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Abstract: To maintain the functions of living organisms, cells 

have developed complex gene regulatory networks. Transcription 

factors have a central role in spatiotemporal control of gene 

expression and this has motivated us to develop artificial 

transcription factors that mimic their function. We found that three 

functions could be mimicked by applying our chemical 

approaches: i) efficient delivery into organelles that contain target 

DNA, ii) specific DNA binding to the target genomic region, and 

iii) regulation of gene expression by interaction with other 

transcription coregulators. We chose pyrrole–imidazole 

polyamides (PIPs), sequence-selective DNA binding molecules, 

as DNA binding domains, and have achieved each of the required 

functions by introducing other functional moieties. The developed 

artificial transcription factors have potential as chemical tools that 

can be used to artificially modulate gene expression to enable cell 

fate control and to correct abnormal gene regulation for 

therapeutic purposes. 

1. Introduction 

DNA encodes with four letters—A (adenine), T (thymine), G 

(guanine), and C (cytosine)—all the information required to build 

living organisms. The information contained in DNA is copied as 

mRNA, which is translated into a functional amino acid sequence. 

In addition to encoding materials, DNA also contains a description 

of how to build our body and make it functional by providing 

control layers that regulate gene expression in a spatiotemporal 

manner. Sequence-specific DNA binding and transcriptional 

modulation by transcription factors comprise the most canonical 

gene regulation strategy for cells to achieve cell-specific functions. 

For example, in pluripotent stem cells, expression of pluripotency-

associated genes is induced by reprogramming factors such as 

OCT4 and SOX2, and SOX9 and MyoD act as master regulators 

to activate specific gene networks to promote chondrogenic and 

myogenic differentiation. These transcription factors modulate 

gene expression by recruiting transcription coregulators, which 

can also recruit other factors, change chromatin structure around 

the binding site or induce RNA species with transcriptional control 

activity such as micro RNA (miRNA) and long noncoding RNA 

(lncRNA). Precise control of gene networks is indispensable for 

maintaining cellular function, and abnormal gene regulation is 

related to many diseases, making it an important target for 

therapeutic purposes. Recent progress in high-throughput 

sequencing technology has been revealing the complex gene 

regulatory network, and increasingly detailed information about 

the function of DNA sequences is available. This knowledge is 

useful for artificial gene regulation, which has been partially 

achieved with molecular–biological approaches such as Cas9 

(dCas9) and transcription activator-like effector (TALE), but there 

is a limited set of chemical tools that can utilize such information. 

This motivated us to develop compound-based artificial 

transcription factors using sequence-selective DNA binders: 

pyrrole–imidazole polyamides (PIPs). In this Personal Account, 

we would like to explain the functions required for artificial 

transcription factors and to introduce our chemical strategies to 

achieve those functions using PIPs. 

2. Pyrrole–Imidazole polyamide (PIPs) 

We have worked on the development of functional compounds 

that can be used to visualize and regulate cellular function based 

on DNA sequence information using pyrrole–imidazole 

polyamides (PIPs). PIPs are minor-groove DNA binders 

composed of N-methylpyrrole (Py) and N-methylimidazole (Im) 

(Figure 1).[1, 2] The advantage of PIPs is that we can program their 

binding sequence by modifying the combination of Py and Im 

rings. In this section, we describe rules of PIP design and 

applications of PIPs other than gene regulation: DNA probing and 

secondary structure control. 
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2.1. Design of PIPs 

DNA binding molecules have been studied for many years for 

their biological activity as antitumor and antibacterial drugs.[3, 4] 

Netropsin and distamycin A, which contain two or three Py rings, 

respectively, bind to the minor groove of AT-rich sequences. In 

1985, Dickerson and colleagues solved the crystal structure of a 

1:1 complex of netropsin and double-stranded DNA containing 5’-

d(AATT)-3’ sequence.[5] They showed that hydrogen bonds were 

formed between the amide of netropsin and the N-3 group of 

adenine and O-2 group of thymine. Based on the crystal structure, 

Dickerson and Lown proposed that selective binding to G/C base 

pairs can be achieved by substituting imidazole for pyrrole, 

because imidazole provides a nitrogen atom that can be an 

acceptor of a hydrogen bond with the N-2 amino group of 

guanines.[5, 6] After Wemmer and colleagues reported the 

homodimeric DNA binding of distamycin A and a four-ring Im-Py-

Im-Py,[7, 8] Dervan and colleagues revealed the general rule of 

base-pair recognition by PIPs containing two antiparallel 

strands.[9] When we design PIPs targeting specific sequences, we 

are guided by the following principles: 

1. To promote the antiparallel alignment of two PIP strands, 

PIPs that have two strands joined by linkers have been widely 

used. Structures such as cyclic-,[10] hairpin-,[11, 12] and H-pin-type 

PIPs have been proposed to date (Figure 1 and Figure 2a).[13, 14] 

Hairpin-type PIPs are the primary choice because of their ease of 

synthesis by solid-phase synthesis, [15, 16] but cyclic-type PIPs 

were reported to have better binding affinity and selectivity than 

hairpin-type PIPs. [17-20] 

2. Antiparallel Py/Py pairs recognize A/T or T/A base pairs by 

forming two hydrogen bonds, whereas Py/Im pairs recognize G/C 

base pairs with three hydrogen bonds (Figure 2b). [21, 22] We 

usually use 4-4 or 6-6 ring-type hairpin PIPs, which have two 

strands containing four or six pyrrole/imidazole rings each. We 

can program their target sequences in four or six base pair lengths 

by rearranging the combination of pyrrole and imidazole rings. 

3. Due to over-curvature, PIPs targeting DNA sequences 

longer than five base pairs do not fit into the shape of the DNA 

minor groove, reducing their affinity and selectivity. Replacing 

pyrroles with flexible -alanine relaxes the curvature and allows 

efficient binding of long PIPs. [23] In the case of 6-6 ring-type PIPs, 

one -alanine should be introduced instead of pyrrole at the 

central position in each strand (Figure 2c). 

4. The turn unit (-aminobutyric acid) and -alanine located at 

the C-terminal structure of PIPs are known to have A/T or T/A 

selectivity.[24, 25] Based on our experience, this effect is critical for 

turn units and the desired affinity is not obtained when turn units 

locate on G/C or C/G base pairs. 

Generally, the binding affinity and sequence selectivity of 

PIPs are routinely evaluated by melting curve assay of the DNA–

PIP complex, surface plasmon resonance (SPR) assay, and 

electrophoretic mobility shift assay (EMSA). High-throughput 

analyses based on microarrays and next-generation sequencing 

have also been reported to obtain more detailed information about 

sequence specificity in various sequence contexts and binding 

sites on the genome. [26-30] 

2.2. Application of PIPs for DNA probing and DNA structure 

control 

Sequence-selective DNA binding of PIPs enables us to deliver 

payload compounds to specific genomic sites. One application is 

the visualization of the telomere structures in nuclei. Telomeres 

locate at the terminal of chromosomes and have important roles 

in maintaining chromosome stability and replication. Human 

telomeres have a repetitive 5-(TTAGGG)n-3 sequence and, to 

visualize this region, tandem PIPs that target 12, 18, and 24 bp 

sequences in telomeres conjugated with fluorescent compounds 

have been reported.[31-36] An advantage of PIP probes is that 

because PIPs bind to duplex DNA, denaturation steps such as 

heating, which are indispensable when nucleic acid probes are 

used, are not required for probing. This advantage enables us to 

perform live-cell imaging of telomeres, and we recently reported 

dynamics of telomeres in live cells using a PIP probe labeled with 

silicon rhodamine (SiR-TTet59B, Figure 3a) that targets a 24 bp 

sequence.[37] 

It is also possible to control the secondary structure of DNA 

by giving local force to DNA. In 2018, we reported that G-

quadruplex formation can be induced by pulling two DNA 

sequences flanking a G-quadruplex-forming sequence toward 

each other using PIP dimers (Figure 3b).[38] These studies 

indicate that PIP is a good platform to achieve artificial gene 

control based on the genomic sequence.  

3. Development of artificial transcription 
factors using pyrrole–imidazole polyamides 

Living organisms are maintained by a huge number of cells that 

have a wide range of functions. To achieve each specialized 

function, DNA binding proteins that are termed transcription 

factors, play an important role in regulating specific gene networks 

in a spatiotemporal manner. This suggests that mimicking the 

function of natural transcription factors with chemical compounds 

would enable us to artificially control gene expression, and this 

motivated us to work on the development of artificial transcription 

factors using PIPs. We found that there are three functions of 

transcription factors that should be mimicked by our chemical 

approaches: i) efficient delivery into organelles that contain the 

target DNA, ii) specific DNA binding to the target genomic region, 

and iii) regulation of gene expression by interacting with other 

transcription coregulators (Figure 4). In the following sections, we 

explain our approaches to achieve each function using PIPs. 

3.1. Efficient delivery of PIPs into organelles 

The efficient delivery of PIPs into organelles that contain DNA (i.e. 

nuclei and mitochondria) is important for the development of PIP-

based artificial transcription factors. The cellular permeability of 

PIPs and their intracellular distribution have been extensively 

studied by flow cytometry and fluorescence imaging using 
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fluorescently labeled PIPs. Although some PIPs have been 

reported to accumulate in nuclei efficiently due to their affinity to 

DNA,[39] the permeability of PIP varies depending on a range of 

structural factors such as molecular size, pyrrole/imidazole 

content, the fluorescent group, and chemical modification at the 

turn and terminal structures.[40-44] This makes it difficult to predict 

their uptake efficiency a priori, so several approaches to achieve 

robust and efficient delivery of PIPs have been reported. For 

example, Dervan group reported that the introduction of 

isophthalic acid or fluorescein-5-isothiocyanate at the C-terminal 

and an aryl group at the turn moiety enhance cellular uptake of 4-

4 ring hairpin-type PIPs.[45, 46] 

In general, whereas short hairpin PIPs (e.g. 4-4 ring type) 

are favorable for efficient delivery, long PIPs (e.g. 6-6 ring type) 

offer advantages in binding affinity to DNA and sequence 

selectivity.[47] To improve this ‘trade-off’ relationship, we 

introduced a tri-arginine moiety into a 6-6 hairpin-type PIP 

targeting the SOX2 binding motif (Figure 5a). Flow cytometry 

analysis revealed that the tri-arginine vector improved the cellular 

uptake efficiency and the PIP and tri-arginine conjugates 

successfully accumulated into the nuclei.[48] The mechanism of 

enhanced cellular uptake by tri-arginine is not fully understood, 

but it is expected that increased local concentration of PIPs near 

the cell membrane resulting from electrostatic interaction between 

the tri-arginine moiety (positively charged) and cell membrane 

(negatively charged) and formation of hydrogen bonds between 

guanidino groups and sulfates of cellular components have 

important roles.[49, 50] 

Although most genetic information is stored in the nuclear 

DNA, mitochondria also possess ca. 16.6 kbp circular DNA 

(mtDNA) encoding 37 genes, including 13 essential subunits of 

the oxidative phosphorylation system. A high level of reactive 

oxygen species in mitochondria generated from the latter system 

cause mutations in mtDNA, and some pathogenic mutations have 

been gaining attention as important therapeutic targets.[51] 

To target mtDNA with PIPs, we developed “MITO-PIPs”, 

which are conjugates of PIPs with mitochondria-penetrating 

peptides composed of cyclohexylalanine and arginine residues 

(Figure 5b).[52, 53] The mitochondrial membrane has a membrane 

potential that is three times higher than that of the cellular 

membrane, and positive charges of arginine residues generate 

the driving force for membrane penetration while hydrophobic 

cyclohexylalanines can reduce the energy barrier for permeation. 

The MITO-PIP targeting binding motif of mitochondrial 

transcription factor A (TFAM) was successfully delivered into 

mitochondria and repressed expression of a downstream gene 

(MT-ND6) by inhibiting DNA binding of TFAM. 

As described above, it is possible to control the intracellular 

distribution of PIPs by using specific peptides, and both nuclear 

and mitochondrial DNA can be targeted by PIPs. 

3.2. Site-specific binding of PIPs 

After PIPs are delivered into organelles, they need to bind to 

specific sites in the gene control region. Natural transcription 

factors have a preference for DNA binding sequences (motifs) 

that are typically 4–10 bp in length. This sequence-specific 

binding can be easily achieved with PIPs by rearranging the 

combination of pyrrole and imidazole rings to program their target 

sequence. This enables us to achieve competitive inhibition of 

DNA binding of natural transcription factors to repress 

downstream gene expression. For example, a 6-6 ring hairpin-

type PIP targeting the SOX2 binding sequence (5- CTTTGTT) 

can repress the expression of SOX2-downstream genes, 

including SOX2 itself, and has been applied to mesoderm 

differentiation of induced pluripotent stem (iPS) cells and as an 

anticancer agent.[47, 54] In another study, a PIP that inhibits DNA 

binding of the REL/ELK1 to the minimal promoter region of the 

oncogenic EVI1 gene showed anticancer activity, reducing 

migration and invasion activity of breast cancer cells.[55] Notably, 

such competitive inhibition indicates that PIPs (especially 6-6 ring 

PIPs) have DNA binding affinity comparable to that of natural 

transcription factors. 

The recognition sequences of transcription factors are 4–10 

bp long, which is short compared with the size of genomic DNA 

(ca. 3 billion bp) and there should be many possible binding sites 

on the genome. This is not favorable for spatial gene regulation 

and the natural system overcomes this problem by functioning as 

cooperative transcription factor pairs. In mammals, there are 

approximately 1000 transcription factors and it is expected that 

55–70% of them work cooperatively by forming 

homo/heterodimers to ensure high binding affinity and extended 

recognition sequences.[56, 57] 

To mimic this cooperative DNA recognition, we developed a 

“PIP-HoGu (host–guest)” system (Figure 6a).[58] In this system, 

one pair of PIPs is designed to locate next to each other and each 

PIP is conjugated with cyclodextrin and adamantane. The host–

guest interaction between cyclodextrin and adamantane induces 

heterodimer formation of PIPs. Indeed, a reporter assay using 

luciferase gene, which is transcriptionally controlled under 

estrogen receptor  (ER) homodimer, revealed that the reporter 

gene expression was repressed by this system more effectively 

compared with the repression efficiency obtained by individual 

PIPs. 

We improved the PIP-HoGu system by changing the dimer 

formation domain from the cyclodextrin–adamantane pair to left-

handed (LH) PNA pairs, reported as “PIP-NaCo (nucleic acid-

based cooperation system)” (Figure 6b).[59] Because dimer 

formation of PIP-NaCo is driven by duplex formation between 

complementary PNA strands, this system is expected to enable 

us to program PIP pairs that work cooperatively even in the 

presence of other PIPs. It is also advantageous to use LH PNA 

because it forms an unnatural left-handed duplex and has no 

interaction with natural DNA and RNA, giving bioorthogonality to 

the dimer formation domain. 

B-form duplex is the most dominant structure of DNA, but 

DNA can also take other secondary structures such as Z-form 

duplex and i-motif. G-quadruplex (G4) is one such non-B-form 

DNA structure, and extensive studies have revealed its biological 

roles in a wide range of cellular processes, including DNA 

replication, transcription, and epigenetics, which makes the G4 

structure an important therapeutic target. One such therapeutic 

approach is the development of G4 ligands that stabilize G4 

structures in the promoter region of oncogenes (e.g. c-Myc) and 
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repress their level of expression. Based on the reports that G4 

structures recruit G4-specific protein factors for transcriptional 

control, they are attractive targets to give additional site-specificity 

to PIPs. 

cIKP, which we reported in 2016, is a cyclic compound 

composed of lysine and N-methylimidazole with a flat aromatic 

structure.[60] cIKP preferentially binds to G4 over dsDNA and in 

vitro binding assays showed that cIKP has a higher binding affinity 

than the well-studied G4 ligand TMPyP4, which was enough to 

induce G4 formation in the dsDNA context.  To recognize both G4 

structure and an adjacent dsDNA sequence simultaneously, 

hybrid molecules of hairpin-type PIPs covalently linked with cIKP 

(Figure 6c) were examined. It was confirmed by circular dichroism 

(CD)/Förster resonance energy transfer (FRET) melting, SPR, 

and CD/NMR titration assays that the hybrid molecules 

synergistically recognize both G4 structure and dsDNA.[61] This 

approach indicates that structural information of DNA can also be 

utilized to regulate the binding site of PIPs, and that other non-B-

form DNA structures can be targeted if specific ligands are 

available. 

3.3. Gene expression control by PIPs 

The PIPs localized at the targeted sites on the genome should 

cause transcriptional changes to act as artificial transcription 

factors. As described in Section 3.2, specific gene expression can 

be repressed by inhibiting the DNA binding of natural transcription 

factors that induce downstream gene transcription. While 

downregulation can be achieved by this simple approach, artificial 

gene activation is tricky because we need to utilize the natural 

transcription system in our chemical approaches. 

In eukaryotic cells, genomic DNA is wrapped around histone 

octamers, forming nucleosomes and genome-wide chromatin 

structure. Nucleosomes restrict the access of transcription factors 

and act as an additional layer to regulate gene expression. 

Generally, transcription factors do not bind to highly packed 

nucleosomal DNA, and genes in this region are transcriptionally 

silenced. When nucleosomes are loosened and unfolded, 

released DNA is subjected to the binding of transcription factors 

initiating gene transcription. This switching between “OFF” and 

“ON” states is controlled by epigenetic modification of histone 

proteins. Lysine acetylation in the tail region is one of the histone 

modifications that is extensively studied. When lysin residues are 

acetylated by enzymes with histone acetyltransferase (HAT) 

activity, the positive charge of the amine group is neutralized and 

electrostatic interaction between DNA and histone is weakened. 

This loosens the nucleosome structure and gene expression is 

activated, so acetylation at K9 and K27 of histone H3 is 

recognized as a marker of active transcription. Conversely, 

histone deacetylation is mediated by histone deacetylase (HDAC) 

and downregulates gene expression (Figure 7a). 

In our earlier study to develop artificial transcription factors 

that activate gene expression, we focused on suberoylanilide 

hydroxamic acid (SAHA), an HDAC inhibitor that is used as an 

anticancer drug (trade name Zolinza). Because SAHA can keep 

the genome in the transcriptionally ON state by inhibiting histone 

deacetylation, SAHA–PIP conjugates were expected to bind to a 

programmed sequence and activate genes around the binding 

site (Figure 7b).[62] To examine our hypothesis, we constructed a 

SAHA–PIP library containing 32 SAHA–PIPs targeting distinct 

sequences. Transcriptome analysis of human dermal fibroblasts 

treated with each SAHA–PIP revealed that transcription of 

different sets of genes was activated depending on the target 

sequence of SAHA–PIPs, supporting their sequence-specific 

gene activation (Figure 7c).[63] 

In the following study, we used a HAT activator, N-(4-chloro-

3-(trifluoromethyl) phenyl)-2-ethoxybenzamide (CTB), which was 

expected to have a similar effect to SAHA (Figure 7b). 

Interestingly, while different genes were activated by SAHA and 

CTB, SAHA–PIP and CTB–PIP conjugates targeting the same 

DNA sequence activated a similar set of genes (Figure 7d).[64] 

This result also suggests that site-specific gene activation can be 

achieved by combining the sequence-selectivity of PIPs and 

epigenetic modulation by functional compounds. 

Although SAHA–PIPs and CTB–PIPs are promising artificial 

transcription factors, their induction of histone acetylation is an 

indirect outcome and acetylation would not occur if HATs were 

not available near the target region. To enhance histone 

acetylation more actively, a new type of artificial transcription 

factor, named Bi-PIP, was reported recently.[65] P300/CBP is a 

transcription coactivator with HAT activity and possesses several 

domains dedicated to interaction with other proteins. Among the 

interaction domains, bromodomain recognizes acetylated lysine 

of histone and, by working with the HAT domain, P300/CBP can 

acetylate other histones around the recognized one successively. 

Because Bi-PIP has a bromodomain inhibitor (Bi) that interacts 

with the bromodomain of P300/CBP, it can recruit the enzyme to 

a programmed sequence, promoting histone acetylation around 

the binding sites (Figure 8a). In vitro ChIP-qPCR showed 

sequence-selective histone acetylation by two different Bi-PIPs 

(Bi-PIP1 and Bi-PIP2), and the target sequence of each 

compound was enriched in differential ChIP-seq peaks of 

acetylated histone H3 between Bi-PIP1 and Bi-PIP2 (Figure 8b 

and c). Bi-PIP is expected to become one of the next generation 

of artificial transcription factors that control genes that cannot be 

targeted by SAHA–PIPs and CTB–PIPs. 

4. Summary and Outlook 

In this Personal Account, we introduced our approaches to 

convert PIPs into artificial transcription factors. The artificial gene 

regulation has great potential as a therapeutic approach, but 

careful optimization of PIP structure is required for in vivo 

application. Because PIPs are relatively large and 

pyrrole/imidazole rings are hydrophobic, structural factors such as 

charge, molecular size and conformation affect the solubility of 

PIPs in aqueous buffers significantly.[66] This optimization is also 

crucial for pharmacokinetics and toxicity in vivo.[67-69] 

In the studies so far, we achieved each function required as 

transcription factors separately by using different chemical 

modifications. These approaches have been revealed to partially 

mimic the functions of natural transcription factors, but their 

selectivity was not comparable with that of the natural 
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transcription factors. To develop artificial transcription factors that 

can perform more precise gene regulation similar to that of natural 

transcription factors, these approaches should be used in 

combination to mimic the modularity of protein domains of natural 

transcription factors. For example, we recently reported a 

combinatorial system of PIP-HoGu and Bi-PIP that synergistically 

recruits P300 to the target site and enhances histone acetylation 

in vitro.[70] This system expands the length of the recognized DNA 

sequence and is expected to enable gene regulation in a more 

site-specific manner. 

We believe that the PIP-based artificial transcription factors 

would be powerful tools for biological studies and drug candidates 

to correct abnormal gene regulation for therapeutic purposes. 
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Figure 1. a) Chemical and schematic structure of a cyclic PIP and its recognition sequence. W represents adenine or thymine. b) Crystal structure of a complex of 

DNA and the cyclic PIP shown in Figure 1a (PDB: 3OMJ).[2] 
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Figure 2. a) Chemical structure of hairpin and H-pin PIPs.[12, 14] Two PIP strands are joined by a linker moiety promoting an antiparallel alignment in the minor groove 

of duplex DNA. b) Base-pair recognition by PIPs. Pyrrole/pyrrole pairs recognize A/T or T/A base pairs whereas imidazole/pyrrole pairs recognize G/C base pairs.[21, 

22] c) Introduction of flexible -alanine instead of pyrroles into long PIPs improves their binding affinity to a target sequence.[23]  
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Figure 3. a) A tandem PIP targeting repetitive telomere sequence labeled with silicon rhodamine (SiR-TTet59B) can be used to visualize telomere structures. 

(bottom left) The signal from SiR-TTet59B overlapped with telomere structures labeled by immunostaining of TRF2. (bottom right) By introducing SiR-TTet59B 
using a peptide-based transfection reagent (Endo-Porter), dynamics of telomeres in living cells can be observed and telomere fusion was captured (indicated by 
white arrows).[37] (b) PIP dimers pulling two DNA sequences flanking a G-quadruplex-forming sequence toward each other enhance G-quadruplex formation.[38] 
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Figure 4. Three major functions of transcription factors that should be mimicked by our chemical approach using PIPs. Each function and our corresponding 

strategies are described in the sections noted in the figure. 
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Figure 5. Organelle-specific delivery of PIPs using peptide vectors. A) Flow cytometry analysis of a TAMRA-labeled PIP conjugated with a tri-arginine vector 

revealed that the tri-arginine vector enhances cellular uptake of the PIP and efficient nuclear accumulation was confirmed from fluorescence images.[48] b) MITO-

PIP conjugated with mitochondria-penetrating peptide composed of cyclohexylalanine and arginine residues is delivered into mitochondria. HeLa cells expressing 

mitochondria-specific mitochondria were treated with the TAMRA-labeled MITO-PIP. (Scale bar = 10 m) [53] 
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Figure 6. a) PIP-HoGu system mimicking cooperative DNA binding of natural transcription factor pairs.[58] b) PIP-NaCo has a bioorthogonal left-handed PNA strand 

as a dimer formation domain.[59] c) PIP–cIKP conjugates can recognize both the G-quadruplex structure and the adjacent double-stranded DNA sequence 

simultaneously.[61] 
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Figure 7. a) Schematic illustration of gene expression control by histone acetylation. b) Chemical structure of PIP conjugated with epigenetic modulators (SAHA 

and CTB) for transcription activation using histone acetylation machinery. c) Heat map of gene activation derived from transcriptome (microarray) analysis of human 

dermal fibroblast treated with a SAHA–PIP library containing 32 SAHA–PIPs targeting distinct sequences.[63] Each row corresponds to one probe of the microarray 

and red and green colors indicate that the expression of those genes is activated and repressed by SAHA–PIP, respectively. There is no significant overlap among 

the gene sets activated by each SAHA–PIP. d) A similar analysis to that described in (c) was performed with SAHA, CTB, SAHA–PIP, and CTB–PIP.[64] Whereas 

there was no overlap in activated genes between SAHA and CTB, many genes were commonly upregulated by SAHA–PIP and CTB–PIP. 
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Figure 8. Compound design and activity of Bi-PIP.[65] a) Schematic illustration of gene activation mechanism by Bi-PIP. b) The in vitro acetylation assay using Bi-

PIP1 and Bi-PIP2 and reconstituted nucleosomes containing the target sequence of each Bi-PIP. After in vitro acetylation reaction with P300, the relative amount 

of acetylated histone was quantified by ChIP-qPCR. c) Motif search analysis in differential peak region between Bi-PIP1 and Bi-PIP2 detected in ChIP-seq analysis 

for acetylated H3. 
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