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RESEARCH ARTICLE

Controlling gene activation by enhancers
through a drug-inducible topological
insulator

Taro Tsujimura™?'*, Osamu Takase'?, Masahiro Yoshikawa'?, Etsuko Sano'?,
Matsuhiko Hayashi®, Kazuto Hoshi*®, Tsuyoshi Takato*®, Atsushi Toyoda®,
Hideyuki Okano?, Keiichi Hishikawa'2*

"Department of iPS Cell Research & Epigenetic Medicine, Keio University School of
Medicine, Tokyo, Japan; ?Department of Physiology, Keio University School of
Medicine, Tokyo, Japan; *Apheresis and Dialysis Center, Keio University School of
Medicine, Tokyo, Japan; *Division of Tissue Engineering, University of Tokyo
Hospital, Tokyo, Japan; *Department of Oral and Maxillofacial Surgery, University
of Tokyo Hospital, Tokyo, Japan; ®Department of Genomics and Evolutionary
Biology, National Institute of Genetics, Mishima, Japan

Abstract While regulation of gene-enhancer interaction is intensively studied, its application
remains limited. Here, we reconstituted arrays of CTCF-binding sites and devised a synthetic
topological insulator with tetO for chromatin-engineering (STITCH). By coupling STITCH with tetR
linked to the KRAB domain to induce heterochromatin and disable the insulation, we developed a
drug-inducible system to control gene activation by enhancers. In human induced pluripotent stem
cells, STITCH inserted between MYC and the enhancer down-regulated MYC. Progressive
mutagenesis of STITCH led to a preferential escalation of the gene-enhancer interaction,
corroborating the strong insulation ability of STITCH. STITCH also altered epigenetic states around
MYC. Time-course analysis by drug induction uncovered deposition and removal of H3K27me3
repressive marks follows and reflects, but does not precede and determine, the expression change.
Finally, STITCH inserted near NEUROG2 impaired the gene activation in differentiating neural
progenitor cells. Thus, STITCH should be broadly useful for functional genetic studies.

Introduction

Interaction of genes and enhancers is greatly affected by architectural proteins that bind to chroma-
tin and organize folding of the genome (Dekker et al., 2017). Most notably, CTCF mediates loop
formation of chromatin in association with a cohesin complex, which physically bundles two distant
loci of the genomic DNA (Parelho et al., 2008; Phillips-Cremins et al., 2013; Wendt et al., 2008).
The genome-wide contact maps of chromatin show that the CTCF-binding sites often demarcate
boundaries of so-called contact domains or topologically associating domains (TADs), where chro-
matin association takes place more preferentially inside than outside (Dixon et al., 2012; Phillips-
Cremins et al., 2013; Rao et al., 2014). The looping between two CTCF-binding sites is mostly
established where they are in the converging orientations with each other (de Wit et al., 2015;
Guo et al., 2015; Rao et al., 2014; Vietri Rudan et al., 2015). Loss of cohesin or CTCF resulted in
disappearance of contact domains (Gassler et al., 2017; Nora et al., 2017, Rao et al., 2017,
Schwarzer et al., 2017; Wutz et al., 2017). According to the extrusion model, the cohesin ring
extrudes the chromatin fiber from a site of loading and pauses at a CTCF-binding site that is ori-
ented towards the ring (Fudenberg et al., 2016; Sanborn et al., 2015). This model is widely
accepted as the underlying mechanism for the formation of the loops and contact domains.

Tsujimura et al. eLife 2020;9:47980. DOI: https://doi.org/10.7554/eLife.47980 10f 37
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a experiments

Accession Title Type

Releasedv Processed

4C-seq to show the effects of insertion of STITCH into 4C
NEUROG2-65kb positions on the chromatin conformation in
neural progenitor cells differentiated from human iPSCs

4C-seq to show the effects of insertion of STITCH into 4C
MY C+30kb and NEUROG2-65kb positions on the chromatin
conformation in human iPSCs and differentiated neural

progenitor cells

nChIP-seq for CTCF, H3K4me3, H3K27me3 and H3K9me3, in ChlIP-seq
wild type (Hap), STITCH+30kb and STITCH/KRAB clones of
human iPS cells

RNA-seq of wild type (Hap), insulation (STITCH+30kb) and
deletion (del(30-440)) of the MYC enhancer in human iPS
cells

4C-seq from viewpoint at MYC promoter (VP-MYC1 and VP- 4C
MYC2), in wild type (Hap) and variously modified alleles
around the locus in human iPS cells

E-MTAB-7670

RNA-seq of
coding RNA

4C analysis to capture chromatin conformations of the Tfap2c- other
Bmp7 locus upon different genomic rearrangements in mice
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E-MTAB-7669 - RNA-seq of wild type (Hap), insulation (STITCH+30kb) and deletion (del(30-440)) of the
MYC enhancer in human iPS cells

Status  Last updated on 1 May 2020, released on 1 May 2020

Organism

Samplep Click for detailed sample information and links to data

Protoco ¢ Click for detailed protocol information

DeSCFiptadeIatn (TIb) and alein(340)) alleles of the MYC enhancer in human iPS cells. We employed RNA-seq to see
how the insulation and deletion affects the transcriptome of the cells. We prepared libraries from three replicates for each configuration.

Experiment types  RNA-seq of coding RNA, genetic modification design

Contact & Taro Tsujimura <t-tsujimura@umin.ac.jp>

MINSEQE
Exp. design Protocols Variables Processed Seq. reads
Files  Investigation description Y. E-MTAB-7669.idf.txt
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E-MTAB-7669 - RNA-seq of wild type (Hap), insulation (STITCH+30kb) and deletion (del(30-440)) of the
MYC enhancer in human iPS cells

© Display full sample-data table a) Export table in Tab-delimited format
g rows
Sample Attributes Variables Assay Links to Data
Source Name A organism sex  genotype cell type genotype Assay Name ENA FASTQ Processed Processed
RNAseq_del(30-440)_rep1 Homo sapiens female del(30-440)  induced pluripotent stem cell del(30-440)  RNAseq_del(30-4¢ & S A A
RNAseq_del(30-440)_rep2 Homo sapiens female del(30-440) induced pluripotent stem cell del(30-440) RNAseq_del(30-4¢ ¢ S S S
RNAseq_del(30-440)_rep3 ~ Homo sapiens female del(30-440)  induced pluripotent stem cell del(30-440)  RNAseq_del(30-4¢ & S S S
RNAseq_Hap_rep1 Homo sapiens female Hap induced pluripotent stem cell Hap RNAseq_Hap_rep ¢ S S S
RNAseq_Hap_rep2 Homo sapiens female Hap induced pluripotent stem cell Hap RNAseq_Hap_rep. ¢ S S S
RNAseq_Hap_rep3 Homo sapiens female Hap induced pluripotent stem cell Hap RNAseq_Hap_rep' ¢ S S A
RNAseq_STITCH+30kb_rep1 Homo sapiens female STITCH+30kb induced pluripotent stem cell STITCH+30kb RNAseq_STITCH4 & S S S
RNAseq_STITCH+30kb_rep2 Homo sapiens female STITCH+30kb induced pluripotent stem cell STITCH+30kb RNAseq STITCH4 ¢ S S S
RNAseq_STITCH+30kb_rep3 Homo sapiens female STITCH+30kb induced pluripotent stem cell STITCH+30kb RNAseq_STITCH- &’ L S, Az
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protocols

Accession Type

P-MTAB-83023 high throughput sequence alignment protocol

We mapped the sequences to the human genome (hg19) with HISAT2 (Kim et al., 2015).

P-MTAB-83024 normalization data transformation protocol

We made BedGraph tracks with HOMER (Heinz et al., 2010). The data ranges are indicated by counts per 10 million. We assigned the mapped reads to annotated genes with
HTSeq (Anders et al., 2015).

P-MTAB-83021 nucleic acid sequencing protocol

The libraries were sequenced with HiSeq2500 System (lllumina) using HiSeq SR Rapid Cluster Kit v2-HS (lllumina, Cat#GD-402-4002) and HiSeq Rapid SBS Kit v2-HS 50 Cycle
(Mumina, Cat#FC-402-4022).

P-MTAB-83022 growth protocol
We cultured the cells in the StemFit® AKO2N medium (ReproCELL, Cat#RCAKO02N) on dish coated with iMatrix-511 (ReproCELL, Cat#NP892-012) without feeder cells.

P-MTAB-83020 nucleic acid library construction protocol

We first enriched mRNA using NEBNext® Poly(A) mRNA Magnetic Isolation (New England Biolabs, Cat#E7490S). Then subsequently, we used NEXTflex Rapid RNA-Seq kit (Bioo
Scientific, Cat#NOVA-5238-01) for the library preparation with customly designed oligo DNAs as primers for the PCR reaction.

P-MTAB-83018 sample collection protocol
The cells were dissociated from dish with TrypLE™ Select (Thermo Fisher Scientific K.K., Cat#12563-011) .

P-MTAB-83019 nucleic acid extraction protocol
RNA was extracted using the High-pure RNA isolation kit (Roche, Cat#11828665001) in presence of the DNase | included in the kit.
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