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Recent innovations in cutting-edge sequencing platformshave allowed the rapid identification of genes associated
with communicable, noncommunicable and rare diseases. Exploitation of this collected biological information has
facilitated thedevelopmentofnonviral gene therapy strategiesand thedesignof several proteins capable of editing
specificDNA sequences for disease control. Smallmolecule-based targeted therapeutic approaches have gained in-
creasing attention because of their suggested clinical benefits, ease of control and lower costs. Pyrrole–imidazole
polyamides (PIPs) are amajor class of DNAminor groove-binding small molecules that can be predesigned to rec-
ognize specific DNA sequences. This programmability of PIPs allows the on-demand design of artificial genetic
switches and fluorescent probes. In this review, we detail the progress in the development of PIP-based designer
ligands and their prospects as advanced DNA-based small-molecule drugs for therapeutic gene modulation.
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1. Introduction

Artificial control of spatiotemporally variable gene expression has
been the goal of generations of scientists. The current availability of
open-access, user-friendly platforms enables us to track any part of
the genetic information in the whole genome. Even though the abun-
dant available information about the genome can be harnessed to iden-
tifywell-defined targets for drug design, there is still a lack of promising
smallmolecule-based designer drug capable of achieving targetedmod-
ulation of therapeutically important genes. Therefore, there is a need to
explore the potential of programmable, sequence-specific DNA binders
and advance them as designer drugs for achieving on-demand thera-
peutic gene modulation.

Pyrrole–imidazole polyamides (PIPs) represent the best-
characterized class of small molecules that can be modified to bind to
any predetermined DNA sequence and regulate gene expression pat-
terns in a transgene-free and cost-effective manner [1,2]. Simple binary
code has been elucidated to correlate the target DNA sequence with the
side-by-side antiparallel pairing between pyrrole (Py) and imidazole
(Im) under physiological conditions, i.e., Py/Im recognizes C/G pairs
and Py/Py recognizes degenerate A/T and T/A pairs [3].

PIPs have been extensively applied to regulate specific gene expres-
sion because they can bind to the cognate DNA sequences and alter their
interaction with natural transcription factors (TFs), which in turn mod-
ulate the transcriptional networks and the epigenetic landscapes that
govern cell fate. In eukaryotes, TFs play an essential role in the spatio-
temporal regulation of gene transcription, which decide the cell fate
bymodulating the genetic program associated with a particular pheno-
type. More than 1000 TFs recognize around 200–300 short DNA motifs
in promoter and enhancer regions, recruiting gene coactivators or core-
pressors, and transforming that genetic information to allow anON/OFF
status [4]. Specific TFs are responsible for a particular biological func-
tion, and blocking the binding of such TFs to a particular DNA motif
can perturb their biological function and have a profound physiological
effect. For example, SOX2, a Yamanaka factor, is essential for stem cell
pluripotency, and disrupting its binding using a sequence-specific
DNA binder could alter the fate of stem cell differentiation and deflect
it into a particular lineage [5].

More significantly, PIPs serve as a valuable DNA binding platform to
achieve higher order biological functions in a programmable manner.
First, tethering epi-drugs to DNA binders constrains the pharmacology
of these drugs to the target locus, providing a robust effect on the target
gene with minimal off-target effects. Second, PIP-alkylating agents are
capable of blocking RNAP activity in the coding region of target genes
to sequence-specifically downregulate target gene expression, and pre-
clinical studies show that they have promising anticancer efficacy.
Moreover, thedevelopment of covalent and especially noncovalent con-
jugates of PIPs with additional DNA binders has emerged as the new
research field that has helped to overcome several limitations of con-
ventional PIPs. Lastly, PIP-basedfluorescent probes are an important ap-
plication for sequence-specific DNA imaging in living cells.

Given the well-defined methods of working used in the past, recent
breakthroughs in gene-specific modulation by biomolecules, and sev-
eral recent significant innovations in PIPs, we recapitulate recent ad-
vances in this field including the development of PIPs as artificial
genetic switches and fluorescent probes, and outline the difficulties
and future challenges of their use as designer drugs.

2. Brief history of pyrrole–imidazole polyamides

The precursors of cell-permeable, programmable, DNA minor
groove-binding PIPs are the natural antibiotics netropsin and
distamycin A, a class of Py dimer/trimer molecules linked with an
amide bond (Fig. 1) [6,7]. From 1982, researchersmade considerable ef-
forts to decipher, modify and optimize these crescent-shaped chemical
entities, which enabled the development of an easy-to-use DNA binder
[8,9]. In particular, the clarification of the crystal structure of coopera-
tive distamycin–DNA 2:1 complexes and the incorporation of Im build-
ing blocks established the basis for the subsequent development of PIPs
[10,11].

The Dervan group first developed hairpin PIPs by incorporating ali-
phatic γ-aminobutyric acid (γ-turn), which nicely combined and fixed
two linear binding chains [12]. Hairpin PIPs are the most commonly
used chemical architecture, which can be attributed to their ease of syn-
thesis, unambiguous pairing rules, high binding affinity, and excellent
sequence selectivity. Results from X-ray crystal studies manifested
that the Im/Py pair recognizes G/C pairs and the Py/Py pair recognizes
A/T or T/A; this defines the essence of their sequence specificity and
binding site programmability (Fig. 2a) [13]. The precise hydrogen
bond interactions included in G:Im are 2-NH2·3′-N and 3-N·amide-
NH2; for C:Py is 2-CO·amide-NH2; for A:Py is 3-N·amide-NH2; and for
T:Py is 2-CO·amide-NH2 (Fig. 2b). Meanwhile, γ-turn and terminal N,
N′-dimethyl-1,3-propanediamine prefer to bind A/T pairs. High tor-
sional rigidity significantly reduce the binding affinity and specificity
when there are over four continuous rings owing to the exaggerated
curvature. A β-alanine linker used as a replacement for the Py moiety
in the more extended PIP sequences aides relaxing torsional rigidity
and provides the possibility of enhanced cellular uptake. β-alanine
also “springs” the aliphatic amino acid residues in together with γ-
turn [14]. To resolve the degeneracy of the Py/Py pair binding, 3-
hydroxypyrrole (Hp) confers the best distinguishing ability, but its
chemical instability limits its widespread application (Fig. 2b) [15].
Modification of the N-terminus from Im to 5-alkyl thiazole building
blocks results in an increase in dsDNA binding affinity and causes a
more significant degree of major groove compression of the target
dsDNA sequence than its Im counterpart [16]. PIPs exhibit strong



Fig. 1. The timeline of pyrrole-imidazole polyamides (PIPs) research.
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binding affinity to their matching sequence. For example, 6-bp-binding
PIPs showed binding affinities with Kd values at the nanomolar or even
picomolar level. Moreover, PIPs can distinguish dsDNA from ssDNA,
ssRNA and dsRNA with high selectivity [17].

The development of solid-phase peptide synthesis resulted in a
surge in the design and characterization of various intricate molecular
architectures (Fig. 2c) [18,19]. Cyclic PIPs display higher binding affini-
ties (40-fold enhancement for 5'-TGTTA-3') than their counterpart hair-
pin PIPs [20]. Despite their small reduction in binding affinity, H-pin and
U-pin PIPs extend the targeting sequence to the terminal G/C-rich DNA
sequence [21,22]. Tandem hairpin structures, including head-to-head
and head-to-tail styles, are applicable to the design of molecules
targeting more extended sequences, such as a PIP targeting the 24-bp
telomere repeat [23]. Polypurine DNA has a narrow minor groove, and
a linear PIP with a 1:1 binding mode was successfully applied to bind
to a GA-rich sequence [24]. The replacement at γ-turn showed signifi-
cant effect on DNA binding affinity [25], binding orientation, sequence
selectivity, solubility [26], cell uptake [27] and toxicity [28], including
γ-aminobutyric acid (γ-turn), (R)- and (S)-β-amino-γ-turn, (R)-α-
amino-γ-turn, α-diaminobutyric acid, and the respectively acetylated
form at amino group.

The demonstration that PIPs are capable of disrupting TF–DNA inter-
actions to modulate RNA polymerase (RNAP) II and III functions led to
their broad applications as sequence-specific gene regulators (described
in Section 3) [2]. PIPs also serve as an exquisitely specific DNA binding
platform. The proof-of-concept that they are sequence-specific gene ac-
tivators was provided by tethering peptide-based activation domains
[29], especially the recently identified epigenetic modulators [30], and
offers fresh possibilities of artificial transcription factors (ATFs), espe-
cially PIP–bromodomain (Brd) inhibitor conjugates (described in
Section 4). Sequence-specific DNA alkylating agents targeting a coding
region to block RNAP II/III showed promising efficacy under both
in vitro and in vivo conditions (described in Section 5) [31]. The develop-
ment of covalent and especially noncovalent conjugates of PIPswith ad-
ditional DNA binders has emerged as a new research strategy that has
helped to overcome some limitations of conventional PIPs (described
in Section 6). Several potential therapeutic applications of PIPs supple-
mented with various functional tags are outlined in Section 7.

3. Therapeutic gene regulation using designer PIPs

In eukaryotes, more than 1000 TFs recognize around 200–300 short
DNA motifs in the promoter and enhancer regions of genes, recruiting
gene coactivators or corepressors, which in turn transcribe the biologi-
cal information to code for ON/OFF states [4]. Distinct TFs are responsi-
ble for defined biological functions and hindering the binding of such
TFs blocks the transcription machinery. PIPs possess potent DNA bind-
ing affinity capable of blocking TF–DNA interactions. Accordingly, the
primary therapeutic strategy using PIPs has been applied to block the in-
teraction of DNA-binding proteinswithDNAand trigger themodulation
of RNAP II/III activity, which is followed by downstream gene
perturbation.

3.1. Short PIPs

Dervan, Gottesfeld and colleagues first demonstrated the selectivity
and efficiency of PIPs as regulators of gene expression. In living cells, 8-
ring hairpin PIPswere shown to interferewith 5S RNAexpression by oc-
cupying specific regions of TFIII binding sites and suppressing RNAP III
activity [2]. Moreover, PIPs targeting the flanking regions of the binding



Fig. 2. (A) Detailed hydrogen bond interaction and pairing rules of PIP/DNA interactions. (B) Schematic hydrogen interactionmap of PIP building blocks with four bases. (C) Different type
of PIPs design and its binding to DNA. Main symbols include : Py. : Im; Ϲ: γ-aminobutyric acid (γ-turn). (+: N,N′-Dimethyl-1,3-propanediamine.◊: β-alanine. (Modified from [187]).
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sites of Ets-1, LEF-1 and TBP in the HIV-1 promoter/enhancer sup-
pressed RNAP II, thereby inhibiting virus replication in human lympho-
cytes by N99% [32]. A parallel study in human cytomegalovirus
demonstrated the use of PIPs in activating RNAP II and inducing tran-
scription by blocking the DNA sequence where a repressor TF was
bound [33]. Short PIPs with a second positive charge at the C-terminal
exhibited antifungal activity against clinically relevant fungal strains
under in vitro conditions and amousemodel [34]. In addition, crystallo-
graphic structural studies revealed allosteric perturbation of the DNA
helix as the molecular basis by which minor groove-targeting PIPs
disrupted themajor groove-binding TFs [35]. Systematic cellular uptake
studies using PIPs provided direct evidence of their effective cell perme-
ability and nuclear localization properties to suggest their potential as
clinical treatments [36]. Consequently, PIPs have been explored for
their broader applications: structural optimization studies were per-
formed to identify useful cellular applications and a selected list of re-
ported PIPs targeting TFs and related information (Table 1).

Dervan and colleagues reported a series of results regarding the
biological evaluation of 8-ring PIPs in cell assays and mouse models.
For example, androgen-response element (ARE)-targeting PIPs (5′-
WGWWCW-3′) in the prostate-specific antigen promoter disrupted an-
drogen receptor–ARE interactions and inhibited the expression of



Table 1
Designer PIPs mediate TFs disruption.

TFs affected PIP-binding site
(5' to 3')

Target genes Biological activity Ref.

Short PIPs
Androgen receptor (AR) WGWWCW AR target genes Disruption of AR–ARE interactions to inhibit the expression of AR downstream genes;

antitumor activity in the mice model of VCaP xenografts
[37,38]

Hypoxia-inducible factor
(HIF)

WTWCGW HIF target genes Reduction in the expression of proangiogenic and pro-metastatic factors; inhibition of the
formation of new tumor blood vessels and tumor growth

[39]

HER Decrease in the HER2 expression and inhibition of the cellular proliferation in various cancer
cells

[40,41]

VEGF Disruption of a subset of hypoxia-induced genes and demonstration of consistency of biological
effect with the binding site preferences of PIPs

[42]

Estrogen receptor (ER) WGGWCW ER target genes Reduction of ER-driven luciferase expression in xenograft tumors [43]
NFκB WGGWWW NF-κB Binding to NFκB sites and reduction of the expression of various NFκB–driven genes including

IL6 and IL8 by qRT-PCR
[44]

EVI1 WCWGWW EVI1 reporter Blocking of EVI1-responsive reporter activity [45]
Glucocorticoid receptor
(GR)

WGWWCW GILZ Reduction of GR occupancy at the GILZ promoter and inhibition of GILZ expression and several
other known GR target genes

[46]

TFIIIA WGWWCW 5S RNA Target and recognition of TFIIIA binding site and interfering with 5S RNA expression [2]

Long PIPs
RBPJ GGWWWGWW HES1 Sequence-specific suppression of neurogenesis-associated HES1 and its downstream genes;

neural differentiation
[47]

SOX2 CWWWGWW SOX2 Downregulation of SOX2 expression and mesoderm induction [5]
Mitochondrial TFA WGWCWGWW LSP Targeted transcriptional inhibition of ND6 gene in the mitochondria light strand [48]
REL/ELK1 binding site WWWWCCWW EVI1 Inhibition of EVI1 in MDA-MB-231 cells; inhibit breast cancer cell migration [49]
c-MYC CWCGWGW eIF4G1, CCND1, and

CDK4
Inhibition of MYC binding at the promoter and downregulation at the mRNA level and protein
expression of target genes

[50]

AP1 WCWCWCCW TGFβ Inhibition of hypertrophic scar formation at 35 days post-incision and prohibition of cellular
infiltration, TGF-β1 and vimentin staining, and epidermal thickness

[51]

NFκB WWWWCCW MMP9 Reduction inMMP9 gene expression and the enzymatic activity of MMP9 proteins; inhibition of
migration and invasion in SaOS-2 cells

[52]

E4TF1 (GABPB) WCCWCWW AURKA Inhibition of the promoter activities, mRNA expression, and protein levels of AURKA and
AURKB; antiproliferative synergy to HeLa cells

[53]

Ets WGWWWWW HER2 Disruption of endogenous Ets-mediated HER2/neu preinitiation complexes [54]
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androgen downstream genes in LNCaP and VCaP cancer cells. Intensive
structural modifications revealed that the oxime linkage between the
PIPs and an aromatic functionality on the C-terminus generated a signif-
icant increase (~20-fold) in their cellular uptake and gene regulation ac-
tivity [55]. Cyclic PIPs showed similar cellular activity and higher DNA
binding affinity (ΔΔTm = 5.3°C) than their hairpin counterparts [56].
An aryl modification at the site of γ-turn enhanced their cellular uptake
[27]. In a study of their anticancer mechanism, PIPs were shown to dis-
rupt RNAP II localization at the transcription start sites and activated
p53 signaling in cancer cell lines. Furthermore, PIP inhibition of DNA
helicases leading to the inhibition of S-phase, topoisomerase–DNA
binding and disruption of DNA ligase function could contribute to
their anticancer activity [38,57,58]. PIPs did not cause detectable DNA
damage but had potent antitumor activity (IC50 = 6.2 ± 2.6 μM) in
LNCaP prostate tumor cells, and in an enzlutamide-resistant prostate
tumor xenograft model, PIPs had anticancer effects with limited
host toxicity [37,59]. Because of the similarity of TF-binding
sequences, ARE-targeting PIPs showed off-target effects and could also
bind to the glucocorticoid response element to inhibit the glucocorti-
coid receptor–DNA interaction, thereby perturbing a cluster of
glucocorticoid-induced and repressed genes. Together, obstacles in-
cluding their limited bioactivity at the target DNA sequences of several
TFs, their off-target recognition of flanking sequences and nonspecific
TFs limit the use of short PIPs that target a cognate DNA sequence in a
gene promoter region.

3.2. Long PIPs

Therefore, our group and collaborators focuse on the construction of
longer designer PIPs. Such hairpin PIPs targeting longer sequence of
therapeutically important genes have successfully altered the endoge-
nous expression in different cell types of target genes including aurora
kinases, TGF-β1, human lectin-like oxidized low-density lipoprotein,
HER2 and EBNA1 [53,60–63]. For example, a designer PIP was shown
to localize inside human breast adenocarcinoma (MDA-MB-231) cells
and recognize the specific sequence of the REL/ELK1 binding site in
the promoter region of the human ectopic viral integration site
1 (EVI1). EVI1 is a well-known oncogenic TF associated with a various
type of cancers, and microarray studies revealed that the designer PIP
inhibited the expression of genes related to breast cancer cell migration
[45,49]. Likewise, a PIP targeting the activator protein-1-binding site in
the promoter region of matrix metalloprotein 9 (MMP9), a tumor inva-
sion and metastasis-associated factor, inhibited MMP9 expression and
altered the migration and invasion of MDA-MB-231 cells [64]. Pharma-
cokinetic studies after intravenous administration of this PIP to rats sug-
gested that it had notable effects on tumor metastasis [65,66]. Designer
PIPs were also shown to bind to methylated 5′-CpG-3′ sequences and
demonstrated a higher binding affinity to the unmethylated counter-
part (3-fold) [67].

Recently, a ground-breaking application of PIPs was demonstrated
in human induced pluripotent stem (hiPS) cells. Targeted differentia-
tion of hiPS cells using only chemicals were reported to have the poten-
tial to generate clinically useful differentiated cell types such as
cardiomyocytes [68]. Exploiting the available knowledge of the
intertwined transcription machinery associated with cardiomyocyte
differentiation, a designer PIP termed PIP-S2 was constructed [5].
PIP-S2 recognized the sequence 5′-CTTTGTT-3′ and inhibited the
SOX2–DNA minor groove interaction. PIP-S2 (2 μM) caused promoter-
specific suppression of transcription of SOX2 downstream genes and
inhibited their protein expressions. Whole transcriptome analyses sug-
gested that PIP-S2 specifically targeted and altered SOX2-associated
gene regulatory networks associated with mesoderm induction. More
significantly, the sequential treatment of PIP-S2 (2 μM treatment from
day 1-5) and then Wnt/β-catenin inhibitor (day 6-7) effectively gener-
ated spontaneously contracting cardiomyocytes at day 7, which opens
up new vistas of opportunity for differentiating stem cells into desired
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cell types [5]. Similarly, we designed PIP–RBPJ-1, which caused the
promoter-specific suppression of neurogenesis-associated HES1
(showed 20% inhibition at the concentration of 2 μM for 24h treatment)
and its downstream genes. PIP–RBPJ-1 alone altered the expression of
neural system-associated Notch-signaling factors and triggered the
neurogenesis gene program with an efficiency comparable to the con-
ventional approach using small molecules targeting the protein–
protein interactions [47].

Over the past 20-year on the application of PIPs-mediated TFs–DNA
disruption, various commonly applicable guide rules and preferences
got proposed for the construction of designer PIPs for a cognate DNA se-
quence in the specific study. First, the anticipated targetingDNAmotif of
PIP is preferred to have multiple binding sites in the promoter of target
genes. The bioefficacy of PIPs is high when it is designed to target DNA
sites, such as the highly enriched TF binding sites identified from TFs-
based ChIP-Seq assay. Second, a TF playing a critical role in a signal path-
way networkwith a positive feedbackmanner is a preferable target. For
example, PIP-S2 blocks SOX2 binding to all core pluripotency genes
thereby altering the global expression profile of the pluripotency net-
work and shifts them to a specific terminal cell lineage. Third, PIP di-
rectly inhibiting the DNA minor groove-binding TFs is preferred.
Because the inhibition of major groove-binding TFs through allosteric
effect is relatively less potent. The critical factor in PIP design is the
length while the short PIPs generally exert high rate of off-target bind-
ing. Also, the bioefficacy of short PIPs can be highly-cell type dependent;
however, the screening studies usingmicroarray could aid in identifying
and characterizing the hit. Inside the allowance of TF-common binding
sequence, PIP length needs to be as long as possible. Moreover, struc-
tural optimization such as T/A selective moiety, γ-turn modification,
and cyclic vs linear PIP needs to be considered.

4. Therapeutic gene regulation using designer epigenetic switches

PIPs can be engineered as a DNA binder platform to design second-
ary gene-modulating architecture. In this section, we describe the prog-
ress in producing ATFs by tethering epi-drugs (modulators of epigenetic
enzymes) to the PIP platform.

The Dervan and Ansari groups did pioneering work in the develop-
ment of PIP-based ATFs [69,70]. Utilizing PIPs as the DNA binding plat-
form, they covalently conjugated them to short peptide-based gene
activation domains, including the Gal4 activation domain, VP16,
polyproline helical peptide and Exd recruiting peptides [203]. In addi-
tion, the Uesugi group reported the conjugation of a small molecule
wrenchnolol-based gene activation domain, a Sur-2 recruiting agent,
to PIPs [204]. A hybrid generated by tethering a synthetic catalyst
DMAP-SH to PIPs could actively transfer various acyl groups to the ly-
sine residue of the proximate nucleosome [71]. These ATFs successfully
activated sequence-specific gene transcription in cell-free assays.

Those producing ATFs often overlook the essential role of epigenetic
enzymes such as histone deacetylases (HDACs), histone acetyltransfer-
ases (HATs) and Brd, which control the acetylation status of the histone
proteins and therefore, the accessibility of the DNA to the transcription
machinery (Fig. 3a). Epi-drugs are a group of promising small molecule
modulators targeting epigenetic enzymes [72,73]. Epi-drugs function by
reversing epigenetic patterns across the whole genome. However, the
lack of gene selectivity causes side effects. By tethering an epi-drug to
a DNA binder, its pharmacology is constrained to the target locus, pro-
viding a robust effect on the target gene with minimal off-target effects
(Table 2).

4.1. PIP–HDAC inhibitors

Inhibiting the “eraser” of histone acetylation at sequence-specific
sites of target genes reveals distinct gene activation patterns. Our
group reported a type of ATF termed SAHA–PIPs, in which 6-bp-binding
PIPs and suberanilohydroxamic acid (SAHA, a clinically used HDAC
inhibitor) constituted the DNA-binding and functionalmodules, respec-
tively (Fig. 3b). Our group initially confirmed that a designer SAHA–PIP
specifically triggeredhistoneH3 Lys9 acetylation in thepromoter region
of the p16 tumor suppressor gene and transformed the morphological
features of HeLa cells [30]. Because targeted histone acetylation could
be applied to reprogram somatic cells into pluripotent stem cells; it
would be interesting if SAHA–PIPs could regulate endogenous expres-
sion of Yamanaka factors, i.e., Oct4, Sox2, Klf4 and c-Myc [81]. Therefore,
we screened a library of 32 SAHA–PIPs (A toΦ) in mouse embryonic fi-
broblasts (MEFs). Quantitative RT-PCR studies showed that the SAHA–
PIPs D, E, J, O and δ could specifically induce c-Myc, Nanog, Sox2 and
Klf4, respectively. Chromatin immune precipitation (ChIP) analysis val-
idated that SAHA–PIP induced gene expression by establishing tran-
scriptionally permissive chromatin modifications in histone H3,
including the acetylation of Lys9 and Lys14 and trimethylation of Lys4
[82]. Notably, SAHA-δ at nanomolar concentrations had the potent abil-
ity to switch ON endogenous expression of Oct3/4 and Nanog by about
30-fold in mouse fibroblasts. In just 24 h, SAHA-δ overcame the
rate-limiting step of the dedifferentiation process by shifting the tran-
scriptional network from the fibroblast state to the mesenchymal–
epithelial transition state [83].

Considering the notable effect of SAHA-δ in mouse MEFs, we
screened the SAHA–PIPs library (A to Φ) in human dermal fibroblasts
(HDFs). Bioinformatic analyses of microarray data validated the re-
markable capacity of SAHA–PIPs to trigger transcriptional activation of
particular clusters of therapeutically important genes and noncoding
RNAs [74]. For example, SAHA-Kwas identified as thefirst ever reported
small molecule capable of inducing unusual transcriptional activation of
germ cell genes in human somatic cells (Fig. 3b) [84]. Interestingly, the
SAHA-K-inducedMOV10L1 and piRNA factors are essential in maintain-
ing postmeiotic genome integrity and are not expressed in somatic cells.
Similarly, SAHA-I displayed distinctive bioactivity and switched ON a
core pluripotency network including the miR-302 family [85].
Prolonged incubation with SAHA-I for 21 days generated partially
reprogrammed alkaline-phosphatase-positive cells with an induction
efficiency of 0.06%. SAHA-X triggered the transcriptional activation of
retinal cell-specific genes associated with ocular disorders including
CERKL, PAX6, RS1, USH2A, CRYBB3 and STRA6 [86], while SAHA-L was
characterized as the first ever reported multitarget small molecule
that epigenetically induced neural system and brain synapse TFs in
human foreskin fibroblasts (BJ cells) and iPS cells. It successfully differ-
entiated iPS cells into a neural progenitor state to suggest their potential
for acquiring desired neural cell types by targeting the corresponding
TFs [76].

To identify the optimal chemical architecture for enhanced
bioefficacy, the number of β-alanine linkers in the architecture of
SAHA-E was varied, and the presence of three β-alanine linkers moder-
ately increased OCT4 expression levels [87]. Alterations of the structure
of SAHA in SAHA-δ generated a new type of ATFs termed JAHA-δ, (JAHA
is a derivative of SAHA lacking its surface-recognition domain). Bioas-
says demonstrated that JAHA-δ had higher HDAC8 inhibitory activity
(~6-fold) than SAHA-δ and activated the skull morphogenesis-
governing Otx2 and Lhx1 [88]. Similarly, the incorporation of an
isophthalic acid (IPA) at the C-terminus of SAHA-δ improved its aque-
ous solubility and overcame the issue of aggregation. Bind-n-seq analy-
sis provided vital information about sequence bias and aided in the
construction of next-generation SAHA–PIPs with improved binding
specificity and bioefficacy [89,90]. Overall, these results demonstrate
that SAHA–PIPs can be tailored to improve their bioefficacy. While
targeting a specific site is a potential strategy to improve potency, it is
challenging because it is not straightforward to identify the actual target
site in the genome and clarify the mechanism of gene modulation [91].
Future studies are warranted that pay attention to the interpretation of
this “black box” by applying an operable assay system [92], in-depth
data analysis method and alternative targets with a similar mechanism
[80].



Fig. 3. (a) Schematic illustration of the key process of histone acetylation. (b) Chemical structures of SAHA-I, CTB-I, and C646-I. (c) Chemical structure of PIP–JQ1; bioluminescent images of
two representative mice harboring xenografts with six and ~310 GAA repeats after 22 h treatment. The picture is reproduced from [78]. (d) Chemical structure of PIP–Bi.
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Table 2
Biological functions of sequence-specific PIP-based Epi-drugs.

Comp. Structure Target genes Regulated gene networks Ref.

SAHA-K Germ cell genes Induce MOV10L1 and piRNA factors [74]

SAHA-I Pluripotent genes Activate SOX2, POU5F1 and miR-302 family [75]

SAHA-X Retinal genes Activate CERKL, PAX6, RS1, USH2A, CRYBB3, and STRA6 [74]

SAHA-L Neural genes Induce NESTIN, PAX6, and NGN2 [76]

CTB-I

CTB
Pluripotent genes Activate SOX2, POU5F1 and NANOG [75]

C646-I P53 targeting genes Induce SPATA18, EDA2R, MDM2, BTG2, and FDXR [77]

PIP-JQ1 FXN1 Specifically activate FXN1 in FRDA cells [78]

PIP-Bi Sequence-selective genes Sequence-specific relevant activation, such as NTS gene [79]

PIP-NCD38 Epigenome changes Region-selective alteration of epigenetic status [80]
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4.2. PIP–HAT activators and PIP–HAT inhibitors

A more direct way to activate gene(s) of interest than by blocking
the epigenetic suppressor HDACs is to create a transcriptionally permis-
sive chromatin architecture by recruiting epigenetic activators such as
HATs, “writers” of histone acetylation. However, unlike thewidely stud-
ied HDAC inhibitors, there is a considerable gap in application of knowl-
edge between HATs function and testified HAT modulators. We
substituted the SAHA in SAHA-I with a known HAT activator [N-(4-
chloro-3-trifluoromethyl-phenyl)-2-ethoxy-benzamide] (CTB) and
generated CTB–PIP I (CTB-I) (Fig. 3b). Transcriptome analysis of
SAHA-I and CTB-I-induced genes indicated that CTB-I remarkably
boosted the bioefficacy of CTB for activating a similar set of genes to
those activated by SAHA-I in HDFs. ChIP-Seq analysis revealed that the
importance of putative specific sequences in the promoter region was
that this was the location where the DNA binding domain of both
CTB-I and SAHA-I bound and triggered transcriptionally permissive
chromatin marks. This proof-of-concept study indicated that distinct
epigenetic modulators could be transformed upon conjugation with a
PIP to have the same bioactivity [75]. Integration of CTB, a designer PIP
and other functional modules on a nanoparticle resulted in a new type
of gene regulation platform termed NanoScript. A NanoScript targeting
SOX9, a master TF in chondrogenic differentiation, successfully
activated endogenous SOX9 expression (5-fold at day 7) in adipose-
derived mesenchymal stem cells and differentiated them into
chondrocytes with enhanced bioefficacy [93]. We also conjugated PIPs
with a HAT inhibitor termed C646 to construct sequence-specific HAT
inhibitors that could induce antiproliferative and apoptotic activity
with IC50 of 1.8–2.6 μM in cancer cell lines (A549 and MV4-11)
(Fig. 3b). Microarray analysis and studies in mutant cell lines revealed
that this sequence-specific HAT inhibitor operated by the initiation of
the tumor suppressor p53-dependent apoptosis pathway [77].
4.3. PIP–Brd inhibitors

As the “reader” of acetylated histones, Brd plays a pivotal role in
transcription initiation and elongation and recruiting it to a specific
gene locus has demonstrated therapeutic potential. In the recently out-
standing study, Ansari group created a sequence-specific synthetic tran-
scription elongation factor 1 (Syn-TEF1) to stimulate the transcription
elongationmachinery (Fig. 3c). PIP was flexibly tethered to the Brd4 in-
hibitor JQ1. This Syn-TEF1 (PIP–JQ1) actively enabled transcription
across the repressive GAA repeats that silence frataxin expression in
Friedreich’s ataxia (FRDA) [78]. This novel design defined a promising
therapeutic regimen for FRDA patients, a terminal neurodegenerative
disease with no effective therapy. More specifically, PIP–JQ1 (1 μM,
24 h) bound to the GAA sites in an FRDApatient-derived cell line to spe-
cifically activate FXN level (about 100-fold) and restored frataxin level
to the level observed in healthy human cells.

Syn-TEF1 works efficiently to accelerate transcription elongation
rather than transcription initiation. Recently, a bifunctional molecule
PIP–Bi, which was generated by tethering Bi (a p300/CBP-selective Brd
inhibitor) to PIPs, recruited p300 to the nucleosomes via its target
DNA sequence and markedly accelerated the site-specific acetylation
with ~30-fold enhancement in vitro (Fig. 3d) [79]. PIP–Bi also induced
endogenous expression inside living cells of those genes that have the
corresponding cognate DNA sequence. Further works should give direct
evidence of transcription initiation by promoter-binding assisted and
sequence-specific manner.

4.4. Biomolecule-based ATFs

Until now, it has not been straightforward to use the current PIP-
based ATFs and deliberately modulate gene expression in a sequence-
specific and target-specific manner. Recently, substantial results with
biomolecule-based DNA binding platforms such as dCas9 [94], TALEs
[95] and ZNF [96] demonstrated the feasibility of specifically modulat-
ing the expression of a target gene and an exclusive set of genes [97].
For example, simple binding of dCas9 in the specific coding region
blocked RNAP-mediated elongation to cause a significant decrease in
downstream gene expression [98]. Fusion protein dCas9–core p300 cat-
alyzed acetylation of histone H3K27 at its gene locus, leading to robust
transcriptional activation of target genes with a ~10,000-fold induction
[99]. By targeting a predesigned OCT4 enhancer, TALE–VP64 induced
epigenetic changes, reactivated OCT4 expression and substituted for ex-
ogenous OCT4 in reprogramming MEFs to induced pluripotent stem
cells [100]. Similarly, binding of a single dCas9–Suntag–VP64 system
at the SOX2 promoter produced iPS cells in the absence of the conven-
tional four Yamanaka factors [94]. However, the clinical utility of the
generated cells was hampered because of barriers including the large
molecular size of the complex, the requirement for transfection, and
the involvement of genetic materials. Nevertheless, the success of
these biomolecule-based tools offers a blueprint for future design and
optimization of PIP-based ATFs. Significantly,with substantial optimiza-
tions in PIP binding specificity, the PIP-based ATFs could minimize the
existing off-target issues of the protein-targeting epi-drugs and improve
their bioactivity. PIP-based ATFs could be a promising strategy for
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selective and robust epigenetic regulation of gene networks and aid in
treating complex incurable disorders like neurodegenerative diseases
and cancers.

5. Alkylating PIPs for gene regulation

After the cornerstone human genome project and subsequent clari-
fication of abnormal DNA sequences as potential drug targets in termi-
nal diseases, chemists turned their interest to sequence-specific DNA
alkylators targeting longer and more accurate DNA targeting sites.
Since our reports two decades ago on describing PIP–duocarmycin
(Duo) hybrids [31,101], substantial PIP–alkylator researches have
led to the improvements in the precision of this concept. Currently,
Fig. 4. (a) Chemical structures of four alkylatingmoieties (in square box, alkylating coremodule
structure of 1R-Chl and representative images of 1R-Chl, 1S-Chl and PBS treated animal with K5
after treatment with FITC-Chb-M′ in MKN45-transplanted mice (GFP shows tumor sites). Thes
PIP-alkylating hybrids targeting protein coding regions are progressing
toward preclinical research because they can cause specific
silencing of oncogenes at nanomolar concentrations [102–104]. Four
alkylating agents have been proposed for conjugation with DNA
binders, including Duo, Chlorambucil (Chb), seco-1-chloromethyl-5-hy-
droxy-1,2-dihydro-3H-benz[e]indole (CBI) and α-bromoacrylamide
(Fig. 4a). Here, we detail three critical issues associated with the re-
quirements of PIP–alkylator hybrids.

First, although PIPs function adequately to regulate gene expression
by blocking DNA binding of natural TFs [2], some barriers impede the
broad application of conventional PIPs. The major barrier is that minor
groove-binding PIPs are far less competent to interfere with the elonga-
tion function of RNAP in the coding region andwith DNA polymerase in
s highlighted in red). (b) Chemical structures of Tallimustine and Brostallicin. (c) Chemical
62 xenograph. (d) Chemical structure of Chb-M′; Live biofluorescence images at 48 hours
e pictures are reproduced from [118] and [104], respectively.
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DNA replication [59,105]. By supplementing the PIPs with a DNA-
alkylating moiety to produce bifunctional PIP conjugates that attach ir-
reversibly to the DNA minor groove in the coding region could inhibit
polymerase-mediated elongation [106–108].

A secondkey question to consider is the influence of PIPs on the level
of alkylation activity, the alkylation efficacy of themonomeric alkylators
and whether the conjugates offer a therapeutic advantage over mono-
meric alkylators. For example, PIP–Chb hybrids exhibit greater
alkylating activity and more potent antitumor activity than monomeric
Chb, with their IC50 decreased from millimolar to micromolar or
nanomolar levels [109]. However, monomeric CPI produces extremely
high alkylation activity in both cancer and normal cells at picomolar
concentrations [110]. The clinical use ofmonomeric alkylators is limited
by their narrow therapeutic windowand their conjugationwith PIPs re-
sulted in a considerable reduction in their cytotoxicity for normal mam-
malian cells (~3 orders of magnitude). This suggested that the
conjugates have the potential to overcome the toxicity barrier of mono-
meric alkylators in clinical applications [110].

Finally, PIP is the core component responsible for sequence specific-
ity, and its length and sequence determine the biological targets and
functions. Conventional DNA alkylating agents remain among the
most common drugs used clinically for cancer treatment. However,
they alkylate DNA sitesmethodically and cannot discriminate abnormal
from normal cells, which causes severe toxicity [111]. At the early stage
of the study of DNA binder–alkylator conjugates, tallimustine (a
tripyrrole–Chb hybrid) [112] and brostallincin (a tetrapyrrole-α-
bromoacrylamide conjugate) [113] showed potent anticancer activity
and reached phase II clinical trial (Fig. 4b) [114,115]. However, the pri-
ority of these two studieswas to identify a superior alkylating agent and
the DNA binding length and sequence were not examined in detail.
More specifically, such hybrids with a short DNA recognition sequence
and imprecise DNA binding rules have limited capacity to discriminate
between cancer and normal cells [116,117]. Currently, the strategy of
producing hairpin PIP–alkylator hybrids has been demonstrated to be
a promising tool to tackle this performance issue by endowing the hy-
brids with higher sequence selectivity, precise DNA binding rules and
higher binding affinity [104,118,119]. Therefore, the design of the
length and sequence of DNA binders should be considered thoroughly
for fulfilling this specific research target.

5.1. PIP–Chb hybrids

Chb and CBI are the two most widely applied alkylators for generat-
ing sequence-specific alkylators [109,116,120]. Studies of their
alkylatingmechanism have shown that hairpin PIP–Chb conjugates op-
erate through sequence-specific alkylation of adenine at N3 in the DNA
minor groove and cause interstrand crosslinks (ICL) through their two
reactive arms [121]. PIP–Chb covalently binds to both DNA strands
and prevents their separation, thereby affecting the vital processes of
polymerase-mediated elongation in replication and transcription.
Moreover, PIP–Chb conjugates improve DNA alkylation efficiency
more than 100-fold compared with that of Chb, suggesting the impor-
tance of the efficient and more rapid delivery of Chb alkylating groups
to DNA-reactive sites by PIPs [109].

5.1.1. 1R-Chl
The Dervan group did substantial work in the characterization, iden-

tification and optimization of hairpin PIP–Chb hybrids. For example,
after intensive structure-activity optimization of the turn unit in the
hairpin PIPs structure, they concluded that Chb substitution at the site
of the (R)-α-DABA turn displayed moderate binding affinity and en-
hanced alkylation specificity with a preference toward a forward hair-
pin binding conformation under in vitro conditions and a cell culture
model [122,123]. In a screening of their small library of PIP–Chb hybrids,
Dervan and colleagues singled out an interesting compound, 1R–Chl
(Fig. 4c). 1R–Chl, which recognizes 5′-WGGWGW-3′ (where W = A
or T), caused cells to arrest in the G2/M stage of the cell cycle without
apparent cytotoxicity in several normal cell lines (0.5 μM for 4 days)
and shown efficacy in preventing tumor growth in severalmouse xeno-
graft models (Fig. 4c) [124]. Subsequent studies demonstrated that
1R–Chl alkylated target dsDNA efficiently within the coding region of
several histone H4 gene families, in which it was more significant in a
cancer cell line to a greater extent than in a cell line of noncancerous or-
igin [118]. More specifically, their differential effect on the chromatin
status, histone acetylation and expression of H4 genes in cancerous
and noncancerous cell lines demonstrated the potential of the applica-
tion of 1R–Chl [103].

5.1.2. PIP–Chb library construction
Screening a PIP-Chb library is a simple approach to identifying the

drugs with the highest potential when there is a specific disease pheno-
type, a convenient screening method and a clear experimental end-
point. Especially, screening a PIP–Chb library on a plate are expected
to be rapid and reliable, but because of its short DNA recognition length,
we recognize that it is challenging to clarify the details of the site of al-
kylation and elucidate a functionalmechanism.However, because of the
accumulative evidences that these compounds have meaningful thera-
peutic values, these issues are gradually being addressed with the help
of various analytical techniques and “omics” tools.

Encouraged by the results from 1R–Chl and the success in identify-
ing hits from screening PIP–SAHA library, our group started to construct
an in-house library of PIP–Chb hybrids in which Chb is covalently at-
tached at the N-terminal of the PIPs instead of at the α-DABA turn.
This change enhanced the alkylating activitywith a slight decrease in al-
kylation specificity, improved the efficiency of synthesis and avoided
potential conformational complexity [125]. The PIP part recognizes an
8-bp DNA sequence, and the library includes a total of 81 PIPs in every
possible combination to cover all possible DNA sequences. The PIP–
Chb hybrids in this library are small, with an average molecular weight
of 1500 Da, and can be efficiently incorporated into cells without the as-
sistance of a transfection reagent. After the construction of the library,
our lab prepared precoated 96-well plates to accelerate the screening
efficiency. This combinatorial approach to screening the PIP–Chb library
for diverse biological purposes is underway and is expected to acceler-
ate the identification of potential drugs.

5.1.3. Chb–M′
While screening our PIP–HDAC inhibitor library, our laboratory

identified that SAHA-M enhanced RUNX expression. Runt-related tran-
scription factor 1 (RUNX1) known as acute myeloid leukemia 1 protein
(AML1) is a master transcription factor essential for the differentiation
of hematopoietic stem cells. A growing body of evidence suggests that
it has pro-oncogenic properties in AML through a RUNX1–p53–core
binding factor-β regulatory loop [126]. Such resultsmotivated us to sub-
stitute the gene activator with an alkylator. In an in vitro assay, Chb–M′
was shown to specifically alkylate A/G of the predesigned consensus
RUNX-binding sequence (5′-TGTGGT-3′) (Fig. 4d).

Based on this, we hypothesized that Chb–M′ efficiently blocked
RUNX1 target gene expression, and induced the p53-dependent apo-
ptotic pathway. By switching OFF the RUNX cluster, Chb–M′ functioned
effectively in AML cell lines at the nanomolar level and against several
solid tumors with poor prognosis in a xenograft mouse model of AML,
without causing any notable adverse events to the concentration of 10
μM [104]. Consistent with these results, the RUNX1 depletion-
mediated antileukemic effect required functional p53, and Chb–M′
lacked growth-suppressive capacity against cancer cells where p53
was mutated or downregulated. The results for cellular uptake and tis-
sue distribution further highlight the bioefficacy of Chb–M′. When fluo-
rescein isothiocyanate-labeled Chb–M′was administered intravenously
in vivo, it accumulated at much higher concentrations in tumor
cells than in normal tissue cells, potentially creating a therapeutic win-
dow and minimizing the side effects (Fig. 4d). Subsequent studies
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demonstrated the mechanism of RUNX-mediated inhibition of the en-
graftment of AML cells: through downregulating E-selectin expression
in the vascular niche, Chb–M′ inhibited the engraftment of AML cells
in the bone marrow, extending the overall survival of leukemic mice
[127].

The antitumor mechanism of Chb–M′ has also been studied in other
cancer cell lines, including gastric cancer [128], malignant rhabdoid
tumor, acute lymphoblastic leukemia and neuroblastoma, in which
the RUNX family plays a pivotal role in tumor survival. For example, in
gastric cancer, the ErbB2/HER2 signaling pathway is frequently upregu-
lated and is associated with the maintenance of the cancers, partly
through the son of sevenless (SOS) homolog family. RUNX1 interacts
with the RUNX1-binding sequence located in the SOS1 promoter and
positively regulates its gene expression. Chb–M′, in a similar way as
the RUNX1 knockdown, led to the decreased expression of SOS1 andde-
phosphorylation of ErbB2/HER2, which in turn suppressed the prolifer-
ation of gastric cancer cells [128].

5.2. PIP–CBI hybrids

The class of cyclopropylindole (CPI) alkylating agents include natu-
ral products ((+)-CC-1065, Duo and Duo-SA) and synthetic derivatives
(CI, CBI, CBQ and CPI). To date, CBI has been the most widely studied
alkylating agent tethered to PIPs, because it is conveniently synthesized
and has enhanced activity. PIP–CBI conjugates predominantly alkylate
adenine at N3, causing RNAP blockade, DNA damage and inhibition of
replication. The PIP–CBI conjugate is much less cytotoxic (~3-order of
magnitude) to mammalian cells than its parent. High-throughput se-
quencing identified the intact and natural binding sequence preference
in a large DNA pool. The results show significant sequence-specific DNA
alkylation by PIP–CBI conjugates corresponding to the proposed DNA
binding rule, and their targetingpattern is similar in both a full sequence
of free DNA and a chromatin-complexed genome [129]. Microarray
analysis has been applied to study gene regulatory patterns across the
whole genome. Based on screening of a small library of PIP–CBI conju-
gates, we identified that upregulated and commonly downregulated
genes shared by different PIPs typically reflect genes involved in apo-
ptosis, growth arrest and DNA damage. The antitumor activity of PIP–
CBI conjugates is attributable to p53-dependent antitumor effects [130].

5.2.1. PIP–CBI hybrids targeting KRAS mutant locus
When targeting gene mutations, a PIP-based alkylating system can

be preferable to a gene-editing methodology because its effects can be
reversed by withdrawing the compound. The capability of Crispr-cas9
to edit mutant oncogenes is attractive, but the off-target effects carry a
high risk and may cause irreversible damage to the human genome.
KR12, a PIP–CBI conjugate, selectively recognized oncogenic mutations
in codon 12 of KRAS (Fig. 5a, b). Around 90% of pancreatic cancers and
50% of colorectal cancers contain a KRAS mutation in codon 12 or 13,
which results in dysfunction of the downstream MAPK pathway
[131,132]. In a thermally induced strand cleavage assay, KR12 was
shown to bind the KRAS mutation sequence 5′-ACGCCAWCA-3′ (W =
A/T, T for G12D and A for G12V)with exceptionally high affinity and se-
lectivity (10–15-fold). Bind-n-Seq enabled high-throughput sequencing
of PIP binding sites in a pool of DNA sequences and the results revealed
that hit-binding sequences matched KRAS mutation sequences with
high enrichment (89-fold and 69-fold for G12D and G12V, respectively)
[133]. KR12 causes strand cleavage and growth suppression in the
human colon cancer cells with G12D or G12V mutations at the concen-
tration of 50 nM for 48 h, thus inducing senescence and apoptosis.
Moreover, the treatment significantly downregulated expression of
total KRAS and the mutated KRAS allele but had no effect in cell lines
with wild-type KRAS. In xenograft models inmice, KR12 induced signif-
icant tumor growth suppression of LS180 cells (heterozygous G12D/
WT) and SW480 cells (homozygous G12V), but not in the wild-type
tumor HT19 (Fig. 5b) [119].
Similarly, specific targeting of the KRAS codon 13 mutation was
also achieved with PIP–CBI conjugates (Fig. 5a). The designed
conjugate showed potent specific alkylation activity for the codon 13
mutation containing the 5′-ACGTCACCA-3′ sequence, with a KD of 2.2
× 10–7 M–1 [134]. The current PIP-alkylator approach could also be ap-
plied to other mutations driving oncogenesis in human tumors. More-
over, such agents targeting a specific mutation might be a promising
approach to overcome drug resistance and side effects in cancer treat-
ments [132].

5.2.2. Other applications
The conjugation of two CBI moieties to PIPs, termed PIP–(S)-biCBI

conjugates, also allowed the efficient formation of ICL complexes with
high DNA sequence selectivity and high reactivity (Fig. 5c). A higher
alkylating potency of PIP–(S)-biCBI conjugates (~80-fold) than the cor-
responding (R)-form was observed, which can be explained by compu-
tational analysis showing that cyclopropane in the (S)-form displays
proximity and a favorable steric angle to the N3 of adenine [135]. Sec-
ondly, photolabile groupswere shown to be a usefulmonitoring system
to protect reactive functional groups in drug delivery systems (Fig. 5d)
[136]. After protecting a PIP–CBI conjugate with an electron-rich
nitrobenzyl group as a photocleavable group, it was activated by UV ir-
radiation for 5 min at 365 nm both in vitro and in a cell-based assay
[137]. Sequence-specific alkylating PIPs containing photolabile linkers
offer a useful approach for developing novel chemical- or enzyme-
activated anticancer agents and may facilitate the spatiotemporal con-
trol of gene expression. In other applications, PIP–CBI hybrids were
demonstrated to penetrate virions efficiently, and such agents would
be advantageous compared with conventional CPI drugs because they
are expected to possess stronger antiviral activity. PIP–CBI hybrids also
show significantly lower cytotoxicity toward uninfected cells than mo-
nomeric CPI and therefore provide a possible therapeutic advantage for
treating virus infections [138].

5.3. Targeting tandem repeat sequences with PIP–Chb and PIP–CBI hybrids

The telomere, a 5′-TTAGG-3′ repeat at the chromosome terminal,
functions as a protective cap for the chromosome, and its length is a crit-
ical indicator of aging and tumorigenesis [139]. Two short hairpin PIP–
CBI conjugates were shown to specifically alkylate the 3′-A of 5′-ACCC
TA-3′ and 5′-AGGGTTA-3′ (5-bp and 7-bp respectively) and displayed
potent antiproliferative activity in 39 cancer cell lines with average
IC50 values of 110.0 nM and 57.5 nM respectively (Fig. 5e) [140]. Inter-
estingly, in the presence of cooperative binding motifs, heterotrimeric
PIP–CBI and PIP–Chb conjugates recognized 10- and 11-bp, respectively,
in telomere repeats and triggered cooperative alkylation [141,142].
Despite the complexity of their synthesis, PIP–CBI conjugates
encompassing tandem hairpin motifs showed higher alkylating efficacy
and better affinity toward the 5′-TTAGG-3′ repeat sequence in the telo-
mere regions.

Trinucleotide repeat sequences exist widely in genomic DNA, and
the expansion of these repeat sequences often causes neurological dis-
orders involving mechanisms of endogenous protein sequestration
and abnormal protein aggregation with a poly Gly/Ala tail [143]. For ex-
ample, the expansion of CAG/CTG trinucleotide repeats (from 36 to
N100 repeats) within the first exon of the Huntingtin gene responsible
for Huntington disease yields a full-length protein harboring expanded
polyglutamine tracts, inwhich gain of function leads to the selective dis-
ruption of neuronal protein function. The dysexpansion of CTG within
the 3′-UTR region of the DMPK gene generates CUG tracts to sequester
MBNL protein, which is responsible for myotonic dystrophy type 1
(DM1) [144]. The strategy of PIP–alkylating hybrids could be applied
to target these DNA repeat sequences to downregulate abnormal gene
expression. A hairpin PIP–Chb conjugate with an 11-bp recognition se-
quence demonstrated sequence-specific alkylation of both DNA strands
at the N3 of adenine or guanine in CAG/CTG repeats, causing specific



Fig. 5. (a) Schematic illustration of PIP–CBI hybrids targeting KRAS mutants. (b) Chemical structure of KR12; Mice images of SW480 xenograft with KR12 treatment. The picture is
reproduced from [119]. (c) Chemical structure of PIP-(S)-biCBI and schematic representation of ICL formation. (d) Photo-controllable sequence-specific DNA alkylation with PIP–CBI
conjugates. (e) Schematic representation of PIP–alkylator hybrids targeting telomere and CAG repeat sequence respectively.

77Z. Yu et al. / Advanced Drug Delivery Reviews 147 (2019) 66–85
DNA damage and transcriptional inhibition at the alkylating sites
(Fig. 5e) [107]. Further biological evaluation in neural cells and mouse
models is underway and is expected to validate their therapeutic
usefulness.

6. Cooperative DNA binders for gene regulation

6.1. Covalent conjugates

In the steady progress in achieving higher DNA binding affinity and
specificity, the covalent linkage of PIPs with other DNA binders such
as small molecule DNA binders, DNA binding peptides, nucleic acid an-
alogues and noncanonical DNA binders, has been extensively explored
in an effort to target longer DNA sequences (Fig. 6a).

Small-molecule DNA binding analogues of Hoechst (Ht), a fluores-
cent dye for DNA, exhibit strong selectivity against A- and T-rich DNA
sequences in the DNA minor groove. PIPs supplemented with Ht (PIP–
Ht) recognized longer DNA sequences, had enhanced cellular perme-
ability and exhibited appropriate fluorescence properties for easy detec-
tion of cellular localization [145]. Linear Py trimer–Ht conjugates bound
dsDNAby forming a 1:1 complexwith a recognition length of up to 9-bp
[146]. Hairpin PIP–Ht conjugates targeting the Plk1 promoter



Fig. 6. (a) Schematic illustration of covalent conjugates-based DNA bindingmodes. (a1) PIP–Ht conjugates targeting PLK1promoter. (a2 and a3) PIP–peptide conjugates binding both DNA
minor andmajor grooves simultaneously. (a4) PIP–PNA conjugates. (a5) PIP–G4binder hybrids bindingG-quadruplex (G4) and its proximal dsDNA simultaneously. (a6)G4 induction by a
hybrid PIPs binding two adjacent dsDNA sites. (b)Noncovalent cooperativeDNAbindingmodes. (b1) Schematic illustration ofDNAbindingwithDNAminor groovebinders supplemented
with metal ion-ligand interaction. Host-guest interaction assisted cooperative DNA binding with DNA binding peptides (b2), PIP–peptide conjugates (b3), and PIPs-based Pip–HoGu
system (b4). (b5) Schematic illustration of Pip–NaCo system.
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specifically downregulated cell cycle-regulated Plk1 expression and
consequently retarded tumor cell growth at the concentration of 10
μM for 48 h treatment, while leaving non-cancerous cells undamaged
(Fig. 6a1). In vivo studies of human cancer xenografts in mice showed
that subcutaneous injection of PIP–Ht conjugates led to significant
tumor growth suppressionwith low host toxicity and 50% to 70% reduc-
tion in Plk1 expression [147]. Recently, PIP–Ht conjugateswere success-
fully applied to suppress Epstein−Barr virus (EBV) replication. By
eradicating the EBV episome in EBV-positive cells, the compound selec-
tively inhibited EBV-positive cell proliferation and slowed down EBV-
positive tumor growth [148]. PIP–Ht conjugates currently represent
one of the candidates for DNA-based targeted therapeutics. Meanwhile,
the meticulous in vitro and in vivo studies of their target specificity and
potential cytotoxicity are warranted to substantiate their therapeutic
value.

Although DNA minor groove-binding PIPs can potently disrupt
major groove TF binding through allosteric changes to DNA, DNA
binders capable of synergistically contacting both minor and major
groovesmight have additional benefits for intervening TF–DNA interac-
tions [145]. The simple introduction of a protonated substituent of N-
propylamine at the PIP backbone affords an electrostatic interaction
with the DNA phosphodiester linkages at the interface between minor
andmajor grooves, resulting in an augmentation of three orders ofmag-
nitude in the inhibitory activity of major groove TF–DNA interactions
[145,149,150]. Mascarenas’ group reported PIP–DNA binding peptide
conjugates, where distamycinwas covalently linked to the DNA binding
domains of TFs GCN4 and GAGA (Fig. 6a2, 3). Such conjugates simulta-
neously binding to DNA major and minor grooves exhibited consider-
ably higher affinity for their designated target DNA sequence than that
their respective peptide parts (~60-fold) [151,152]. Oligonucleotide-
directed triple helix formation is well-established as a nonbiological
approached for sequence-specific DNA recognition andwasfirst utilized
to enhance PIP binding affinity, recognition length and sequence
specificity [153]. Peptide nucleic acid (PNA) is a well-characterized
DNA binder that has high binding affinity through the formation
of triplex or double-strand intercalations. In the presence of a
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pseudocomplementary (pcPNA) strand, covalent PNA–PIP conjugates
(at the concentration of 0.5 μM) were shown to bind and cleave DNA
by a process inwhich PNA bound to DNA through double-duplex strand
intercalation (Fig. 6a4). The binding affinity and cleavage efficiency de-
creased in the absence of a pcPNA strand or truncated conjugates lack-
ing PNA or PIP moieties [154]. However, several key issues, such as
chemical synthesis, cellular uptake and biological stability need to be
addressed before preclinical studies and their application in cells and
in vivo.

Recently, PIP-based covalent hybridswere successfully applied to in-
duction and stabilization of DNA G-quadruplex (G4). G4 is a noncanon-
ical nucleic acid secondary structure adopted by guanine-rich
sequences, and is believed to regulate various biological and pharmaco-
logical processes [155]. Despite the accumulative reports of G4 ligands,
the target specificity of an individual G4 is challenging because of the to-
pological similarity of the skeleton of diverse G4s [156]. By utilizing a
specific sequence of adjacent duplex DNA, a covalent hybrid molecule
generated by tethering cIKP (a G4 binder) to PIP enabled concerted rec-
ognition of G4 and its proximal duplex (Fig. 6a5). The synergistic effect
of each binding component resulted in higher binding affinity andmod-
est sequence specificity for the c-mycpromoter [157]. In a parallel study,
instead of directly binding G4, an alternative strategy by targeting two
local adjacent dsDNA sequences further increased the recognition spec-
ificity of the individual G4 in the larger context. A covalent PIP dimer
with appropriate linker was demonstrated to have a potent ability to
draw the two dsDNAs closer and trigger the conformational collapse
of the central G-rich duplex DNA followed by G4 formation with an ef-
ficiency of ~31% at the concentration of 1 μM(Fig. 6a6) [158]. As a proof-
of-concept, the results highlighted that PIP dimers could be applied to
induce G4 structures in native sequences and validated the strategy of
using PIP dimers to cause changes in higher-level DNA structures. Al-
though further refinement of the design is necessary to obtain higher
potency and specificity, these two strategies established by our group
provide an opportunity to control the biological role of individual G4s
at specific genome locations. Further studies on validating the func-
tional potency in living cells could substantiate their clinical potential
in altering the G4-related cancer genes, such as c-MYC, RAS, BCL-2 and
KIT.

6.2. Cooperative interaction domain (CID)

In prokaryotes, separate binding of individual TFs and recognition of
short DNA motifs are sufficient to define the specific function and pre-
cise regulation of gene(s). In higher organisms with larger genomes,
however, the recognition sequences of individual TFs are too short to
define unique genomic expression patterns. Therefore, TFs prefer to op-
erate cooperatively, allowing both definition of unique genomic posi-
tions in large genomes, and complex information processing at the
level of individual regulatory elements [159].

6.2.1. Natural TF pair systems
The observation that TF binding occurs in dense clusters in higher or-

ganisms suggests that most TFs coordinate widespread cooperative in-
teractions. Indeed, among 1000 commonly expressed TFs in mammal
cells, 50–70% of them work cooperatively through direct or indirect
TF–TF interactions, which allow specific manipulation of downstream
gene expression [159]. Moreover, substantial studies have established
that, in addition to classic TF–TF structural interactions, DNA-
facilitated TF–TF cooperation and DNA-mediated TF cooperation are
equally prominent [160].

To mimic or synergistically inhibit the TF pair–DNA interaction,
three major points must be considered. First, the TF pair–DNA interac-
tion contains two TF-binding sites in which the binding sequences are
predetermined. However, gap sequences are not conserved, making
the conventional strategy of covalent conjugation of two individual
PIPs ineffective for targeting a TF pair [161]. Second, the gap distances
are flexible and usually vary from –1 to 5 bp [159]. Lastly, the most im-
portant point to consider concerns the use of two separate short PIPs for
targeting the two binding sites. However, it is now known that if a TF
pair partner is displaced, the TFs might generate divergent biological
functions. For example, the SOX2–OCT4 pair functions to maintain plu-
ripotent gene circuits in stem cells. However, when SOX2 changes its
partner to PAX6, they are functionally responsible for lens development
[162,163].

Therefore, to manipulate spatiotemporal gene expression in high
resolution, conventional PIP design through a covalent linker could
not achieve the purpose of intervening in TFpair–DNA interactions, sug-
gesting the demand of new strategies. Several reported cooperative sys-
tems might be helpful in this context, including host-guest systems,
nucleic acid analogues and others (Fig. 6b) [164–167].

6.2.2. Metal ion–ligand interaction systems
The complexing ability of metal ion–ligand interactions could be an

approch to achieve noncovalent, cooperative DNA binding. Schepartz’s
group first reported Fe2+-assisted peptide–DNA binding affinity and
orientation by finely controlling the peptide conjugation site [168]. Sim-
ilarly, Ihara’s group reported that theCu2+-mediated L-glutamic acid in-
teraction significantly stabilized polypurine and polypyridine triplex
DNA formation with an almost 165-fold increase in binding affinity
[169]. Sasaki’s group applied Cu2+-bipyridine complexes with a small
molecule DNA binder system and demonstrated their efficacy in the di-
meric binder and multimeric formats (Fig. 6b1) [170,171]. Recently,
multivalent interactions of Mg2+-assisted chromomycin A3 were
shown to potently protect DNA from endonuclease cleavage upon the
formation of multiple binding complexes at the concentration of
10–50 μM [172]. These studies have not yet progressed to cellular appli-
cations. Future studies on a cooperative PIP system assisted by metal
ion–ligand interactions need to consider taking advantage of the natural
abundance ofmetal ions (such as K+ andMg2+) in the nucleus and cell-
specific metal ions (such as Ca2+ and Fe2+) to maximize cumulative
cooperativity via multivalent interactions.

6.2.3. Host–guest systems
Host-guest systems (e.g., cyclodextrin (Cyd), cucurbit[n]uril, and

carcerands with respective guests) have been widely applied in vitro
and in cell-based systems [164,173]. Among these host–guest systems,
Cyd–adamantane (Ada) has been extensively studied [174,175]. By re-
placing a leucine-zipper dimerization domain with Cyd/Ada, Morii’s
group designed an artificial system in which the cooperative Cyd–Ada
interaction strongly stabilized the interaction of DNA with the DNA
binding peptide of GCN4 homodimer (Fig. 6b2) [176,177]. Mascarenas’
group generated DNA binding peptide–distamycin conjugates by
noncovalently binding Cyd–Ada modules, which represents a step for-
ward in the development of smaller, selective and ligand-responsive
systems (Fig. 6b3) [178].

Recently, we reported the development of PIPs conjugated to Host-
Guest assemblies, termed Pip–HoGu, which mimic the cooperation be-
tween natural TF pairs (Fig. 6b4) [179]. By incorporating Cyd and Ada
separately, Ada1 (PIP1–Ada) and Cyd1 (PIP2–Cyd) were designed and
synthesized. The results consistently demonstrated that the Pip–HoGu
system formed stable, noncovalent, cooperative complexes, thereby
meeting the critical criteria to mimic a natural TF pair. The chemical ar-
chitecture also encompassed a longer recognition sequence (two PIP-
binding intervals with gap distance), favorable sequence selectivity,
higher binding affinity and importantly, a flexible gap distance. For ex-
ample, they showed thermal stability of 7.2 °C and a minimum free en-
ergy of interaction of−2.32 kcal·mol–1with a targeting length of 14-bp.
Significantly, cell-based evaluation validated the capacity of Pip–HoGu
to exhibit potent cooperative inhibitory effects on gene expression
under physiological conditions by disrupting TF pair–DNA function
[43]. It is conceivable that the modular design of Pip–HoGu could
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serve as a proof-of-concept and define a general framework formimick-
ing naturally occurring cooperative TF pair–DNA interactions.

Future studies could define the nature of several features that may
underline the efficacy of the Pip–HoGu system. For example, the system
is not practical for spacing sequences N5 nucleotides and there is a need
for another host–guest system with higher interacting ability to over-
come this limitation. In addition, the cooperative binding energy of
the host-guest system could not be finely tuned independently. Essen-
tially, the interactions between host-guest moieties are electrostatic
and hydrophobic, rather than residue specific [180].

6.2.4. Nucleic acid-based systems
Unlike the host-guest system, the interaction between nucleic

acids is sequence specific and can be finely modulated. The addition
of discrete dimerization domains enhanced the cooperativity of
oligonucleotide-directed triple helix formation. Devan’s group were
the first to report the binding properties of oligonucleotides that cause
dimerization via Watson–Crick hydrogen bonds and bind neighboring
sites on double-helical DNA by triple helix formation [181]. An
outward-facing 8-mer dimerization domain can enhance binding to
11-bp and neighboring 15-bp triplex strands with cooperative energy
of binding of –2.3 kcal∙mol–1, and the overall binding affinity increased
by 10–15-fold in the presence of a partner strand [181,182]. Similarly,
Winssinger’s group reported PNA-based templated reactions, which
proved to have higher efficiency because the PNA duplex has higher
binding affinity than natural nucleic acids [183].

In addition to the importance of sequence-specific interactions,
nucleic acid-based CIDs should avoid interference with natural DNA
and RNA, i.e., have bio-orthogonality. More specifically, the recognition
partner of a CID must be limited to binding its corresponding artificial
nucleic acids, but not interact with endogenous natural nucleic acids.
Recently, our group expanded the cooperation partners to include left-
handed (LH) γPNA, i.e., PIPs conjugatedwith a nucleic acid-based coop-
eration system (Pip–NaCo) (Fig. 6b5) [184]. The γPNA duplex is parallel
to dsDNA. LH γPNAwas chosen because of its bio-orthogonality, and its
high binding affinity and sequence specificity for the partner strand
[185]. The cooperativity of its concerted DNA recognition is highly com-
parable to that of the natural system, with a minimum energetics of co-
operation of –3.26 kcal mol–1 [184]. Moreover, the vertical binding
mode, inwhichγPNAduplex is vertical to dsDNA, demonstrated further
enhancement of cooperativity. Furthermore, by changing the linker
conjugation site, bindingmode, and γPNA sequence and length, the co-
operative energetics of Pip–NaCo can be tuned independently and ratio-
nally. The current orthogonal Pip–NaCo platform has the potential to
provide triple to multiple heterobinding systems to target further com-
plicated natural TF cluster networks.

Taken together with metal ion-assisted- and Pip-HoGu cooperative
system, those cooperative DNA binding systems provide novel ap-
proaches in regenerativemedicine to preciselymanipulate gene expres-
sion machinery of biological processes in stem cell research and neuron
differentiation.

7. Other applications

PIP-based DNAbinding domain systemhas beenwidely explored for
various applications, and several excellent reviews have summarized
them [186,187]. Here, we highlight two emerging research fields in-
cluding DNA visualization probes and mitochondrial targeting PIPs,
which may have the therapeutic potential for clinical applications in
the future.

7.1. In vitro visualization of specific DNA sequences

In addition to their therapeutic potential, PIPs could also be pro-
grammed to be harnessed as bioimaging probes. By conjugatingfluores-
cent molecules to PIPs, it is possible to label DNA in a sequence-specific
manner. TAMRA–polypyrrole, reported in 2018, is a compound de-
signed to label A/T-rich sequences in DNA (Fig. 7a) [188]. The advantage
of TAMRA–polypyrrole is that there is no fluorophore-mediated
photocleavage and no structural deformation, which can be a problem
with YOYO-1, because TAMRA–polypyrrole does not intercalate into
DNA. Furthermore, while popular DNA staining reagents such as 4′,6-
diamidino-2-phenylindole (DAPI) and Hoechst need ultraviolet light
to be excited, TAMRA–polypyrrole is excited at a longer wavelength
(~550 nm), which reduces damage to DNA during observation. When
extended DNA fragments fixed to the nanochannel surface of a flow
cell in flowing buffer were stained with TAMRA–polypyrrole, each frag-
ment showed a specific stainingpattern dependingon its A/T frequency.
By comparing this staining patternwith an in silicomap generated from
the original DNA sequence, it is possible to identify the position of each
fragment in the whole genome. This gives a simple method to deter-
mine the sequence of DNA fragments using only microscopic observa-
tion when the sequence of the original DNA is available.

7.2. Tandem-type PIPs for telomere visualization

PIP-based fluorescent probes can also be applied to the visualization
of specific DNA sequences in cells. Fluorescence in situ hybridization
(FISH) is one method to achieve DNA sequence visualization using oli-
gonucleotide probes, but this technique requires harsh conditions to de-
nature the dsDNA and anneal the probes to their target sequence [189].
Because PIPs can bind to DNAwithout denaturing its structure, DNA can
be labeled with PIPs under mild conditions.

Telomeres are located at the ends of chromosomes and play an es-
sential role in the stability of the chromosome and DNA replication.
Human telomeres have repetitive sequences of 5′-(TTAGGG)n-3′ and
contain a duplex region and a single-stranded 3′ overhang. To target
the repetitive sequence, short PIP units that recognize one repeat
sequence can be used to develop tandem-type PIPs to recognize longer
sequences. The production offluorescent-labeled tandem-type PIPs that
contain two, three and four PIP units targeting telomeres have been re-
ported [23,190–192]. Of these, a tandem tetramer that can recognize
24-bp within the telomere repeat sequence showed the best signal-to-
noise ratios in fluorescence imaging of telomeric foci at the concentra-
tion of 75 nM (Fig. 7b) [23]. Hence, a longer recognition sequence may
bestow better selectivity for the target sequence. These PIP probes can
stain telomeres in fixed cells and tissue sections after a simple incuba-
tion at room temperature, and there is no need to introduce foreign
DNA to express a fusion protein to label telomeres [193]. Future work
could explore live cell imaging to study chromosomal dynamics using
cell-uptake reagents or covalently incorporating cell-penetrating tags.

7.3. PIPs targeting mitochondrial DNA

Mitochondria possess their own DNA (mtDNA), and some of the
mutations in mtDNA are known to cause mitochondrial diseases [194].
A promising approach to treat these diseases is to use PIPs, because
PIPs can control transcription or replication based on DNA sequence.
However, default accumulation of PIPs in nuclei can be a problem for
this purpose. To overcome this, a PIP conjugated to mitochondrial pen-
etrating peptide (MITO–PIP) was developed (Fig. 7c) [48,195]. The pep-
tide contains hydrophobic cyclohexylalanine residues to reduce the
energy barrier during mitochondrial membrane penetration and basic
arginine residues that generate the driving force to penetrate the mito-
chondrial membrane in a membrane potential-dependent manner.
Fluorescence microscopy showed that TAMRA-labeled MITO–PIP accu-
mulated inmitochondria, andMITO–PIP targeting the binding sequence
of mitochondrial transcription factor A (TFAM) in the light-strand pro-
moter (LSP) region of mtDNA repressed expression of ND6 (90% inhibi-
tion at the concentration of 10 μM), a gene downstream of LSP, in HeLa
cells. Hence, the introduction of a simple peptide can switch the target
of PIPs from nuclei to mitochondria without impairing its sequence



Fig. 7. (a) Chemical structure of TAMRA-pPy and sequence alignment of 498 kb bacterial genomic fragment. (b) Chemical structure of tandem tetramer TAMRA-TTet59-B and telomere
staining with TAMRA-TTet59-B (green). Nuclei were visualized by DAPI (blue). (c) TAMRA-MITO-PIP structure and mitochondrial colocalization image of Mito-GFP (green) and TAMRA-
MITO-PIP (red). These pictures are reproduced from [188], [23] and [48], respectively.
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selectivity. The MITO-PIP study provides a fresh platform to alter either
a normal or a mutated mitochondrial genome in a sequence-specific
manner. The tunability of PIPs bestows a huge potential to this strategy
to treat rare mitochondrial diseases.

8. Challenges and perspectives

PIPs can enter livemammalian cells, localize inside the nucleus, read
their cognate DNA sequences and alter basal transcription with no con-
straint from transfection agents [196]. Hence, they remain at the fore-
front of promising small molecule-based designer drugs. While PIP-
based systems show potential as sophisticated drugs, there is a need
to perform substantial characterizations and optimizations to overcome
their shortcomings.

To stimulate the global changes to the transcriptome required to
change cell fate, it may be advantageous that the designed factor can
more closely mimic natural TFs. While binding to one specific genome
site increaser selectivity, this effect can be weakened in perturbing
local transcriptional status and further diminished in transcriptome
modulation. Therefore, PIP-basedATFs recognizingmany sites in the ge-
nome while maintaining a binding affinity that rivals natural TFs are
promising candidates for inducing changes in cell fate.

Short PIPs with a short recognition DNA sequence are synthesized
easily. Short PIPs and its conjugates could be widely evaluated either
using a library screening method or by their targeting of repetitive
DNA short sequences. Extensive library screenings are expected to
identify potential chemical agents with novel functional mechanisms
[83]. For example, after several rounds of screening of a 6-bp binding
PIP–SAHA library, we identified certain PIP–SAHA conjugates capable
of activating the pluripotent gene network in somatic cells.

However, to achieve higher specificity with a low rate of off-target
effects during the predesign of PIPs, a longer target length is necessary.
Even though the molecular weight of PIPs is smaller than those of
nucleic acids and biomolecules, cellular uptake is still a key issue for
their application as pharmaceutical agents. More specifically, design of
PIPs capable of readingmore than 10-bp could have a detrimental effect
on their cell uptake efficiency [36,190]. Dervan’s group proposed an ap-
proach to resolving this problemby applying in situ click chemistry: two
short PIPs can forma covalent bondwhen they bind to adjacent sites, al-
though there is an issue with low reaction efficiency [197]. Cooperative
systems such as Pip–HoGu and Pip–NaCo showed huge potential for
in vitro and cell-based assays, and further optimization would let them
feasible for versatile application [179,184]. The incorporation of an IPA
moiety at the C-terminal and γ-turn substituents led to significant en-
hancement of cell uptake and biological activity [27,198]. The incorpo-
ration of NLS, CPP and methoxypolyethylene glycol (PEG) is a good
option for the enhancement of cell uptake, while the attachment of mi-
tochondrial penetrating moiety shifts the localization to mitochondria.
Moreover, PIPs aggregation caused a dramatic loss in solubility and cel-
lular uptake, and this issue could be addressed by the addition of carbo-
hydrate aggregate-solubilizing agents, especially 2-hydroxypropyl-β-
cyclodextrin [26]. Cell-uptake enhancing reagents such as Endo-porter
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and liposome operated efficiently to transport neutrally-charged long
PIPs and the relevant conjugates [79,130,179].

Since several PIP-based therapeutics exhibits clinical potential, such
as Chb-M’ in AML and PIP-JQ1 in Friedreich’s ataxia A, extensive preclin-
ical researches and useful research tools are necessary [78,104]. A minor
modification such as 14C- and 18F-labeled radioactive PIPs enabled in vivo
observation of localization and convenient determination of parameters
in ADMET studies in animals [199,200]. Toxicity and side-effects always
impede the further development of clinical therapy, and PIP-originated
toxicity and off-effects should be closely examined. Most of the DNA
minor groove binders are substrates of P-glycoprotein. Resistance to
DNA binders is often related to transcriptional mechanisms and DNA re-
pair pathways, particularly defects in transcription-coupled nucleotide
excision repair [201].

The strategy of precise gene manipulation with small molecule-
based, locus-specific gene regulatory hybrids has been pursued for de-
cades. Since our first report on DNA sequence-selective gene activator
in cell assays a decade ago, steadfast progress has been made where
PIPs conferred sequence specificity to various epigenetic modulators
like HDAC inhibitor, HAT activator and inhibitor, bromodomain inhibi-
tor and histone demethylase inhibitor. However, the current emerging
platform should recognize their intrinsic limitations originating from
both PIP part and functional groups, thereby warranting the need for
novel strategies. For example, targeting repeat sequences could theoret-
ically increase the success rate. Both longer PIPs and more potent epi-
drugs should be substantially exploited. A rational approach to the
choice of modulatingmoiety i.e., structural optimization of PIPs or func-
tional group, is needed. A convenient cell-based evaluation system is
highly urged to accelerate such research [92]. Furthermore, the recent
achievements of gene-specific modulation by dCas9, TALEs and ZNFs
fused to functional protein demonstrate the possibility of using the
abovementioned strategy in DNA-based small molecules [94]. Future
research on PIP-based ATFs should also take cues from the dCas9-,
TALEs- and ZNFs-based systems.

The employment of TFs to regulate gene networks and reprogram
cell states has had increasing success [202]. However, recognizing a
minimal set of natural TFs driving the cell fate alterations remain labor
intensive and challenging. Modern emerging techniques in ATF design
have advanced upon decades of research in natural DNA-binding pro-
teins, allowing them to be custom tailored for a variety of purposes.
Nonprotein-based methods such as the PIP-based systems can be ratio-
nally designed to act as ATFs allowing for temporal regulation of genes
without the introduction of genetic material. Further intensive optimi-
zation and new designs of DNA binding domains, FD and CIDs of ATFs
are highly required before they can be used clinically as the drugs. To-
gether, the rational and knowledge-based design could aid in improving
and developing the PIPs as drugs for disease treatment.
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