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Abstract

An i-motif (iM) is a four-stranded (or quadruplex) DNA structure that folds from cytosine (C)-
rich sequences. iMs can fold in many different conditions in vitro, which paves the way for
their formation in living cells. Being suspected, iMs play key roles in various DNA transactions,
notably in the regulation of genome stability, gene transcription and translation, DNA
replication, telomere and centromere functions, and human diseases. We summarize here the
different techniques used to assess the folding of iMs in vitro and provide an overview on both
the internal and external factors that affect their formation and stability in vivo. We thus
describe the possible biological relevance of iM and propose directions towards its use as target
in biology.

Keywords
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implications

Highlights

- The combination of different methodologies and molecular tools is useful to interrogate the
dynamics of iMs in the genome.

- High throughput, sequencing-based methodologies can provide a global landscape of
putative iM-forming sequences (PiIMFSs) across the genome and help unveil their
potential biological implications.

- The intrinsic nature of the sequence along with its epigenetic modifications and other
environmental factors determines the folding and stability of iMs both in vitro or in vivo.

- Epigenetic modifications play complex roles in the control of the folding and stability of
iMs both in vitro or in vivo, which is dependent on the position, number and types of
modified bases.

- iMs are involved in various DNA transactions in all living organisms, being involved in the
control of the genome stability, telomere and centromere biology, gene transcription and
translation, DNA replication and repair.

- Beyond their possible use as therapeutic targets, and given their high sensitivity to external
factors, iMs also find applications in biotechnology and nanotechnology, as biosensors for
instance.



Glossary

- Non-B-DNA structures: alternative DNA structures that deviate from the canonical double
helix structure of DNA (also known as duplex-DNA, B-DNA or Watson-Crick duplex).

- i-motifs (iMs): noncanonical quadruplex nucleic acid structures built with intercalated C-C+
base pairs, which fold from cytosine (C)-rich sequences with C stretches (also referred to as
I-DNA).

- R-loop: a three-stranded nucleic acid structure consisting of an RNA-DNA hybrid and a
displaced single-stranded DNA (also referred to as R-DNA).

- G-quadruplexes (G4s): noncanonical quadruplex nucleic acid structures built with G-quartets,
which fold from guanine (G)-rich sequence with G stretches (also referred to as G-DNA).

- Putative i-motif forming sequences (PiIMFSs): cytosine (C)-rich nucleotide sequences able to
fold into an i-motif structure.

- Triplex: a three-stranded nucleic acid structure containing homopurine (hPu)-
homopyrimidine (hPy) regions, also referred to as hinged DNA (or H-DNA).

- Z-DNA: a left-handed double helical nucleic acid structure folding from sequences containing
alternating pyrimidines and purines, in a global zig-zag (Z) shape.

- Cruciform: a noncanonical DNA structure that folds from inverted repeats made of two
hairpin-loop arms directly opposite to each other (also referred to as C-DNA, or 4-way DNA
junction, FWJs).

- Hairpins: an intramolecular fold that forms a stem-loop structure formed by consecutive
inverted repeats that associate to form a duplex (stem), separated by a single-stranded
sequence (loop).

- Slipped-strand DNA: direct repeats paired between repeats in misaligned fashion leading to

hairpin-like structures (also referred to as S-DNA, or 3-way DNA junction, TWJs).

Cis-regulatory DNA elements (CREs): a type of DNA (typically of noncoding DNA)

sequences containing intrinsic binding sites for trans-acting factors, essential for the
regulation of gene transcription.

- iMab: an antibody fragment (single-chain variable fragment, scFv) specific for i-motif
structures.

iM-IP-seq: an iMab-based immunoprecipitation of iMs followed by next-generation
sequencing for genome-wide identification of i-motifs.

Cleavage Under Targets and Tagmentation (CUT&Tag): an enzyme-tethering strategy for
genome-wide profiling of iMs using iMab combined with a protein A-Tn5 transposase
fusion protein that generates fragment libraries processed by high-throughput sequencing.

Chromatin Immunoprecipitation and Sequencing (ChIP-seq): a technique related to
immunoprecipitation of iM in the chromatin context using iMab followed by high-
throughput sequencing, which can be implemented with other specific antibodies for
profiling transcript factors, functional proteins or histone modifications across the genome.
- G4-iM Grinder: an in silico tool for the characterization and selection of DNA sequences with

potentials of folding G-quadruplexes (G4s) and i-motifs (iMs) based on ad hoc algorithms.
- iM-seeker: a machine learning toolkit used for predicting the folding status and strength of
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iMs through a Balanced Random Forest classifier trained on CUT&Tag sequencing data.

- G4hunter: a G-quadruplex predicting algorithm which takes into account both G-richness and
G-skewness of given DNA sequences to provide G4-forming propensity scores (G4H
scores).

- Transposable elements (TEs): mobile genetic DNA elements, which can move within the
genome once the chromatin conditions enable such motions.

Outstanding questions

- How can we develop a sensitive methodology to visualize or capture transient conformational
changes of genomic iMs? Under favorable or unfavorable cellular conditions? How to detect
hybrid iMs formed with DNA and RNA molecules?

- How the combination of multiple factors including the sequence per se along with epigenetic
modifications and various environmental factors affects the folding/unfolding of iMs in vitro
or in vivo? How DNA modifications and/or chromatin dynamics affect iM dynamics across
the genome?

- The debate about the folding of iMs under physiological conditions being still open, what are
the key determinants that control the folding dynamics, topology and stability of iMs in vivo?

- What are the roles that iMs play in the regulation of gene transcription during normal
developmental processes or in response to cellular/environmental stress? Can iM structures
instead of their primary sequences act as cis-regulatory elements or trans-factors binding
hubs responsible for the regulation of gene transcription?

- Do the conditions affecting the formation and stability of DNA iMs affect the formation and
stability of RNA iMs as well? And what are the biological implications of RNA iMs in vivo?

- Do iMs located in regulatory regions across the genome experience natural or artificial
selection for controlling key phenotypical traits?

Introduction

i-motif is a special type of quadruplex DNA structure. An i-motif (iM), also known as an i-
DNA, is a type of quadruplex (four-stranded) non-B DNA structures; it folds from cytosine
(C)-rich DNA sequences. iM structures consist of antiparallel duplex ladders through
intercalation of hemiprotonated C:C" base-pair [1, 2]. The unique quadruplex structure is
distinct from another typical quadruplex structure called guanine (G) quadruplex (G4) that
forms from G-rich DNA context. A G4 is composed of stacked G-tetrad formed by Hoogsteen
hydrogen bonds between four guanines [3]. Initially, there is a widely accepted view that iM
folding is pH-dependent, which prefers to fold at acidic pH rather than at basic pH conditions.
Recently, an iMab antibody-based pioneer study provides compelling evidence showing the
existence of in vivo iMs under physiological conditions in human cells [4], which serves as a
turning point to boost iM study and advance understanding of its biology in eukaryotic
genomes. Accumulating evidence shows that iM folding can be affected by combined actions
of various internal or external factors, which still need more detailed investigations.
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Figure 1. Summary of existing methodologies for identification of DNA iMs and timeline for important case
studies. Existing methodologies include low- and high-throughput methods. Low-throughput methods can be
divided into 4 categories as bellows: (1) Biophysical methods, (2) Biochemical methods, (3) Interacting ligand-
based label-free methods, and (4) Immuno-detection methods. High-throughput ones can be mainly classified into
the following 2 categories: (1) In silico prediction, and (2) Sequencing-based global profiling. Time point for the
first application of all methodologies and important case studies was summarized as timeline during 1993-2024.
Abbreviations were present in the lower right corner of the figure.

Existing methodologies for the identification of DNA i-motifs. The direct detection of i-
motifs (iMs) in vitro or in vivo is still technically challenging. To this end, the existing
methodologies can be divided into six categories (Table 1 and Figure 1): biophysical,
biochemical, immunological and ligand-based detection methods, along with in silico
prediction and sequencing-based global profiling.

Table 1. Summary of existing methodologies for identification of DNA iMs
Categories Subtypes Methodologies Ref.
Circular Dichroism (CD)
Surface-Enhanced Raman Spectroscopy (SERS)
Biophysical Spectrometry Ensemble Force spectroscopy (EFS) [5-10]
methods Data analysis strategy:
Deconvolution with Multivariate Curve Resolution-

Alternating Least-Squares (MCR-ALS)



Biochemical

methods

Interacting
ligand-based
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detection

Immuno-

detection

Sequencing
based

In silico

prediction

UV-based
Spectrometry

NMR

Crystallography
Fluorescence based

Spectrometry

Single-molecule
based

Molecular

Simulation
Thermal Analysis
Footprinting assays
Mobility shift assay

DNA polymerase
stop assay
Presence of

fluorescence signal

Loss of

fluorescence signal

Increase in

fluorescence signal

Antibody
iM binding protein

iM-IP-seq
CUT&TAG
ChIP-seq (?)
G-quadruplex (G4)

iM

Time-Dependent DFT calculations
Global fitting analysis
UV absorption spectroscopies
UV absorption melting curves
Capillary Electrophoresis with an Ultraviolet absorption
spectrophotometric detection (CE-UV)
Nuclear Magnetic Resonance (NMR)
In-cell NMR
Single crystal x-ray diffraction
Fluorescence Resonance Energy Transfer (FRET)
Fluorescent Intercalator Displacement (FID)
Single-molecule florescence microscopy
Fluorescence Resonance Energy Transfer (FRET)-based
single-molecule analyses (smFRET)
Nanopore-based single-molecule investigation and all-
atom molecular dynamics simulations
Computer simulations based on atomistic and coarse-
grained force fields
Differential Scanning Calorimetry (DSC)
(Microcalorimetry experiments)
Bromine, KMnO4, DNase I or S1 nuclease
Native polyacrylamide gel electrophoresis (PAGE) or
electrophoretic mobility shift assay (EMSA)

KOD-Plus DNA polymerase

Thiazole orange (TO) as a fluorescent probe to indicate
pH/Ag+ triggered conformation changes of i-motif
iM formation excludes binding of Thioflavin T (ThT)
thereby quench its fluorescence signal derived from
interacting with a hairpin structure
iM can disrupt aggregation of PTCDI results in an increase
in fluorescence signal
iM-specific antibody (iMab)
BmILF or antibody specifically recognizing BmILF in
Bombyx mori fused with EGFP
iM-IP-seq in vitro iMs in rice (iMab antibody)
CUT&TAG in vivo iMs in human (iMab antibody)
ChIP-seq of iMs in human (not officially published)
G4hunter; G4-iM Grinder
MD-TSPC4 (Predicting thermal stability)
iM-seeker (A machine learning toolkit trained with CUT &
TAG data)

[5, 8, 11]

[1, 12]
[13, 14]

[5, 15]

[16, 17]

[18]

[19]
120, 21]

[22]

[23]

[24]

[25]

[26]
[27]
[28, 29]

[30]
[4]
[4]

[31, 32]

[33-35]



Each of these methods has its own pros and cons. For instance, UV and CD spectroscopies
are the most straightforward way to detect or validate iMs, and other secondary DNA structures
[36], since the way the DNA folds results in differences of absorbance spectra, unique for each
secondary structure [37], but these techniques are low-throughput. The difference in
absorbance signature between folded and unfolded states upon temperature variations has been
exploited to characterize these structures by their thermal difference spectra (TDS), which is
to date the simplest (and one of the less expensive) method to interrogate secondary structures.
CD is very insightful but spectropolarimeters are quite expensive as the underlying technology
relies on polarized light (more precisely the difference of absorbance of left- versus right-
handed polarized light directly originating in the asymmetry of the biomolecule), and the
interpretation of CD signatures are global, that is, challenging if multiple structures co-exist in
solution [38]. Another issue is related to the oligonucleotides used for these investigations:
most often, biophysical studies rely on short synthetic oligonucleotides containing putative iM-
forming sequences (PiMFSs) only, failing in recapitulating the possible influence of the
flanking sequences and/or the presence of the complementary strand on the formation of iMs
[39].

More structurally accurate methods such as NMR have proven useful for structural
investigations, and can even be performed in-cell under functional conditions [40], which is an
invaluable advantage but again, this technique is dependent on expensive machines and skillful
manipulators. Capillary electrophoresis and PAGE are widely applied methods for
distinguishing unfolded from partially or fully folded iMs according to peak shape and
migration time [41], but again they are low-resolution methods.

Chemical biology investigations aiming at studying cellular iMs are currently being
undertaken but they suffer from the lack of reliable iM-ligands. Indeed, some promising
prototypes have been uncovered but their use is not unambiguously validated [42], which casts
doubts about the reliability of the results’ interpretation. Also, this handful of prototypes do not
have desirable features (such as being manipulated in sifu by biorthogonal techniques, such as
click chemistry) for being amenable to iM cellular detection, which further limits their use.
Additionally, ligand-based investigations in cells have known limitations, the first being that
the molecule may promote the iM formation, thereby biasing their bone fide detection. To
tackle this issue, classical immunodetection assays can be implemented but again, this
approach suffers some caveats, the first being the reliability of the antibody used. As further
described below, the only available anti-iM antibody (iMab) is currently at the heart of a
controversy that still remains to be addressed. Additionally, immunofluorescence (IF) detection
is a low-resolution approach, which cannot be reliably quantitative [43], its implementation
relies on quite harsh cellular treatments (detergent, fixation agents) that may strongly impact
the reliability of the iM detection.

In silico predictions underestimate the number of genomic iMs as they do not take non-
canonical iMs with sequence variations into account [39, 44]. These predictive algorithms are
yet high-throughput but the relevance and reliability of their outcomes must be experimentally
validated, which is time-demanding.

Sequencing-based methods, such as ChlP-seq [45] , CUT&Tag [4] and iM-IP-seq [30], are
high-throughput and suited to global profiling of in vitro and in vivo iMs, but they are expensive
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and rely on extensive data mining, which might be bias-prone. The cellular manipulations
necessary to perform these investigations (sample fixation, DNA fragmentation, library
preparation) might be bias-prone as well [44]. Additionally, the resolution of these techniques
is still not high enough and, last but not least, they rely on the use of iMab, which is still a
matter of debate since it can bind single-stranded DNA with at least two consecutive Cs in
unfolding state [46], likely leading to overestimation of iMs.

Altogether, none of the aforementioned methods can be applied alone for asserting in vitro
or in vivo iM formation and only a combination of several of these methods can provide reliable
insights into the actual iM folding.

Impacts of pH alone or along with other factors on iM formation. Acidic pH is considered
to be the key determinant for iM formation and stability since its initial discovery in 1993 [1,
2], which is largely due to the necessity of protonating cytosines (Cs) in order to create C-C*
base pairs as its basic building block [47]. Its dependency on pH conditions was exploited to
create iM-based pH sensors or pH-dependent nano-devices [48]. The widely accepted notion
was recently challenged by a study showing that iM may fold under normal cellular conditions
[27]. Accumulating evidence now shows that many other internal and external factors can
modulate iM formation and stability under a wide range of pH conditions (Table 2).

Table 2. Summary of impacts of internal and external factors along with pH on iM formation

Groups .
. Factors Conditions® Effects Sequences® Ref.
O)l-(N)m(T)n(N)m-
Length and Long loop in 1st and 3rd (OHNm(TIn(N)
. . CCC~(T)3-
sequence of  loop contribute to stability of [49]
. (OIMN)m(T)n(N)m-
Loop iM at neutral pH
CCC-3
Length of Sequences with a longer C[3-6]D[1-6]C[3-
Loop and C central spacer stabilize iM at ~ 6]D[1-15]C[3-6]DJ[1- [50]
tracts neutral pH 6]C[3-6]
Length of d(C)n of length 15,19,23,27
Loop and C (4n-1) fold into iM at neutral Poly d(C)a [51]
DNA tracts pH
Int
sequence longer loops prefer to form i )
Length of . . . Different DNA C-rich
intramolecular i-motif [2]
Loop sequence
structures
) ) o DNA sequence with
o iM formation and stability is o )
Composition . ) variations in C-
sensitive to their sequence [52]
of sequence . tracts/spacer length and
and base composition
arrangement
Composition ) o
Adenine bases within loops (C5-TA2):-CCC
of loop . [53]
destabilize iM (C5-TTy)3-CCC
sequence



Capping

interactions

DNA

supercoiling

Temperature

Pressure

Cation

Ext

Molecular

crowding

Nanomateri

als

Composition

of sequence

Capping
interactions

Negative
superhelicity
Low
temperature
4°C

High Pressure

K+; Na+
Li+

Agt

Cu’

PEG 8000

PEG 30% w/w
PEGS8000

PEG-300

SWNT

GQDs

Repetitive genomic
sequence
promote mini iM fold at

neutral pH

Capping interactions

promote iM fold at neutral

Promote iM fold at neutral
pH

Stabilize iM at neutral pH

iM was destabilized by high
pressure when pH
increased
Promote iM at acidic pH
Destabilize iM at acidic pH
Stabilize iM at room
temperature and neutral pH
destabilize iM without
changing pH
Stabilize iM at neutral pH
Stabilize iM at neutral pH at
PEG 30% w/w PEG8000
and destabilize when PEG
increased
Stabilize iM at neutral pH
Stabilize iM at neutral or
even alkaline pH
Stabilize iM at acidic pH
promote iM fold at neutral

or even alkaline pH

d(TCGTTCCGT)

d(TCGTTTCGT)
d(TCGTTCCGT)
d(CCGTTCCGT)

and cyclic analog

¢c-MYC promoter

HT

HT

HT
HT

HT

HT

(CCT)n repeat

¢c-MYC promoter

¢c-MYC promoter

HT

HT

[55, 56]

[21]

(3]

[63]

[64]

[65]

Note: a, Abbreviations: Int, Internal factor; Ext, External factor. b, SWNT, single-wall carbon nanotubes; GQDs,
graphene quantum dots; b, Sequence: HT, human telomeric sequence (CCC-[TAA-CCCln); c-MYC promoter

(T-C4-ACCTT-Cs-A-C3-T-C4-A-C3-T-Cs-A).

The internal factors include the intrinsic nature of the DNA sequence itself (length of C
tracts, nature and composition of the loops [50, 51]), capping interaction at nearby C-C* stack
[55, 56], and negative superhelicity [21]. For instance, for being stable at neutral pH, iMs must
have long loops [49] and/or be folded under negative superhelicity [21]. Of course, the nature
of the sequence is critical [50, 52, 66]: for instance, the repeated d(TCGTTCCGT) sequence,
prevalent in the human genome, forms an iM at physiological that is stabilized by both C-C*
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base pairs and G:C/G:T tetrad located in the minor groove [54]. The aforementioned iM-IP-
seq techniques was used in plants (rice genome) and showed ca. 6,000 iMs formed uniquely at
pH 5.5, ca. 20,000 iMs formed uniquely at pH 7.0, and ca. 39,000 iMs formed at both pH 5.5
and 7.0. These iMs exhibit distinct sequence features and genomic distributions, which
advocated again for the critical roles of intrinsic DNA sequence and pH for iM formation [67].

Multiple external factors also affect formation of iMs, such as i- the temperature (at 4 °C,
iMs are stable at different pH conditions [5, 57, 68, 69] because of the decrease in Brownian
motion); ii- the pressure (iM was destabilized by high pressure when pH increased [57]); iii-
the presence of cations (K" favors iMs while Li* does not [58], because of its smaller radius;
Ag" helps stabilize iMs [59] because of the formation of C-Ag(I)-C base pair [70], while Cu”
can destablize i-motifs without changing the pH [60]); iv- the molecular crowding (for instance,
PEGS8000 stabilizes iMs at neutral or slightly basic pH [61-63]); and v- the nature of the
solvent and co-solvent (the hydration state of iM being pivotal for its stability [63], as
demonstrated for instance with glycerol, which stabilizes iMs by hydration while
dimethoxymethane destabilizes them by dehydration).

Of note, alternative strategies have been implemented to artificially stabilize iMs at neutral
or even alkaline pH conditions [64, 65], for instance by immobilizing them on the surface of
nanoparticles (single-wall carbon nanotubes (SWNTs) or graphene quantum dots (GQDs),
likely because the nanomaterials serve as a proton donor that facilitates the formation of C-C*
at non-acidic pH conditions [71]). The presence of a ligand might help iM formation but the
situation is nowadays complex as the ideal ligand has yet to be found, and the casual
relationship between iM formation and stabilization provided by the ligands that have been
used to date is anything but straightforward [72-74]. More information about factors affecting
iM stability can be found in recent review articles [75, 76].

These findings highlight again that iM formation is a multiparameter event, which
originates in a combination of both internal and external factors, which are particularly difficult
to decipher in a functional cellular context.

Impacts of DNA chemical modifications on iM formation. iMs fold from C-rich DNA
sequences, known as hotspots for epigenetic modifications which could lead to various C
derivatives including 5mC (5-methylcytosine), 4mC (N4-methylcytosine), SBrC (5-
bromocytosine), ShmC (5-hydroxymethylcytosine), SfC (5-formylcytosine), ScaC (5-
carboxylcytosine), 5gmC (5-glyceryl-methylcytosine) and 4acC (N4-acetyldeoxycytosine)
[77]. The impact of these modifications on iM formation and stability is a matter of debate.
Recent studies showed that DNA methylation has complex effects on iM formation, depending
on several factors such as the number and position of C modifications and their combination.
For instance, the presence of SmC can favor iM stability by increasing the base-paring energy
of the 5SmC"*-C and 5mC*-5mC base pairs, but this depends on the number of SmC [78-80].
5SmC can stabilize the iM structure found in the VEGF sequence by increasing the transitional
pH and the melting temperature [81]. Another example is the human telomeric iM: when it
contains SmC or 5BrC, this iM is stable under more acidic or basic pH values, respectively
[79], because SmC has a slightly higher pKa value while 5-BrC a dramatically lower pKa value.
Genome-wide studies showed that hyper-methylation can decrease iM formation while hypo-
methylation can promote it, at both pH 5.5 or 7.0 conditions [67]. However, the effects of C
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modifications on the stability of human telomeric iM are complex, given that they depend on
both the position and type (SmC, ShmC, 5fC and 5caC) of the modifications. As an example,
the telomeric iM is stable when it harbors one or two 5SmCs, but more SmCs (or one ShmC)
destabilize it [82], as do 5fC and 5caC [83], likely because of the electron withdrawing nature
of their substituents [79]. These observations can be extended to telomeric iMs of A. thaliana,
for which a complex effect of C modifications on its stability has been documented [84]. The
effect of SmC and ShmC are partly due to their influence on the flexibility of DNA backbone
and the thermal stability of the DNA [81, 85, 86] since, for instance, SmC decreases the
flexibility and increases the melting temperature of the DNA it belongs to.

The incorporation of nucleotide analogues within iM sequences dramatically affects its
stability, but these modifications do not concern solely the nucleobase but also the sugar and
the phosphate backbone (Table 3). It has been reported that sugar modifications exhibit
position-dependent effects on iM stability: for instance, a single substitution by an unlocked
nucleic acid (UNA) at the position C14 of human telomeric sequence leads to dramatic
destabilization of human telomeric iM, while at the position A12 it significantly increases its
stability [87]. When a D-ribose is replaced by a D-2-deoxyribose or a D-arabinose, the resulting
iM is found to be more stable [88], which highlights the influence of the backbone nature.
Similarly, iMs containing phosphorothioates and phosphodiester backbones are stable, while
those displaying methylphosphonate [89, 90] and phosphoramidate backbones are not, even at
acidic pH [91]. Another example is the presence of (2°S)-2’-deoxy-2’-C-methyl-cytidine units
within the vertebrate telomeric iMs, which creates a C2’-endo conformation and induces charge
distribution changes in the sugar, which improves inter-strand electrostatic interactions and
thus, favors iM formation [92]. Similarly, 2'-deoxy-2'-fluoro-5-methyl-arabinocytidine (5-Me-
2’F-araC) was found to stabilize iMs at physiological pH [93].

Table 3. Summary of impacts of DNA nucleotide analogs or derivatives on iM formation

Location Types of Modifications® Effects Sequences® Ref.
C14 of the ribose ring of
UNA cytosine destablilize iM; A12 HT [87]

promote iM formation

Promote iM formation at

LNA d(Cs) [94]
lower pH
S h(A»-C
. HNA Destabilize iM (A-Co) [10]
h(Cs-Az)
araF-C Promote and stabilize iM d(T-Cs) [95]
dV-5, rV-5,

D-2-deoxyribose; D-arabinose

. . . Stabilize iM araV- 5, [88]
riboadenosine (rA) linker
2°,5’-rV-5
3’-S-phosphorothiolate L
. Stabilize iM d(T-Cs) [96]
linkages
Phosphate i
Phosphorothioates . . .
backbone ) Promote iM formation C-rich [89]
phosphodiester
methylphosphonate Destabilize iM C-rich [90]
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Destabilize iM even at acidic T(CCT).-Ts-

hosphoramidate 91

ERERE S (CCT), Bl

o p(T-Cs)
Sugar- PNA Stabilize iM [97]

p(Cs-T)

Phosphate
(2°S)-2’-deoxy-2’-C-methyl- S
backbone o Stabilize iM at neutral pH HT [92]
cytidine
. o T(CCT)2-Ts-

S-propynyluracil Promote and stabilize iM [91]

(CCT)2

. Promote and stabilize iM; 2 i-
ase
i-clamps clamps on opposite strands (C5-AT)3-Cs [98]
stabilize iM
T-vinyl Promote iM formation HT [99]
C™ and fC stabilized iM at
Sugar-Base dcC; C™; fC; fC™ HT [93]
neutral pH

Note: a, UNA, Unlocked nucleic acid; LNA, Locked nucleic acid; HNA, hexose nucleic acid; PNA, Peptide
nucleic acid; araF-C, 2'-deoxy-2'-fluoroarabinocytidine; i-clamps, phenoxazine 2’-deoxynucleotide; dC, 2'-
deoxycytidine; C™, 2'-deoxy-5-methyl-cytidine (5-Me-dC); fC, 2'-deoxy-2'-fluoro-arabinocytidine (2'F-araC);
fC™, 2'-deoxy-2'-fluoro-5-methyl-arabinocytidine (5-Me-2'F-araC). b, Sequence: HT, human telomeric
sequence (CCC-[TAA-CCCln); dV-5, rA[2’,5’-dCCCCC]3’°,5’-dCCCCC; rV-5 araV- 5 and 2’,5°-rV-5,
modified dv-5. C-rich, see detailed sequence information in reference.

Collectively, these findings provide new insights into how the modifications of the sugar,
the base and/or the phosphate backbone affect iM folding and stability, which opens interesting
perspectives for chemically manipulating iM-forming sequences in order to make them stable
enough for a broader panel of biotechnological applications.

Impacts of DNA modifications along with other factors on iM formation. As discussed
above, an impressive number of factors affect iM formation and stability. A comprehensive
understanding of these factors and of their combinations may open the way towards harnessing
the biological functions of iMs and, beyond them, their potential medical and technological
applications (Figure 2).

In cells, molecular crowding is important, as numerous biomacromolecules (nucleic acids,
proteins and polysaccharides) act as cellular crowding factors affecting the stability of various
types of DNA structures [100]. Crowding conditions were found to mitigate the influence of
DNA methylation (5SmC and ShmC) on iM stability [63]. Several studies showed that SmC
and/or ShmC do not significantly affect iM formation or stability under crowding conditions
(or with different compositions of co-solvents) [101, 102]. These findings reflect the intricacy
of the combination of C modifications and external factors [103] on iM stability. As an example,
the presence of a 5-Me-2'F-araC alone or in combination with other C modifications (i.e., dC,
C™, {C, fC™; see full name of modifications in Table3) affects iM formation at physiological
pH conditions, impacts of base pairs between modified cytosines on iM stabilization exhibiting
a descending trend as fC-C™H"* > fC™-fCH" > fC-fCH" = C™-C™H"* > f{C™-fC"H" ~ f{C™-CH" >
C-CH". For instance, the base pair between 5-Me-2’F-araC and 2’F-araC can stabilize iM at
physiological pH [93], indicating a synergistic effect between sugar and base modifications on
1M formation.
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Figure 2. Potential combined effects of nucleic acid modification and environment factors on formation of in
vivo iM structures. DNA methylation, cation, molecular ligand, protein and molecular crowding have been
reported to promote and stabilize iM formation at physiological pH in vitro, and most of them can also be present
in cellular environment. In particular, about 20-40% of the intracellular compartments contain various
macromolecules such as nucleic acids, proteins and polysaccharides, which can serve as key cellular crowding
factors.

On a genome-wide scale, recent findings show that distinct numbers of iMs were detected
upon either hyper- or hypo-methylation treatment, under the same pH conditions. For instance,
at pH 5.5, DNA hypomethylation treatment results in ca. 8,600 iMs gained (and ca. 1,700 iMs
lost); at pH 7.0, DNA hypomethylation treatment results in ca. 7,000 iMs gained (and ca. 2,400
lost), while DNA hypermethylation treatment results in ca. 9,400 iMs gained (and ca. 4,200
lost). Once again, caution must be exercised as these results were obtained using iMab (see
above); nevertheless, these results show how complex the effects of C methylation are complex,
especially when combined with pH [67].

Potential biological implications of iMs. iMs are now suspected to be involved in several key
DNA transactions including the regulation of DNA replication and transcription, telomere and
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centromere functions, recombination and repair, and transposable element (TE) activity [104,
105] (Figure 3). An illustrative example is the role of an iM-forming sequence found in the
promoter region of the BCL2 gene, which modulates its transcription. This effect, which is
mediated by the binding of hnRNPLL in lymphoma cell lines, could be upregulated by IMC-
48, a small molecule that stabilizes iMs and favors hnRNPLL binding, and downregulated by
IMC-76, a small molecule that destabilizes iMs and hampers hnRNPLL binding [106, 107].
Such a transcriptional regulation has been reported for several human genes, including ACC1
[108], HIV-1 [109], PDGFR-£ [110], VEGF [111], ¢-MYC [112], KRAS [113], RET [20],
HARS [114], Rb [115] and AESC [116]. This regulatory activity is not restricted to humans,
as the activation of the BmPOUM?2 gene, responsible for developmental processes during
metamorphosis of silkworms, is governed by the folding of a promoter iM, which recruits
BmILF [28].

In agreement with this activity, iMs are overrepresented in G1/S phase of the cell cycle,
corresponding to gene active transcription [27]. On a genome-wide level (using iMab), ca.
25,000 in vivo iMs were found to be strongly enriched in promoter regions in human cells, at
94% in human embryonic kidney (HEK293T) cells and 84% in well-differentiated liposarcoma
(WDLPS) cells [4, 117], which indicates that iMs may play significant roles in the regulation
of transcription in human cells, in agreement with previous results [118] which can partly be
explained by their putative role as cis-regulatory elements (CREs) [119].

Cancer Cell proliferation hnRNPLL
o @Y P\ IMC-48 9
Q. OFF ol \m\\ gﬁ% On g{ —_—
¢ 3 hnRNPLL < /,\Ell/ g %
4\@ it it e, OIMC 76 J\Iﬂlﬁ/ A g
g 3 c-myc \\,\/\,J“ S >+ % g§
2 - BeL2 &

% A
A\ gﬁ Q O
Y o
\ ¢
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Y I .0.
PH<70 ’ pH>7.0 .. @\;&’z@
ai pH sensor 8%
Q —_— e -5 N\
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Gene transcription Telomere
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Figure 3. Potential biological implications of iMs in humans and plants. They include gene transcription, DNA
replication, genome stability, pH sensor, telomere and centromere functions in humans, human diseases, TE
activities and telomeric functions in plants (Arabidopsis and Oryza sativa). Black arrow on DNA indicates the
transcription start site (TSS) for each gene. On and OFF on the TSS indicates transcription activation and
inhibition.
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As iMs are located in key chromosomal regions (promoters of oncogenes, centromeres
and telomeres), they could be used as potential targets for drug development in humans [74,
120-123]. As discussed above, the transcription of BCL2 is governed by iMs and can be
modulated by IMC-48 and IMC-76 but also by the acridone derivative A22, found to alleviate
liver damage of non-alcoholic fatty liver diseases (NAFLDs, including the non-alcoholic
steatohepatitis NASH) [124]. The binding of the bisacridine derivative BOS5 to the promoter iM
of c-Kit gene downregulates its expression, thereby preventing cell proliferation and metastasis
[125]. Similarly, targeting the promoter iM of KRAS gene by unmodified peptide nucleic
acid (PNA) and gamma-modified PNA (YPNA) oligomers was found to inhibit its transcription
[126], as well as the binding of the oleanolic acid 3¢ to the promoter iM of VEGF, which
impedes its expression in MCF-7 cells, suppressing cancer cell proliferation [127]. The
transcription of c-myc gene can be modulated by negative superhelicity-induced iM in its
promoter [21] and the binding of the bisacridine A9 suppresses its transcription, preventing
cancer cell proliferation as well [128]. The downregulation of PDGFR-f and KRAS gene
originates in an opposite effect, that is, the destabilization of the corresponding promoter iM
by the acridone-naphthalimide WZZ02 and the acridone C4, respectively [127, 129]. These
results highlight how complicated it could be to rationalize the cellular activity of iM-targeting
agents, and again how important it is to exercise caution when interpreting cellular outcomes
triggered by ligands, as more information about their affinity, selectivity and binding mode
must be obtained.

Another type of cellular activity for iMs was recently uncovered: just like telomeric G4s,
telomeric iMs might prevent the extension telomeric DNA by blocking the activity of
telomerase, which jeopardizes telomere maintenance, triggering telomere uncapping and loss
of telomere-binding proteins [130]. The acridine dimer DI26 can destabilize telomeric iMs,
thereby affecting telomere biology by downregulating TERRA production [131]. Also, the C-
rich DNA sequences in the CENP-A and CENP-B boxes within both human and Droshophila
melanogaster centromeres can form iMs, which may have a role during chromosome
separation [132-134], suggesting that iMs may be key players in centromere location and
functions [135]. Alternatively, iMs (again just like G4s) might act as roadblocks that hamper
proper polymerase processivity, thereby triggering genomic instability [136].

iMs are also involved in the regulation of gene transcription, telomeric functions and TE
activities in plants. Telomeric iMs can be stabilized by SmC methylation in Arabidopsis [84].
In rice, a global study reveals that ca. 25,000 in vitro iMs positively correlate with active
histone markers, and are associated with CREs like enhancers, which implies their regulatory
roles in gene transcription [30]. Also, TEs are highly associated with PIMFSs and iMs,
suggesting again their potential roles in the modulation of TE activities in rice [30].

Collectively, here-above-described results underline how complicated the biology of iMs
could be, which emphasizes the need of investing massive efforts to better understand the roles
they may play in the regulation of DNA transactions and genomic stability.

Concluding remarks and future perspectives.
In eukaryotic and prokaryotic cells, DNA is largely found into the so-called B-form (or
Watson-Crick duplex), which is the most stable form of storage of the genetic information and
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proved invaluable for the faithful transmission of this information from generations to
generations. Accumulating evidence now shows that DNA may transiently folds into a broad
variety of non-B forms, whose nature is encoded in the sequences involved. For instance,
inverted DNA repeats fold into four-way DNA junction (or cruciform DNA, C-DNA), direct
repeats into three-way DNA junction (or slipped-strand DNA, S-DNA), mirror repeats into
triplex-DNA (or hinged DNA, H-DNA), and short tandem repeats into either G-quadruplexes
(or G4s, G-DNA) or i-motifs (iMs or I-DNA) depending on whether they are G- or C-rich,
respectively [137]. Importantly, compelling evidence now shows that these non-B DNA
structures are key modulators in a wide panel of biological processes and certainly involved in
many dysregulations underlying human genetic diseases [104, 105] [138, 139].

As compared to the G4 field, which is highly active for more than 30 years, the interest for
iMs is now emerging. Initially studied because they fold from C-rich sequences that are
complimentary to G-rich, that is, G4-forming sequences, iMs are now scrutinized more avidly
because it is now established that their formation and stability are compatible with
physiological conditions. These considerations have sparked interest from the community and
molecular tools and technologies are now being designed and used to further our knowledge
about iM biology. For instance, the recently developed anti-iM antibody iMab was used to
assess the existence of iMs in both human and rice genome, both qualitatively
(immunofluorescence detection) or quantitatively (ChIP-seq, CUT&Tag and iM-IP-seq) [27].
The functional relevance of iMab is currently being investigated, and this is also true for the
panel of iM ligands that have been studied over the past years. To date, the main limitation to
a greater development of the iM field is the lack of widely accepted molecular tools (antibodies
or chemicals). However, some nice advances have been made, notably regarding the in vitro
validations of iM formation under near physiological conditions [140]. With these progresses,
in both human and plants, a review that summarizes the conditions affecting iM formation and
stability, iM detection and its biological implications was needed.

This is why we have summarized herein the most recent results regarding iMs, with a
notable emphasis on the conditions that affect their formation in vitro and in vivo (in cells).
There are several urgent questions that need more investment in the near future (see
Outstanding Questions). For instance, how DNA modifications and/or chromatin organization
affect in-cell dynamics of iMs across the genome? What are the iMs’ functions in the regulation
of gene transcription during normal developmental processes and in response to cellular stress
or environmental cues? To address these questions, the iM field is in need of sensitive
methodologies that could allow for monitoring real-time, and in cells, the dynamics of iM
folding and unfolding. Massive efforts are thus needed to better portray the functions of cellular
iMs and their roles in normal versus pathological conditions.
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