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Abstract 

Long-noncoding RNA (lncRNA) interact with DNA, RNA and proteins to regulate the 

epigenome and fundamental biological processes. In the bovine genome, the nature and 

mechanisms of lncRNA interactions with specific chromatin regions are unexplored yet. 

Here, we aimed to unravel the chromatin interaction sites of the evolutionary conserved 

lncRNA TUG1 in the bovine genome using ChIRP-seq (chromatin isolation by RNA 

precipitation) in two popular bovine cell lines (MDBK, MAC-T) and liver tissue. About 

half of the genome-wide TUG1 chromatin occupancy in the genome (3,225, 3,587 and 

3977 interaction sites in MDBK, MAC-T and liver, respectively) was associated with 

protein-coding genes. Observation of numerous concordant TUG1 chromatin interaction 

sites between MDBK and MAC-T cells and liver tissue was consistent with the known 

ubiquitous expression of TUG1. Analysis of overlaps between ChIRP-seq peaks and 

ATAC-seq peaks in MDBK and MAC-T cells pinpointed TUG1 chromatin interaction sites 

relevant for modulating chromatin accessibility. 
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1. Introduction 

There is clear evidence that the genomes of many organisms are extensively transcribed 

resulting in numerous long non-coding RNAs (lncRNAs) in addition to protein-coding 

transcripts. LncRNAs are usually characterized by a size > 200 nucleotides and a lack of 

an open reading frame, although literature increasingly describes lncRNAs with a coding 

potential for short peptides and microproteins [1-3]. LncRNAs are a particular class of 

transcripts, which exert important functions in genome regulation [4-7]. There is increasing 

evidence that lncRNAs are important modulators involved in various physiological and 

pathological processes, including gene regulation, cell development, tissue formation, 

metabolism and diseases [8-13]. LncRNAs are reported to act as molecular elements by 

interacting with DNA, RNA and proteins to regulate the epigenomic and diverse 

fundamental biological processes [14]. They are known to display particular individual 

regulation patterns [15]. In human and mice, lncRNA-chromatin interactions have been 

shown to regulate crucial cellular mechanisms such as genomic imprinting, dosage 

compensation, developmental and pathological processes.  

However, lncRNA loci are not completely annotated in the bovine genome [16-18], and 

the nature and their biological functions and mechanisms of interactions with specific 

chromatin regions are unexplored so far. Whereas there are several studies investigating 

the regulatory function of lncRNAs in cattle using, e.g. co-expression network analysis 

following a “guilt-by-association” approach [19-22], there is almost no functional 

experimental investigation of lncRNA interaction partners. Since lncRNAs show tissue- 

and age-specific expression patterns and have less cross-species sequence homology 

compared to protein-coding genes, these lncRNA interaction features require species-

specific efforts for their correct annotation and exploration of their respective interaction 

partners and potential regulatory function. 

In this study, we focused on the lncRNA Taurine Up-Regulated 1 (TUG1), which is, in 

contrast to other lncRNAs, ubiquitously expressed across cell and tissue types and also 

conserved between a variety of species [23, 24], 

https://www.ncbi.nlm.nih.gov/gene/55000/ortholog/?scope=9347). TUG1 was originally 

identified as a transcript upregulated by taurine, whose function was initially found being 

associated with retinal development. It is meanwhile understood that TUG1 plays a much 

broader functional role in diverse biological and cellular processes. Numerous studies in 

cancer research have indicated that TUG1 is significantly associated with tumor 

development and cell metabolism by regulating cell proliferation, invasion, metastasis, 

apoptosis, differentiation and drug resistance reviewed by [25]. The authors summarized 

that TUG1 appears to mediate these processes primarily by binding with PRC2 to silence 

downstream target genes and by sponging miRNAs to promote the expression of target 

genes. In addition, TUG1 has been shown to be associated with the regulation of metabolic 

processes [26]. The authors demonstrated that TUG1 is markedly downregulated in 

response to high glucose and reported that its overexpression rescued the expression of 

PPARGC1A, a master transcription regulator of mitochondrial biogenesis. Using ChIRP-

seq (Chromatin Isolation by RNA Purification sequencing), the authors identified a TUG1-

binding element upstream of the PPARGC1A gene and showed that its interaction with 

TUG1 enhances PPARGC1A promoter activity, leading to modulation of mitochondrial 

bioenergetics in podocytes of diabetic mice. In a follow-up study, the authors provided 
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clear evidence that the suppression of TUG1 expression by a high glucose environment is 

at least partially regulated by binding of ChREBP, the major glucose-responsive 

transcription factor, and its partner MLX, to the promoter region of TUG1 [27]. These 

findings were supported by results [28], which showed that overexpression of TUG1 

significantly promotes fat oxidation, promotes brown remodelling of white adipose tissue 

and attenuates the development of diabetes by upregulating the SIRT1/AMPK/ACC 

signalling pathway in a diabetic mouse model. In their detailed analysis of the murine 

TUG1 locus, Lewandowski and colleagues [24] demonstrated that the TUG1 locus plays 

an essential role in spermatogenesis and male fertility by showing that TUG1 knockout 

mice exhibit a sterile phenotype in males. The authors discovered that the mouse TUG1 

locus has three distinct layers of regulatory activities in mice, two non-coding and one 

coding. They provided evidence for a cis-DNA repressor in the TUG1 genomic region that 

modulates many neighbouring genes in a broad range of tissues and in an allele-specific 

manner in the testes. In addition, they discovered a TUG1 lncRNA that can regulate genes 

via a trans-based function clustered by tissue type, indicating tissue-specific gene 

dysregulation. Finally, an open reading frame was detected that is evolutionarily conserved 

including humans and affects mitochondrial membrane potential when overexpressed, 

suggesting a potential coding function of the TUG1 locus [24]. Apart from the 

evolutionarily conserved ORF confirmed in human cells, it is not known whether the 

various multimodal regulatory properties of the mouse TUG1 locus are also present in other 

species and tissues and a corresponding multifaceted function of orthologous lncRNA 

TUG1 loci can only be assumed. Reports focusing on the bovine TUG1 locus and its 

functional biological network are not known. To elucidate the landscape of this functional 

network of TUG1 in the bovine genome, the aim of this study was to reveal the chromatin-

interacting DNA partners of the lncRNA TUG1 in the genome of bovine cells using 

Chromatin Isolation by RNA Purification sequencing (ChIRP-seq). With this high-

throughput method, DNA and proteins bound to a particular target lncRNA (the specific 

lncRNA interactome) can be detected and mapped genome-wide [29, 30].   
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2. Materials and methods 

2.1. Cell culture 

MDBK (Madin-Darby bovine kidney, ATCC- CCL-22) cells were cultured in EMEM 

(Minimum Eagle’s Essential Medium, Merck) containing 10 % FCS (foetal calf serum), 2 

% L-glutamine, 1 % NEAA (non-essential amino acids) and 1 % penicillin-streptomycin). 

MAC-T (bovine mammary alveolar epithelial) cells [31] were cultured in complete DMEM 

(Dulbecco's Modified Eagle's Media, Merck) supplemented with 10 % FCS, 2 % L-

glutamine, 0.1 mM L-methionine, 0.4 mM L-Lysine, 0.01 mM sodium pyruvate, 1 µg/ml 

prolactin, 1 µg/ml hydrocortisone, 1 µg/ml insulin, and 1 % penicillin-streptomycin. After 

reaching 80-90 % confluence, the cells were trypsinized. About 10 million cells (1 x 107) 

were pelleted (1000 rpm, 5 min, 15 °C), washed in PBS and used for one ChIRP experiment 

each. 

 

2.2. Liver sample collection for Chromatin Isolation by RNA Purification 

sequencing (ChIRP-seq) 

Fresh liver tissue was collected from the EU licensed slaughter house of the Animal facility 

at the Research Institute for Farm Animal Biology (FBN), Dummerstorf. Samples were 

collected either during routine culling slaughter processes outside of animal experiments 

or taken from animals slaughtered within ethically reviewed and approved research 

projects of the institute according to the Ethics Committee of the Federal State of 

Mecklenburg-Western Pomerania, Germany (Landesamt für Landwirtschaft, 

Lebensmittelsicherheit und Fischerei; LALLF). 

 

2.3. Liver sample preparation for ChIRP-seq 

Aliquots of 200 mg fresh liver tissue were minced and crushed using a sterile scalpel, mixed 

thoroughly with 5 ml of ice-cold PBS supplemented with Protease inhibitor cocktail III 

(PCI III, Merck-Millipore) and homogenized using a pre-cooled Dounce homogenizer 

(loose pestle, 10 strokes) on ice. The tissue suspension was diluted with 15 ml of ice-cold 

PBS supplemented with PIC III (PBS-PIC III, Merck-Millipore) and centrifuged for 5 min 

with 800 x g at 4°C. The pellet was subjected to ChIRP procedure.  

 

2.4. Expression analysis and resequencing 

Total RNA was extracted from MDBK cells, MAC-T cells and bovine liver tissue samples 

using the NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany). Genomic DNA was 

carefully eliminated from RNA preparations by repeated on-column RNAse-free DNase I 

digestion as described in a previous study [32]. The cDNA was synthesized using the 

Superscript III RNase H-reverse transcriptase (Thermo Fisher) with oligo(dT) and random 
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hexamer primers according to the manufacturer's instructions. Expression of TUG1 was 

analysed by reverse transcription (RT) -PCR using specific primers (Supplementary Table 

S1) producing a DNA fragment of 171 bp. 

The structure of the TUG1 locus was analysed by PCR on cDNA and genomic DNA from 

bovine liver tissue. Amplified cDNA fragments were purified using the NucleoSpin 

Extractkit II (Macherey & Nagel) and verified by sequencing. Resequencing of PCR 

amplicons was carried out using Sanger Sequencing on an ABI 3500 Genetic Analyzer 

capillary sequencer (Life Technologies) with primers used for RT-PCR (Supplementary 

Table S1).  

Cell line aliquots of 4 million cells were used to isolate total RNA. After assessing quantity, 

purity and integrity, total RNA libraries were prepared using the TruSeq® Stranded Total 

RNA Library Prep Gold kit (Illumina). After library quantification, total RNA libraries 

were sequenced to obtain 40 million paired-end 150 bp reads. Sequencing was performed 

using a NovaSeq6000 sequencing system (Illumina). 

In addition to the total RNAseq data generated in this study, total RNA-seq data from 

frozen liver tissue was available from an earlier study (Nolte et al. 2020). In that study, 

stranded, ribodepleted and indexed libraries had been prepared with the TruSeq Stranded 

RNA-Ribo-Zero H/M/R Gold Kit (Illumina, San Diego, CA, USA) from total RNA. 

Paired-end reads had been sequenced (2 × 100 bp) in a multiplexed design on a HiSeq 2500 

Sequencing System (Illumina). Applying a guided alignment approach, the reads had been 

mapped with HISAT2 v.2.1. at the bovine reference genome ARS-UCD1.2.  

 

2.5. Chromatin Isolation by RNA Purification sequencing (ChIRP-seq) 

ChIRP-seq of MDBK and MAC-T cells and bovine liver was performed essentially 

according to the procedure developed by Chu and colleagues [29]. Briefly, the chromatin 

of the MDBK and MAC-T cells and bovine liver tissue nuclei was extracted, cross-linked 

and sonicated. Biotinylated anti-sense tiling oligonucleotides (biotinylated) were designed 

specific to the selected lncRNA TUG1 and hybridised to the target chromatin regions. The 

resulting biotin-labelled complexes consisting of lncRNAs, RNA-binding proteins and 

genomic DNA (RNA interactome) were captured with streptavidin magnetic beads. After 

separating the interacting DNA from the complexes, the eluted DNA was used for DNA 

library preparation and subjected to DNA sequencing. Bioinformatic analysis of ChIRP-

seq data was performed to identify chromatin interaction sites targeted by TUG1 lncRNA. 

Based on the original methological description of the ChIRP procedure [29], a commercial 

analysis kit for application on cell samples was available from Merck-Millipore (Magna 

ChIRP RNA Interactome Kit, #17-10494). Some modifications had to be developed for the 

application to liver tissue samples, which are indicated accordingly in the detailed method 

description section available as Supplementary Method File 1. For the preparation of 

ChIRP-seq libraries from the RNA-associated chromatin DNA extracted using the ChIRP 

procedure, the Qiaseq Ultralow Input Library Kit (Qiagen) was used.  
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2.6. Design of the ChIRP probes  

Before starting with ChIRP-probe (anti-sense tiling oligonucleotides) design, validation of 

the lncRNA TUG1 locus model according to the sequence NR_131898 (NCBI annotation) 

was performed based on the RNA-seq data complemented by PCR amplification and 

resequencing as described above. For ChIRP probe design, the ChIRP probe designer 

(https://www.biosearchtech.com/support/tools/design-software/chirp-probe-designer, 

LGC Biosearch Technologies) was used. The following parameters for probe design were 

set: length: 20 nt, GC content: 40-50 %, distance between two adjacent probes: about 80 

bp. Regions of the targeted TUG1 lncRNA containing repetitive motifs were identified and 

masked using the RepeatMasker program, https://www.repeatmasker.org/). These regions 

and those of previously known or further experimentally verified exon-intron boundaries 

(splice junctions) of the TUG1 lncRNA were excluded from ChIRP probe design. Finally, 

a total of 36 ChIRP probes (Supplementary Table S1) have been designed for TUG1 and 

were synthesised with biotin TEG labelling (HPLC-purified, Sigma-Aldrich).  

 

2.7. Bioinformatic analysis of ChIRP-seq 

ChIRP-seq data from each ChIRP library were analysed essentially following the pipeline 

published by Chu et al. in 2011. After quality control of the reads and adapter and quality 

trimming, sequencing reads from DNA hybridised with ChIRP probe pools as well as the 

LacZ probe pool and the corresponding input controls were aligned to the bovine genome 

(ARS-UCD1.2, complemented with the Y chromosome sequence) using BWA-MEM 

algorithm (BWA program) (https://github.com/lh3/bwa). The existing PCR replicates 

generated during the preparation of the sequencing libraries due to the low DNA input had 

to be removed from the sequencing read pools, which was done with the use of Picard tools 

(Picard Toolkit, 2019, Broad Institute, GitHub Repository, 

http://broadinstitute.github.io/picard/). Peak calling was performed using MACS2 (FDR < 

0.05, applying default parameters, https://pypi.org/project/MACS2/#history). For peak 

calling, the signal profiles of the respective input samples served as controls. A ChIRP-seq 

signal was only accepted as a specific TUG1 interactome signal, if it occurred with both 

ChIRP probe pools, but not with the input samples. For this purpose, bedtools was used to 

test for an overlap of the peak coordinates provided by MACS2. These identified signals 

were subjected to a further filtering for possible overlap with LacZ-ChIRP probe signals, 

serving as an additional control and to eliminate false-positive hybridisation signals. The 

remaining ChIRP signals were additionally subjected to comparative visual inspection 

across all samples and controls using the Interactive Genome Viewer (IGV). Peaks of 

ChIRP interactome signals were annotated to the regions in the bovine genome (ARS-

UCD1.2, NCBI annotation, release 106) using the HOMER analysis software [33] 

associating them with positions of nearby gene loci ](exons, introns, promoters of mRNA 

encoding proteins, transcription start (-1kb to +100 bp) and termination (-100 bp to 1 kb) 

sites, short and long noncoding RNAs] and intergenic regions (FDR < 0.05) according to 

annotations NCBI, release106 and Ensembl, release 108.  
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2.8. Functional annotation of TUG1 chromatin interaction sites 

To understand biological meaning behind TUG1 chromatin interaction sites (ChIRP 

signals), their functional annotation was elucidated using the DAVID tool [34], 

https://davidbioinformatics.nih.gov/home.jsp), version 6.8. Therefore, the lists of 

annotated genes located in or near these interaction sites in liver tissue, MDBK and 

MAC-T cells were submitted separately to the DAVID pipeline to predict associated 

biological functions and assign them to specific gene ontology (GO) terms (molecular 

functions, biological processes) and biological KEGG pathways (FDR < 0.05). 

 

2.9. Identification of consensus motifs at TUG1 interaction sites 

The lists of chromatin interaction sites of TUG1 for MAC-T and MDBK cells, respectively, 

were intersected with those of bovine liver samples to identify concordant TUG1 target 

genomic regions. Concordance of interaction sites was accepted, if an overlap of at least 

one base pair between peak boundaries was present. This intersected list was subjected to 

de novo motif search analysis via HOMER v. 4.11 [33]. The analysis applied the 

findMotifsGenome search with the options parameters -size 200, -len 10 and -S 20.  

 

2.10. ATAC-seq analysis 

ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) data for 

MDBK and MAC-T cells were performed in the European Horizon 2020 project BovReg 

that aimed at the identification of functionally active genomic features relevant to 

phenotypic diversity and plasticity in cattle (Grant agreement ID: 815668). ATAC-seq 

libraries were generated using the ATACseq kit (Active Motif) following the protocol 

provided by the manufacturer, with an input of about 60,000 cells. Briefly, cell nuclei were 

treated with a hyperactive Tn5 transposase to fragment the DNA and tag it with Illumina-

compatible sequencing adapters. After purification, the tagmented DNA was amplified by 

PCR using Illumina-compatible primers to generate sequencing-ready libraries. Libraries 

quality assessment was performed using QIAxcel Advanced System (QIAGEN) and 

quantified by qPCR using the KAPA Library Quantification Kit (Roche). Illumina 

NovaSeq 6000 instrument was used for sequencing, with a paired-end (PE) protocol (2x 

150 bp), targeting a minimum of 50 M fragments/PE reads by sample.  

ATAC-seq data analysis was performed using the publicly available BovReg pipeline 

(https://github.com/BovReg/nf-core-atacseq). Briefly, sequenced libraries (raw fastq files) 

were initially accessed by the quality of the sequences (Phred score ≥ 28). Alignment of 

ATAC-seq reads to the bovine genome (ARS-UCD1.2, complemented with the Y 

chromosome sequence) was performed using BWA-MEM algorithm (BWA program) 

(https://github.com/lh3/bwa). After alignment, a stringent filtration criteria was applied, 

removing reads that mapped to mitochondrial DNA, marked as duplicates, not marked as 
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primary alignments, unmapped, multi-mapped, containing > 4 mismatches, soft-clipped, 

with insert size ≥ 500 bp (to enrich for nucleosome free and mononucleosome fractions), 

mapped to different chromosomes, not in forward - reverse orientation and, if only one read 

of the pair fails the previously listed criteria.  

ATAC-seq peak calling was performed by the same pipeline 

(https://github.com/BovReg/nf-core-atacseq), using MACS2 

(https://pypi.org/project/MACS2/#history) narrow peak mode with q-value cutoff for peak 

detection ≤ 0.05 and hs/2.7e9 as the effective genome size parameter required by MACS2. 

Peaks were detected using the animals’ corresponding whole-genome sequencing as 

control (purified gDNA control; ‐‐control option), as adopted by Yuan and co-workers [35]. 

The Fraction of Reads in Peaks (FRiP) score was calculated for each cell line and both 

exhibited FRiP score > 0.3 (MDBK = 0.712765 & MAC-T = 0.531627).  

Results and discussion 

3.1. Validation of the bovine TUG1 locus model and its expression in MDBK and 

MAC-T cells and liver tissue 

The ChIRP-seq method requires no prior knowledge of the secondary structure or 

functional domains of the lncRNA of interest. However, the lncRNA sequence should be 

large enough to design sufficient anti-sense hybridisation probes, and its exon-intron 

structure as well as possible splice variants of the lncRNA need to be known. Thus, there 

was an initial requirement to experimentally elucidate and validate the molecular structure 

of the bovine TUG1 locus. Starting from hypotheses generated by RNA-seq datasets of the 

bovine liver transcriptome available from an earlier study (Nolte et al. 2019) and validation 

by RT-PCR followed by resequencing of amplified fragments, we found that bovine TUG1 

lncRNA has four different transcript variants with a total length from 6,787-7,485 bp and 

three exons. The transcript variants show little difference from one another, apart from a 

slight variation of the splice sites between exons leading to variation in exon size (Figure 

1). The TUG1 transcripts show similarity to the TUG1 lncRNA locus with accession 

number NR_131898 annotated in the Bos taurus genome assembly ARS-UCD 2.0 in the 

NCBI database, release 106 (BTA17: 69,863,342-69,871,056, 4890 bp) as displayed in 

Figure 1. However, we found in our RNA-seq datasets that the first and third exons are 

longer in size compared to those in NR_131898 (Figure 1). The exon-intron structure of 

the TUG1 locus and the variation in exon 2 have been validated and confirmed by RT-PCR 

and resequencing (Figure 1).  
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Figure 1. Graphical overview of transcript variants of TUG1 lncRNA detected in 

bovine liver tissue 

TUG1 transcripts variants MSTRG.7073: 1-4 were found in the liver transcriptome 

according to bovine liver RNA-seq data from a previous study (Nolte et al. 2019). Blue 

boxes: exons, orange lines: introns. ChIRP probes were derived from non-repeat-

containing regions of the TUG1 consensus sequence (green dots). Red arrows indicate the 

location of primers used for PCR and resequencing. Predicted partial mRNA 

XM_059876211.1 and XP_597321941 annotated as TUG1 locus model in the Bos taurus 

NCBI annotation, ARS-UCD 2.0, release 106. 

 

As shown in Figure 1, for the TUG1 locus the latest bovine NCBI genome annotation, 

ARS-UCD 2.0, release 106, contains an additional model for a predicted partial mRNA 

with accession number XM_059876211.1, which has a length of 8,438 bp and differs in 

structure from NR_131898. Retaining intron 2, it encloses only two exons (located on 

BTA17: 69,861,509-69,871,052). A part of its first exon (465 bp, 69,861,509-69,861,973) 

is predicted to encode a small protein of 154 amino acids (XP_597321941). This predicted 

TUG1 protein is conserved between species, which is shown by respective orthologs found 

in human and mice [24] and is predicted for a variety of other species [23], 

https://www.ncbi.nlm.nih.gov/gene/55000/ortholog/?scope=9347). There are 

discrepancies regarding the annotation of the TUG1 locus in the Ensembl database (ARS-

UCD 1.3, release 111). Here, two TUG1 loci are annotated separately on BTA17: a two-

exonic TUG1-lncRNA (ENSBTAG00000096942.1, 3,267 bp, 69,865,004-69,871,043) and 

a TUG1 mRNA (ENSBTAT00000099970.1), with an exon of 453 bp, encoding a TUG1 

protein of 150 amino acids (ENSBTAP00000084776.1, 69,861,521-69,861,973). Both 

TUG1 loci are separated by an intergenic genomic region of more than 3 kb according to 

the Ensembl annotation. However, our experimental data provide clear evidence for a 

three-exon structure of TUG1. 

The design of anti-sense tiling oligonucleotides for ChIRP-seq (indicated by the green dots 

in Figure 1 and described in Supplementary Table S2), relied on non-repeat-containing 

regions of the TUG1 sequence, which we had experimentally verified. The potential protein 
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coding sequence (XP_597321941) is excluded from probe design to make sure that the 

TUG1-DNA interaction signals obtained are attributable to TUG1 lncRNA. 

The expression of TUG1 in liver and cells of bovine cell lines is shown in Figure 2. 

Consistent expression of TUG1 is in line with data from RNA-seq, RT-PCR and respective 

data from our earlier studies.  

 

 

 

Figure 2. Expression of TUG1 in bovine cell lines and liver tissue 

A: RT-PCR in cDNA from liver tissue samples from different cattle breeds (lanes 2-5) and 

MDBK (Madin Darby Bovine Kidney, lane 6) cells; B: RT-PCR in cDNA from different 

bovine cell lines MDBK, MAC-T (bovine mammary alveolar epithelial cells) and EBL 

(bovine embryonic lung cells, ACC192, as control not used for ChIRP-seq). Primers 

producing a fragment of 171 bp are given in Supplementary Table S1. C: Total RNA-seq 

profiles of TUG1 in MDBK and MAC-T cells and bovine liver. 

 

3.2. Identification of DNA interacting sites of TUG1 lncRNA in MDBK and MAC-

T cells and liver tissue using ChIRP-seq 

ChIRP-seq was applied to unravel genome-wide chromatin-interacting DNA partners of 

TUG1 lncRNA in the bovine genome. Therefore, a total of 36 ChIRP probes (anti-sense 

tiling oligonucleotides, biotinylated) have been designed for TUG1 from the non-repeat-

containing regions of the TUG1 consensus sequence (Figure 1) resulting in two 
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hybridisation pools (even and odd) containing 18 probes each (Supplementary Table S1). 

In parallel to the hybridisation of the chromatin extracts with these two specific TUG1 

ChIRP probe pools, a separate hybridisation reaction of a sample replicate was carried out 

along with a separate control with oligonucleotide probes that specifically bind to the LacZ 

RNA, which is not expressed in mammalian genomes. This approach served as an 

experimental negative control, and genomic regions indicating specific lncRNA-DNA 

interaction should not show any signals with the LacZ control. As shown in Supplementary 

Figure 1, ChIRP probes were able to specifically capture TUG1 sequence demonstrating 

that they are suitable for finding TUG1 chromatin Interaction sites at genome-wide scale. 

In contrast to the negative control LacZ, strong TUG1 signals were observed for the even 

and odd probe pools. 

In our final evaluation of the TUG1 interactome signals in MDBK and MAC-T cells and 

liver tissue after sequencing of the RNA-associated DNA (ChIRP-seq), a signal was only 

accepted as a specific ChIRP-seq signal if it occurred with both probe pools and not in the 

control sample, so that signals due to non-specific probe binding during hybridisation can 

be excluded. Using this filtering procedure to eliminate non-specific signals, we identified 

a total of 3,388 ChIRP signals (TUG1 chromatin interaction sites) in MDBK cells, 3,848 

in MAC-T cells and 4,784 in bovine liver tissue in our ChIRP-seq datasets (Supplementary 

Table S2). These ChIRP signals indicate that TUG1 occupancy is widely abundant at 

genomic sites on a genome-wide scale. This supports findings from Chu et al. 2011, who 

found that lncRNA binding sites are focal, specific and numerous. Most of these TUG1 

chromatin interaction sites could be clearly annotated in relation to mapped gene loci in the 

bovine genome using the HOMER software: 3,225 in MDBK cells, 3,587 in MAC-T cells 

and 3,977 in liver (Table 1, Supplementary Table S2). These numerous TUG1 chromatin 

interaction sites suggest a multifaceted landscape in terms of its function and impact on 

multiple cellular processes. 

Signal annotation MDBK cells MAC-T cells Liver 

Intergenic 1,439 1,493 1,906 

Intronic_protein coding 1,493 1,493 1,520 

Exonic_protein coding 28 207 178 

Promoter-TSS_protein coding 59 126 130 

TTS_protein coding  52 77 47 

Long noncoding RNA 131 156 153 

Short noncoding RNA 9 16 15 

Other 14 19 28 

Total 3,225 3,587 3,977 

Table 1. Number of annotated chromatin interaction sites of TUG1 lncRNA detected 

genome-wide by ChIRP-seq analysis in bovine cell lines (MDBK and MAC-T) and 

liver tissue 

Peak annotation using HOMER analysis [33] based on the ARS-UCD1.2 assembly (NCBI 

annotation release 106). TSS: transcription start sites of protein coding genes, TTS: 

transcription termination sites of protein coding genes. The detailed annotated ChIRP-seq 

datasets are provided in Supplementary Table S2.  
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As shown in Figure 3, the TUG1 chromatin interaction sites are located in different 

genomic regions and may bind to different transcript sites. However, the distribution 

pattern appears relatively consistent across the analysed cell types and liver tissue. The 

majority of ChIRP signals was deciphered in intergenic regions (more than 40 % in all 

samples analysed, MDBK cells, MAC-T cells and liver) and intronic regions of protein 

coding genes (38-45 %). It is worth noting that about half of the ChIRP signals obtained in 

each sample (52 %, 53 % and 47 % in MDBK cells, MAC-T cells and liver, respectively) 

were annotated within or very close to protein coding gene loci. We found that TUG1 

chromatin interaction sites are predominantly localised in introns, but also in exons, 

transcription start or termination sites, suggesting a potential regulatory function in gene 

activity. Considering the low proportion of protein-coding gene sequence in the total 

bovine genome sequence (about 25 % including exons and introns), this predominant gene-

associated distribution pattern of TUG1 chromatin interaction sites is a high percentage 

compared to that in the large proportion of intergenic sequences in the genome. 

 

 

 
Figure 3. Classification and distribution of annotated TUG1 chromatin interaction 

sites (%) in the bovine genome 

Annotation using HOMER based analysis on the Bos taurus ARS-UCD1.2 assembly 

(NCBI annotation, release 106). TSS: transcription start sites of protein coding genes, TTS: 

transcription termination sites of protein coding genes, long noncoding: long noncoding 

RNA, short noncoding: short noncoding RNA. The detailed annotated ChIRP-seq datasets 

are provided in Supplementary Table S2. 

 

The analysis of the chromosomal distribution of TUG1 chromatin interaction sites clearly 

shows that they are distributed across all chromosomes of the bovine genome (Figure 4). 

It is striking that chromosomes 18 and 19 have the highest number of chromatin interaction 

sites in MDBK and MAC-T cells as well as in liver tissue. It is known that these 

chromosomes are very rich in protein coding genes compared to other bovine chromosomes 

[36]. There seems to be a correlation of TUG1 chromatin interaction sites with gene 

density. Obviously, there is a strong overrepresentation of TUG1 chromatin interaction 

sites in or near genomic regions containing protein-coding genes, as already has been 
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concluded from the classification analysis of chromatin interaction sites at a genome-wide 

scale (Figure 3). 

 
Figure 4. Chromosomal distribution of TUG1 chromatin interaction sites detected in 

MDBK and MAC-T cells and bovine liver tissue  

N/Mbp: Normalization of the number of signals was performed according to chromosomal 

length. 

 

3.3. ChIRP-seq analysis in MDBK and MACT cell and liver tissue samples 

Inspection of ChIRP-seq datasets from MDBK and MAC-T cells and liver tissue revealed 

numerous concordant matches of TUG1 chromatin interaction sites in the three sample 

types analysed, which is in agreement with the known ubiquitous expression of TUG1 in 

many cell and tissue types and its conservation across species ([23, 24], 

https://www.ncbi.nlm.nih.gov/gene/55000/ortholog/?scope=9347). 

Pairwise comparison of the genome-wide annotated TUG1 chromatin interaction sites in 

the three ChIRP datasets revealed numerous common signals. While the intersection 

between the ChIRP signals in MDBK cells and those in liver tissue revealed 407 

concordant sites, the intersection between signals in MAC-T cells and liver tissue showed 

only 157 matches (Supplementary Table S3). The overlap between the signals of both cell 

types resulted in 266 overlapping sites (Supplementary Table S3). Finally, the cross-sample 

intersection of annotated chromatin interaction sites across all three ChIRP-seq datasets 

resulted in a list of 97 sites present in all three datasets (Supplementary Table S4). As 

expected, most of these positionally matched genomic sites are located in or near protein-

coding loci. These concordant TUG1 chromatin interaction sites at DNA level in different 

bovine cell types suggest conserved regulatory processes mediated by TUG1 lncRNA 

across different bovine cell types/tissue and indicate a functional molecular relationship. 

Genomic regions and subsequent putative regulatory processes modulated by TUG1–

chromatin interaction are broadly diversified. A few examples are selected from this list of 

conserved TUG1 chromatin interaction sites shown in Figures 5 – 8 and discussed further.  
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Inspection of TUG1 ChIRP signals with respect to exonic regions of protein coding genes 

highlighted a concordant chromatin interaction site in a genome region overlapping the last 

exon of PIGT (Figure 5) and the transcription termination site of SPINT3. The protein PIGT 

is as a component of the glycosylphosphatidylinositol transamidase complex essential for 

transfer of glycosylphosphatidylinositol to proteins [37], whereas SPINT3 is a serine 

peptidase inhibitor [38]. Another concordant TUG1 chromatin interaction site (Figure 6) 

was observed in the first exon of FNIP2, encoding a protein that binds to the tumor 

suppressor folliculin and to AMPK-activated protein kinase and may play a role in cellular 

metabolism and nutrient sensing [39]. A further conserved exonic TUG1 chromatin 

interaction site was observed in DNAJC13 (Figure 5) that encodes a protein with co-

chaperone function for heat-shock proteins and controls trafficking of multiple GPCRs 

through the endosomal/lysosomal pathway [40]. 

 

Figure 5. Concordant exonic chromatin interaction sites of TUG1 lncRNA detected 

genome-wide by ChIRP-seq analysis across bovine cell lines MDBK and MAC-T and 

liver tissue 

Bos taurus genome: Bos taurus NCBI genome annotation, release 106; TUG1 Pool 1 and 

Pool 2: TUG1 ChIRP probe pools 1 and 2; LacZ: LacZ probe Pool (control). 

 

Examples with prominent concordant TUG1 chromatin interaction signals at intronic 

genomic sites (Figure 6) are ZNF341 encoding a protein that acts as a transcriptional 

activator for cytokine-mediated STAT3 expression involved in regulation of immune 

homeostasis [41], and CNTN4, whose protein product is involved in neuronal network 

formation and plasticity [42], as well as ABHD12B encoding an endocarabinoid lipase that 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

participates in lipid metabolism by catalyzing 2-arachidonoyl glycerol [43]. 

 

Figure 6. Concordant intronic chromatin interaction sites of TUG1 lncRNA detected 

genome-wide by ChIRP-seq analysis across bovine cell lines MDBK and MAC-T and 

liver tissue 

Bos taurus genome: Bos taurus NCBI genome annotation, release 106; TUG1 Pool 1 and 

Pool 2: TUG1 ChIRP probe pools 1 and 2; LacZ: LacZ probe Pool (control). 

 

In terms of promoter regions, exemplary concordant TUG1 chromatin interaction sites were 

found near to the transcription start sites of SNX24 and DEGS1 (Figure 7). The protein 

SNX24 is predicted to enable phosphatidylinositol phosphate binding activity and to be 

involved in protein transport at several stages of intracellular trafficking [44]. DEGS1 

encodes a membrane fatty acid desaturase, which catalyzes the last step in the ceramide 

synthesis pathway and is essential for mitochondria-associated membrane integrity [45]. 
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Figure 7. Concordant chromatin interaction sites of TUG1 lncRNA detected genome-

wide in promoter regions by ChIRP-seq analysis across bovine cell lines MDBK and 

MAC-T and liver tissue 

Bos taurus genome: Bos taurus NCBI genome annotation, release 106; TUG1 Pool 1 and 

Pool 2: TUG1 ChIRP probe pools 1 and 2; LacZ: LacZ probe Pool (control). 

 

When looking for reports on the interaction partners of TUG1 at transcript, protein or 

genomic level, we found that a TUG1-binding element was identified proximal to the 

PPARGC1A gene, encoding the master transcription regulator of mitochondrial biogenesis, 

via ChIRP-seq in mouse podocyte chromatin [26]. In addition, previous studies have found 

a functional TUG1-PPARGC1A association at the transcriptional level in mouse fat and 

human muscle cells [28, 46]. In the liver dataset of our study, a promoter-associated TUG1 

chromatin interaction site in the liver was found near PPARGC1A in a similar genomic 

location as has been reported in the mouse podocyte study (Figure 8). Although this ChIRP 

signal was not one of the most highly enriched in the liver, the PPARGC1A promoter region 

attracts particular interest as a potential TUG1 interacting partner.  

Another study reported binding between TUG1 and CDC27 that was validated by RNA 

immunoprecipitation [47]. The authors showed that TUG1 knockdown resulted in down-

regulation of the CDC27 locus at mRNA and protein level in rat alveolar epithelial cells. 

Furthermore, down-regulation of lncRNA TUG1 mitigated pulmonary fibrosis by 

inhibiting CDC27 expression and subsequent inactivation of the PI3K/Akt/mTOR pathway 

with impact on inflammatory response and autophagy. In our study we detected clear 

signals in CDC27 in the liver dataset and not in the two bovine cell types (Figure 8). The 

encoded CDC27 protein is a component of the anaphase promoting complex/cyclosome 

that controls the cell cycle.  
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Figure 8. Specific chromatin interaction sites of TUG1 lncRNA detected by ChIRP-

seq analysis in liver tissue 

Bos taurus genome: Bos taurus NCBI genome annotation, release 106; TUG1 Pool 1 and 

Pool 2: TUG1 ChIRP probe pools 1 and 2; LacZ: LacZ probe Pool (control). 

 

3.4. Functional annotation of TUG1 chromatin interaction sites in the liver and 

MAC-T and MDBK cells 

Biological interpretation of TUG1 chromatin interaction sites in the liver via their 

functional annotation analysis using DAVID 6.8 (https://david.ncifcrf.gov/summary.jsp) 

was performed with a list containing 2,271 gene loci based on detailed annotation 

information retrieved from the genome-wide HOMER annotation analysis of ChIRP 

signals (Supplementary Table S2). The results revealed a total of 58 significantly enriched 

(FDR < 0.05) gene ontology (GO) terms and biological KEGG pathways (Supplementary 

Table S5). The functional annotation chart contained 21 different KEGG pathways, 

comprising a broad range of cellular and metabolic processes. The most significantly 

enriched pathways are displayed in Figure 9. Axon guidance, Parathyroid hormone 

synthesis, secretion and action as well as Calcium signalling are at the top. Ranking the 

enrichment score of pathways associated with TUG1-chromatin interaction sites in the GO 

term categories showed that of the 13 Molecular function terms, ATP binding, Metal ion 

binding and Calcium ion binding are the most enriched. The TUG1 chromatin interaction 

sites showed to be associated with the GO term RNA polymerase II core promoter proximal 

region sequence-specific DNA binding. This indicates interaction of TUG1 with a 

transcription factor recognition sequence in cis location to a transcription start site of a gene 

that is transcribed by RNA polymerase II. It supports one of the molecular principles 

described for lncRNA-guided regulatory mechanisms of transcription [7].  
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Figure 9. Functional annotation of TUG1 chromatin interaction sites in the liver 

The functional annotation analysis was performed using the DAVID tool, version 6.8, 

which is based on the comprehensive DAVID knowledge database (FDR < 0.05). X-axis: 

-log10FDR. 

 

Functional annotation of TUG1 chromatin interaction sites in MAC-T cells from the list of 

2,191 gene loci annotated adjacent to ChIRP signals using HOMERr (Supplementary Table 

S2) detected a total of 48 significantly enriched (FDR < 0.05) GO terms and biological 

KEGG pathways (Supplementary Table 5). The functional annotation chart table included 

11 KEGG biological pathways, some of which were also highlighted in the functional 

annotation of the liver tissue, such as Axon guidance, Calcium signalling, PI3K-Akt 

signalling and Focal adhesion as being highest significantly enriched pathways (Figure 10). 

However, distinct pathways enriched in MAC-T cells were the Rap1 signalling and the 

MAPK pathways besides cancer-associated pathways. The connection of TUG1 with 

development and progression of various types of cancer has been widely reported. With 

regard to the 37 GO term categories found, enrichment of TUG1-chromatin interaction sites 

displayed association with the Molecular function terms ATP binding, Metal ion binding 

and Calcium ion binding that were also observed in the liver. In addition, Actin binding, 

Cadherin binding and Chromatin DNA binding were enriched (Figure 10). The latter GO 

term points to a regulatory function of TUG1 lncRNA in gene expression via chromatin 

DNA interaction and binding of transcription factors. 
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Figure 10. Functional annotation of TUG1 chromatin interaction sites in MAC-T cells 

The functional annotation analysis was performed using the DAVID tool, version 6.8, 

which is based on the comprehensive DAVID knowledge database (FDR < 0.05). X-axis: 

-log10FDR. 

 

Functional annotation of the TUG1 interactome sites in MDBK cells based on 2,093 gene 

loci annotated near ChIRP signals (Supplementary Table S2) revealed a total of 71 

significantly enriched (FDR < 0.05) biological categories, comprising 49 GO terms and 22 

biological KEGG pathways (Supplementary Table 5). As can be seen from the Figure 11, 

some of the biological categories, which were observed in the liver and MAC-T cells, are 

also evident for MDBK, such as KEGG pathways Calcium-, Rap1-, MAPK-, and cAMP 

signalling, Focal adhesion and cortisol synthesis as well as the GO terms Metal ion, 

Cadherin, ATP and Calcium ion binding and Protein serine/threonine/tyrosine kinase 

activity. Unique for MDBK cells are molecular functions, such as Wnt-protein binding and 

GTPase activator activity (Figure 11). 

 

 
 

Figure 11. Functional annotation of TUG1 chromatin interaction sites in MDBK cells 

The functional annotation analysis was performed using the DAVID tool, version 6.8, 

which is based on the comprehensive DAVID knowledge database (FDR < 0.05). X-axis: 

-log10FDR. 
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3.5. Identification of consensus interaction motifs 

Chu et al. 2011 showed that genome-scale collections of lncRNA chromatin interaction 

sites can be used to discover the underlying DNA sequence binding motifs. To search for 

potential DNA binding motifs of TUG1 in our ChIRP-seq datasets, only peaks detected 

with ChIRP pool 1 and pool 2 were included in the sample-specific peak lists for each of 

the three samples (liver, MDBK and MAC-T cells). Then, we established a final dataset 

with sequences from peaks that were shared between liver and at least one of the two cell 

lines. This provided one final conservative consensus sequence list as input for the 

screening for enrichment of DNA binding motifs. Merging of ChIRP signals that were 

shared either in MDBK and liver or by MAC-T cells and liver revealed a list containing a 

total of 596 overlapping TUG1 chromatin interaction sites (Supplementary Table S6). 

Motif analysis of sequences at these interaction sites using the HOMER software did not 

identify any sequence motifs for known binding or transcription factors. However, using 

the option of novel interaction motif search implemented in the HOMER software revealed 

eight potential motifs with a significant enrichment against the entire bovine genome 

sequence as background. Of them, as the best guess, the novel motif CATGCCTCAG 

exhibited the strongest enrichment signal (p < 1E-29) for TUG1 interaction. This sequence 

motif only weakly resembles other known transcription factors, e.g. TFAP2A (Figure 12). 

Other potential DNA interaction motifs are YTGCCTGCCT (p < 1E-18) and 

VATAGGGWCC (p < 1E-17), which all have to be confirmed in further studies. 

 

 

Figure 12. Graphical depiction of predicted novel TUG1 interaction motifs for 

potential binding sites of TUG1 associated regulatory factors in the genome of MDBK 

and MAC-T cells 

The motif analysis was performed using the HOMER software (version v4.11) 

 

3.6. Overlap of TUG1 chromatin interaction sites identified by ChIRP-seq with 

chromatin accessibility sites analysed with ATAC-seq 

LncRNAs are known to exhibit regulatory functions in histone modification and thus, are 

involved in chromatin conformation itself via histone-modifying complexes [48]. 
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Furthermore, lncRNAs interact in accessible chromatin conformation as prerequisite for 

the regulation of target genes through the binding of transcription factors. In our study, we 

wanted to know to what extent the TUG1 chromatin interaction sites identified by ChIRP-

seq correspond to open chromatin positions determined by ATAC-seq. The ATAC-seq 

technique assesses the overall accessibility of chromatin throughout the genome and 

identifies potential binding sites for regulatory DNA-associated proteins, eg. transcription 

factors or directly lncRNA-DNA interaction sites in open chromatin regions. In 

consequence, we hypothesized that TUG1 binding to genomic sites identified by ChIRP-

seq might simultaneously highlight coincident genomic regions marked by open chromatin 

as identified by ATAC-seq, should highlight potential regions with direct regulatory 

function in gene expression. Intersection of our ChIRP-seq datasets obtained for MAC-T 

and MDBK cells and ATAC-seq datasets available from the European BovReg project for 

the same cell lines revealed a total of 455 overlapping regions for MAC-T cells and 335 

for MDBK cells (Supplementary Table S7) and thus mapped active TUG1 chromatin 

interaction sites in regions of accessible chromatin at bovine genome scale. Integration of 

ChIRP-seq, ATAC-seq datasets is shown for examples of overlapping signal profiles in 

Figure 13. 

 

 

Figure 13. Co-localisation of TUG1 chromatin interaction and chromatin accessibility 

sites in MDBK and MAC-T cells 

Blue: TUG1 ChIRP-seq signals in MAC-T and MDBK cells (Probe pool 1). Green: ATAC-

seq signals in MAC-T and MDBK cells. Bos taurus genome: Bos taurus NCBI genome 

annotation, release 106. 
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With regard to the total number of intersecting sites of TUG1 chromatin interaction and 

chromatin accessibility, it is again observed that these overlapping sites are predominantly 

localised in regions in or near genes, 66 % in MAC-T cells and 60 % in MDBK cells. In 

contrast, 25 % (MAC-T cells) or 33 % (MDBK cells) of overlapping TUG1 chromatin 

interaction and open chromatin sites were found in intergenic regions. In relation to the 

total number of TUG1 chromatin interaction sites (3,587 for MAC-T and 3,225 for MDBK 

cells), the overlapping sites to chromatin accessibility correspond to 12.7 % for MAC-T 

cells and 10.4% for MDBK cells, respectively. The concordant TUG1 chromatin 

interaction sites and chromatin accessibility in MDBK and MAC-T cells, respectively, 

pinpoint, which of the identified genome-wide TUG1 chromatin interaction sites are 

potentially functionally significant. They point towards sites of regulation of active gene 

expression and that TUG1 may be involved in the corresponding molecular and biological 

processes associated with the respective gene loci in MAC-T and MDBK cells. The limited 

number of overlaps between ATAC-seq and ChIRP-seq peaks highlights TUG1 interaction 

sites outside of open chromatin, however, it is in line with the assumption by Zhou et al. 

[25] that TUG1 seems to modulate many cellular processes via silencing target genes. 

 

3. Conclusions 

Given the potential biological significance of lncRNAs as functional elements of the 

genome, it can be expected that they are involved at crucial steps in the gene regulation of 

cellular and cell-type specific processes and the expression/appearance of certain 

phenotypic traits and complex characteristics. A comprehensive study of genome-wide 

lncRNA-chromatin interactions can therefore not only help to elucidate their functional 

role, but also provide important clues as to how lncRNAs contribute to the expression of 

specific phenotypes or the pathogenesis of complex diseases through epigenetic 

modifications [49]. Our ChIRP-seq study focused on the TUG1 lncRNA, one of the most 

conserved lncRNAs between species and ubiquitously expressed in cell and tissue types, 

and has experimentally uncovered TUG1 lncRNA chromatin interaction sites in two widely 

used bovine cell lines and bovine liver tissue for the first time and thus, contributes to the 

functional annotation of non-coding elements in the bovine genome. These results will 

form the basis for gaining deeper insights into the cis/trans modes of TUG1 regulatory 

networks in forthcoming studies. The data and results obtained in our study will help to 

discover and analyze the lncRNA-phenome relationships and open novel avenues in future 

investigations. Furthermore, the established experimental pipeline can be applied to 

identify the interactomes of further lncRNAs in other cell lines and tissues of interest. 
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Highlights 

 Chromatin isolation by RNA precipitation (ChIRP-seq) in two cell lines and liver 

 First description of TUG1 lncRNA chromatin interaction sites in bovine  

 TUG1 chromatin interaction sites predominantly in or near protein-coding genes 

 Numerous TUG1 chromatin interaction sites concordant in cells and liver tissue 

 TUG1 seems to modulate many cellular processes via silencing target genes  


