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Abstract

In the FMR1 gene, expansion of the CGG triplet beyond 200 repeats triggers DNA methylation, resulting in the Fragile X Syndrome (FXS).
There exist rare individuals who carry a CGG expansion >200 that remains unmethylated, rescuing them from expressing the FXS phenotype.
We tested the hypothesis that active FMR1 transcription regulates DNA methylation of the locus through the binding of its mMRNA to DNMT1
enzyme. Our results show that DNMT1 binds FMR7-mRNA in transcriptionally active cells preventing them from being methylated, whereas
it binds to the FMART locus in FXS cells, resulting in gene silencing. DNMT1 binds to the transcript or to the locus after reactivating or blocking
FMR1 transcription using specific drugs, respectively. As proof of concept, aptamers capable of binding and inhibiting DNMT1 were shown to
reactivate the silenced FMR1 gene. We propose that DNMT1 represents a specific molecular target to reactivate the FMR1 gene expression.
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Introduction

FMR1 is the causative gene of Fragile X syndrome (FXS;
OMIM #300624). Based on the number of CGG repeats, two
major pathogenic alleles can be distinguished: alleles with 56—
200 repeats are defined as premutation alleles (PM), whereas
alleles with >200 repeats, followed by cytosine methyla-
tion, define the transcriptionally inactive full mutation allele
(MFM) associated with the FXS phenotype. Exceptionally,
CGG repeats exceeding 200 units may remain unmethylated,
defining the rare unmethylated full mutation (UFM) allele [1,
2].
Although the precise mechanisms regulating the FMR1
locus remain unclear, several epigenetic events are known
to contribute to its silencing. Cytosine methylation, histone
modifications, and chromatin remodeling represent the best-
characterized factors involved in gene repression [3]. MFM al-
leles maintain a transcriptionally non-permissive heterochro-
matic configuration, whereas wild-type (WT) alleles are char-
acterized by an “open” euchromatic structure that allows
transcription. In general, the switch from active transcription
to transcriptional silencing is a direct consequence of CGG re-
peat expansion beyond 200 units and the associated epigenetic
modifications [3]. However, the existence of UFM alleles, in
which FMR1 transcription persists despite CGG expansions
exceeding 200 repeats, indicates that additional mechanisms
are involved in the maintenance of gene expression and si-
lencing. Transcriptional regulation is critical for the activity
of many genes. While MFM alleles are transcriptionally inac-
tive, resulting in a loss-of-function effect, PM and UFM alle-
les are transcriptionally overactive, leading to a toxic gain-of-
function effect of the RNA transcript [4, 5].

The formation of secondary structures in nascent RNA
or DNA strands during transcription plays a critical role
in the epigenetic regulation of many genes. One such struc-
ture is the R-loop, whose formation depends on multiple fac-
tors. Transcription through the GC-rich 5’ untranslated region
(S'UTR) of FMR1 favours R-loop formation [6]. The non-
template strand of FMR1 contains regions that are refractory
to bisulfite footprinting, suggesting the presence of hairpin-
like structures, consistent with the well-documented propen-
sity of CGG trinucleotide repeats to form higher-order struc-
tures [6]. During transcription, the nascent RNA strand can
invade the double-stranded DNA and anneal to the antisense
template strand, forming a Watson—Crick DNA:RNA hybrid
and displacing the non-hybridized strand as single-stranded
DNA (ssDNA) [7]. R-loops are closely associated with anti-
sense transcription and can promote antisense gene expression
[8]. Moreover, R-loops at CpG islands (CGIs) within promoter
regions play an important physiological role by protecting
CpG-rich sequences from DNA methylation and epigenetic si-
lencing. The combination of GC skew, G-rich sequences, free
RNA, and the presence of DNA secondary structures creates
an optimal genomic environment for R-loop formation [9,
10].

Multiple lines of evidence suggest that transcriptional ac-
tivity is required to protect CGI promoters from DNA
methylation. R-loop formation can shield these regions from
DNMT3B1-mediated DNA methylation during early devel-
opmental stages [9]. More recently, R-loop formation has been
shown to promote transcription by preventing methylation-
induced silencing. Specifically, a reduction in R-loops exposes
the BAMBI promoter and facilitates its methylation by DNA

methyltransferase 1 (DNMT1). BAMBI is a negative regula-
tor of transforming growth factor B (TGF-B); consequently,
its silencing leads to activation of TGF-f signaling [11].

Although, in the context of FXS, R-loops are mostly con-
sidered promoters of FMR1 transcriptional activity [6, 9, 12,
13], Colak et al. [14] suggested that disrupting the interaction
between FMR1 mRNA and the complementary CGG-repeat
region of the gene using a small molecule known as 1a pre-
vents promoter silencing.

R-loops are dynamic structures whose homeostasis must
be finely regulated. Their dysregulation is implicated in sev-
eral human diseases, including cancer and neurodegenera-
tive disorders, underscoring their critical role in physiolog-
ical processes. R-loops are involved in numerous cellular
functions, such as regulation of gene expression, DNA re-
pair, maintenance of chromosome structure and accessibil-
ity, induction of cell cycle checkpoints, chromosome rear-
rangements, DNA and histone modifications, immunoglobu-
lin class-switch recombination, DNA replication, genome sta-
bility, telomere maintenance, and centromeric function [15,
16]. Furthermore, R-loops are closely associated with epi-
genetic mechanisms regulating transcription, including DNA
methylation and post-translational histone modifications [9,
17], as well as with efficient transcriptional elongation, ter-
mination, polyadenylation, RNA splicing, packaging, and nu-
clear export [13].

The involvement of R-loops in repeat-expansion diseases
is not limited to trinucleotide repeats. Indeed, R-loops asso-
ciated with expanded G4C2 hexanucleotide repeats in the
C90ORF?72 gene contribute to the molecular events underlying
amyotrophic lateral sclerosis (ALS) and frontotemporal de-
mentia [18]. Moreover, mutations in the putative RNA/DNA
helicase SETX (senataxin) cause neurodegenerative disorders,
including the dominant juvenile form of amyotrophic lateral
sclerosis type 4 (ALS4) and the recessive ataxia oculomotor
apraxia type 2 (AOA2) [19], highlighting the importance of
proper regulation of R-loop levels in human cells [13].

Recent evidence indicates that R-loops can directly influ-
ence multiple gene expression—associated processes, including
DNA methylation and transcription [13]. Using the CEBPA
gene as a model, Di Ruscio et al. [20] demonstrated the exis-
tence of RNAs that interact with DNMT1. These DNMT1-
interacting RNAs act as epigenetic modulators by inhibiting
DNMT1 enzymatic activity, thereby preventing DNA methy-
lation and transcriptional silencing of the associated genes.
A direct role for DNMT1 at the FMR1 locus has never
been conclusively demonstrated; however, a recent study re-
ported FMR1 reactivation following DNMTT1 targeting via
CRISPR-Cas9 genome editing [21]. In addition, reactiva-
tion experiments using demethylating agents such as 5-aza-2’-
deoxycytidine (5-azadC) or 5-azacytidine (5-azaC) have indi-
rectly supported a role for DNMT1 in FMR1 gene silencing
[22-24].

An open question remains as to how such regulatory mech-
anisms are established. One possibility is that R-loops in-
volved in gene regulation are spatially separated from the tran-
scription start sites (TSSs) of the genes they control. Alter-
natively, when located within promoters or gene bodies, the
processing of regulatory R-loops—namely their recognition,
interpretation, and eventual removal—may be temporally un-
coupled from transcription, for example occurring at specific
stages of the cell cycle [16].
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Here, we report on the role of the interaction between
FMR1 and DNMTT1 in regulating the activity of the FMR1
locus through a DNA methylation/demethylation mechanism.
In addition, we explored an innovative RNA-based approach
using aptamers to modulate DNMT1 activity in FXS, propos-
ing an alternative strategy to overcome the limitations of
currently approved non-specific hypomethylating therapies
[25]. Aptamers are single-stranded synthetic oligonucleotides
(RNA or DNA) that fold into defined three-dimensional struc-
tures and bind specific targets, such as proteins [26]. By com-
bining the intrinsic ability of RNA to inhibit DNMT1 with
the target specificity of aptamers, we aim to selectively regu-
late DNMTT1 activity, thereby preventing methylation of the
FMR1 locus, which is considered the primary molecular cause
of FXS.

Materials and methods

Cell lines and treatments

Fibroblasts derived from three different unaffected control
males (CTRL), three different affected FXS patients, two
UFM, and three PM carriers were employed. Their origin
and characterization at the FMR1 locus are reported in
Supplementary Table S1.

Fibroblasts were established from skin biopsies obtained af-
ter a signed informed consent of each participant and anony-
mously established at the Section of Genomic Medicine at the
Catholic University (Rome; Ethics Committee at the Catholic
University of Rome approval N. 15152/15). Cell cultures were
grown in DMEM (Sigma-Aldrich), supplemented with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin, and
2.5% L-glutamine at 37°C with 5% CO,.

Induced Pluripotent Stem Cells (iPSCs) and their derived
neurons were the same described in Brykczynska et al. [27].
They were derived from two unrelated controls, two UFM
derived from two unrelated individuals (see Supplementary
Table S1), and two FXS patients. Protocols used for maintain-
ing and differentiation were already published [27].

The DRB, $,6-diclorobenzimidazolo 1-f-D-ribofuranoside
(Sigma), was diluted in Dimethyl sulfoxide (DMSO). Time and
concentration curves set the future treatments at 150 uM of
concentration for 48 and 72 h. The compound was added once
and after 48 or 72 h cells were harvested for subsequent ex-
periments. Cells were also treated with DMSO, the diluent of
used to dissolve DRB, representing negative control.

5-azadC (Sigma) was diluted in physiological solution and
then added daily to the cells at a concentration of 5 uM for
1 week. One week after the beginning of the treatment, reac-
tivation of the FMR1 locus was first verified by quantitative
PCR (qPCR) and then cells were harvested for the following
studies.

qPCR

Total RNA was extracted using Trizol (Invitrogen). For a
quantitative estimate of the FMR1 and DNMT1 mRNA lev-
els, we performed a relative quantification with TagMan
probes, using an ABI7900HT (Thermo fisher). The TagMan
probes were the following: FMR1 (IDT, Hs.PT.58.310966),
DNMTI1 (IDT, Hs.PT.58.28037916), and GAPDH (IDT,
Hs.PT.39a.22214836). The relative amount of target mRNA
was assessed by comparison with the human GAPDH mRNA
and using the Ac, method.
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Western blotting analysis

Proteins extracted from cells were resuspended in Laemli
buffer, denatured, separated on 8% polyacrylamide gel elec-
trophoresis, transferred to Immobilon-P membrane (Milli-
pore), immunostained, and visualized using the ECL West-
ern Blotting Kit (GE Healthcare), according to the manufac-
turer. Primary antibodies were used at the following concen-
trations: 1:500 anti-FMRP rabbit polyclonal antibody (Ab-
cam, ab17722), 1:500 anti-DNMT1 mouse monoclonal anti-
body (Abcam, ab13537), and 1:25 000 anti-GAPDH rabbit
polyclonal antibody (Abcam, ab9485). Protein quantification
was obtained by densitometric measurements of the signal in-
tensity after film exposure (ECL).

siRNA against DNMT1 transcripts

Primary fibroblasts were seeded at 1 x 10° cells in six-
well dishes. Cells were transfected with 25 nM siRNA
against DNMT1 transcript (Silencer® Select Pre-designed
siRNA, Thermofisher) and non-targeting control siRNA
(scramble siRNA, IDT) using Lipofectamine RNAiMax (In-
vitrogen). Three different siRNAs were selected to ensure
proper silencing of the DNMT1-mRNA (Cat. Num.4390824:
ID s4215,54216,s4217) and directed against exons 6,25, and
26. The siRNAs were used in combination. Cells were har-
vested for expression analysis 24, 48, 72 h, 5 days, and one
week from transfection (Supplementary Fig. S1C showed re-
sults after 72 h; other time points not shown) then collected
for qPCR, WB, and ChIP assay. Scramble RNA and Lipofec-
tamine alone (vehicle) were used as negative controls. Three
independent transfections were performed.

Aptamer transfection

Anti-DNMT1 aptamer (ce-49 sh: 5'-
CUGAGGCCUAACGAAGGCUUCU-3') was transfected
to FXS fibroblasts and iPSC-derived neurons using Lipofec-
tamine 2000 (Invitrogen), according to the manufacturer’s
protocol. Aptamer was produced by the DNA/RNA Syn-
thesis Laboratory, Beckman Research Institute of City of
the Hope with 2’-F-Py all along the sequence. Cells were
transfected with 100 nM of RNAs previously subjected to
denaturation/renaturation steps as reported by Esposito ef
al. [25]. Cells were harvested for further analysis after 2 and
3 aptamer additions. The second and third addition were
administered 72 h after the previous.

RNA immunoprecipitation

Nuclear and cytoplasmatic proteins were extracted from fi-
broblasts using NE-PER kit (Thermo Fisher) plus RNase in-
hibitor. Around 700-1000 pg of each extract was precipitated
by 10 pg of antibody against DNMT1 (Abcam) through mag-
netic beads, Dynabeads Protein G (Life technologies). Nega-
tive control was immunoprecipitation with antibody against
IgG rabbit (Abcam). An aliquot of each protein extract prior
to immunoprecipitation was kept aside as input control. First,
the immunoprecipitation protein enrichment was checked
by western blot using 1:500 rabbit monoclonal antibody
against DNMT1 (Abcam), 1:25 000 rabbit monoclonal an-
tibody against GAPDH (Abcam). Thus, immunoprecipitated
RNA was extracted following Trizol protocol (Life technolo-
gies), and the corresponding complementary DNA (cDNA)
was quantified relative to the input RNA/cDNA (before IP)
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through qPCR (ABI7900HT, Life Technologies). Three inde-
pendent experiments were performed.

Chromatin immunoprecipitation assay and IP-DNA
quantification

To study the binding between DNMT1 and FMR1 locus, chro-
matin immunoprecipitation (ChIP) assay was performed on
cells, according to the manufacturer (Millipore). The anal-
ysis was performed using the antibody against DNMT1.
In each ChIP assay input DNA (prior immunoprecipita-
tion) and no antibody sample (without antibody addition)
were included as controls in each assay. Immunoprecipitated
DNA (IP-DNA) was extracted by standard procedure (phe-
nol/chloroform/isoamyl alcohol 25:24:1) and then quantified
by absolute qPCR (ABI7900HT, Life Technologies) using fluo-
rescent probes and primers specific for both FMR1 (promoter
region, exons 1 and 16) and HPRT, as already published [2].
Probes for exon 16 of the FMR1 gene and HPRT were used
as negative controls.

Standard curves for both FMR1 and HPRT amplicons were
constructed with five DNA dilutions at known concentration
[X axis = log(X)] and the corresponding Ct values (Y-axis).
The unknown amount of IP-DNA of FMR1 and HPRT [X-
axis = log(X)] was calculated from Ct values, through the
standard curve plot [y = ax + b, that is Ct = ax + b, with
x = log(X)]. The values of IP-DNA were expressed in the
graphs as a percentage (%) of ng of IP-DNA versus ng of in-
put DNA or ng of no Ab DNA versus ng of input DNA. Three
independent experiments were performed.

DNA:RNA hybrid immunoprecipitation (DRIP)

Cells were manually detached and lysed adding protease in-
hibitors. DNA was fragmented by sonication and a small
amount was kept aside as input control, while the rest was pre-
treated, or not, with RNaseH. For DNA:RNA immunoprecip-
itation (DRIP), DNA was immunoprecipitated with $9.6 anti-
body (Merck). After an overnight immunoprecipitation with
$9.6 antibody, the IP-DNA (including input and RNaseH di-
gested samples) was purified through Wizard® DNA Clean-
Up system (Promega, cat. A7280). DNA samples were quan-
tified by absolute qPCR (ABI7900HT, Life Technologies) us-
ing fluorescent probes and primers specific to the FMR1 gene
(promoter region, exons 1 and 16), promoter of GAPDH
and MYADM gene. Three independent experiments were per-
formed.

RNase H hydrolyzes the RNA in R-loops structures [28,
29] and it is used in several studies to validate the specificity
of the §9.6 antibody binding. We showed that our $9.6 signal
is abolished by treatment with RNase H, as expected.

Exon 16 of FMR1 gene and promoter of GAPDH gene rep-
resented negative controls for the presence of hybrids, while
MYADM gene represented positive control [6]. FXS cell lines
were included as negative control for absence of FMR1 tran-
scription. The values of IP-DNA were expressed in the graphs
as a percentage (%) of ng of IP-DNA versus ng of input DNA
or ng of RNaseH DNA versus ng of input DNA.

DNMT1 assay

A commercial DNMT activity/inhibition assay (Active Motif,
#55006) was used to quantify DNMT1 binding and activity.
In this assay, we pre-incubated double strand DNA (dsDNA)
or DNA:RNA hybrid containing the S"UTR of the FMR1 gene

with recombinant DNMT1. We designed three oligomers as
competitors to the CpG substrate: the dsDNA mapping to
exonl of FMR1 gene (dsDNA) and two DNA:RNA hybrids,
one with the template DNA and the complementary RNA (hy-
brid 1) and the other with the non-template strand DNA and
its complementary RNA (hybrid 2). The sequences of oligonu-
cleotides (IDT) were reported in Supplementary Table S2. Af-
ter pre-incubation phase, it was measured the methylation
of CpG-rich sequences that were immobilized on 96-well
plates. DNMTT1 transfers the methyl group from S-adenosyl
methionine (SAM) supplied in the reaction kit to the im-
mobilized DNA, and the methylated cytosine was quantified
by ELISA assay with a specific methyl-binding protein and
HRP-conjugated antibody. 500 ng of recombinant DNMT1
(Active Motif) was incubated with a titration of dsDNA or
DNA:RNA hybrid at 25°C for 30 min in 10 ul binding buffer
(10 mM Tris—HCI, pH 7.5, 150 mM NaCl). Methylation level
of CpG nucleotides by DNMT1 was measured by a microplate
reader (Victor-X"'4, PerkinElmer Inc.) set at 450 nm following
manufacturer’s manual. Each reaction was carried out in sex-
tuplicate. DNMT1 activity on dsDNA or DNA:RNA hybrid
was calculated as Activity = 1 — (ODj4so of sample with com-
petitor — ODyso background)/(ODy4s¢ sample without com-
petitor — ODys¢ background). Average and SEM of replicates
were reported. This assay measures the ability of DNMT1 to
methylate CpG sites in the presence of binding to dsDNA or
hybrids specific for FMR1.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was carried out
using biotinylated dsDNA or DNA:RNA hybrids with the se-
quence described in Supplementary Table S2. Serial titrations
of recombinant DNMT1 were incubated with 0.1 nM of bi-
otinylated nucleotide substrates in DNMT1 binding buffer [5
mM Tris-HCI, pH 7.4, 5 mM MgCl,, 1 mM DTT, 3% (v/v)
glycerol, and 100 mM NaCl] in a 10 ml reaction at room tem-
perature for 30 min. For the competition assay, 100 nM of
non-biotinylated dsDNA was added to the appropriate tubes
and incubated for 15 min before the addiction of the biotiny-
lated substrates. The 10 pul samples were mixed with 1.1 pul of
Novex Hi-Density TBE Sample buffer (5x) and loaded to 6%
DNA retardation gel (ThermoFisher, #£C6365BOX) and run
at 100V in 0.5x TBE at 4°C for 1.5 h. The gel was blotted to
Hybond N + nylon membrane in 0.5x TBE at 4°C at 15V
for 17 h. Biotin signal was detected using Chemiluminescent
Nucleic Acid Detection Kit (ThermoFisher, #89880).

Biolayer interferometry
Analysis of dsDNA or DNA:RNA hybrid binding to DNMT1
was carried out using the Octet RED96 system (ForteBio)
with sensor detection of the change in wavelength (nm shift).
Biotinylated dsDNA or DNA:RNA hybrids specific to the
S'UTR of the FMR1 gene (LRG_762) and double strand
oligonucleotides mapping on exon 17 of FMR1 gene, used as
negative controls for dsDNA structures formation, were all
purchased by IDT (Leuven, Belgium). The three oligomers for
exon 17 of the FMR1 gene have been designed adopting the
same strategy of exon 1 [30]. The sequence of both series of
double strand oligonucleotides are reported in Supplementary
Table S2.

Both dsDNA and DNA:RNA hybrids were immobilized
onto a Streptavidin-SA biosensor at 5 nM. Recombinant
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DNMT1 (Active Motif, #55006) at concentrations of 8.89,
26.7, and 80 nM were loaded onto the sensors until satura-
tion. The nucleotide-labeled sensors were then washed with
buffer, followed by addition of DNMT1 at the three differ-
ent concentrations. All reactions were tested in TBS buffer (10
mM Tris, pH 7.4, 68 mM NaCl, and 0.02% Tween-20). A ref-
erence sample of buffer and DNMT1 alone were used as neg-
ative controls. Association and dissociation were monitored
for 10 min each with agitation at 1000 rpm.

Transformation with sodium bisulfite

Genomic DNA was isolated from DRB treated and untreated
cells and from aptamer transfected and untransfected iPS-
derived neurons by DNeasy Blood & Tissue kit (Qiagen,
69504). gDNA (genomic DNA) was transformed using EZ
DNA Methylation kit (Zymo), and the transformed DNA was
amplified, cloned, and sequenced including the 54 CpG of
the FMR1 promoter region, as already published [31, 32].

CGG sizing

CGG sizing of the aptamer transfected and 5-azadC-treated
iPS-derived neurons was assessed by AmplideX® PCR as-
say (Asuragen, Austin, TX, USA), following manufacturer’s
protocol. Amplified products were visualized by capillary
electrophoresis (3500xL Genetic Analyzer, Thermo Fisher,
Waltham, MA, USA) and separated using POP-7"'polymer
(Thermo Fisher), following manufacturer’s instructions. The
size of the PCR products has been converted to the estimated
number of CGG repeats using size and mobility conversion

factors. The reference sequence of the FMR1 gene used for siz-
ing the CGG repeat is LRG_762 (identical to NG_007529.2).

Immunofluorescence and confocal analysis

For immunofluorescence analysis, we first fixed derived neu-
rons with 3.7% formaldehyde for 15 min at RT, then per-
meabilized with 0.05% Triton X-100 in PBS and blocked
with 5% bovine serum albumin (BSA) for 1 h at RT. Cells
were incubated with the following primary antibodies: rab-
bit «MAP2 (against Microtubule-Associated Protein 2), rab-
bit aNeuN (against Neuronal Nuclei), and rabbit « GFAP
(against Glial Fibrillary Acidic Protein) (Thermo Fisher). Then
slices were incubated with goat Alexa Fluo-488 «-rabbit IgG
and/or goat Alexa Fluo-594 «-rabbit IgG (Thermo fisher) and
DAPI (4',6-diamidino-2-phenylindole) counterstained. Cells
were imaged with an inverted confocal microscope (Nikon
A1-MP). Fluorescence images were collected on three sepa-
rate channels (excitation: 402 nm, emission: 450/50 nm for
the blue channel; excitation: 488 nm, emission: 525/50 nm
for the green channel; excitation: 561 nm, emission: 595/50
nm for the red channel) using a x60 oil-immersion objective
with 1.4 numerical aperture (NA). Internal photon multiplier
tubes collected images with pixel resolutions of 1024 x 1024
in 16 bit at 0.063 ms dwell time. Exposure and gain settings
are kept constant across conditions.

Patch—clamp recordings on iPSCs derived neurons

Neuronal excitability was investigated using the whole-cell
patch-clamp technique at room temperature (23-25°C), as
previously described [33, 34]. Data acquisition was performed
using a MultiClamp 700B amplifier (Molecular Devices) and
digitized at 10 kHz with the Digidata 1440A data acquisi-
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tion system (Molecular Devices). Data were analyzed using
pClamp 11 software (Molecular Devices). The patch-clamp
electrodes, with resistances ranging from 3 to 5 M, were fab-
ricated from borosilicate glass capillaries using a micropipette
puller (PC-10; Narishige) and filled with an internal solu-
tion containing the following components (in mM): 130 K-
gluconate, 10 KCI, 1 EGTA, 10 HEPES , 2 MgCl,, 4 MgATP,
and 0.3 Tris=GTP. Throughout the recordings, the cells were
continuously perfused with Tyrode’s solution, which consisted
of (inmM): 140 NaCl, 2 KCI, 10 HEPES, 10 glucose, 1 MgClI,,
and 2 CaCl,, with a pH of 7.4 and an osmolarity of 312
mOsm. All salts are purchased from Sigma-Aldrich. Evoked
firing was recorded in current—clamp configuration following
by a series of 400 ms current pulses (every 10 s) from —20 to
200 pA, 20 pA steps. For voltage-gated Na™-currents, pipettes
were filled with an intracellular solution comprised of the fol-
lowing salts: 120 CsCl, 10 NaCl; 20 TEA-Cl; 10 EGTA, 10
Hepes; 2 MgCl,, 4 NaATP (pH 7.4 with CsOH). Neurons
were perfused with an external Tyrode’s solution containing
the following (in mM): 135 NaCl, 1 CaCly; 2 MgSOy4, 10
HEPES, 10 glucose, 5 TEA-Cl; 4 MgCl,, 4 CaCl,, and 0.2
CdCl (pH 7.4; all salts purchased from Sigma—Aldrich). After
GQ seal formation and entry into the whole-cell configuration,
the voltage—clamp protocols shown in Supplementary Fig. S7
were performed.

Statistical analysis

Unless stated otherwise in the figure legends, each experiment
derives from at least three independent biological replicates.
Data are expressed as mean £ SD. P-values indicated in the
figures are calculated with GraphPad; Student’s ¢-test and one-
way ANOVA (only for data on Supplementary Fig. S7) are
applied. The variance between the compared groups is simi-
lar. GraphPad (version 8.0.1) and Image] (version 1.53K) soft-
ware were used to create the artwork.

Results

DNMT1 binds to both the FMR1 locus and its
transcript

DNMT1 transcription and translation were quantified by
qPCR and Western blot in FXS, UFM and PM fibroblasts com-
pared to control. Although transcriptional levels of DNMT1
appeared higher in UFM, PM, and FXS compared to con-
trols (Supplementary Fig. STA), its protein levels were equiv-
alent in the different cell lines and to those of controls
(Supplementary Fig. S1B). To examine the possible connection
between FMRI-mRNA and DNMTT1 levels, as a first point
DNMT1 was knocked down with specific siRNA against
DNMTT1 transcript in cells with inactive FMR1 transcription,
such as FXS fibroblasts. Despite efficient DNMT1 knockdown
in FXS fibroblasts, no transcriptional reactivation of FMR1
gene was observed after 24, 48, 72 h, 5 days, and one week
(Supplementary Fig. S1C, 72 h; other time points not shown),
and DNMT1 essentially remains bound to the FMR1 locus
(Supplementary Fig. S1D). Given these results, we hypoth-
esized that the methylation status of the FMRI gene must
depend on a more complex mechanism, probably involving
other epigenetic modifiers/factors/pathways.

We then moved on to quantify R-loops at the FMR1 locus
in the four different types of fibroblasts. R-loops abundance
at the FMR1 locus was quantified using immunoprecipitation
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with the well-established $9.6 antibody for the detection of
DNA:RNA hybrids, in association with RNase H treatment
to ensure specificity of the signals [35]. In the FMR1 promoter
region, UFM and PM cells showed a significant increase in R-
loops compared to CTRL, while no R-loops were found in
MFM (FXS) cells as expected (Fig. 1A). Similar results were
obtained using specific primers for exon 1 of the FMR1 gene
(Supplementary Fig. S2A), while absence of hybrids was found
at exon 16 of FMR1 and at the promoter region of GAPDH
(negative controls) (Supplementary Fig. S2B and C, respec-
tively). MYADM represented a positive control for hybrids
formation [6] (Supplementary Fig. S2D).

To investigate whether DNMT1 showed a different bind-
ing to FMR1 locus in relation to the methylation status of the
different alleles, ChIP assay with antibody against DNMT1
followed by IP-DNA absolute quantification with qPCR was
performed in CTRL, PM, UFM, and FXS fibroblasts. FXS cells
displayed a significant increase in DNMT1 amount bound to
either the promoter region (Fig. 1B) or exon 1 of the FMR1
gene (Supplementary Fig. S3A). Exon 16 of FMR1 gene and
HPRT were used as negative controls for DNMT1 binding
(Supplementary Fig. S3B and C, respectively) [2]. Contrari-
wise, FMR1 transcriptionally active cell lines do not show any
binding of DNMTT1 to the FMR1 locus.

We then explored whether DNMT1 could bind the FMR1
transcript in control, PM and UFM fibroblasts through RNA
immunoprecipitation (RIP) using antibody against DNMT1
and quantifying FMR1 transcript by gPCR. DNMT1 bound
FMR1-mRNA transcript in transcriptionally active cells, i.e.
control, PM, and UFM (Fig. 1C). In PM cell lines, DNMT1
bound the FMR1 transcripts with affinity from 2 to 4 times
higher than in CTRL. Instead, UFM cell lines showed about
eight times more FMR1-mRNA bound to DNMT1 compared
to control. FXS fibroblasts represent negative controls for the
binding of DNMTT1 to FMR1 transcript.

In FMR1 transcriptionally active cell lines DNMT1 did not
bind to the FMR1 locus but to the FMR1 transcripts. Con-
trariwise, in FMR1 transcriptionally inactive FXS fibroblasts,
DNMTT1 associates with the FMR1 locus, whereas no binding
to the FMR1 transcript is detected, consistent with the absence
of transcript in these cells.

How DNA methylation influences FMR1
transcription

Here, we aimed to investigate how nucleic acid structures
related to the FMR1 locus could influence DNMT1 activ-
ity. To address this point, we first examined whether DNA
methyltransferase activity differs based on oligonucleotide
substrates, in particular, dsSDNA versus DNA:RNA hybrids
designed for the FMR1 locus. A competitive immunoassay
was used to investigate the activity of recombinant DNMT1
on immobilized CpG-rich sequences, with dsDNA or corre-
sponding DNA:RNA hybrids added as competitors. Binding
of the methyl-C binding protein to immobilized substrates
provides a colorimetric readout. Results from this assay are
reported in Fig. 2A. The methylation activity is reduced when
DNMT1 interacts with RNA/DNA1 (hybrid 1) formed by
template DNA strand and its complementary RNA (specifi-
cally FMR1 mRNA). In contrast, dsSDNA was able to compete
more effectively at lower concentrations, indicating it as the
preferred substrate. Among the two hybrids, RNA/DNAT in-
hibited DNMT1 more strongly than hybrid 2 (RNA/DNA2),

designed between non-template DNA and antisense FMR1
transcript.

EMSA was performed to test whether DNMT1 binding dif-
fers between dsDNA and DNA:RNA hybrids. Probes corre-
sponding to the FMR1 promoter region were used, both ds-
DNA and hybrid 1 based on the ELISA results. As showed in
Fig. 2B, DNMT1 binds avidly to both dsDNA and RNA/DNA
hybrid 1 already at lower DNMT1 concentrations. A reduced
intensity of the DNMT1/oligos complex was observed with
increasing concentrations of DNMTT1, likely due to the forma-
tion of larger or heterogeneous complexes that migrate more
slowly or remain trapped in the gel. Aggregation or oversatu-
ration effects may also contribute to this observation.

Biolayer interferometry assays further confirmed that
DNMT1 exhibits higher affinity for dsSDNA than for the cor-
responding DNA:RNA hybrids designed on 5UTR of the
FMR1 gene (Fig. 2C). Among the two hybrids, hybrid 1 binds
more strongly to DNMT1 than hybrid 2. Oligonucleotides de-
signed at exon 17 of the FMR1 gene were used as negative
control (Supplementary Fig. S4).

Taken together, these results indicate that, while DNMT1
can interact with specific DNA:RNA hybrids spanning the
5'UTR region of the FMR1 gene, particularly those between
template DNA and FMR1 mRNA, its preferred substrate is
dsDNA.

Transcriptional inhibition of the FMR1 locus
recapitulates FXS condition

To better understand the correlation existing between the
transcription and the DNA methylation status of the FMR1
gene, we chose to pharmacologically inhibit the transcrip-
tion, treating fibroblasts with 5,6-dichlorobenzimidazole 1-3-
D-ribofuranoside (DRB). DRB is an inhibitor of RNA synthe-
sis and causes premature termination of transcription. It is a
nucleoside analog that halts mRNA synthesis by phosphoryla-
tion of the C-terminal domain of RNA polymerase II, making
it inactive [36].

After treatment of all FMR1 transcriptionally active fibrob-
lasts (CTRL, PM, and UFM) a significant reduction in tran-
scription and translation of the FMR1 locus is observed, as
expected (Supplementary Fig. SSA and B). To ascertain the
reduction in transcription observed after DRB treatment cor-
responded to a proportional reduction in R-loops, we quan-
tified R-loops through DRIP assay. As shown in Fig. 3A, R-
loops in the FMR1 promoter and exon 1 regions are reduced
after treatment with DRB compared to the untreated con-
trols (see Supplementary Fig. S5C for the other regions an-
alyzed by DRIP as controls; data after RNase H digestion are
not shown). We also showed that after DRB treatment the
amount of DNMT1 bound to the FMR1 promoter and exon
1 regions significantly increased in CTRL, UFM, and PM (Fig.
3B). The ChIP assay with antibodies against DNMT1 and the
IP-DNA quantification with qPCR of exon 16 region of the
FMR1 gene and HPRT gene after DRB treatment are reported
in Supplementary Fig. S5D.

To explore if these data correlate with DNA methylation
levels at the FMR1 locus, we analyzed the DNA methylation
status at the FMR1 promoter following bisulfite transforma-
tion of genomic DNA after DRB treatment. Interestingly, we
observed that the reduction in transcription induced by the
compound also stimulated a slight increase in DNA methyla-
tion at the FMR1 promoter in CTRL cell line (Fig. 3C) and in
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Figure 1. Quantification of R-loops and binding of DNMT1 to FMR1 locus and transcript. (A) DNA:RNA hybrids immunoprecipitation (DRIP) using S9.6
antibody in PM, UFM, and FXS fibroblasts compared to control followed by absolute quantification of IP-DNA through gPCR using specific probe for
FMR1 promoter region. RNase H digested RNA in DNA:RNA hybrids ensuring the specificity of the signal. Four independent immunoprecipitations are
performed (n = 4). The quantity of hybrids is significantly higher in PM and UFM and practically absent in FXS respect to control; %P < 0.01, xxxP

< 0.001, **xxP < 0.0001 (B) ChIP assay using antibody against DNMT1 in PM, UFM, and FXS fibroblasts compared to control followed by absolute
quantification of IP-DNA through gPCR using specific probe for FMR1 promoter region. All samples are treated as the corresponding
immunoprecipitated but without adding the antibody (no Ab), thus representing negative control. Four independent immunoprecipitations are done

(n = 4). Levels of DNA bound to DNMT1 at the FMR1 promoter region are significantly higher in FXS cells compared to control, PM, and UFM; ssxx P
< 0.0001. (C) RIP using antibody against DNMT1 (on the left) followed by relative quantification by gPCR of FMRT transcript bound to DNMT1 in PM,
UFM, and FXS compared to control (on the right). Note the enrichment of DNMT1 in the nuclear fraction after IP, less visible in FXS fibroblasts (black
dot). After IP FMR7-mRNA bound to DNMT1 is quantified using gPCR comparing each sample to the corresponding input RNA. Relative levels of
FMR1-mRNA bound to DNMT1 were higher in PM and UFM compared to control and absent in FXS, as expected. Three independent RIPs are
performed (n = 3); xP < 0.05, x*%xP < 0.0001 (Student's t-test versus control).
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Figure 2. DNA methylation and FMR1 transcription. (A) Competitive methylation ELISA assay using recombinant DNMT1 at different concentrations of
FMR1 5'UTR oligonucleotides: dsDNA (blue), hybrid 1 (RNA/DNAT, formed by template DNA and FMRT-mRNA) (violet), and hybrid 2 (RNA/DNA2,
designed between no template DNA and FMRT antisense transcript) (green). Adding serial concentrations of such oligonucleotides (up to 4 uM) as
competitors to the recombinant DNMT1, hybrid 2 showed lower inhibition of DNMT1. Error bars represent SEM of triplicates. (B) EMSA using several
concentrations (up to 50 nM) of recombinant DNMT1 and biotinylated [1 nM] oligonucleotides, one specific for the 5’UTR of FMR1 (dsDNA) and the
other for hybrid 1, without (=) or with (+) the preliminary addition of a dsDNA as a competitor. Note the binding of DNMT1 to both oligonucleotides,
even at low concentrations of the recombinant enzyme. Adding the dsDNA as a competitor, the binding disappeared for both oligonucleotides. (C)
Biolayer interferometry assay using recombinant DNMT1 at three serial concentrations (80, 26.7, and 8.89 nM) and specific 5’UTR of the FMRT dsDNA
versus hybrid 1 (on the left) and dsDNA versus hybrid 2 (on the right). Note that hybrid 1 binds DNMT1 more avidly than hybrid 2.
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Figure 3. Transcriptional inhibition of the FMRT gene through DRB treatment of control, PM, and UFM fibroblasts. (A) DRIP assay in control, PM, and
UFM fibroblasts followed by absolute quantification of IP-DNA through gPCR using specific probe for FMR1 promoter (on the left) and exon 1 (on the
right) regions. After transcriptional inhibition with DRB, levels of R-loops significantly decreased in control, PM, and UFM fibroblasts compared to the
untreated cells. DMSO represented the diluent used to dissolve DRB and it is used as negative control. Three independent DRB treatments are done (n
= 3); ##xxxP < 0.0001. (B) ChIP assay using antibody against DNMT1 in control, PM, and UFM fibroblasts treated with DRB compared to untreated
controls followed by absolute quantification of IP-DNA through gPCR using specific probes for FMR1 promoter (on the left) and exon 1 (on the right)
regions. After transcriptional inhibition through DRB, levels of DNA bound to DNMT1 at the FMRT promoter and exon 1 regions are significantly higher
in treated cells compared to untreated controls. DMSO represented the diluent used to dissolve DRB and it is used as negative control. Three
independent immunoprecipitations are done (n = 3); %P < 0.05, %P < 0.01, %%xP < 0.001, x**xP < 0.0001 (Student’s t-test versus untreated). (C)
Bisulfite sequencing of the CGI of the FMRT promoter region after DRB treatment of control fibroblasts. White squares represented unmethylated
cytosines, while black squares methylated positions. Binding sites for the main transcription factors are reported on the top (see also [31] and [32]). Note
that after transcriptional reduction of FMRT transcription through DRB treatment of control cells, an increase in DNA methylation is observed. DMSO
represented the diluent used to dissolve DRB and it is used as negative control.
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both PM and UFM fibroblasts (Supplementary Fig. SSE and
F).

When cell lines with active FMR1 transcription are driven
into inactive transcription status, the effect recapitulates
the event leading to DNA methylation at the FMRI
locus.

Transcriptional reactivation of the FMR1 gene
restores “normal” conditions

Opposite to DRB treatment (inhibition of transcription) is the
pharmacological re-activation of the FMR1 locus in MFM
cells using 5-azadC, a compound capable to demethylate this
locus [22, 23, 31]. Two different FXS cell lines were daily
treated with 5-azadC for one week and at the end of treat-
ment we confirmed FMR1 re-activation through qPCR and
western blot (Supplementary Fig. S6A and B). In association
with transcriptional reactivation, R-loops reappeared at the
FMR1 promoter and exon 1 regions, as shown in Fig. 4A.
In Supplementary Fig. S6C, all amplified regions after DRIP
as controls are reported. At this point the investigation of
the DNMTT1 behavior after pharmacological restoration of
EMR1 transcription was critical. Interestingly, we observed
that, in treated FXS cells, the amount of DNMT1 bound to
FMR1 promoter and exon 1 regions significantly decreased
compared to untreated cells (Fig. 4B). All ChIP data with
antibodies against DNMTT1 are reported in Supplementary
Fig. S6D. Finally, following 5-azadC treatment and FMR1
reactivation, a portion of the FMRI1 transcript appeared
to be associated with DNMT1 as indicated by RIP results
(Fig. 4C).

To extend these findings to neuronal target cells, FXS iP-
SCs derived neurons [27] were daily treated with 5-azadC for
7 days (Supplementary Fig. S7). After confirming FMR1 re-
activation (Figs SA and 6C), we moved on to investigate the
presence of DNA:RNA hybrids and the DNMTT1 binding to
the FMR1 locus (Fig. 5B and C, respectively). The transcrip-
tional reactivation of the FMR1 gene lead to a reappearance of
DNA:RNA hybrids (see Supplementary Fig. S8A for complete
DRIP results) and to a decrease in the amount of DNMT1
bound to the SUTR of the gene (see Supplementary Fig. S8B
for complete ChIP results), demonstrating that, when the
FMRT1 transcription is pharmacologically re-activated, the
corresponding DNA demethylation induces the reappearance
of new R-loops also in target cells.

Taken together, these data showed that pharmacological
demethylation induces the formation of hybrids and the re-
moval of DNMT1 to the FMR1 locus.

Effects of DNMT1 inhibition at the FMR1 locus
using aptamer

A synthetic oligonucleotide (aptamer) able to selectively bind
and inhibit DNMT1 [20, 25] was first used to transfect FXS
fibroblasts (Supplementary Fig. S9), as proof of principle. Ap-
tamer was added two or three times at two different FXS
fibroblasts and it was shown to reactivate the silent FMR1
gene, particularly after two additions. We then treated FXS
derived neurons with two or three doses of aptamer to check
for a reactivating effect on the FMR1 gene. Surprisingly, ap-
tamer caused a robust FMR1 reactivation (Fig. 6A), similar to
that observed in fibroblasts (Supplementary Fig. S9), includ-
ing a partial DNA demethylation of the CGI at the FMR1 pro-
moter region (Fig. 6B) and restoration of FMRP production

(Fig. 6C), especially after two administrations of the aptamer.
Levels of reactivation after aptamer transfection appeared
similar to those obtained with 5-azadC treatment. Further-
more, aptamer transfection did not apparently affect the size
and integrity of the CGG expansion as observed through fluo-
rescent PCR specific for CGG sizing (Supplementary Fig. S10).
After reactivation of the FMR1 gene using aptamer on FXS
iPS-derived neurons, DNMT1 binding to the FMR1 locus ap-
peared significantly reduced in the 5> UTR region of the FMR1
gene, i.e. promoter region and exon 1 (Fig. 6D and Supplemen-
tary Fig. S11).

Overall, these data highlighted the role of the aptamer as
an agent capable of inhibiting DNMT1, thereby reactivat-
ing FMR1 through its demethylation without affecting the in-
tegrity of the trinucleotide repeat. Reactivation of FMR1 gene
using aptamer able to inhibit DNMT1 in FXS-iPS-derived
neurons paves the way for a possible approach to specifically
demethylate genes in target cells.

Discussion

The DNMT1 enzyme is known for its crucial role in DNA
methylation, usually active after S-phase of cell cycle and as-
sociated with hemimethylated DNA strand maintaining epige-
netic modifications across cell divisions. Recent studies have
highlighted the involvement of DNMT1 not only in methy-
lating DNA but also in regulating gene expression through its
interaction with specific genomic loci and transcript [37, 38].
In this study, we examine the interaction between DNMT1
and the FMR1 gene, particularly focusing on its binding to
both the gene’s locus and its RNA product. This interaction
has been shown to be closely linked to the transcriptional
regulation of FMR1 and is modulated by epigenetic modi-
fications. This dual binding mechanism implicates DNMT1
in the regulation of gene transcription, providing further in-
sight into the complexity of gene expression regulation be-
yond DNA methylation alone. The presence of DNMT1 at the
FMR1 locus appears to influence the expression of the gene,
potentially through the establishment or maintenance of DNA
methylation marks at critical regulatory regions. Though at
low levels, DNMT1 binding to FMR1 mRNA was already ob-
served in leukemic cells [20]. RIP experiments clearly demon-
strated the binding of FMR1-mRNA to DNMT1 in premu-
tated and UFM cells. When FMR1 transcript is absent, such
as in FXS cells, DNMT1 binds only to FMR1 locus main-
taining its methylated and silenced status. The low DNMT1
enrichment observed in FXS fibroblasts (see Fig. 1C) may
be explained by high DNMT1 occupancy at the SUTR of
the FMR1 gene, which could reduce apparent enrichment in
the IP, although other factors may also contribute. Addition-
ally, as directly observed by EMSA and by DNMTT1 activity
ELISA assay, the binding avidity between the enzyme and the
DNA:RNA hybrids stemming from the FMR1 locus appeared
more robust for hybrids formed between DNA template and
mRNA than those formed between antisense transcript and
no-template DNA strand, suggesting a regulatory function of
DNMTT1 in gene expression. To dynamically mimic the si-
lenced or active status of FMR1 gene (as in FXS or in con-
trol/PM/UFM cells, respectively), cells are pharmacologically
treated with compounds able to inactivate or reactivate tran-
scription. Despite transcriptional inhibition of FMR1 active
cells was not total, some features resemble those of inactive
cells, such as FXS: reduction of hybrids at SUTR of FMR1
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Figure 4. Transcriptional reactivation of the FMR1 gene through 5-azadC treatment of FXS fibroblasts. (A) DRIP assay in FXS fibroblasts followed by
absolute quantification of IP-DNA through gPCR using specific probe for FMR1 promoter and exon 1 regions. After transcriptional reactivation with
5-azadC, levels of R-loops significantly increased in treated fibroblasts compared to the untreated cells. Three independent 5-azadC treatments are done
(n = 3). (B) ChIP assay using antibody against DNMT1 in FXS fibroblasts treated with 5-azadC compared to untreated controls followed by absolute
quantification of IP-DNA through gPCR using specific probes for FMR1 promoter and exon 1 regions. After transcriptional reactivation through 5-azadC,
levels of DNA bound to DNMT1 at the FMRT promoter and exon 1 regions are significantly decreased in treated cells compared to untreated controls.
Three independent immunoprecipitations are done (n = 3); *x#xP < 0.0001 (Student's t-test versus untreated). (C) RIP using antibody against DNMT1
(on the top) followed by relative quantification by gPCR of FMRT transcript bound to DNMT1 in untreated and 5-azadC treated FXS compared to control
(on the bottom). Note the enrichment of DNMT1 in the nuclear fraction after IP (black dot). After IP FMR7-mRNA bound to DNMT1 is quantified using
gPCR comparing each sample to the corresponding input RNA. Relative levels of FMRT-mRNA bound to DNMT1 were slightly higher after 5-azadC
treatment compared to untreated FXS. Three independent RIPs are performed (n = 3). s P < 0.01 (Student's t-test versus untreated FXS).
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Figure 5. Transcriptional reactivation of the FMRT gene through 5-azadC treatment of FXS iPS-derived neurons. (A) Relative quantification of
FMR1-mRNA after 5-azadC treatment of FXS iPS-derived neurons using qPCR. After 5-azadC treatment a significant increase of FMR1 transcription is
observed in silenced FXS iPS-derived neurons compared to the untreated control (UT), without reaching levels of FMR1 transcription of control neurons.
Three independent treatments with 5-azadC compound are performed (n = 3); *xP < 0.01. (B) DRIP assay in FXS iPS-derived neurons followed by
absolute quantification of IP-DNA through gqPCR using specific probe for FMRT promoter (on the left) and exon 1 (on the right) regions after 5-azadC
treatment. After transcriptional reactivation with 5-azadC, levels of R-loops significantly increased in treated neurons compared to the untreated cells.
RNase H digested RNA in DNA:RNA hybrids ensuring the specificity of the signal. Three independent 5-azadC treatments are done (n = 3); *P < 0.05,
s#kxP < 0.001. (C) ChIP assay using antibody against DNMT1 in FXS iPS-derived neurons treated with 5-azadC compared to untreated controls followed
by absolute quantification of IP-DNA through gPCR using specific probes for FMRT promoter (on the left) and exon 1 (on the right) regions. After
transcriptional reactivation through 5-azadC, levels of DNA bound to DNMT1 at the FMRT promoter and exon 1 regions are significantly decreased in
treated cells compared to untreated neurons. All samples are treated as the corresponding immunoprecipitated but without adding the antibody (no Ab),
thus representing negative control. Three independent immunoprecipitations are done (n = 3); %P < 0.01, s*xxP < 0.001 (Student’s ttest versus
untreated).

920z Ae\ 0z uo Jasn aion) oioeS [9Q ealjone) Alun Ag v2£5218/1006eb6n/1/¢/a101ue/pawow.leu/wod dno-ojwapeoe//:sdpy woly papeojumoq



A
0.025-
§
>
CF PSS
2 g% g
AR
c - -
Q Q
@ @«
T e}
S 8 3 o
g 92 9 2 S
oc w0 0 (2] (2]
= > x x x
(@] [ w [ [
FMRP
D

IP-DNA/Input DNA (%)

ChiP
FMR1 promoter

70-90 kDa

37 kDa

FMR1 RNA blocks DNMT1-mediated methylation 13

B
CTRL Souol
T T T T T T T T T T T T T T T T T T
% T T T T T T O
0 A A |
[ o T T T T T T T T T T T T T
L T T T T T T T T P T P T T T P T T PP T TP T PP T T T T PP 1 W
FXS UT
FXS+5-azadC
1T m LT T]
oo
11T
H} 11T {}II
N u 11T .
11T -
FXS+2add apt
FXS+3add apt
l i
1
I
L1
T
1.5
ey
3
©
N
0
[) —
2 1.0
Q@
]
2
=
©
© 0.5
o
4
=
w
0.0-
&
O
&
FMR1 exon 1
8_
<
>
<
< 6
b4
o
5
o 4
=
> .
O 2 ok
g %
E

Figure 6. Transcriptional reactivation of the FMR1 gene through DNMT 1-specific aptamer on FXS iPS-derived neurons. (A) Relative quantification of
FMR1-mRNA after aptamer transfection on FXS iPS-derived neurons using gPCR. After aptamer transfection a significant increase of FMR1
transcription is observed in silenced FXS neurons compared to the untreated control (UT). FXS neurons are transfected with 2 and 3 doses of aptamer
for three independent transfections (n = 3); #xxP < 0.001, *x**xP < 0.0001 (Student's t-test versus untreated). (B) Bisulfite sequencing of the CGI of the
FMR1 promoter region after aptamer transfection of FXS iPS-derived neurons. White squares represented unmethylated cytosines, while black squares
methylated positions. Binding sites for the main transcription factors are reported on the top (see also [31] and [32]). Note that after reactivation of
FMR1 transcription through aptamer transfection of FXS iPS-derived neurons, a reduction in DNA methylation is observed. (C) Representative WB of
FXS iPS-derived neurons after aptamer transfection. FMRP levels reappeared after aptamer transfection in FXS neurons at an even higher level than that
induced by 5-azadC. On the left, bars represented mean + SD of three independent protein lysates of three independent transfections (n = 3); *P

< 0.05, %P < 0.01, x#xP < 0.001 (Student’s t-test vs. untreated FXS). (D) ChIP assay using antibody against DNMT1 in FXS iPS-derived neurons
transfected with aptamer compared to untreated controls followed by absolute quantification of IP-DNA through gPCR using specific probes for FMR1
promoter (on the left) and exon 1 (on the right) regions. After transcriptional reactivation through aptamer, levels of DNA bound to DNMT1 at the FMR1
promoter and exon 1 regions are significantly decreased in transfected cells compared to untransfected neurons. All samples are untransfected as the
corresponding immunoprecipitated but without adding the antibody (no Ab), thus representing negative control. Three independent
immunoprecipitations are done (n = 3); #**xP < 0.0001 (Student's t-test vs. untransfected).
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locus, increased binding of DNMTT1 to the FMR1 gene and a
surprising increased levels of DNA methylation at the FMR1
promoter CGI. Treatment with DRB was able to augment
methylation status of the FMR1 promoter region in control,
PM, and UFM cells, particularly at levels of footprints L, II,
and IV that are binding sites for transcriptional factors such
as Sp1, USE, and CREB [39, 40]. Increase in DNA methyla-
tion does not reach levels of that of FXS cells, in accordance
with the fact that transcriptional inhibition of the FMR1 was
not fully complete. Complementarily, transcriptional reacti-
vation of the FMR1 gene with the demethylating agent 5-
azadC on FXS cells does not normalize as in control cells, its
levels of transcription remain at ~30%-40% respect to nor-
mal control cells [22, 23, 31]. Given that transcription and
translation of the FMR1 locus increase and methylation of
the CGI of the FMR1 promoter region reduce [23, 31], treat-
ment of FXS cells with 5-azadC restore hybrids at the FMR1
locus and remove the methylation block represented by the
DNMT1 binding to the locus. After the transcriptional reac-
tivation induced by 5-azadC, part of the FMR1 transcript is
found to be bound to DNMT1. Similar results are obtained
treating with 5-azadC neurons derived from FXS-iPSCs. Also,
in differentiated cells, 5-azadC reduces DNMT1 bound to
the FMR1 locus allowing increase in FMR1 transcription
and consequently formation of R-loops at the 5°UTR of the
locus.

Transcriptional reactivation of the FMR1 gene in neurons
derived from FXS-iPSCs after 5-azadC treatment does not
reach normal levels, despite leads to restore a partial FMRP
translation, as previously observed treating different cells [23].
Although 5-azadC is the only compound that robustly reacti-
vates FMR1 gene in vitro, its toxic side effects limit its clin-
ical use in FXS patients [41, 42]; moreover it requires cell
division to be incorporated, resulting difficult for the Fragile
X target cells, i.e. neurons. Nevertheless, Bar-Nur et al. [43]
treated FXS-iPS and their derived neurons with 5-azacytidine
(5-azaC, a cytosine analogue similar to 5-azadC) and they
observed a robust FMR1 reactivation after treatment. Treat-
ments with 5-azaC (and 5-azadC) were performed by other
groups in differentiated neurons [44, 45] and in human FXS-
neural cells transplanted in rodent brains, supporting the fea-
sibility of gene reactivation in the context of CNS [46].These
data represent surprising finding if considered that neurons
are not dividing cells and expressed MAP2, a marker of dif-
ferentiated neurons. In support of such results several papers
demonstrated modulation in the expression of BRCA1, reelin,
BDNF, and other genes in post-mitotic neurons using 5-azadC
[47-49].

In an elegant work, using dCas9-Tet1/sgRNA approach,
the authors restored the expression of FMR1 in FXS iPSCs,
demethylating the CGG expansion: the heterochromatin sta-
tus of the FMR1 promoter switched on to an active chro-
matin status [50]. Again, neurons derived from these edited
FXS iPSCs rescued the electrophysiological abnormalities and
restored a WT phenotype. Low amount of FMRP appeared
sufficient for normalizing neuronal function [50, 51]. The
overall impact of 5-azadC treatment was to assess its impact
on the DNMT1-mediated regulation of FMR1. The results
showed that 5-azadC treatment led to a robust reactivation of
FMRT1 expression, further supporting the idea that DNMT1-
mediated methylation of the FMR1 locus is a key regulator of
its transcription.

The main therapeutic goal is to specifically switch on the
epigenetic block of the expanded FMR1 gene in FXS, restor-
ing gene expression and FMRP translation and reversing the
neuronal anomalies due to the lack of FMRP. The exact se-
quence that leads to inactivation of the gene is not yet fully
understood [52]. In human embryonic stem cells (hESCs) de-
rived from FXS, that mimic the early stage of FXS embryo in
which the FMR1 locus is active until 11th week when it be-
comes silenced [53, 54], transcription of the expanded gene is
maintained. During differentiation of FXS hESCs the epige-
netic silencing leads to FMR1 gene inactivation, thus result-
ing in a loss of FMRP. Using a small molecule, named 1a, able
to disrupt the interaction of the mRNA with the expanded
CGG portion of the FMR1 gene prevented gene silencing [14].
This paper demonstrated that RNA is required for epigenetic
silencing of the gene, but it is not fully described the exact
mechanism underlying the inactivation mechanisms and does
not explain the existence of UFM. A different small molecule
known as 2HE-5Nme is able to specifically binds the CGG
repeat expansion of the FMR1 mRNA and prevents the resi-
lencing of the gene after 5-azadC withdrawal also in FXS dif-
ferentiated neurons [45]. Our preliminary transfection of FXS
fibroblasts with an aptamer able to bind and inhibit DNMTT1,
restoring FMR1, represents a proof of concept of a molecular
mechanism in which DNMTT1 is a crucial enzyme in the epi-
genetic silencing of the FMR1 gene [25]. The same aptamer
was transfected in FXS differentiated neurons demonstrating
its efficacy in FMR1 transcriptional reactivation with partial
rescue of FMRP translation particularly after two additions of
the aptamer. A higher level of reactivation might be expected
after three aptamer administrations; however, repeated trans-
fections likely introduce cytotoxic effects. Future work should
explore more efficient and less toxic delivery strategies for the
aptamer. The use of aptamers targeting DNMT1 provides a
promising approach to modulate the gene expression by inter-
fering with the RNA interaction with DNMTT1. The interplay
between DNMT1, the FMR1 locus, and its RNA highlights
the intricate regulatory mechanisms governing gene expres-
sion. The ability to modulate this interaction using aptamers
and methylation inhibitors, like already done with 5-azadC,
could pave the way for new therapeutic strategies in treating
FXS, offering hope for targeted interventions that restore nor-
mal gene expression and mitigate the effects of genetic disor-
ders like FXS.

These findings suggest a potential targeted-therapeutic av-
enue for FXS. Further experiments will be focused on min-
imizing any off-target effects and optimizing the selectivity
properties for CNS needed for a therapeutic intervention in
FXS.

Limitations of the study: while our study provides new in-
sights into the molecular reactivation of FMR1 by aptamer
treatment in FXS cells, several limitations should be acknowl-
edged. First, the functional consequences of FMR1 reacti-
vation on neuronal activity and other cellular phenotypes
were not addressed and will require dedicated future stud-
ies. Second, experiments were performed in vitro using iPSC-
derived neurons and fibroblasts, which may not fully recapit-
ulate the complexity of the human brain. Finally, although
our analyses focused on selected molecular and epigenetic
readouts, additional layers of regulation and long-term ef-
fects of FMR1 reactivation remain to be explored. Address-
ing these points will be important in future work to fully
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assess the therapeutic potential of aptamer-mediated FMR1
reactivation.
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