pol. III ChIP-seq,

ATAC-seq, and PRO-seq signals in tRNA genes is also observed in genomic

tracks (Fig. 3E).



20



21

Figure 3. RNA Pol. III-dependent transcription is positively associated with 

chromatin accessibility. (A) Scatter plot showing the relationship of chromatin 

accessibility with either Pol. III enrichment (left) or PRO-seq signal in tRNA 

genes (right). Spearman’s correlation coefficient is represented in the plot. (B) 

Average enrichment of ATAC-seq signal in tRNA genes with (pink) or without 

(grey) Pol. III binding. All signal was quantified from the center of tRNA gene to 

±2Kb flanking region. (C) Box plot showing the distribution of ATAC-seq signal 

in tRNA genes with (pink) or without (grey) Pol. III binding. Significance was 

determined by t-test (****, p-value < 0.0001). (D) Heatmap of ChIP-seq (green), 

PRO-seq (blue), ATAC-seq (red) signals of tRNA genes with (left) or without 

(right) Pol. III binding. (E) Snapshot showing signal tracks for Pol. III ChIP-seq, 

PRO-seq, and ATAC-seq in representative tRNA genes.
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4. Distinctive patterns of histone modification in actively transcribed RNA

Pol. III genes

Several types of histone protein ChIP-seq data, such as H3K27Ac, H3K4me3,

H3K4me1, H3K27me3, were used to identify enviornmental chromatin states

around Pol. III binding sites. First, ChIP-seq signals in tRNA genes with and

without Pol. III were quantified and compared (Fig. 4A-D). ChIP-seq signals of

histone proteins which mark active epigenetic chromatin states, such as H3K27Ac,

H3K4me3, H3K4me1, were more enriched in tRNA genes with Pol. III rather than

tRNA genes without Pol. III. To determine whether there is a correlation between

tRNA gene expression and these active chromatin states, spearman correlation test

was performed, but ChIP-seq and PRO-seq signal show weak correlation

(Spearman correlation coefficient(r), H3K27Ac = 0.22, H3K4me3 = 0.34,

H3K4me1 = 0.14) (Fig. 4A-C). On the other hand, H3K27me3 which marks

repressive chromatin state was more enriched in tRNA genes without Pol. III than

genes with Pol. III and also shows a weak correlation with PRO-seq signals (Fig.

4D). signal tracks show distinctive ChIP-seq signal patterns of active histone

modification nearby tRNA genes with Pol. III (Fig. 4E).
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Figure 4. Distinctive patterns of histone modification in actively transcribed 

RNA Pol. III genes. (A-D) Box plots (left) showing the distribution of either 

H3K27ac (A), H34K4me3 (B), H3K4me1 (C), or H3K27me3 (D) signals in tRNA 

genes with (pink) or without (grey) Pol. III binding. Significance was determined 

by t-test (****, p-value < 0.0001). Scatter plots (right) showing the relationship of 

PRO-seq signal with either H3K27ac (A), H34K4me3 (B), H3K4me1 (C), or 

H3K27me3 (D) signals in tRNA genes. Spearman’s correlation coefficient is 

represented in the plot. (E) Snapshot showing signal tracks for Pol. III ChIP-seq, 

PRO-seq, and histone modifications in representative tRNA genes.
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5. RNA Pol. II-dependent transcription machinery in actively transcribed 

RNA Pol. III genes

Several types of transcription factor ChIP-seq data, such as Pol. II, BRD4, CTCF,

SMC1 were used to identify whether Pol. III genes have a relationship with Pol. II 

related transcription machinery factors or chromatin structural proteins. As

described in analysis with histone protein ChIP-seq data above, ChIP-seq signals

in tRNA genes with and without Pol. III were quantified and compared (Fig.

5A-D). All transcription factors are more enriched in tRNA genes with Pol. III 

than genes without Pol. III. Pol. II and BRD4 signals are positively correlated with 

tRNA gene expression. CTCF and SMC1 also have positive correlation with 

tRNA gene expression, but not strong (Spearman correlation coefficient(r), Pol. II

= 0.44, BRD4 = 0.58, CTCF = 0.17, SMC1 = 0.58) (Fig. 5A-D). These 

transcription factors binding pattern that Pol. II-dependent transcription machinery 

have positive correlation with tRNA gene expression but structural proteins are 

not well correlated is well illustrated in genomic viewer (Fig. 5E).
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Figure 5. RNA pol. II-dependent transcription machinery components are 

enriched in actively transcribed RNA Pol. III genes. (A-D) Box plots (left) 

showing the distribution of either RNA Pol. II (A), BRD4 (B), CTCF (C), or 

SMC1 (D) signals in tRNA genes with (pink) or without (grey) Pol. III binding. 

Significance was determined by t-test (****, p-value < 0.0001). Scatter plots 

(right) showing the relationship of PRO-seq signal with either RNA Pol. II (A), 

BRD4 (B), CTCF (C), or SMC1 (D) signals in tRNA genes. Spearman’s 

correlation coefficient is represented in the plot. (E) Snapshot showing signal 

tracks for enrichment of Pol. III, PRO-seq, Pol. II, BRD4, CTCF, and SMC1 in 

representative tRNA genes.
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6. tRNA genes clustered in topologically associated domain

3D genome organization can be characterized at different scales. Topologically 

associated domain(TAD) is a fundamental unit of three dimensional nuclear 

organization. TADs are megabase-scale genomic regions and modulate gene 

regulation by limiting interactions of cis-regulatory sequences to target genes37.

tRNA genes are dispersed throughout the genome and some genes are linearly

organized into genomic clusters with other tDNAs. However, it is not well

known how TADs contribute to tRNA gene organization. To determine the

extent of the contribution of TADs in the tDNA organization, in situ Hi-C was

performed (Table 2) and the structural units of the genome in HCT116 were

defined (Fig. 6A). At large scales, chromosomes segregate into regions of

preferential long-range interactions that form two mutually excluded types of

chromatin, referred to as "A” and "B” compartments38. Eigenvector 1 values

indicate these segregated compartment regions (Fig. 6B). Preferential

homotypic interaction patterns (A-A, B-B) are well illustrated in saddle plot

with compartment strength value 4.62 (Fig. 6C). Next, TAD boundaries were

called and the total number of TAD boundaries was 4837 (Fig. 6D). Aggregated

insulation scores from the center of TAD boundaries have confirmed that

chromatin interactions are well insulated from the boundary (Fig. 6E). The

average size of TADs is about 670 Kb, with IQR ranging from 390 Kb to 810

Kb (Fig. 6F). Aggregated TAD interactions show insulated interaction patterns

from the TAD boundary (Fig. 6G). To find out the genome-wide distribution of

tRNA genes at the TAD level, TADs containing one or more tRNA genes were

classified and then the distribution of the number of tDNAs was conformed (Fig.

7A). Total number of transcribed tDNAs in TAD was 251 and total number of

TADs containing one or more tDNAs was 81. 129 tRNA genes (51.4%) were

located in 7 TADs. To confirm that whether there is a correlation between the

number of tRNA genes contained in the TADs and transcription, TADs were
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categorized into 5 groups according to the number of clustered tRNA genes and

transcription level was compared. transcription level was higher in TADs where

only one tRNA gene was located than TAD group which contains over 11

tRNA genes (***, p-value = 0.001). Chromatin interaction and organization of

clustered tRNA genes around the TAD region which contains 49 tRNA genes,

the largest number of clustered tRNA genes in TAD scale, is well illustrated

(Fig. 7C). These results show that a large number of transcribed tRNA genes are

not only positionally close, but are also clustered within certain TAD structures.
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Table 2. Summarized mapping results of in situ Hi-C data
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Figure 6. Three dimensional genome structure of HCT116 cells in terms of 

compartment and TAD. (A) Hi-C contact maps generated by HiCExplorer at 

250-kb, 100-kb and 10-kb resolution (B) Distributions of cis Eigenvector 1 

values across entire chromosome 8. (C) Saddle plot representing 

compartmentalization strength. (D) Number of TAD boundaries obtained with 

Hi-C data. (E) Genome-wide averaged insulation score plotted versus distance 

around insulation center at TAD boundaries. (F) Boxplot shows the size of TAD. 

(G) Heatmap shows the average observed/expected Hi-C interactions in the 

TAD regions.
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Figure 7. Distribution and expression of tRNA genes clustered within each 

TAD. (A and B) Cumulative curve showing the distribution of the number of 

clustered tDNA within TAD (A) and box plot showing the distribution of tDNA 

expression clustered within each categorized TAD according to the number of 

tDNA (B). Significance was determined by t-test (***, p-value < 0.001, N. S, 

p-value = 1). (C) Snapshot of in situ Hi-C contact maps with location of TAD 

boundaries and tRNA genes.
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7. Identification of RNA Pol. III-mediated chromatin interactions

To identify the chromatin structure directly mediated by RNA Pol. III, HiChIP

was performed using antibody targeting for Pol. III subunit(POLR3A) (Table 3).

Total 810 of significantly interacting loops were identified from HiChIP data

using FitHiChIP software (q-value < 0.01). A loop consists of two anchors

connected. In order to clarify the characteristics of Pol. III mediated loops,

loops were classified according to Pol. III occupancy in loop anchors and

counted. 661 loops were bound by Pol. III in one of the two anchors, and the

remaining 152 loops were bound by Pol. III in both anchors (Fig 8A). Since Pol.

III mediated loops are calculated based on Pol. III ChIP-seq peaks, the

aggregated chromatin contact of Hi-C and HiChIP data were compared in the

interacting regions to confirm if it is a biased effect by an antibody specific to

Pol. III. In 813 Pol. III loops, both data represent an enriched pattern 

(enrichment score, HiChIP = 5.19, Hi-C = 4.86) (Fig. 8B). The average distance 

between two genomic anchors is about 235 Kb, with IQR ranging from 90 Kb 

to 320 Kb (Fig. 8C). Next, all loops were classified as intra-TAD interaction 

and inter-TAD interaction to clarify Pol. III loop organization in TAD scale. As 

a result, 744 loops (91.05%) were formed within the TAD and 62 loops (7.6%)

were formed beyond the TAD boundary (Fig. 8D). These results suggest that 

Pol. III loop interaction is mostly within the fundamental structural unit, TAD, 

and the Pol. III binding region may also interact with other types of genomic 

regions via looping structure (Fig. 8E). To determine which types of regions are 

connected by Pol. III mediated loops, each loop is classified according to the 

type of both anchors (Fig. 9). As a result, tDNA-tDNA interaction accounted for 

the largest number of population(148, 18.2%), followed by tDNA-Pol. II gene 

promoter(132, 16.2%), tDNA-CTCF(92, 11.3%). These results indicate that

many Pol. III genes do not exist independently and are interacting with other 

Pol. III genes or other regions located at long distances.
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Table 3. Summarized mapping results of RNA Pol. III HiChIP data
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Figure 8. Identification of RNA Pol. III-mediated chromatin interactions.

(A) Doughnut plot shows the distribution of Pol. III loop, classified by the 

presence of Pol. III peaks on loop anchor. Total number of Pol. III loops is 

indicated in the center of plot. (B) Heatmaps show the aggregated contact 

frequency of HiChIP(top) and Hi-C(bottom) in Pol. III loops. (C) Box plot 

shows the distribution of distances between two genomic anchors connected by 

the Pol. III. (D) Doughnut plot showing the number of Pol. III loops classified 

by intra-TAD or inter-TAD interaction. (E) Snapshot of insulation score curve, 

in situ Hi-C contact map, RNA Pol. III HiChIP contact map, Pol III HiChIP 

loops, and ChIP-seq signal tracks for of Pol III, CTCF and SMC1. The location 

of Pol. II genes and tDNA genes are shown on top of the snapshot.
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Figure 9. Classification of Pol. III loops categorized by their types of 

anchor.
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8. Pol. III mediated chromatin interaction network

A total of 796 unique anchors form Pol. III mediated loops. Pol. III loop

interaction patterns have very complicated patterns as illustrated in Fig. 8E.

This means that one anchor is interacting complexly with several other anchors.

According to the distribution of connections by anchor, most of the anchors

(573, 72%) are interactive with one anchor, while the remaining (223, 28%) are

connected with two or more anchors, with up to 21 interactions (Fig. 10A).

These anchors were annotated to determine whether a particular type of region

was related to a connection, and surprisingly, anchors with a large number of

connections was found to involve a large number of tDNAs. In addition, the

higher number of connections anchors have, the higher rate of tDNAs are

involved (Fig. 10B). Of the anchors with more than 5 connections, 62% were

tDNA anchors. It means that the Pol. III loop interactions are concentrated

around the tRNA genes. Next, the distribution of tRNA gene expression level

included by anchor groups according to the number of connections to see if

there were any differences, but there were no significant differences (Fig. 10C).

Furthermore, there were not much differences in expression between tRNA

genes(200) related to Pol. III loop interaction and genes(57) which are not

involved in chromatin interactions (Fig. 10D). In order to define a complicated

Pol. III loop structure, network analysis was performed. The clique, a structure

of two or more anchors connected, simplifies this complex relationship. From

813 Pol. III loops, 145 interaction network units, 3D cliques, were defined, and

the number of connections included in each clique was calculated and the

distribution was confirmed (Fig. 11A). The clique with the most connections

has 196 chromatin interactions, followed by the clique with 37 interactions.

75% of cliques have no more than 5 interactions. It was confirmed above that

many of the loop anchors have a high proportion of tDNA. Cumulative curve

shows the distribution of tDNA counts by each clique (Fig. 11B). The clique
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containing one or more tDNAs is 57 out of 145 and the clique containing the

largest number of tDNAs has 72 tDNAs. Moreover, about half of the 200

tDNAs which are connected by Pol. III loops are located in 4 clique structure. A

visualization of the top 3 connectivity and 10 randomly extracted 3D clique

structures illustrates the relationship between tDNA anchors and anchors of

different types within the network structure (Fig. 11C). The core of the rank 1

clique shows that several tDNA anchors are complex network and are also

connected to the Pol. II gene promoter anchor around them. On the other hand,

cliques with low connectivity are mainly composed of anchors that seem less

relevant to tDNA or are not annotated. These results show the characteristics of

chromatin structures specific to Pol. III biology.
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Figure 10. Genes encoding tRNA are highly connected by Pol. III-mediated 

chromatin interactions. (A) Number of connections categorized by type of 

anchor. (B) Proportion of anchors classified as the type of anchor. Anchors are 

sorted by the number of connections per anchor. (C) Box plot showing PRO-seq 

signals of tDNA genes categorized by the number of connections per anchor. 

(D) Box plot showing PRO-seq signals of tDNA genes either connected by Pol. 

III loops or isolated. Significance was determined by t-test (*, p-value < 0.05).
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Figure 11. Pol III-mediated hyperconnected 3D cliques. (A) Distribution of 

connection in 3D cliques based on Pol III HiChIP loops. The number of tDNAs 

in top 2 hyperconnected cliques is provided in parenthesis. (B) Cumulative 

curve showing the distribution of the number of tDNA in each 3D clique. (C) 

3D cliques where each edge represented a significant Pol III-mediated 

chromatin interaction. The color of each edge indicates the loop strength 

(-Log10(Q)). The color of each node represents tDNA, TE, promoter, CTCF, 

enhancer, or unannotated region.
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IV. DISCUSSION

RNA Polymerase III is a specialized enzyme responsible for transcription of 

tRNA, 5S rRNA, 7SL RNA and other short non-coding RNAs and is involved in 

translational system. Despite detailed understanding of protein-coding gene 

transcription by Pol. II, the transcription of non-coding RNA genes by Pol. III is 

less well characterized. Chromatin structures are known to be closely related to the 

regulation of gene expression. Several omics data have been analyzed to 

investigate the chromatin structure that may regulate Pol. III gene transcription. 

ChIP-seq was performed on two independent biological replicates of HCT116 

cells, using antibodies against several target proteins involved in transcriptional 

chromatin states and Pol. III gene transcription. Pol. III binding sites throughout 

the genome were profiled by Pol. III ChIP-seq. Consensus Pol. III binding sites are 

330. 80(24.2%) peaks of total 330 are located in chromosome 6 (Fig. 1B). tRNA 

genes which are known to be primarily transcribed by Pol. III is distributed 

genome-wide and, in many cases, linearly organized into genomic clusters6. This 

large number of Pol. III binding sites observed in chr6 suggests that clustered 

tRNA genes may be located in chr6. In order to find out what kind of regions Pol. 

III binds the most, tRNA genes and Repeat sequences downloaded from GtRNAdb 

and UCSC were annotated to Pol. III peaks. the result shows that Pol. III is 

binding to 257 tRNA genes, followed by 87 to SINE(Short Interspersed Nuclear 

eElement), 23 to LINE(Long Interspersed Nuclear Element), and many other 

annotated repeat elements and indicates that the peak calculated from Pol. III 

When box plots were created to identify whether there was an element type 

according to Pol. III binding density, Most of the regions with strong Pol. III 

binding signal seemed to be tRNA. Of course, there were some places where the 

Pol. III signal was strong among TE and unannotated regions which is excluded 

when the tRNA gene and the TE annotation (Fig. 1D).

RNA Pol. III binding tRNA region indicate a pattern of histone modifications 
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associated with actively transcribed Pol. II genes such as H3K27Ac, H3K4me1, 

H3K4me3 (Fig. 4A-C), but weakly correlated with tRNA gene transcription at Pol.

III dependent genes. It is a result that reflects the epigenetic state of the

surrounding environment, rather than precisely indicating the state of the binding

site. Transcription factors such as CTCF, SMC1, BRD4, Pol. II signals have also 

been enriched at tRNA genes with Pol. III (Fig. 5A-C). Among these factors, Pol.

II and BRD4 were highly correlated with PRO-seq signals. However, the 

H3K27me3 signal was higher in the tRNA region where Pol. III was not binding

(Fig. 4D). These shared pattern between Pol. III and Pol. II genes are also shown

in other studies15,39,40. These data reveal that certain features of chromatin are 

shared between genes transcribed by Pol. III and Pol. II on a genome-wide scale.

Quantifying Pol. III gene expression level has been considered challenging due to 

its unique compexity. Cellular tRNA becomes highly modified after transcription 

and consequently difficult to reverse transcribe during library preparation6.

Mapping RNA Pol. III as an alternative also shows inappropriate measurement. To 

overcome this challanges, PRO-seq data was used, which can quantify nascent 

RNA transcripts. Correlation test also shows that there is a positive correlation 

between Pol. III binding density and expression (Fig. 1E). To verify whether 

tRNA expression is dependent on Pol. III binding, tRNA regions were divided into 

the genes with and without, and PRO-seq signals were compared. The result 

shows that the PRO-seq signal was much higher in the region with Pol. III (Fig. 

1F). This result means that Pol. III genes bound by Pol. III are actively transcribed.

tRNA genes have been reported to play a role in the organization of eukaryotic 

chromosomes in certain case41,42. However, Little has been studied how tRNA 

genes are related to chromatin structures and how chromatin structures play a role 

in regulating these tRNA expressions. To identify chromatin interaction directly 

mediated by Pol. III, loops were called from HiChIP data. 813 Pol. III mediated

loops were identified (Fig. 8A), and mainly formed within TAD (Fig. 8D). In

addition, many loops connect tRNA gene to tRNA gene region, followed by Pol. II
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gene promoter, and CTCF binding sites (Fig. 9). These results indicate that Pol. III 

is participating in long-range chromatin interactions, and also has well organized

chromatin structure. Network anlaysis identified the 3D hyperconnected clique

structures and revealed that many of tRNA genes are involved in a few cliques in

restricted regions of the genome (Fig. 11A, B). A research previously reported that 

the transcription of tRNA gene which are linearly organized into cluster decreases

in developing macrophages6. In summary, these results suggest that these Pol.

III-centric chromatin structures may contribute co-regulation of Pol. III genes in

responding to internal or external stimuli.
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V. CONCLUSION

Eukaryotic gene expression process is very complicated and precisely regulated 

by coordinated systems. The relationship between Pol. III gene transcription and 

3D chromatin structure is one of the important questions to be explored. In this 

study, several sequencing methods, such as ChIP-seq, ATAC-seq, PRO-seq, Hi-C,

HiChIP, were analyzed to reveal a novel feature of the Pol. III centric 3D

chromatin structures which may contribute Pol. III gene regulation in HCT116

colorectal cancer cells. As a result, actively transcribed Pol. III genes were

identified by measuring Pol. III occupancy and nascent RNA expression.

Accessible chromatin structure and active histone modification states exhibited

positive correlations with Pol. III-dependent gene expression. In point of view of

the genome architecture, higher-order chromatin structure confined most of tRNA

genes into only a few topologically associated domains. And 80% of actively

transcribed tRNA genes were physically connected with each other via long-range

chromatin interactions. Furthermore, half of tRNA genes were transcribed within

as few as 4 hyperconnected spatial clusters. This study suggests that highly

interconnected Pol. III-mediated chromatin interactions may contribute to the

coordinated transcriptional regulation of tRNA genes in response to intrinsic and

eternal stimuli.
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ABSTRACT(IN KOREAN)

대장암세포에서 RNA 중합효소 III 의존적

유전자들의 위상학적 구조

< 지도교수 김 형 표 >

연세대학교 대학원 의과학과

김 용 진

진핵 세포에는 세 가지 주요한 RNA 중합효소가 존재한다. 그 중

RNA 중합효소 III는 단백질 번역 시스템이 있어서 중요하며 여러가지

다양한 non-coding RNA를 전사하는 것으로 알려져 있다. RNA 

중합효소 III의 전사는 세포 주기, 분화, 재생, 세포 스트레스와 같은

여러 가지 다양한 생명현상 안에서 조절된다. 이러한 RNA 중합효소

III 전사과정에서의 결함은 여러 가지 질병을 야기하거나 관련되어

있다고 알려져 있다. 그러므로 RNA 중합효소 III가 전사하는

유전자들의 조절 메커니즘을 이해하는 것은 중요하다.

Compartment 또는 TAD 로 나누어지는 유전체의 위상적 구조는
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유전자 조절에 있어서 중요한 역할을 할 수 있다. 그러나 RNA

중합효소 III 의존적 유전자들이 위상학적으로 어떻게 조직되어 있고

여러 계층의 크로마틴 구조와 어느 정도로 연관되어 있는지는 잘

알려져 있지 않다.

최근 몇 년 동안 유전체의 3차원 크로마틴 구조를 연구하고 유전자

발현을 측정하기 위한 많고 다양한 high-throughput sequencing 

방법들이 개발되어 왔다. 본 연구에서는 RNA 중합효소 III에 의해

매개되는 크로마틴 구조를 연구하기 위해 ChIP-seq, ATAC-seq, in situ

Hi-C, HiChIP과 같이 후성유전학 연구에서 널리 사용되는 다양한

시퀀싱 데이터와 nascent RNA를 정량 할 수 있는 PRO-seq 데이터를

분석하였다. 그 결과 이러한 NGS 데이터의 통합 분석 결과로부터

활발히 전사되는 RNA 중합효소 의존적 유전자들을 규명할 수 있었고,

또한 많은 수의 RNA 중합효소 III 의존적 유전자들은 크로마틴

구조를 통해 위상적으로 가까이 모여있는 것을 확인하였다.

________________________________________________________________

핵심되는 말 : RNA 중합효소 III, 3차원 크로마틴 구조, tRNA


