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ABSTRACT

Peptide nucleic acids (PNAs) are promising thera-
peutic molecules for gene modulation; however, they
suffer from poor cell uptake. Delivery of PNAs into
cells requires conjugation of the PNA to another
large molecule, typically a cell-penetrating peptide or
nanoparticle. In this study, we describe a new PNA-
based molecule with cyclic tetrahydrofuran (THF)
backbone modifications that in some cases consid-
erably improve cell uptake. We refer to these THF-
PNA oligomers as thyclotides. With THF groups at
every position of the oligomer, the cell uptake of thy-
clotides targeted to miR-21 is enhanced compared
with the corresponding unmodified PNA based on
an aminoethylglycine backbone. An optimized thy-
clotide can efficiently enter cells without the use
of cell-penetrating peptides, bind miR-21, its desig-
nated microRNA target, decrease expression of miR-
21 and increase expression of three downstream tar-
gets (PTEN, Cdc25a and KRIT1). Using a plasmid with
the PTEN-3'UTR coupled with luciferase, we further
confirmed that a miR-21-targeted thyclotide prevents
miR-21 from binding to its target RNA. Additionally,
the thyclotide shows no cytotoxicity when adminis-
tered at 200 times its active concentration. We pro-
pose that thyclotides be further explored as thera-
peutic candidates to modulate miRNA levels.

INTRODUCTION

Cancer is a leading cause of death worldwide, and mil-
lions of new cases are diagnosed each year (1). Among
the many therapeutic strategies being investigated to reduce
the burden of cancer, modulating micro-RNA (miRNA)

expression is a very attractive strategy (2-4). miRNAs
are non-coding RNA molecules that bind to complemen-
tary mRNA or RNA binding proteins (5,6) and are ex-
pressed in many tissues (7). They are involved in many pro-
cesses, including cell differentiation, proliferation and sur-
vival (8). By binding to a mRNA target, miRNAs can in-
hibit translation or promote mRNA degradation, thereby
regulating gene expression (9). Dysregulation of miRNAs
is related to the development of diseases such as can-
cer, which is why they are considered promising targets
for both diagnostic detection and therapeutic intervention
(2,10). Therapeutics based on RNA are emerging, and the
first siRNA drug, Patisiran, was approved by the FDA in
2018. Other miRNA candidate drugs are in clinical devel-
opment for medical intervention, or to help in reducing
miRNA-induced chemoresistance (11,12). Although anti-
sense oligonucleotides are one possible means to inhibit
miRNAs (13-16), unmodified oligonucleotides have a lim-
ited ability to effectively target miRNAs due to low binding
affinity, sensitivity to nuclease degradation, and limited cell
penetration (17). Some modified antisense oligonucleotides
have been used to inhibit miRNAs. For example, locked
nucleic acids (LNAs), which contain a rigidifying 2’-O, 4’-
C methylene bridge bond in their ribose ring, have been
used to inhibit miRNAs, both in vitro using transfection
to deliver the LNA into cells, and in vivo by injection (18—
20). Similarly, cholesterol-conjugated single-stranded short
RNA molecules, or antagomiRs, have also been used to si-
lence miRNAs (21-24). Phosphorodiamidate morpholino
oligomers (PMOs) are a class of non-ionic DNA analogues
(25-27) that are resistant to enzymatic degradation and
bind with high affinity to RNA targets. PMOs are power-
ful antisense agents (28), and they have also been used as
miRNA inhibitors (29-32).

PNAs are DNA analogues in which the phosphate
deoxyribose backbone is replaced by uncharged N-(2-
aminoethyl)glycine (aeg) units (33). As with the nonionic

*To whom correspondence should be addressed. Tel: +1 301 451 1052; Fax: +1 301 480 4977; Email: appellad@niddk.nih.gov
tThe authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.

Published by Oxford University Press on behalf of Nucleic Acids Research 2022.

This work is written by (a) US Government employee(s) and is in the public domain in the US.


https://orcid.org/0000-0001-7195-7764

10840 Nucleic Acids Research, 2022, Vol. 50, No. 19

backbone of PMOs, the absence of charged phosphate
groups on PNA eliminates the electrostatic repulsion that
occurs in nucleic acid duplexes, thereby enabling PNA to
bind with high affinity to complementary DNA and RNA
sequences through Watson—Crick and Hoogsteen base pair-
ing mechanisms (34-36). Additionally, PNAs are resistant
to degradation by proteases and nucleases as they are not
recognized substrates of these enzymes (36). These two fea-
tures make PNAs very attractive biomedical tools, and sev-
eral studies have examined PNAs as antisense and anti-
gene agents (37-43). Without modifications, PNAs suf-
fer from poor cell uptake, which is why numerous meth-
ods to improve their delivery into cells are being investi-
gated to enhance their utility in biomedical applications
(44-49).

One of the most successful methods to enhance the cell
uptake of PNAs is conjugation with cell-penetrating pep-
tides (CPPs) (49-51). The CPPs typically contain several
positively charged amino acids such as arginine and lysine
that interact with cell surface phospholipids and glycopro-
teins (52). Antisense activity of CPP-PNA conjugates di-
rected toward miRNAs has been reported, demonstrating
the therapeutic potential of PNAs for several diseases, in-
cluding cancer (53-55). Four lysines residues were suffi-
cient to promote the cell uptake of PNAs targeting miR-
122 (56,57) and miR-155 (58). There have been other types
of carriers used successfully to deliver PNAs with antisense
activity into cells. For instance, hybridization of PNAs with
overlapping DNA oligonucleotides enables the association
of cationic lipids to the DNA strand, allowing the PNA
strand to be passively imported into the cell (59). The in-
troduction of phosphonate moieties (60) or the conjuga-
tion of cholesterol or cholic acid to the PNA (61) also were
successfully used in vitro with lipofectamine transfection.
Nanoparticle-based delivery is another attractive strategy
for the therapeutic application of PNAs, and has been de-
veloped for antisense applications, gene editing, splice cor-
rection, RNA detection and mRNA imaging (37). Meso-
porous silica nanoparticles have also been used in vitro
to deliver PNAs into HeLa cells to silence BCL-2 (62).
Nanoparticle efficiency in PNA delivery was also demon-
strated in vivo in a miR-155-dependent mouse model of lym-
phoma (63). PNAs were also successfully conjugated to lig-
ands to target specific receptors on the cell surface. Bhin-
gardeve et al. have shown that PNAs conjugated to N-acetyl
galactosamine were recognized by the asialoglycoprotein re-
ceptor in HepG?2 cells which promoted an active uptake
into these cells (64). Further, PNA cell uptake was improved
through the use of a nucleocapsid protein derived from the
SV40 virus. The pseudovirions carrying PNAs were able
to efficiently enter KB-8-5 carcinoma cells and decrease
MDRI expression (65). Finally, as an alternative to con-
jugation or chemical modification of the PNA, it was re-
cently shown that a tetraargininocalix[4]arene could trans-
port PNAs into U251 glioma cells, with minimal toxicity
of the vehicle and relatively good efficiency. Indeed, 2 pM
of PNAs simply mixed with 2.5 pM of calixarene was able
to reduce by half the expression levels of miR-221, which
was similar to the inhibition levels obtained with the same
PNA conjugated to an oligoarginine peptide (66). Modi-
fying the backbone of PNAs to enhance their cell uptake

and anti-microRNA activity against miR-210 has also been
achieved using PNAs containing arginine sidechains incor-
porated into the backbone (67).

While there are several approaches to deliver PNAs into
cells, problems due to cytotoxicity (68,69), endosome en-
trapment (70) or the high concentration required to fully
inhibit a target sequence are often associated with the exist-
ing methods. In this manuscript, we report the development
and validation of a new type of PNA-based molecule that
we call a thyclotide. In contrast to the prior strategies that
rely on highly charged CPPs, transfection reagents, or non-
covalent association with macromolecular structures to fa-
cilitate cell uptake of the PNA, the thyclotide modification
simply incorporates uncharged THF groups into the pep-
tidic backbone to achieve prominent uptake across a range
of cells and potent inhibition of a miRNA target.

MATERIALS AND METHODS
Reagents and materials

All 9-fluorenylmethoxycarbonyl (Fmoc)-PNA monomers
were purchased from PolyOrg, Inc. (Leominster, MA,
USA). Acetonitrile, Fmoc-Lys(Boc)-OH, acetic an-
hydride (Ac,0), pyridine, dichloromethane (DCM),
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
blpyridinium  3-oxid hexafluorophosphate (HATU),
N,N-diisopropylethylamine (DIPEA), diethyl ether (Et,0),
N,N-dimethylformamide (DMF), Kaiser test reagents,
m-cresol, N-methyl-2-pyrrolidinone (NMP), piperidine,
and trifluoroacetic acid (TFA) were purchased from Sigma-
Aldrich (St Louis, MO, USA). High purity water (18 MQ)
was generated from a Millipore (Billerica, MA, USA)
Milli-Q water system. Rink Amide ProTide resin (LL,
100-200 mesh, 0.19 mmol/g) was purchased from CEM
corporation (Matthews, NC, USA). NHS-Fluorescein
(5/6-carboxyfluorescein succinimidyl ester, mixed isomer)
was purchased from ThermoFisher Scientific (Waltham,
MA, USA). Fmoc-8-amino-3,6-dioxaoctanoic acid was
purchased from Peptides International, Inc. (Louisville,
KY, USA). All Fmoc-protected thyclotide monomers
were prepared using commercially available starting ma-
terial from Entrechem (Spain) using protocols previously
reported by our group (71).

General method for PNA and thyclotide synthesis

The detailed synthetic route for the preparation of thy-
clotide monomers is available in the Supporting Informa-
tion (Supplementary Figure S1). Nuclear Magnetic Reso-
nance (NMR) spectra for new molecules S3—S5 are reported
in Supplementary Figures S2-S27. Thyclotides and PNAs
were prepared on 5 pmol scale using Fmoc-solid phase pep-
tide synthesis protocols on an Intavis Multipep CF with
HATU as the amide-forming reagent. All thyclotides and
PNAs were synthesized on Rink Amide ProTide resin. The
resin, in a peptide synthesis vessel, was first washed with
20% piperidine in DMF (2 x 5 ml for 5 min) to deprotect the
Fmoc group. The progress of the deprotection was followed
by a qualitative Kaiser test. If the test was negative, the resin
was resubmitted to additional deprotection. After a positive
result for primary amines, the resin was drained and treated



with cleavage cocktail (2 ml, 5% m-cresol in TFA) for 1 h.
The cleavage mixture was collected in a glass vial using Nj
pressure to drain the vessel. The resin was resubmitted to
a fresh cleavage cocktail and cleaved for 1 hour, then drained
into the first cleavage fraction. The volatiles were removed
by flowing dry N, over the solution to produce a yellow-
brown oil. Approximately 10ml of Et,O was added to the
cleavage oil to create a suspended white precipitate. The sus-
pension was partitioned into five 2 ml microcentrifuge tubes
and chilled over dry ice for 10 minutes. The tubes were cen-
trifuged at 13 800 rcf for 40 s to produce a white pellet. Et,O
was carefully decanted, leaving the white crude PNA solid.
Further washing was performed by adding about 1.6 ml of
Et,0 to each tube, mixing to resuspend the precipitate, then
chilling on dry ice for Smin. Following centrifugation and
decanting, the washes were repeated twice without dry ice.
After the final wash, the white precipitate was dried by care-
fully passing a stream of dry N, over the crude PNAs and
thyclotides.

Labeling of PNAs (or thyclotide) with NHS-Fluorescein

The resin was first washed in a peptide synthesis vessel with
20% piperidine in DMF (2 x 5 ml for 5 min) to deprotect the
Fmoc group. The progress of the deprotection was followed
by a qualitative Kaiser test. If the test was negative, the resin
was resubmitted to additional deprotection. After a positive
test for primary amines, the resin was drained and ready for
the next step. To the resin was added a solution of NHS-
Fluorescein (47 mg, 100 pmol) in anhydrous DMF (0.4 ml)
and DIPEA (30 wl) at room temperature. The suspension
was stirred at room temperature overnight. The next day,
the resin was washed thoroughly with DMF (4 x 5.0 ml)
followed by PNA (or thyclotide) cleavage from solid support
using standard procedures.

Purification and characterization of crude PNA and thy-
clotides

Purification was performed on an Agilent (Santa Clara,
CA, USA) 1260 Series RP-HPLC with automatic fraction
collection using ultraviolet detection at 260 nm. A Waters
(Milford, MA, USA) XBridge CI8 (10 x 250 mm, 5 p.m)
column was used in conjunction with Solvents A and B for
purification at 45 °C. Another Waters (Milford, MA, USA)
XBridge CI8 (4.6 x 250 mm, 5 um) column was used in
conjunction with Solvents A and B to check purity at room
temperature. Solvent A was 0.05% TFA in water and Sol-
vent B consisted of 90% acetonitrile in water. PNA and thy-
clotide HPLC isolates were characterized using electrospray
ionization-mass spectrometry on a Waters/Micromass LCT
Premier time-of-flight mass spectrometer. The instrument
was operated in W-mode at a nominal resolution of 10
000. The electrospray capillary voltage was 2kV and the
sample cone voltage was 60 V. The desolvation tempera-
ture was 275 °C and the desolvation gas was N, with a flow
of 300 1/ h. Accurate masses were obtained using the inter-
nal reference standard method. The sample was introduced
into the mass spectrometer via the direct loop injection
method. Deconvolution of multiply charged ions was per-
formed with MaxEnt I. All PNA and thyclotide oligomers
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yielded molecular ions consistent with the calculated the-
oretical product values. PNA and thyclotide sequences are
shown in Table 1.

HPLC analysis of thyclotide and PNA oligomers

For HPLC, the column was equilibrated with 100% A
(0.05% TFA in water) and 0% B (90% acetonitrile in wa-
ter) for 15 min prior to run, 0% B (100% A) for 2 min, a
linear gradient from 0% B (100% A) to 100% B (0% A) over
18 min, 100% B (0% A) for 4 min, and a linear gradient to
0% B (100% A) over 1 min. The flow rate was 1.2 ml/min.
HPLC chromatograms and mass spectra of thyclotide and
PNA oligomers are shown in Supplementary Figures S28—
S59.

UV melting experiments

Oligonucleotides were ordered from IDT (Coralville, IA,
USA). High purity water (18 M2) was generated from
a Millipore (Billerica, MA, USA) Milli-Q water system.
1x PBS buffer (154 mM NacCl, 1.55 mM KH,POy, 5.12
mM Na,HPOy, pH 7.2) was purchased from KD Medi-
cal (Columbia, MD, USA). The ultraviolet concentration
was determined by adding 4 pl of DNA, RNA, and PNA
(or thyclotide) solution to 196 pl milli-Q water. If the signal
was too intense, the concentration was diluted by adding
198 ul of water to 2 ul of the original DNA, RNA, and
PNA (or thyclotide) solution. For the background, a blank
measurement was taken with water at 90 °C on an Agi-
lent 8453 UV/Vis spectrometer equipped with an Agilent
89090A Peltier temperature controller and a computer in-
terface. The unknown solution was added to the quartz
cell (Helma) and vigorously shaken, replaced in the spec-
trophotometer and the absorbance was read at 260 nm.
The mixing and reading were repeated three times. Values
were converted to concentration based on the average ab-
sorbance. After initial measurement by ultraviolet, the con-
centration was determined based on appropriate €260 nm
(calculated on nearest neighbour approximation for PNA
(or thyclotide) or provided by IDT or Thermo Scientific for
oligonucleotides) and then used from that point forward for
additional experiments. Thermal melting experiments were
performed by preparing 1 wM PNA (or thyclotide) solution
and 1 M DNA (5-TAGCTTATCAGACT-3') or 1 pM
RNA (matched RNA: 5-UAGCUUAUCAGACU-3'; TU
mismatched RNA: 5-UAGCUUUUCAGACU-3'; TC mis-
matched RNA: 5Y-UAGCUUCUCAGACU-3; TG mis-
matched RNA: 5¥-UAGCUUGUCAGACU-3’) solution in
1x PBS buffer (pH 7.2). Experimental temperatures ranged
from 90 to 15°C and back to 95°C at 1 °C intervals while
monitoring at 260 nm. An equilibration of 60 seconds at
each temperature measurement step was performed before
each reading. Cooling and heating profiles were generated
for each sample in triplicate. The Tj, (melting tempera-
ture) for duplexes was determined using the maximum first
derivative of the heating curves, then taken as an average
of three runs. The absorbances at 260 nm for the aegPNA—
DNA duplex were normalized by defining the smallest ab-
sorbance in the data as 0% and the largest absorbance as
100%. The melting temperature transition curve for the
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List and mass characterization data of thyclotides and aegPNA oligomers. Tetrahydrofuran residues are represented by the symbol * in the sequences. Tetrahydrofuran stereochemistry is

(R,R). The data for 14-mer PNAs or thyclotides in this table correspond to the triply charged ion [M + 3H]** and the data for the 20-mer PNAs or thyclotides in this table correspond to the quadruply

charged ion [M + 4HJ**. FAM = 5/6-fluorescein, AEEA

Table 1.

2-(2-aminoethoxy)ethoxyacetyl group

Observed

Calculated

PNA or thyclotide

Entry

— e e =

e e e

FAM-AEEA-AEEA-A*A*C*A*T*C*A*G*T*C*T*G*A* T*A*A*G*C*T*A*-AEEA-CONH,

FAM-(6)5-AGTCTGATAAGCTA-AEEA-CONH,

FAM-AEEA-AEEA-Lys-A*A*C*A*T*C*A*G* T*C*T*G*A*T*A*A*G*C*T*A*-Lys-CONH,
FAM-AEEA-AEEA-Lys-G*T*A*C*A*T*T*A*C*G* A*C*G*A*T*A*C*A*A*T*-Lys-CONH,

NH;,-G*T*A*C*A*T*T*A*C*G*A*C*G* A*T*A*C*A*A*T*-AEEA-CONH,

NH>-AACATCAGTCTGATAAGCTA-AEEA-CONH,
NH,-A*A*C*A*T*C*A*G*T*C*T*G*A* T*A*A*G*C*T*A*-AEEA-CONH,

NH;-Lys-AACATCAGTCTGATAAGCTA-Lys-CONH;
NH;-Lys-A*A*C*A*T*C*A*G*T*C*T*G*A* T*A*A*G*C*T*A*-Lys-CONH,

NH>-A*G*T*C*T*G*A*T*A*A*G*C*T*A*-AEEA-CONH,
FAM-(6)5-A*G*T*C*T*G*A*T*A*A* G*C*T*A*-AEEA-CONH,
FAM-AEEA-AEEA-AACATCAGTCTGAT AAGCTA-AEEA-CONH;
NH,-Lys-G*T*A*C*A*T*T*A*C*G*A*C*G* A*T*A*C*A*A*T*-Lys-CONH,
FAM-AEEA-AEEA-Lys-AACATCAGTC TGATAAGCTA-Lys-CONH;

NH,-AGTCTGATAAGCTA-AEEA-CONH,
NH,-AGTCTGA*T*AAGCTA-AEEA-CONH,;
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thyclotide-DNA duplex is not complete. Therefore, the ab-
sorbance value representing dissociation of the thyclotide—
DNA duplex was estimated by adding the value by which
the absorbance increases for the aegPNA-DNA duplex to
the smallest absorbance of the thyclotide-DNA duplex.
Then, the absorbances at 260 nm for the thyclotide-DNA
duplex were normalized by defining the smallest absorbance
as 0% and the largest expected absorbance as 100%.

Cell lines and cell culture

SKHEP1, HepG2, RKO and MCF7 cells were ordered
from American Type Culture Collection (ATCC, Manas-
sas, VA, USA). All cells were cultured at 37°C with 5% CO,
in a humidified incubator. All cells were cultured in EMEM
(ATCC, Manassas, VA, USA) supplemented with 10% FBS.
For cell treatments, PNAs and thyclotides were diluted in
the complete cell culture medium.

Electrophoretic mobility shift assay (EMSA)

100 nM of FAM-conjugated hsa-miR-21-5p (5'-
/FAM/rUrArG rCrUrU rArUrC rArGrA rCrUrG
rArUrG rUrUrG rArCrU-3) was incubated in 5 mM
HEPES pH 7.3 with 12 mM NacCl at 50 °C with increasing
concentrations of antimiR-21 aegPNA 11 (25, 50, 75,
100, 200 and 300 nM) or thyclotide 12 (25, 50, 75, 100
and 200 nM). The solutions were loaded onto a 14%
acrylamide:bis-acrylamide (29:1) gel in incubation buffer
supplemented with 10% glycerol along with a low molec-
ular weight DNA ladder (New England Biolabs, Ipswich,
MA, USA) and electrophoresis was done for 3 h at 200
V at room temperature in 1x Tris borate EDTA. The gel
was imaged with the Typhoon FLA9500 (GE Healthcare
Life Sciences, Chicago, 1L, USA). Following fluorescence
imaging, gel was stained with GelRed (Millipore Sigma,
Burlington, MA, USA) to reveal the ladder. A ladder
image was then merged with the fluorescence image of the
EMSA.

Fluorescence-activated cell sorting (FACS)

Cells were seeded in 6-well plates and the next day
were either non-treated or treated with fluorescein-labelled
aegPNA or thyclotide diluted in the culture medium. Three
hours after the treatment (SKHEP1, RKO and MCF7
cells) or 16 h after the treatment (HepG?2 cells), the PNA-
containing culture medium was removed, and the cells
were washed three times with PBS. Cells were detached
with trypsin-EDTA and the enzyme was stopped with to-
tal growth medium. Cellular uptake was quantified with
fluorescence analyzed by flow cytometry using a BD FAC-
SCanto II flow cytometer (BD Biosciences, San Jose, CA,
USA) and the FlowlJo software v10 (BD Biosciences, San
Jose, CA, USA).

Super-resolution microscopy

SKHEPI cells were seeded in 35 mm Falcon dishes with
no. 1.5, 22 x 22 mm glass coverslip kits (MatTek Cor-
poration, Ashland, MA, USA) and treated the next day



with fluorescein-labelled acgPNA or thyclotide with Cell-
Light BacMam 2.0 early endosome-RFP marker (Invitro-
gen, Carlsbad, CA, USA) diluted in the culture medium.
The endosome marker transduction was performed at a
PPC of 30. Sixteen hours later, cells were washed three times
with PBS and then stained with Membrite Fix 640/660 cell
membrane marker (Biotium, Fremont, CA, USA). Cells
were fixed with 4% PFA (Sigma-Aldrich, St Louis, MO,
USA) for 20 min at room temperature. Cells were then
stained with 2 wg/ml Hoechst 33342 solution (Invitrogen,
Carlsbad, CA, USA) in PBS for 30 min at room temperature
and coverslips were mounted on glass slides (Premium plain
slides, Fisher scientific, Waltham, MA, USA) with Prolong
glass mounting medium (Invitrogen, Carlsbad, CA, USA).
Super-resolution images were acquired using a Nikon SoRa
spinning disk microscope (Nikon Instrument Inc., Melville,
NY, USA) equipped with a 60x oil immersion objective
lens (N.A. 1.49) and Photometrics BSI sCMOS camera
(Teledyne Photometrics, Tucson, AZ, USA). Image z-stacks
were collected using a 0.15 pm z-step size, and were decon-
volved in the Nikon Elements software (v. 5.3) using a modi-
fied Richardson-Lucy iterative deconvolution algorithm. A
volume reconstruction of the deconvolved images was gen-
erated using Imaris software (v. 9.3, Bitplane).

RTqPCR

Cells were seeded and treated one day later with scram-
bled or antimiR-21 thyclotide for 48 h. Cells were washed
three times with PBS and collected with Trypsin-EDTA. To-
tal RNA was isolated with the RNeasy Mini Kit (Qiagen,
Germantown, MD, USA) and total miRNAs were isolated
with the PureLink miRNA kit (Invitrogen, Carlsbad, CA,
USA) following manufacturer’s protocols. All RNA sam-
ples were treated with RNaseOUT recombinant ribonu-
clease inhibitor (Thermo Fisher Scientific, Waltham, MA,
USA) and were stored at —80°C following extraction. Purity
was assessed by determining A,¢9/A2g0 ratio with a Nan-
oDrop One C (Thermo Fisher Scientific, Waltham, MA,
USA) and considered good if >1.8. miR-21 quantitation
PCR was performed using TagMan Fast Advanced Mas-
ter Mix (Thermo Fisher Scientific, Waltham, MA, USA)
and TaqMan advanced miRNA Assays, following manu-
facturer’s protocol and reaction conditions in a volume of
20 pl. miR-21 Assay ID: 477975 _mir; miR-25 Assay ID:
477994 _mir; miR-93 Assay ID: 478210_mir (Thermo Fisher
Scientific, Waltham, MA, USA). miR-21 levels were as-
sessed relative to miR-25 and miR-93 levels which were
recommended as endogenous controls as they are known
to have stable expression across cancer cell lines (72). All
PCRs were performed at least in triplicate following MIQE
guidelines (73). Expression of miR-21 in aegPNA- and
thyclotide-treated cells was normalized to the scrambled
control relative to the average of miR-25 and miR-93 en-
dogenous controls expression and calculated using CFX
Manager gene expression tool with the AACq method: the
relative quantity of genes of interest is normalized to the
relative quantity of the reference genes across samples (Bio-
Rad, Hercules, CA, USA). For PTEN PCR, cDNA was pre-
pared using the high-capacity cDNA reverse transcription
kit (Applied Biosystems, Foster City, CA, USA) and the

Nucleic Acids Research, 2022, Vol. 50, No. 19 10843

Table2. Primerssequences (5’ to 3’) for PTEN, Cdc25aand KRIT1 PCRs

B-actin (forward) TGTTTGAGACCTTCAACACC
B-actin (reverse) ATGTCACGCACGATTTCC

PTEN (forward) CGGCAGCATCAAATGTTTCAG
PTEN (reverse) TGGCAGGTAGAAGGCAACTC
Cdc25a (forward) AGAGTCAACTAATCCAGAGAAGG
Cdc25a (reverse) GCAAGTTCACTGCACCCTTG

KRIT1 (forward)
KRITI (reverse)

ATGCGAGTCTGTAGTGAATCCA
TGTGCATGACGTTCATCTAACC

PCR was performed with the PowerUP SYBR Green Mas-
ter Mix (Applied Biosystems, Waltham, MA, USA). UDG
was activated for 2 minutes at 50°C, then dual lock DNA
polymerase was activated for 2 min at 95°C. The PCR was
performed for 40 cycles, with 15 s of denaturation at 95°C,
15 s of annealing at 55°C and 45 s of extension at 72°C. All
PCRs were performed with a C1000 Touch real-time ther-
mal cycler (BioRad, Hercules, CA, USA). Significance of
results was determined with a two-tailed paired t-test using
GraphPad Prism software. Primers sequences used during
PCRs are shown in Table 2.

Western blotting

HepG2 cells were grown in 6-well plates, treated with 25
nM thyclotides for 48 h, then washed with ice-cold PBS,
collected with Trypsine-EDTA, washed again with ice-
cold PBS before lysis by incubation on ice for 15 min in
Pierce RIPA buffer (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 1 mM phenylmethylsulfonyl
fluoride, proteases (cOmplete ULTRA Tablets Mini, Mil-
lipore Sigma, Burlington, MA, USA) and phosphatases
(PhosSTOP, Millipore Sigma, Burlington, MA, USA) in-
hibitors. Protein concentration of samples was determined
with the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). 30 pg of proteins were
mixed with Laemmli Sample Buffer (4X) (BioRad Her-
cules, CA, USA) and 1 mM DTT before being boiled at
95°C for 5 min and loaded in a 4-20% Mini-PROTEAN
TGX Precast Protein Gel (BioRad, Hercules, CA, USA).
Gels were then transferred to Immun-Blot PVDF mem-
branes (BioRad, Hercules, CA, USA) for 2 h at 52 V in
Novex Tris-Glycine transfer buffer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Membranes were blocked in
TBS with 0.1% Tween20 and 8% BSA for 45 min at room
temperature and then incubated overnight at 4°C with pri-
mary antibodies (Santa Cruz Biotechnology, Dallas, TX,
USA and Cell Signaling Technology, Danvers, MA, USA)
anti PTEN (sc-7974), Cdc25a (sc-7389), and KRIT1 (sc-
514371) or GAPDH (CST 97166S). Membranes were then
incubated with anti-mouse HRP-conjugated secondary an-
tibody (CST 7076S) and revealed using the ChemiDoc
XRS + Imaging System (BioRad, Hercules, CA, USA).

PTEN luminescence assay

Cells were seeded in 12-well plates and co-transfected
with pGL3-PTEN-3'UTR (this plasmid was a gift from
Joshua Mendell; Addgene plasmid # 21326; http://n2t.net/
addgene:21326;RRID:Addgene 21326) and pRL-TK Re-
nilla Luciferase control reporter vector (Promega, Madi-
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son, WI, USA) using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA). Six hours after transfection, medium
was changed, and cells were treated with 25 nM or 5 pM
of either scrambled thyclotide or antimiR-21 thyclotide.
Forty-eight hours after transfection, cells were washed three
times with PBS, then lysed in wells with passive lysis buffer
(Promega, Madison, WI, USA). Luminescence of firefly
and renilla luciferase for internal control was then assessed
with the dual luciferase assay kit (Promega, Madison, WI,
USA) following manufacturer’s instructions and using a
SpectraMax iD3 plate reader (Molecular Devices, San Jose,
CA, USA).

Cytotoxicity assay

Cells were seeded in 96-well plates and treated with DMSO
or scrambled thyclotide diluted in complete medium at in-
creasing concentrations for 24, 48, and 72 h. LDH release
was used to assess cytotoxicity using the CyQUANT LDH
cytotoxicity assay kit (Invitrogen, Carlsbad, CA, USA) and
following manufacturer’s protocol. Viability was calculated
using the following formula:

0 H 111 — T — S

o Viability = U—s x 100
Where T is thyclotide-treated LDH activity, S is sponta-
neous LDH activity, and M is maximum LDH activity.

RESULTS
Thyclotide chemical structure and binding to miR-21

We developed a new molecule to target miR-21 (Figure
1A), an oncomir that is overexpressed in many cancers, and
is known to target genes associated with apoptosis, pro-
liferation, migration and invasion such as PTEN, Fas-L,
PDCD4, TIMP3 or RECK. We named this new class of
molecules thyclotides, designating a class of oligomers with
THF groups replacing one or more ethylene diamine units
within an aegPNA backbone. Initially, a 14-nucleobase thy-
clotide that was complementary to miR-21 was studied
where THF groups are present at every position in the
sequence (thyclotide 2 in Table 1, Figure 1B). We have
shown previously that cyclopentane modifications of PNAs
displayed increased binding affinity with complementary
DNA, resulting in a higher 7}, compared with regular
aegPNA (71). We therefore compared thermal denaturation
and renaturation of both regular aegPNA 1 and thyclotide
2 with the complementary DNA sequence (Figure 1C). The
aegPNA-DNA duplex showed a complete melting curve
with a T, of 64°C. However, the Ty, of the corresponding
thyclotide-DNA duplex could not be accurately calculated
as it is likely much higher than 95°C. At a length of 14 nu-
cleobases, a thyclotide with THF groups at every position
most likely binds too strongly to complementary oligonu-
cleotide sequences to observe complete denaturation by
heating (71). To lower the Ty, of the thyclotide + oligonu-
cleotide duplex, we examined the binding of a thyclotide
containing two THF groups in the middle of the sequence
(thyclotide 3, Table 1) to its complementary RNA sequence.
The T}, of the thyclotide 3 + RNA duplex was 77.9°C, which
is higher than the T}, of the corresponding aegPNA-RNA
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Figure 1. Thyclotide, a miR-21 targeting PNA-based molecule bearing
tetrahydrofuran rings in the backbone. (A) Secondary structure of pre-
miR-21 (top) and sequence of mature hsa-miR-21-5p (bottom). The seed
sequence of mature miR-21 is in red. (B) Structural schematic of the reg-
ular aegPNA (left) and thyclotide (right) and the 14-nucleobase sequences
representing aegPNA 1 and thyclotide 2. Thyclotides possess tetrahydro-
furan rings in the backbone, designated by red in the chemical drawing
and by the symbol * in the sequence. (C) Normalized UV melting curves
of aegPNA 1 and thyclotide 2 with their complementary DNA. The Ty, of
the aegPNA-DNA duplex is 64°C. The T}, of the thyclotide-DNA duplex
is likely >95°C and could not be accurately calculated.

duplex (70.6°C, Figure 2A). We then studied the sequence
specificity of thyclotides by examining the change of the 7},
with RNA containing a single base mismatch in the middle
of the sequence. For both the aegPNA 1 (Figure 2B) and
thyclotide 3 (Figure 2C), we observed that the 7y, of the
matched duplex with RNA is significantly higher than the
T of the mismatched duplex, and that the thyclotide shows
sequence specificity slightly better than the corresponding
aegPNA (Table 3).

Studies on cell uptake of 14-nucleobase thyclotide

To assess cellular uptake, we treated cultured human cells
with fluorescein-labelled aegPNA or fluorescein-labelled
thyclotide, with both molecules containing the same 14-
nucleobase sequence (Table 1; FAM-antimiR-21 PNA 4
and FAM-antimiR-21 thyclotide 5 respectively), and as-
sessed cell-based fluorescence by flow cytometry. Regular
aegPNAs typically do not enter cells efficiently without con-
jugation to positively charged CPPs, incorporation of posi-
tively charged sidechains in the backbone, or incorporation
into larger macromolecular structures (such as nanoparti-
cles or viruses). FACS analysis of SKHEP1 cells treated
with 5 uM of the 14-nucleobase thyclotide 5 demonstrated
successful uptake after 3 hours of treatment (Figure 3A).
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Figure 2. UV melting curves of aegPNA or thyclotide with their complementary RNA or single base mismatched RNA. The thyclotide 3 used in these
experiments has two tetrahydrofuran residues (Table 1 and Table 3). (A) Comparison of the melting temperature curves of aegPNA 1 and thyclotide 3
with their complementary RNA. (B) UV melting curves for aegPNA-RNA complexes. RNA sequence is either fully matched with the PNA (red) or has a
mismatch as indicated in Table 3 (TC: green, TU: purple, TG: blue). (C) UV melting curves for thyclotide 3-RNA complexes. RNA sequence is either fully
matched with the thyclotide (red) or has a mismatch as indicated in Table 3 (TC: green, TU: purple, TG: blue).

Similarly, thyclotide 5 was successfully taken into HepG2
cells after 16 hours of treatment (Figure 3B). This change
in cellular uptake time could be due to differences in the
morphology of the HepG2 cells, which grow in clumps. In
both cell lines, the uptake of thyclotide is significantly higher
than the uptake of aegPNA (P < 0.0001). Specifically, thy-
clotide 5 was successfully taken in by 78.8% of SKHEPI
cells and 72.65% of HepG?2 cells, with positive cells having

fluorescence values higher than untreated cells. In compar-
ison, only 4% of SKHEP1 and 12.7% of HepG?2 cells were
positive for aegPNA 4. The mean fluorescence intensity
(MFI) of aegPNA-treated positive cells was significantly
lower compared with the MFI of thyclotide-treated posi-
tive cells (SKHEPI: P < 0.0001 and HepG2: P = 0.0009),
showing that the quantity of molecules taken up by all
fluorescent cells was always higher with thyclotide 5 than
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Table 3. Discrimination of single base mismatches and improvements in thyclotide. Tetrahydrofuran stereochemistry is (R,R). Tetrahydrofuran residues
are represented by the symbol * in the sequences. PNA and thyclotide sequences are written from N- to C-terminal. All temperature values are reported
in units of°C. ATy, represents the difference in melting temperature between the complementary RNA and the RNA with the indicated mismatch. All

mismatches were opposite to residue symbolized with T or T*

Sequence T (ATw) (°C)

TU mismatch TC mismatch TG mismatch
NH,;-AGTCTGATAAGCTA-AEEA-CONH, (1) 62.0 (—8.6) 60.5 (—10.1) 63.4(-7.2)
NH,-AGTCTGA" T"AAGCTA-AEEA-CONH, (3) 68.2 (—9.7) 66.8 (—11.1) 70.3 (—7.6)

aegPNA 4. To more closely examine the cellular uptake of
thyclotide, we used super resolution microscopy to visual-
ize SKHEP]1 cells that were treated with either aegPNA 4 or
thyclotide 5. As expected, no detectable signal was observed
with aegPNA 4. Remarkably, green fluorescence was easily
observed in the cells treated with thyclotide 5 and good cy-
toplasmic diffusion was evident. In cases where aegPNAs
are conjugated to CPPs to facilitate cell uptake, aegPNA-
CPP conjugates are often trapped in endosomes (74). It was
therefore important to check whether thyclotide 5 was sim-
ilarly trapped in endosomes. For this purpose, cells were
treated with an early-endosomes marker to check the sub-
cellular localization of thyclotide 5 after entering the cell.
No colocalization of thyclotide 5 with endosomes was ob-
served in SKHEP1 cells (Figure 3C), indicating that the
thyclotide enters cells by mechanisms that may be different
than those of CPP-conjugated aegPNAs.

Inhibition of miR-21 with a 20-nucleobase thyclotide

With initial data showing that a thyclotide of 14 nucleobases
had good cellular uptake, we next investigated the ability
of a thyclotide to directly inhibit the activity of miR-21 in
cells. Although the 14-base sequence was useful for devel-
opment and proof of concept, the short length might lead
to off-target effects in cells. Indeed, a BLAST (Basic Lo-
cal Alignment Search Tool) search of the human genome
using the thyclotide 5 sequence as the query revealed that
it was too short to achieve sequence specificity within the
cell. This sequence could target other regions of the genome
in addition to the pre-miR-21, mature miR-21, or chro-
mosome 17q23.2, which is the location of this miRNA
(75). Therefore, we synthesized a 20 nucleobase thyclotide
that is complementary to most of the mature miR-21 se-
quence, which is 22 nucleobases long. A BLAST search
indicated this longer sequence would be specific for miR-
21. Before beginning the studies to examine inhibition of
miR-21, we examined the cellular uptake of thyclotide ver-
sus aegPNA with the same 20 nucleobase sequence to de-
termine whether the longer length could impact the ability
of thyclotide to enter cells. Similar to the previous studies
with 14 nucleobase sequences, we synthesized fluorescein-
conjugated 20-nucleobase sequences of aegPNA and thy-
clotide (FAM-antimiR-21 aegPNA 6 and FAM-antimiR-21
thyclotide 7 respectively). Following treatment of cultured
human cells with 5 wM of fluorescein-labelled oligomers,
FACS analysis showed that the thyclotide 7 enters cells effi-
ciently (Figure 4A and B), with 73% of SKHEP1 and 81% of
HepG2 cells positive for thyclotide 7. In contrast, only 5% of
SKHEPI cells and 19.5% of HepG?2 cells were positive for

the aegPNA 6. Next, we directly tested whether thyclotide 7
inhibited miR-21 in HepG2 cells, which are hepatocellular
carcinoma cells that are known to overexpress miR-21. For
these experiments, we synthesized a 20-nucleobase scram-
bled control thyclotide (thyclotide 8) as well as the antimiR -
21 aegPNA 9 and thyclotide 10 (all without fluorescein).
Cells were treated for 48 hours with 1 wM of scrambled
control thyclotide 8, aegPNA 9 or thyclotide 10. After total
miRNA isolation, we performed RTqPCR to quantify the
levels of miR-21. As expected, aegPNA 9 showed no effect
onmiR-21 levels relative to the scrambled control thyclotide
8. In contrast, 1 pM of thyclotide 10 reduced miR-21 to
undetectable apparent levels in HepG2 cells, confirming the
ability of this molecule to enter the cell and bind its miRNA
target (Figure 4C). Antisense oligonucleotides, PNAs and
thyclotides will bind more strongly to their miRNA target
than PCR primers. It is likely that the apparent decrease in
miR-21 levels detected by RTqPCR does not mean that the
actual levels of miR-21 are decreased, but that antimiR-21
thyclotides act as steric blockers of miR-21, preventing the
miRNA to bind its target sequence.

Addition of terminal lysines improves solubility without alter-
ing cell uptake

The 20-nucleobase constructs displayed some issues with
solubility that were not evident with the shorter 14-
nucleobase oligomers. Specifically, aqueous solutions of
aegPNA 8 and thyclotide 10 often appeared cloudy af-
ter heating. It is well known that aegPNAs can aggregate
in aqueous buffers, which is why such solutions are often
heated prior to use in an assay (76). It is possible that the
20-nucleobase antimiR-21 sequence has a tendency to ag-
gregate, which could complicate the interpretation of any in-
hibition data. Therefore, we decided to add one terminal ly-
sine to each end of the 20-nucleobase antimiR-21 sequence
(Figure 5A). Lysine side chains are protonated in aqueous
buffer at pH 7, which should result in an increase in polarity
and solubility of both aegPNAs and thyclotides. We syn-
thesized 20-nucleobase antimiR-21 Lys-aegPNA 11, Lys-
thyclotide 12, (Supplementary Figure S60) and its scram-
bled control Lys-thyclotide 13. All these molecules exhib-
ited good solubility without cloudiness. Next, we performed
an electrophoretic mobility shift assay of a miR-21-aegPNA
and miR-21-thyclotide duplex with varying concentrations
of aegPNA 11 and thyclotide 12 to determine whether the
lysines would affect the binding to miR-21. After incuba-
tion of miR-21 with different concentrations of aegPNA
11 for 1 hour, we observed a shifted band, confirming the
formation of a fully shifted aegPNA-miR-21 duplex at a
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Figure 3. Thyclotide 5 is successfully taken up by cells and does not colocalize with endosomes 16 hours after treatment. (A) FACS of SKHEP1 cells
either non-treated (blue) or treated with 5 uM of either FAM-aegPNA 4 (orange) or FAM-thyclotide 5 (red). Positive cells were determined by having a
fluorescence higher than the non-treated cells. MF1I refers to the mean fluorescence intensity. (B) FACS of HepG2 cells either non-treated (blue) or treated
with 5 M of FAM-aegPNA 4 (orange) or FAM-thyclotide 5 (red). Positive cells were determined by having a fluorescence higher than the non-treated cells.
MFT refers to the mean fluorescence intensity. (C) 3D volume reconstruction of 0.15 wm z-steps super-resolution microscopy imaging of SKHEPI cells
treated with FAM-thyclotide 5. Cells were stained with Membrite Fix 640/660 cell membrane marker (white), CellLight BacMam 2.0 early endosomes-
RFP marker (orange) and Hoechst 33342 nucleus staining solution (blue). The membrane marker channel was removed from the right picture for a better

visualization of the cytoplasmic diffusion of FAM-thyclotide 5 (green).
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8, antimiR-21 aegPNA 9 or antimiR-21 thyclotide 10, and apparent miR-21 levels were assessed and normalized to the average of miR-25 and miR-93

endogenous controls relative to the control scrambled expression.

[aegPNA]/[miR-21] ratio of 2:1. The shifted band is al-
ready visible at a ratio [aegPNA]/[miR-21] of 0.25, but the
band corresponding to unbound miR-21 completely dis-
appears at a ratio of 2 or higher (Figure 5B). Interest-
ingly, the RNA duplex with thyclotide 12 is also visible at
a [thyclotide]/[miR-21] ratio of 0.25, but the shifted band is
much stronger than the one observed at a similar ratio with
the aegPNA duplex (Figure 5C). In contrast to aegPNA, the
free miR-21 RNA band completely disappeared at a ratio
[thyclotide]/[miR-21] of 1. The fact that a complete band
shift is clearly visible at a 1:1 ratio of [thyclotide]/[miR-
21] also indicates that thyclotide 12 does not form
aggregates.

To assess cellular uptake of the lysine-modified thy-
clotides, we then synthesized fluorescein-labelled Lys-
aegPNA 14 and Lys-thyclotide 15. At a concentration of
5 pM diluted in the cell culture medium, thyclotide 15
was successfully taken up by SKHEP1, HepG2, RKO and

MCF7cells (Figure 6A). In all four cell lines, the uptake of
thyclotide 15 is significantly higher than that of aegPNA 14
(P < 0.0001, P = 0.01, P < 0.0001, P < 0.0001, respec-
tively; Figure 6B). Specifically, thyclotide 15 was taken up
by 89.9% of SKHEP1 cells, 76.5% of HepG2 cells, 84.2%
of RKO cells and 62.3% of MCF7 cells. In comparison,
cells treated with aegPNA 14 always showed a significantly
lower uptake: 17.5% of SKHEPI cells, 16.4% of HepG2
cells, 7.2% of RKO cells and 22.4% of MCF7 cells. The MFI
of aegPNA-treated cells was always significantly lower com-
pared with the MFT of thyclotide 15-treated cells, especially
in SKHEP1 (P < 0.0001) and HepG2 (P = 0.0059) cells,
the latter showing the highest MFIthyciotide/ MFLicgpna ratio
among all cell lines (HepG2 MFI ratio thyclotide/aegPNA
of 50.5). The weak uptake of aegPNA 14 with one termi-
nal lysine on both ends compared with thyclotide 15 shows
that the two terminal lysines do not help aegPNA cross
the cell membrane, and that the THF groups of the thy-
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Figure 5. Thyclotide 12 binds miR-21 at a ratio 1:1. (A) Schematic of Lys-aegPNA and Lys-thyclotide structures. One terminal lysine was added on both
ends of the molecules. (B) EMSA for the formation of miR-21-aegPNA 11 duplex. Lane 1, DNA marker; lane 2, FAM-hsa-miR-21-5p; lanes 3-8, miR-21-
aegPNA 11 duplex with increasing concentrations of aegPNA 11. (C) EMSA for the formation of miR-21-thyclotide 12 duplex. Lane 1, DNA marker; lane
2, FAM-hsa-miR-21-5p; lanes 3—7, miR-21-thyclotide 12 duplex with increasing concentrations of thyclotide. ‘PNA’ and “Thy’ in figure refer to antimiR-21

aegPNA 11 and antimiR-21 thyclotide 12, respectively.

clotide are still important for cell uptake. The cellular up-
take of thyclotide 15 in cells was confirmed by super resolu-
tion microscopy using SKHEP1 cells, which again showed
green fluorescent signals in the middle plane of treated cells.
Under the same conditions, cells treated with aegPNA 14
showed no detectable signal (Figure 6C).

Lysine-modified thyclotide inhibits miR-21 and affects its
downstream targets PTEN, Cdc25a and KRIT1

MiRNA-21 is known to be overexpressed in many cancer
cell lines, including in the hepatocellular cancer cell line
HepG2 (77) which showed the strongest difference between
the uptake of thyclotide 15 and aegPNA 14. To investi-
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gate the ability of Lys-thyclotide to inhibit miR-21, HepG2
cells were incubated with either antimiR-21 thyclotide 12
or the scrambled control thyclotide 13, at increasing con-
centrations. After total miRNA isolation from HepG?2 cells,
we performed RT-qPCR to analyze the apparent levels of
miR-21 expression. Compared with control thyclotide 13,
increasing concentrations of thyclotide 12 show a strong de-
crease in apparent miR-21 levels, even at nanomolar con-
centrations (Figure 7A). After confirming that thyclotide
12 is able to bind and act as a steric blocker of miR-21
in HepG2 cells, we also wanted to assess the impact on
the miR-21 downstream target, PTEN. In this experiment,
HepG?2 cells were treated with control thyclotide 13 or thy-
clotide 12 for 48 hours and then total RNA was extracted.
PTEN mRNA levels were quantified and compared. Con-
sistent with the ability of thyclotide 12 to bind and reduce
apparent miR-21 levels, the treatment of HepG2 cells with
this thyclotide also induced a significant increase in PTEN
mRNA levels compared with cells treated with control thy-
clotide 13 (P = 0.0158; Figure 7B). We decided to investi-
gate if the increase in PTEN mRNA would translate in a
similar increase in protein levels. We performed a western
blot on HepG?2 cells treated with either 25 nM of scram-
bled thyclotide 13 or 25 nM of antimiR-21 thyclotide 12 and
we observed that the latter increases the levels of the PTEN
protein compared with the scrambled control (Figure 7C).
To confirm that the observed increase in PTEN mRNA
levels was due to the specific interaction of thyclotide 12
with miR-21, HepG2 cells were transfected with a vector
containing the luciferase reporter gene downstream of the
PTEN-3'UTR (which contains the seed sequence for miR-
21 binding) and the pRL-TK vector for Renilla luciferase
as an internal control. Following transfection, cells were
treated with either control thyclotide 13 or thyclotide 12 and
luminescence was assessed 48 hours later. A specific binding
of thyclotide to miR-21 prevents miRNA binding to PTEN-
3’'UTR, therefore inducing an increase in the observed lu-
minescence signal from luciferase. Indeed, thyclotide 12 in-
duced a significant increase in luminescence compared with
control thyclotide 13 (P < 0.0001 for both concentrations;
Figure 7D). At 25 nM concentration, thyclotide 12 increases
luciferase luminescence by 37%, and by 76% at a concen-
tration of 5 wM, confirming that the effect on the down-
stream miR-21 target PTEN was due to the specific interac-
tion between thyclotide 12 and miR-21. To further confirm
the activity of thyclotide 12 towards miR-21, we tested ad-
ditional downstream targets of this miRNA, Cdc25a and
KRIT1 (78-80). Similar to what was observed with PTEN,
thyclotide 12 was able to induce an increase in Cdc25a and
KRITI mRNA and protein levels (Supplementary Figure
S61).

Lysine-modified thyclotide shows minimal toxicity at active
concentrations

To determine whether thyclotides exhibit non-specific toxi-
city, cells were incubated with increasing concentrations of
control thyclotide 13 for 24 and 48 hours, and the release of
lactate dehydrogenase was measured as an indicator of cell
death. No cytotoxicity was observed in SKHEP1 and RKO
cell lines at concentrations up to 25 wM. MCF7 cells did

Nucleic Acids Research, 2022, Vol. 50, No. 19 10851

not show significant toxicity after 24 hours of treatment,
but after 48 h of treatment at 20 and 25 wM there was a
decrease in viability of about 10%. HepG?2 cells showed no
toxicity at concentrations up to 15 wM for 24 h, but after
48 hours of treatment, 10 and 15 pM resulted in a slight
decrease in viability while higher concentrations of 20 and
25 wM induced more significant cell death with viability de-
creasing to 80% and 70%, respectively (Figure 8). Depend-
ing on the cell line, thyclotide-induced cytotoxicity can be
observed at higher concentrations, yet the cytotoxic con-
centrations are ~200 times higher than the active concen-
tration in HepG2 cells (Figure 7). Even though the slight
cytotoxicity observed in HepG2 and MCF7 cells suggests
that thyclotide 13 can enter cells, we wanted to confirm its
ability to enter a cell line that showed no loss of viability. To
confirm that the control thyclotide 13 still enters cells, we
synthesized a fluorescein-labelled version of the scrambled
control sequence (Lys-thyclotide 16) and tested the cell up-
take in SKHEPI cells by FACS analysis. The results showed
that thyclotide 16 was capable of entering cells, indicating
that the scrambled sequence does not alter the ability of the
thyclotide to enter cells (Supplementary Figure S62).

Thyclotide nucleobase sequence determines the efficiency of
cellular uptake

Thyclotides designed to inhibit miR-21 enter the cytoplasm
of different cell lines more efficiently than the correspond-
ing aegPNAs with the same sequence. To examine whether
thyclotides perform similarly with a different sequence and
in a different biological context, we studied a thyclotide
designed to interfere with the intron splicing of a pre-
mRNA target. Using CPP-conjugated aegPNA or acridine-
conjugated aegPNA in combination with transfection, Shi-
raishi et al. designed several PNAs that modulate the pre-
mRNA splicing of MDM2 (81). For our study, we synthe-
sized the thyclotide and aegPNA versions of one of the pub-
lished sequences that was reported to affect the splicing of
intron 2 of MDM?2, and we also prepared a scrambled ver-
sion of the thyclotide (Supplementary Table S1, Supplemen-
tary Figures S63-S72). Using FACS analysis, we compared
the cell uptake of aegPNA 17 and thyclotide 18 (which are
both fluorescein-labeled) in SKHEP1 and HepG?2 cells. In-
terestingly, thyclotide 18 was unable to enter cells any bet-
ter than aegPNA 17 in SKHEPI cells, and only a minor
increase in uptake was observed in HepG2 cells (Supple-
mentary Figure S73A). Using the procedures reported by
Shiraishi et al (81), we examined whether there was any ef-
fect of aegPNA 19 and thyclotides 20 and 21 on the splicing
of the MDM2 intron in SKHEP1 and HepG?2 cells. Con-
sistent with the cell uptake results, no increase in the spe-
cific MDM2 splicing variant was observed following treat-
ment with aegPNA or the thyclotides (Supplementary Fig-
ure S73B). To directly evaluate the differences in cell up-
take between thyclotides of different sequences, thyclotide
18 (15 nucleobases) and antimiR-21 thyclotide 5 (14 nucle-
obases) were examined at the same time for cell uptake in
SKHEPI1 and HepG2 cells. Consistent with previous exper-
iments, antimiR-21 thyclotide 5 displayed good cell uptake
while thyclotide 18 did not show good cell uptake (Supple-
mentary Figure S73C).
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Figure 7. Thyclotide 12 inhibits miR-21 and affects its downstream target PTEN. (A) RT-qPCR of miR-21. Cells were treated with increasing concentrations
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controls relative to the control scrambled expression. (B) RT-qPCR of PTEN mRNA. Cells were treated with 25 nM of scrambled thyclotide 13 or antimiR-
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DISCUSSION

Since miRNA was discovered by Lee ez a/in 1993 (82), mul-
tiple studies have shown that miRNA impacts many areas
of cell biology. Specifically, miRNA can play a role in dis-
ease development, tumor growth, cell proliferation, apopto-
sis (83) and even responses to anti-cancer treatments (84).
Dysregulation of miRNA is linked to the development of
specific cancer phenotypes, which makes miRNA an attrac-
tive therapeutic target (85). Antisense-based modulation
of miRNA levels has been studied with the use of several
tools, such as antagomiRs (15,86,87), and also aegPNAs
(55,88.89). Despite their stability and high binding affin-
ity to complementary DNA or RNA targets, aegPNAs are
not readily taken into cells. In this study, we developed thy-
clotide molecules that have THF groups grafted onto the
aegPNA backbone. The introduction of the THF groups

seems to confer very promising cell uptake properties to
an antimiR-21 thyclotide. The introduction of N- and C-
terminal lysines on antimiR-21 thyclotides improved aque-
ous solubility without altering the ability of the thyclotide
to enter cells. Clearly, the presence of the THF groups on
the thyclotide improves the cellular uptake properties com-
pared to aegPNA. It has been shown that several lysines
conjugated to the ends of an aegPNA act like CPPs to pro-
mote cell uptake of the PNA and therefore efficient miRNA
inhibition. Fabani ez al. and Torres et al. used PNAs conju-
gated to one N-terminal lysine residue and three C-terminal
lysine residues to inhibit miR-122 and miR-155 (57,58). It
is important to note that these PNAs also contained an N-
terminal cysteine, and they seemed to be captured by en-
dosomes. In this regard, we have shown that a single lysine
attached to each end of an aegPNA cannot overcome the in-
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Figure 8. Cytotoxicity assay of thyclotide in several cell lines. HepG2, SKHEP1, RKO and MCF7 cells were treated with increasing concentration of
scrambled thyclotide 13, and cell viability was assessed by the measurement of LDH release at 24 and 48 hours after the treatment.

ability of the aegPNA to enter cells but still improve its solu-
bility. It is remarkable that in our case, the addition of THF
groups into the backbone of aegPNA promotes efficient de-
livery of a thyclotide targeting miR-21 into cells, with only
two terminal lysines residues, and without the need to use
any transfection reagents, CPPs, or nanoparticles.

There are currently many approaches to deliver aegPNAs
into cells, and one of the most successful methods is to con-
jugate CPPs with aegPNA. However, CPPs have limitations.
While the inherent toxicity of amphipathic CPPs can be
moderated by using arginine-rich CPP sequences to deliver
cargo (such as aegPNA) into cells, dose-dependent cytotox-
icity can still be problematic. The delivery efficacy and cy-
totoxicity of CPP-conjugates can also vary considerably de-
pending on the type and size of the cargo molecule attached
to the CPP (68,69). Furthermore, CPP conjugates enter cells
via endocytosis that traps the molecule in an endosome. The
molecule must subsequently escape the endosome to exert
a biological effect inside a cell. Overcoming endosome en-
trapment can be challenging for CPP-PNA conjugates, and
the use of endosome-disruption reagents (90) or the con-
jugation of endosomolytic-inducing chemical modifications
(70,74,91) may be needed to enhance the biological activity
of a CPP-PNA conjugate.

The thyclotide we designed to target miR-21 presented
in this manuscript seems to overcome many of the limita-
tions of CPP-PNA conjugates. Without using CPPs or any
other type of reagent to promote cell uptake, we were able

to show that an antimiR-21 thyclotide enters several differ-
ent types of cells, bind miR-21 in HepG2 cells, and block
the binding of this miRNA to PTEN-3-UTR at nanomolar
concentrations. The colocalization of fluorescein-labelled
thyclotide 5 with endosomes was not observed by super-
resolution microscopy, suggesting that thyclotides do not
enter cells by endocytosis. It is possible that cellular uptake
would vary depending on the properties of the cell mem-
brane it crosses. Indeed, differences in uptake were observed
among the 4 cell lines studied. Even though the cellular up-
take of the antimiR-21 thyclotide was always superior com-
pared to aegPNA, thyclotide uptake by MCF7 cells was no-
ticeably lower compared to the other cell lines. It is known
that cellular membrane composition can vary depending on
the growth phase, which has been shown in HepG2 cells
(92), and that cholesterol levels in cell membrane vary be-
tween cell types (93), which affects the local rigidity of mem-
branes (94). The nucleobase sequence of the thyclotide also
determines the degree of cell uptake. Thyclotides targeting
miR-21 successfully enter several cell lines compared to the
corresponding aegPNA, but a thyclotide aimed at interfer-
ing with the splicing of MDM?2 pre-mRNA did not show
any difference in cell uptake relative to the aegPNA of same
sequence. A brief analysis of the thyclotide sequences does
not immediately indicate why one sequence would have bet-
ter cellular uptake than the other. The percentage of GC
bases in the antimiR-21 thyclotide sequences is around 35%
while the GC content of the thyclotide sequence to alter the
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splicing of MDM2 is 47%. At the present time, we specu-
late that a higher GC content in thyclotides may alter the
physical properties of the molecule to inhibit cellular up-
take. Future work will focus on understanding the links be-
tween thyclotide sequence, membrane composition and its
cellular uptake.
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