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Antisense gapmer oligonucleotides containing phosphoryl gua-
nidine (PG) groups, e.g., 1,3-dimethylimidazolidin-2-imine, at
three to five internucleotidic positions adjacent to the 30 and 50

ends were prepared via the Staudinger chemistry, which is
compatible with conditions of standard automated solid-phase
phosphoramidite synthesis for phosphodiester and, notably,
phosphorothioate linkages, and allows one to design a variety
of gapmeric structures with alternating linkages, and deoxyri-
bose or 20-O-methylribose backbone. PG modifications
increased nuclease resistance in serum-containing medium
for more than 21 days. Replacing two internucleotidic phos-
phates by PG groups in phosphorothioate-modified oligonucle-
otides did not decrease their cellular uptake in the absence of
lipid carriers. Increasing the number of PG groups from two
to seven per oligonucleotide reduced their ability to enter the
cells in the carrier-free mode. Cationic liposomes provided
similar delivery efficiency of both partially PG-modified and
unmodified oligonucleotides. PG-gapmers were designed con-
taining three to four PG groups at both wings and a central
“window” of seven deoxynucleotides with either phospho-
diester or phosphorothioate linkages targeted to MDR1
mRNA providing multiple drug resistance of tumor cells.
Gapmers efficiently silenced MDR1 mRNA and restored the
sensitivity of tumor cells to chemotherapeutics. Thus, PG-
gapmers can be considered as novel, promising types of anti-
sense oligonucleotides for targeting biologically relevant RNAs.

INTRODUCTION
In the 40 years that have elapsed since the pioneering studies of Za-
mecnik and Stephenson,1 concerted efforts have been focused on
the development of antisense oligonucleotides (ASOs) as therapeutic
medicines to combat human diseases.2,3 ASOs can function by steri-
cally blocking mRNA translation, by mediating mRNA cleavage by
the recruitment of cellular nucleases, such as RNase H,4,5 by altering
pre-mRNA splicing,6 or by preventing ribosome recruitment.7 How-
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 ª 2021 In
This is an open access article under the CC BY-NC-
ever, two main problems still limit the widespread clinical application
of ASOs: the difficulty of oligonucleotide delivery to the target cells8

and rapid degradation of oligonucleotides by extra- and intracellular
nucleases. While the former is a more formidable obstacle, the latter
can be alleviated by chemical modification of the sugar residue9 or,
more straightforwardly, the internucleotidic phosphate of synthetic
oligonucleotides.10 Moreover, alteration of the internucleotidic phos-
phate may also help to improve cellular uptake of ASOs.11,12 Thus,
efficient mRNA downregulation can be achieved by using an ASO
with modified phosphate groups such as phosphorothioate (PS),13

20-modified RNAs, such as oligo-20-O-(2-methoxyethyl)ribonucleo-
tides (20-MOE)14 and bridged/locked nucleic acids (20,40-BNA/
LNA),15,16 and by oligonucleotide analogs with a more or less radi-
cally altered sugar-phosphate backbones, such as peptide nucleic
acids (PNAs)17 and phosphorodiamidate morpholino oligomers
(PMOs).18

ASO development in the previous decade has firmly established the
ASO concept as a straightforward approach for site-selective RNA tar-
geting. This endeavor has culminated in the FDA approval of several
ASO therapeutics withmodified backbones that confer improved phar-
macological properties: a 20-MOE ASO Mipomersen (Kynamro) to
treat familial hypercholesterolemia,19 and 20-MOE ASO Nusinersen
(Spinraza) andPMOEteplirsen (Exondys 51) for the treatment of spinal
muscular atrophy and Duchenne muscular dystrophy, respectively;
PMOs Golodirsen (Vyondys 53) and, recently, Casimersen (Amondys
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Figure 1. Structures of DNA phosphodiester and

phosphate group mimics used in this study

(A) Phosphodiester (PO), (B) phosphorothioate (PS), and

(C) a phosphoryl guanidine (PG) group, namely 1,3-di-

methylimidazolidin-2-imine (Dmi), R = H or OMe.
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45) for DMD19–21 and 20-MOE ASO, Inotersen (Tegsedi), for familial
amyloid polyneuropathy.22

Of particular interest are the oligodeoxynucleotide analogs, which
can mediate irreversible RNA inactivation in a catalytic mode by
recruiting RNase H. These analogs include DNA oligonucleotides
containing modification at phosphodiester bonds such PS,23 20-
deoxy-20-fluoro-b-D-arabinonucleic acids,24 and the recently devel-
oped mesyl phosphoramidate oligodeoxynucleotides (m-ASOs).25

These DNA analogs could be used to build gapmers: mixed backbone
ASOs containing short (6–10 nucleotide [nt]) central “windows” of
RNase H-competent deoxynucleotides and 30,50-flanking “wings”
(3–5 nt) of RNase H-incompetent residues, such as 20-OMe, 20-
MOE, or LNA, which primarily increase RNA binding but also
nuclease resistance.26–28 Gapmer ASOs can efficiently silence RNAs
by using the best of both mechanisms: steric blocking and RNase
H-mediated RNA cleavage within the central RNase H-competent
window of the heteroduplex.

In this study, we describe oligonucleotide gapmers containing the
phosphoryl guanidine (PG) modification of the phosphate group
that had been developed previously.29,30 Recently, PGoligonucleotides
(PGOs) have shown promise as primers for PCR,31,32 antibacterial33

and antiviral34 ASOs, and G-quadruplex-forming agents.35 Introduc-
tion of a single PG group into a trinucleotide increased its stability to
snake venom phosphodiesterase (SVPDE).36 PGmodification of PCR
primers prevented DNAmultimerization during qPCR and increased
discrimination between wild-type and mutated DNA.31,32 Fully
substituted 20-OMe RNA PGOs were shown to successfully target
intracellularMycobacterium smegmatis in humanmacrophages via se-
lective downregulation of a bacterial gene by RNase H-independent
mechanism,33 and possess potent antiviral activity against influenza
A virus in Madin-Darby canine kidney (MDCK) cell culture when
delivered by nanoparticles.34 G-rich deoxynucleotide PGOs can
assemble into intermolecular G-quadruplexes very rapidly due to
the absence of charge repulsion, and formmixed G-quartets with nat-
ural G-rich sequences presumably via strand invasion.35

Multiple drug resistance (MDR) phenotype of tumor cells provides
their resistance to a wide range of chemotherapeutic agents, prevent-
212 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
ing successful cancer cell elimination.37 The
MDR phenotype is often attributed to an over-
expression of some members of transmembrane
ATP-binding cassette proteins, referred to as the
ABC transporters superfamily.38,39 The human
MDR1 (ABCB1) genes, that belong to subfamily
B of ABC transporters encode P-glycoprotein (Pgp), involved in
active ATP-dependent transport of cytotoxic agents out of the cells.39

MDR1 mRNA is an attractive target for ASOs since its downregula-
tion restores the sensitivity of cancer cells to chemotherapy.

The remarkable properties of PG modification prompted us to design
gapmers to introduce a combination of charge-neutral PG linkages,
namely, 1,3-dimethylimidazolidin-2-imine groups (Dmi), and nega-
tively charged phosphodiester (PO) or PS groups with a mixed deox-
yribo- and 20-O-methylribonucleotide backbone to decrease the total
negative charge. The ability of these oligonucleotides to penetrate
cells, resist nuclease digestion in biological media, and reverse
MDR1-induced drug resistance of tumor cells is reported.

RESULTS
Design of oligonucleotides

To obtain oligonucleotides and gapmers with a decreased total nega-
tive charge, we employed a previously developed charge-neutral
phosphate mimic—a PG group such as Dmi (Figure 1C). PGOs
bearing exclusively PG groups at internucleotidic positions are charge
neutral, similarly to PMOs, in contrast to natural oligonucleotides
that have negatively charged PO groups or first-generation ASOs
with PS linkages (Figures 1A and 1B, respectively).

Three sets of modified oligonucleotides were obtained: the R series
was designed to assess nuclease resistance, the D series was designed
to elucidate their ability to enter cells, and the M series was designed
to study their gene-silencing properties (Table 1). The R and D se-
ries oligonucleotides have random sequences that contain no re-
gions complementary to the reference sequences of known human
mRNAs.

MDR1 mRNA was selected as a target for ASOs of M series. The hu-
man gene MDR1—also known as ATP-binding cassette subfamily B
member 1 (ABCB1)—belongs to subfamily B of the ABC transporters
and encodes Pgp, which is involved in active ATP-dependent efflux of
cytotoxic agents out of the cells. MDR1 overexpression leads to the
development of a multiple drug resistance phenotype of tumor cells.39

M series ASOs were designed to target the 319–333 nt region of
MDR1 mRNA and to be complementary to all four MDR1 splice var-
iants that occur in Homo sapiens. This region of MDR1 mRNA was



Table 1. Structures and molecular masses of the oligonucleotides used in this study

Name Oligonucleotide sequence (50/30) Abbreviation Calc. [M–H]– Found [M–H]– Figures

Oligonucleotides for nuclease resistance study (R series)a

R1 agtctcgacttgctacc deoxy/PO 5,121.41 5,119.43 S1

R2 aSgStScStScSgSaScStStSgScStSaScSc deoxy/PS 5,378.44 5,377.12 S2

R3 a*g*t*c*t*c*g*a*c*t*t*g*c*t*a*c*c deoxy/PG 6,643.78 6,641.90 S3

R4* AGUCUCGACUUGCUACC 20-O-Me/PO 5,561.73 5,556.76 S4

R5* ASGSUSCSUSCSGSASCSUSUSGSCSUSASCSC 20-O-Me/PS 5,818.76 5,813.76 S5

R6* A*G*U*C*U*C*G*A*C*U*U*G*C*U*A*C*C 20-O-Me/PG 7,084.10 7,079.76 S6

Oligonucleotides for cellular delivery study (D series)a,b,c,d,e,g

D1
FAMS-ASGSUSCSUSCSGSASCSUSUSGSCSUSAS

CSCSUSCSA
b F-20-OMe/PS 7,416.50 7,415.00 S7A

D2
FAMS-CSUSCSCSGSASASGSASASASUSASASGS

ASUSCSC
c F-20-OMe/PS 7,174.40 7,172.50 S7C

D3
FAMS-GSASCSASUSCSCSASUSUSCSASASASUS

GSGSUSUSUSG
d F-20-OMe/PS 7,840.80 7,839.00 S7B

D4
FAMS-GSASCSASUSCSCSASUSUSCSASASASUS

GSGSUSU*U*G
d F-20-OMe/19PS/2PG 8,002.80 8,001.50 S7D

D5
FAMS-ASGSUSCSUSCSGSASCSUSUSGSCS

USASCSC
a F-20-OMe/PS 5,945.94 5,944.31 –

D6 FAM-a*g*t*c*t*c*g*a*c*t*t*g*c*t*a*c*ca F-deoxy/PG 7,211.28 7,208.50 –

D7 FAM-agtctcgacttgctacca F-deoxy/PO 5,688.90 5,688.12 –

D8 FAM-cactcgcaagcaccctatcage F-deoxy/PO 6,887.70 6,887.40 S8

D9 FAM*-c*a*c*t*c*g*caagcaccctatcage F-deoxy/7PG 7,553.75 7,555.02 S9

D10 FAM*-c*a*c*t*c*g*c*a*agcaccctatcage F-deoxy/9PG 7,744.05 7,741.80 S10

D11 FAM*-c*a*c*t*c*g*c*a*a*g*caccctatcage F-deoxy/11PG 7,934.35 7,932.88 S11

D12 FAM*-c*a*c*t*c*g*c*a*a*g*c*a*ccctatcage F-deoxy/13PG 8,124.65 8,122.50 S12

D13 FAM*-c*a*c*t*c*g*c*a*a*g*c*a*c*c*ctatcage F-deoxy/15PG 8,314.95 8,310.66 S13

D14 FAM*-c*a*c*t*c*g*c*a*a*g*c*a*c*c*c*t*atcage F-deoxy/17PG 8,505.25 8,502.76 S14

Oligonucleotides targeted to MDR1 mRNA (M series)f

M1 gtccagccccatgga deoxy/PO 4538.05 4537.11 S15

M2 GUCCAGCCCCAUGGA 20-OMe/PO 4960.37 4969.52 S16

M3 gStScScSaSgScScScScSaStSgSgSa deoxy/PS 4762.93 4766.72 S17

G1 GSUSCSCSaSgScScScScSaSUSGSGSA 20-OMe/PS [deoxy/7PS] 20-OMe/PS 4975.09 4978.32 S18

G2 G*U*C*CagccccaU*G*G*A 20-OMe/3PG [deoxy/7PO] 20-OMe/3PG 5,321.07 5,319.92 S19

G3 G*U*C*C*agcccca*U*G*G*A 20-OMe/4PG [deoxy/7PO] 20-OMe/4PG 5,511.37 5,510.72 S20

G4 G*U*C*CSaSgScScScScSaSU*G*G*A 20-OMe/3PG [deoxy/7PS] 20-OMe/3PG 5,449.59 5,448.32 S21

Deoxyribonucleotides are in lowercase letters, 20-OMe ribonucleotides are in capital letters; S, phosphorothioate group; *1,3-dimethylimidazolidin-2-imine (Dmi) group.
aON1, 50-agtctcgacttgctacc-30 .
bON2, 50-agucucgacuugcuaccuca-30 .
cON3, 50-ctccgaagaaataagatcc-30 .
dON4, 50-gacatccattcaaatggtttg-30 .
eON5, 50-cactcgcaagcaccctatcag-30 . ON1-ON5, oligonucleotides with random sequences having no complementarity with nucleic acids in eukaryotic cells.
fON6, oligonucleotide 50-gtccagccccatgga-30 targeted to MDR1 mRNA.
gAll oligonucleotides of the D series contained a fluorescein residue (FAM) at the 50 end.
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chosen as a target for oligonucleotides of M series. Our previously ob-
tained results showed that ASOs targeted just to this region bound
with MDR1 mRNA with high efficiency, and PO ASOs bearing a
bis-pyrenyl group at the 50 end and siRNA caused efficient silencing
of MDR1 mRNA.40,41
The M series included control oligonucleotides with a uniform struc-
ture of the backbone: DNA PO (M1), 20-OMe RNA PO (M2), and
DNA PS (M3) (Table 1). Antisense gapmers G1, G2, G3, and G4 all
had a 7 nt deoxynucleotide central window, either PO (G2 and G3)
or PS (G1 and G4), flanked by either PS or PG 20-OMe wings 3-4
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 213
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nt in length (G2, G4, and G3, respectively, Table 1). The composition
of oligonucleotides was designated as follows, using oligonucleotide
G1 as an example: 20-OMe/PS (50-wing) [deoxy/7PS] (central win-
dow) 20-OMe/PS (30-wing).

These three sets of oligonucleotides allowed us to investigate in detail
the impact of the PGmodification on the key factors determining bio-
logical potential of ASOs, including: (1) the compatibility of the PG
group with the PS linkage during automated solid-phase synthesis;
(2) the stability of modified ASOs in biological media or in solutions
simulating these conditions; (3) the impact of PG modifications on
intracellular accumulation of modified ASOs pre-complexed with
cationic liposomes or in a carrier-free mode; (4) the ability of PG-
gapmers to recruit RNase H upon binding with the RNA target;
and (5) the gene-silencing activity of PG-gapmers.

Synthesis of oligonucleotides

Oligonucleotides with PG groups were synthesized according to a
previously developed protocol of automated solid-phase synthesis
by the phosphoramidite method.30 The standard aqueous iodine
oxidation of the intermediate phosphite to phosphate was replaced
by the Staudinger reaction of the phosphite with commercially avail-
able Kitamura’s reagent (2-azido-1,3-dimethylimidazolinium hexa-
fluorophosphate [ADMP]).42,43 This protocol introduced the Dmi
group onto the internucleotidic phosphate. One of the findings of
this study is that the Staudinger reaction could be successfully carried
out in the presence of PS groups in the oligonucleotide. Thus, the two
phosphate modifications, PS and PG, can be introduced indepen-
dently during the oxidation step of the automated solid-phase synthe-
sis cycle without interference from each other. By using commercially
available deoxy- and 20-OMe ribonucleoside phosphoramidites and
three different P(III) to P(V) conversion procedures, namely, oxida-
tion to PO, thionation (sulfurization) to PS, and guanylation (Stau-
dinger reaction) to PG, it was possible to obtain a variety of gapmers
having both sugar (deoxy- and 20-OMe ribonucleotide) and phos-
phate (PO/PS/PG) modifications on a commercial automated
DNA/RNA synthesizer (Table 1). The standard sulfurizing reagent
DDTT was used to introduce the PS modification.44 Standard post-
synthetic processing, such as cleavage from support, protecting group
removal, and reverse-phase high-performance liquid chromatog-
raphy (HPLC) purification based on the “DMTr ON”mode was anal-
ogous to that of native oligonucleotides irrespective of the pattern of
modification. Molecular masses of the oligonucleotides were
confirmed by mass spectrometry (MS) and their integrity by electro-
phoretic analysis (Table 1; Figures S1–S23). MS analysis of reaction
mixtures of gapmer oligonucleotides G1-G4 (see Figures S18–S21)
showed that in all cases the main products correspond to desired
composition and sequence. This confirms a good compatibility of
both oxidation protocols with each other.

The introduction of a single Dmi group into a DNA chain does not
significantly affect hybridization properties of the modified oligonu-
cleotide with respect to either DNA or RNA. Under physiological
conditions (100 mM Na+, 10 mM Mg2+), the thermal stability of
214 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
the modified duplexes was only slightly lower than that of the native
duplexes,35,36,45 although there were some slight fluctuations in the
melting temperature (Tm) depending on the type of the template
(RNA or DNA) and the position of the Dmi group within the oligo-
nucleotide. The Tm for the duplexes formed with poly(rA) were 48�C
for the oligonucleotide 50-d(T19*T) with the Dmi group nearest to the
30 end, and 46.5�C for 50-d(T11*T9) with the Dmi group located in the
middle. For the complexes of the same two oligonucleotides formed
with poly(dA), the Tm were 54�C and 52.5�C, respectively; these
values are similar to the Tm of the duplexes formed by unmodified
dT20 with the same templates: 48�C and 55�C, respectively.36

Stability of modified oligonucleotides in biological medium

The nuclease resistance of a modified ASO is one of the key factors
underlying its biological activity.46 The stability of the R series oligo-
nucleotides was assessed in DMEM in the presence of 50% FBS for
21 days. Nuclease resistance of PGOs R3 and R6 was compared
with that of the deoxy/PO, deoxy/PS, 20-OMe/PO, and 20-OMe/PS ol-
igonucleotides (R1, R2, R4, and R5, respectively). The products of
degradation of ASOs R1, R2, R4, and R5 were analyzed by denaturing
PAGE electrophoresis. Due to the charge-neutral character of PGOs
R3 and R6, the products of their degradation were analyzed by liquid
chromatography-electrospray ionization-tandem MS (LC-ESI MS/
MS). Half-life times (t1/2) are presented in Table S1.

As expected, oligonucleotides with PO groups—deoxy R1 and 20-
OMe R4—were the least stable, with t1/2 values of 10 and 70 min,
respectively. Introduction of the PS modifications both in the deoxy
(R2) or 20-OMe (R5) backbone considerably increased the stability
of the oligonucleotides: R2 has a t1/2 of 10 h, whereas R5 remained sta-
ble more than 24 h (Table S1). Deoxy/PG (R3) and 20-OMe/PG (R6)
PGOs both were characterized by high stability and remained intact
for over 21 days (Table S1). Thus, stability of PG oligonucleotides ex-
ceeded many times the stability of 20-OMe/PS oligonucleotide R5 (24
h). Thus, nuclease resistance of modified oligonucleotides increased
in the order R2 (deoxy/PS) < R5 (20-OMe/PS) << R3 (deoxy/PG)
z R6 (20-OMe/PG). In other words, modification of internucleotidic
positions in oligonucleotides by PG groups increases their stability in
biological medium considerably more than that by the PS group, an
outcome that correlates with recorded biological activity of PGOs.33,34

Effect of PG modification on oligonucleotide accumulation in

eukaryotic cells

Accumulation of D series oligonucleotides in MDCK, KB-8-5, and
A549 cells was studied under carrier-free conditions or in the pres-
ence of cationic liposomes. All oligonucleotides of the D series were
labeled with fluorescein residue (FAM) at the 50 end. The phosphate
linkage introduced via the fluorescein phosphoramidite onto the 50

end has been converted into the same modification as in the internu-
cleotidic positions: PS for D1–D6, PO for D7 and D8, and PG for D9–
D14 (Table 1).

Intracellular oligonucleotide uptake was monitored by flow cytome-
try. The percentage of the FAM-positive cells and the cell-associated



Figure 2. Intracellular accumulation of fluorescein-

labeled D series oligonucleotides in eukaryotic cells

mediated by Lipofectamine 2000 or under carrier-

free conditions

(A) Accumulation of D1-D4 in A549 cells in the absence of

transfection agents. (B) Lipofectamine 2000-mediated

delivery of D1-D4 in A549 andMDCK cells. (C) Intracellular

accumulation of D5-D7 in A549 and MDCK cells under

carrier-free conditions. (D) Lipofectamine 2000-mediated

delivery of D5-D7 in A549 cells and MDCK cells. Under

carrier-free conditions A549 cells and MDCK cells were

incubated in the presence of oligonucleotides D1-D4 at

concentrations of 0.1–5 mM or oligonucleotides D5-D7 at

concentrations of 5 mM for 4 h. In the case of liposome-

mediated delivery A549 and MDCK cells were incubated

with complexes formed by oligonucleotides D5-D7 (1 mM)

with Lipofectamine 2000 for 4 h. The percentage of fluo-

rescent cells was measured by flow cytometry 4 h post-

transfection. Data are presented as mean ± SEM. The

data were statistically processed using Student’s t test

(two-tailed, unpaired); a p value of%0.05 was considered

to indicate a significant difference; **data were statistically

insignificant. All experimental points were run in triplicate

for statistical analysis. C1, control, cells incubated without

oligonucleotides; C2, control, cells incubated without

Lipofectamine 2000; C(LF), cells incubated with Lip-

ofectamine 2000.
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fluorescence intensity were evaluated and are presented as uptake ef-
ficiency (UE) for carrier-free studies or transfection efficacy (TE) for
liposome-mediated delivery and relative fluorescence units (RFU).
The flow cytometry images used for evaluation of UE and TE are
shown in Figures S25–S27.

Overall, the oligonucleotide sequence significantly affected their
penetration into the cells under carrier-free conditions. Of the three
Molecular Th
different oligonucleotides tested—D1-D3 (all
20-OMe/PS) —only D3 (21 nt long) efficiently
accumulated in A549 cells: the UE of D3
reached 80% at the fluorescence intensity of
14.1 RFU, whereas D1 and D2 exhibited mod-
erate levels of intracellular accumulation even
at a 5 mM concentration (Figure 2A; Table
S2). Introduction of two PG groups into D3
to produce D4 did not affect the accumulation
of the 20-OMe/PS oligonucleotide in the cells:
there was no change in the values of either
TE or RFU. Taking into account that the
lengths of oligonucleotides differ only by one
nucleotide (20, 19, and 21 nt for D1, D2, and
D3, respectively) we cannot suggest that the
length of the oligonucleotide accounts or im-
pacts the uptake.

Oligonucleotides D1–D4 in complexes with
Lipofectamine 2000 demonstrated similar levels
of accumulation in both cell lines (Figures 2B and S25). It should be
noted that accumulation of D1–D4 was more efficient in A549 cells
both in terms of TE and fluorescence intensity. However, because
the level of accumulation under carrier-mediated conditions was
sufficiently high for all the oligonucleotides, the obtained data al-
lowed no unequivocal conclusion as to whether the introduction
of two PG modifications contributed to the penetration of D4 into
the cells. Oligonucleotides D1–D4 did not affect the viability of
erapy: Nucleic Acids Vol. 27 March 2022 215
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Figure 3. Effect of the number of PG groups in

oligonucleotides on their accumulation in A549 cells

(A) Under carrier-free conditions. (B) In the presence of

cationic liposomes 2X3-DOPE. A549 cells were incubated

with oligonucleotides D8-D14 alone at 5 mMor complexed

with liposomes 2X3-DOPE at 1 mM for 4 h. The percent-

age of fluorescent cells was measured by flow cytometry

4 h post-transfection. Data are presented asmean ±SEM.

The data were statistically processed using Student’s t

test (two-tailed, unpaired); a p value of %0.05 was

considered to indicate a significant difference; **data were

statistically insignificant. All experimental points were run

in triplicate for statistical analysis. C1, control, cells incu-

bated without oligonucleotides; C2, control, cells incu-

bated without liposomes; C(L), cells incubated in the

presence of liposomes 2 � 3/DOPE.
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A549 cells at a concentration of 1 mM in the medium and incubation
for 24 h (Figure S22).

A study of intracellular accumulation of oligonucleotides D5–D7 in
A549 and KB-8-5 cells either mediated by Lipofectamine 2000 or un-
der carrier-free conditions revealed that the completely charge-
neutral PGO D6 (deoxy/PG) did not penetrate the cells in either
conditions (Figures 2C, 2D, S26, and Table S2). In the absence of a
transfection agent, only D5 (20-OMe/PS) at the concentration of
1 mMmoderately accumulated in both cell lines. The addition of Lip-
ofectamine 2000 stimulated the delivery of negatively charged D5 and
D7 but not that of PGO D6, which presumably was unable to form
lipoplexes due to its charge-neutral character (Figures 2D, S26, and
Table S2). Thus, the replacement of all internucleotidic phosphates
in an oligodeoxynucleotide D6 by PG groups abolished its accumula-
tion in the cells in the presence of cationic liposomes and at the same
time did not improve its cellular uptake under carrier-free conditions
compared with unmodified (PO) control D7.

The ability of oligodeoxynucleotides to enter cells was studied depend-
ing on the number of PG modifications. In the absence of a transfec-
tion agent, oligonucleotides D9–D14 as well as unmodified D8 accu-
mulated in the cells poorly: the amount of FAM-positive cells did
not exceed 20%, and fluorescence intensity reached a maximum of
1.9 RFU (Figures 3A, 3B; Table S2). Analysis of cellular uptake of oli-
godeoxynucleotides mediated by 2X3-DOPE showed that a gradual
replacement of internucleotidic phosphates by PG groups decreased
the percentage of fluorescent cells in the following order: D9
(83.4% ± 3.5%) z D10 (88.9% ± 4%) z D11 (80.1% ± 2.6%) > D12
216 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
(65.2% ± 5.2%) >> D13 (8.4% ± 4.2%) >> D14
(%1 ± 0.5%), whereas the control D8 (deoxy/
PO) efficiently accumulated in A549 cells
(98.9% ± 1%) (Figures 3B and S27; Table S2).
Fluorescence intensity was also considerably
decreased with the increase in the number of
PG modifications. Indeed, a nearly 10-fold
decline in RFU was observed when seven PG
groupswere introduced into the sequence (D9) comparedwith the un-
modified control (D8): 59.5 RFU for D8 and only 4.3 RFU for D9 (Fig-
ure 3B; Table S2).

Thus, under carrier-free conditions the oligonucleotide D4 (PS/20-
OMe/2PG) penetrated into the cells with efficiency similar to D3
(20-OMe/PS), which has the same sequence, or D5 (20-OMe/PS),
which has a different sequence. However, in the oligodeoxynucleotide
series D9–D14, the increase in the number of PG modifications from
7 to 14, respectively, drastically decreased the level of their intracel-
lular accumulation in the carrier-free mode and ability to form lipo-
plexes. Nevertheless, in the complexes with 2X3-DOPE, partially
PG-modified oligodeoxynucleotides D9, D10, and D11 with 7, 9,
and 11 PG modifications, respectively, accumulated in the cells
with moderate efficiency (Figure 3B).

It should be emphasized that in D4 two PG groups are located at
the 30 end of this ASO, while in D9-D14 ASOs PG modifications
were placed at their 50 end; for D9-D14 ASOs the increase of the
number of PG groups ultimately leads to a drop in the effectiveness
of their penetration into cells. Considering these data, we cannot
exclude the possibility that the location of PG modification (5ʹ or
3ʹ part of ASO) might play a role in intracellular accumulation of
ASOs.

In the extreme cases of a completely PG-modified D6 (compare D5
and D6) and the nearly completely modified D14 (compare D8 and
D14), it may be concluded that the replacement of all internucleotidic
phosphates by PG groups in an oligodeoxynucleotide may entirely



Figure 4. RNase H cleavage of the MDR1 RNA complexed with ASOs

(A) Autoradiograph of a 12% polyacrylamide/8 M urea gel. Lanes Im and T1,

imidazole ladder and partial RNA digestion with RNase T1, respectively; C, control,

RNA incubated in the absence of ASOs and RNase H. Lanes 1–5 (left panel), lanes 6

and 7 (right panel), RNA/ASO incubated with RNase H: 1, RNA/M2; 2, RNA/M1; 3,

RNA/M3; 4, RNA/G1; 5, RNA/G2; 6, RNA/G3; 7, RNA/G4. MDR1 RNA (0.05 mg)

was pre-complexed with 10 mM ASO at 37�C for 1 h and incubated with RNase H

(1 U/mL) at 37�C for 30min. (B) Secondary structure of the 678 nt fragment of MDR1

RNA. The ASO binding site is indicated in blue. Spontaneous cleavages at CA and

UA sites of MDR1 RNA are indicated by red arrows.
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abolish their ability to penetrate into eukaryotic cells in the form of
lipoplexes while also not improving their carrier-free uptake.

PG-containing antisense gapmers recruit RNase H

Our results indicated that the optimal number of PG modifications
providing balance between nuclease resistance and cellular uptake
has to be determined experimentally. A reasonable approach was to
obtain gapmer oligonucleotides with 30 and 50 wings protected by
three to four PG-modified 20-O-methyl ribonucleotides and the cen-
tral window of six to eight PO or PS deoxynucleotides (no charge-
neutral PG groups in this section) to stimulate their incorporation
into lipoplexes and to form a heteroduplex with RNA capable of re-
cruiting RNase H. The M series oligonucleotides (M1-M3, G1-G4)
targeting MDR1 RNA was synthesized accordingly (Table 1).

To prove that PG-gapmers targeting the 319–333 nt region of human
MDR1mRNAwere indeed able to recruit RNase H, we performed ex-
periments with a 678 nt fragment of MDR1 mRNA obtained by
in vitro transcription (hereinafter referred to asMDR1mRNA), which
included the target region. Oligonucleotides M1-M3 and G1-G4 were
hybridized withMDR1mRNA followed by incubation with RNase H.
RNA cleavage products were analyzed by 12% PAGE under dena-
turing conditions (Figure 4A). Oligo-20-O-methylribonucleotide
M2, which is unable to recruit RNase H, was used as a negative control
(no hydrolysis in lane 1, Figure 4A). Both unmodified (PO)M1 and its
PS counterpartM3, which formed heteroduplexes withMDR1mRNA
that recruited RNase H, were used as positive controls. A typical
pattern of MDR1 mRNA cleavage in a heteroduplex with M1 and
M3 by RNase H is shown in Figure 4A, lanes 2 and 3, respectively.
The gapmer G1 (20-OMe/PS[deoxy/7PS]20-OMe/PS, Table 1) formed
a heteroduplex recognized by RNaseH. The cleavage pattern observed
with G1 was similar to those observed for M1 and M3 (lane 4, Fig-
ure 4A). Correspondingly, the bands in lanes 5, 6, and 7 (Figure 4A)
provide evidence for RNase H-mediated RNA cleavage of heterodu-
plexes formed by PG-gapmers G2, G3, and G4. Notably, the cleavage
pattern depends not only on the nucleotide modifications within the
central window, but on the number of PG modifications in the wings:
the same cleavage patterns were observed for PG-gapmers G2 and G4,
which both contain three PG groups at either the 50 or 30 ends (lanes 5
and 7, Figure 4A), but in the case of PG-gapmer G3, which contains
four PG modifications in both wings, the cleavage pattern is slightly
altered, possibly because additional PG linkages narrow the window
recognized by RNase H (lane 6, Figure 4A).

It should be noted that, since MDR1 mRNA is a long transcript with
pronounced secondary structure, the binding of an oligonucleotide
with RNA leads to the reorganization of molecule structure. As the
result the most labile linkages C-A and U-A in RNA are undergoing
spontaneous cleavage after RNA unfolding, and we observed cleavage
not only in the site of ASO binding provided by RNase H but also at
C-A and U-A linkages due to spontaneous hydrolysis (Figure 4B).

Biological effects of M series ASOs in human KB-8-5 cells

The M series ASOs restore the sensitivity of KB-8-5 cells to

vinblastine

To study the biological activity of the M series ASOs targeted to
human MDR1 RNA, we used the human epidermoid carcinoma cell
line KB-8-5, which exhibits high resistance to chemotherapeutics due
to overexpression of Pgp encoded by MDR1 mRNA. KB-8-5 cells
were transfected with ASOs pre-complexed with Lipofectamine 2000.
24 h post-transfection, vinblastine was added and the cells were incu-
bated for 3 days. The ability of ASOs to increase the sensitivity of
KB-8-5 cells to vinblastine was evaluated by real-time cell survival
monitoring. PO oligonucleotides R1 and M1, PG-gapmer G2 with a
PO window, and PS oligonucleotides R2, M3, and PG-gapmer G4
with a PSwindowwere compared in two parallel experiments. The con-
centrations were 1 mM for PO-modified (R1, M1, and G2) and 0.1 mM
for PS-modified (R2, M3, and G4) oligonucleotides. The concentration
of the PS-modified oligonucleotides was lowered due to their relatively
high non-specific toxicity to KB-8-5 cells observed in the presence of
vinblastine. It should be mentioned that no toxic effects of gapmer oli-
gonucleotides were observedwhen the cells were incubatedwithG2 and
G4 in the absence of vinblastine (Figure S28). The full-PS-gapmer G1
was excluded from the experiments due to its especially high cytotox-
icity under these conditions. The fully 20-O-methylated oligoribonu-
cleotide M2 was also excluded because its heteroduplex with RNA
was not recognized by RNase H rendering M2 ineffective in this case.
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Figure 5. The biological effect of modified ASOs

targeted to MDR1 mRNA in KB-8-5 cells

(A and B) Real-time analysis of the effect of modified ASOs

on the growth rate of KB-8-5 cells in the presence of

vinblastine. Cells were transfected with 1 mM of oligonu-

cleotides R1, M1, or G2, or 0.1 mMof oligonucleotides R2,

G4, or M3 pre-complexed with Lipofectamine 2000 for 4

h; LF, cells treated with Lipofectamine 2000 only. Cell

viability was recorded in real time using an xCELLigence

instrument for 96 h. Vinblastine was added to the cells to a

concentration of 300 nM 24 h post-transfection, and the

cells were cultured in an atmosphere of 5% CO2 at 37
�C

for 96 h. The results are shown as mean cell index ± SE.

The data were statistically processed using Student’s t

test (two-tailed, unpaired); a p value of %0.05 was

considered to indicate a significant difference; **data were

statistically insignificant. (C and D) Analysis of the effect of

modified ASOs on the level of MDR1 gene expression.

Data of qPCR. KB-8-5 cells were transfected with ASOs

R1, M1, G2 (0.5 mM) or R2, M3, G4 (0.1 mM) pre-com-

plexed with Lipofectamine for 4 h and incubated for 24

and 48 h. LF, cells treated with Lipofectamine 2000 only.

The expression level of MDR1 mRNA was normalized to

the level of HPRT1 mRNA. (E and F) Western blot analysis

of Pgp 72 h after transfection. b-Actin served as an internal

control. Cells were transfected with oligonucleotides R1

(0.5 mM), M1 (0.5 mM), M3 (0.1 mM), G4 (0.1 and 0.5 mM),

and G2 (0.5 mM) pre-complexed with Lipofectamine 2000

for 4 h and incubated for 72 h; LF, cells treated with Lip-

ofectamine 2000 only. (D) The bar graph shows the semi-

quantitative analysis of the western blot results for Pgp.

Data of qPCR and western blot were statistically pro-

cessed using one-way ANOVA with the Tukey post hoc

test; p < 0.05 was considered to be statistically significant;

**data were statistically insignificant. The data are pre-

sented as the mean three independent experiments with

triplicate samples ±SEM.

Molecular Therapy: Nucleic Acids
The PG-gapmer G3 containing four PG linkages in both wings did not
affect the sensitivity of KB-8-3 cells to vinblastine at either 0.1 or 1 mM
concentration (primary data not shown).

The control R1 with random sequences had no influence on cell
viability (Figure 5A). Deoxyribonucleotide M1 at concentration
1 mM decreased 1.2-fold cell viability in the presence of vinblastine
(LF versusM1p=0.025): cell proliferation index forM1was 1.86 versus
2.3 for LF (Figure 5A). The gapmer G2 (20-OMe/3PG[deoxy/7PO]20-
OMe/3PG) at the same concentration increased the sensitivity of the
cells to vinblastine 2-fold (LF versus G2 p = 0.0006): cell proliferation
index for G2 was 1.66 versus 2.3 for LF (Figure 5A). It should be noted
that the effect of ASO M1 on cell viability differ statistically insignifi-
218 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
cantly from the effect of R1, whereas the effect
of G2 was statistically significant with p = 0.008
in comparison with R1. Nevertheless, no statisti-
cally significant difference between M1 and G2
was observed.
A different pattern was observed in the case of oligonucleotides with
PS linkages (Figure 5B). Both the full-PS oligodeoxynucleotide R2,
with a random sequence, and the full-PS match M3 caused 50%
reduction of cell survival similar to the gapmer G4 (20-OMe/3PG
[deoxy/7PS]20-OMe/3PG) at a concentration of 0.1 mM and the dif-
ferences were statistically significant compared with control cells
treated with Lipofectamine: LF versus R1 p= 0.007, LF versus M3
p = 0.003 and LF versus G4 p = 0.007 (Figure 5B). However, we did
not find a statistically significant difference between R2 and G4 as
well as M3 and G4. The study of cytotoxicity of oligonucleotides
D1-D4, including PS/2PG D4, revealed that all oligonucleotides
were not toxic to the A549 cells within the concentration range of
0.1–1 mM (Figure S22). Thus, at the concentration of oligonucleotides



www.moleculartherapy.org
used in this study, no decrease in cell viability due to PS-mediated
toxicity was expected. However, similar values of cell survival
observed in the presence of the PS ASOs R2 and M3 and the PG/
PS-gapmer G4 may indicate the non-specific contribution of PS
modification to the overall toxic effect on the cells. The presence of
vinblastine seemed to enhance the non-specific cytotoxicity of PS ol-
igonucleotides and mask the antisense silencing of MDR1 gene.

To compare the specific inhibition of cell viability by PG/PO-gapmer
G2 and non-specific inhibition by the control random oligonucleotide
R1, we calculated the G2/LF and R1/LF cell indexes. The values were
0.72 and 0.95, respectively, which indicate the specific contribution of
antisense G2 to the inhibition of cell viability compared with the
random oligonucleotide R1. However, in the case of the PS-modified
G4 and R2, the G4/LF and R2/LF ratios were 0.75 and 0.77, respec-
tively, which highlights the pronounced cytotoxicity of PS modifica-
tion in the presence of vinblastine.

Downregulation of Pgp expression by the M series ASOs

Restoration of the sensitivity of KB-8-5 cells to vinblastine by PG-
gapmers G2 and G4 can be explained by downregulation of Pgp,
which mediates the drug resistance of tumor cells. The changes in
the MDR1 mRNA levels under the action of ASOs were studied using
qRT-PCR. For these purposes KB-8-5 cells were incubated in the
presence of PO/PG- (0.5 mM) or PS/PG-modified ASOs (0.1 mM)
pre-complexed with Lipofectamine at 37�C for 24 and 48 h (Figures
5C and 5D). ASOs R1 and R2 did not cause any changes in MDR
mRNA level (Figures 5C and 5D). In the case of PO/PG-modified
ASO G2 we observed a tendency to decrease MDR1 mRNA levels,
but data were statistically insignificant (Figure 5C). The PS/PG-modi-
fied ASOs much more efficiently downregulate MDR1 mRNA in
comparison with PO/PG-modified ASOs: a 30% decrease in the
MDR1 mRNA level was observed for PS-modified M3 in comparison
with Lipofectamine and R2 groups (Figure 5D). Gapmer G4
decreased MDR1 mRNA levels even more efficiently, reaching 50%
downregulation (Figure 5D). It should be noted that gapmer G4 ex-
hibited much higher silencing activity with respect to MDR1
mRNA in comparison with M3 (PS ASO) and this difference was sta-
tistically significant (Figure 5D).

To determine the alteration in the Pgp levels, western blot analysis
was performed 72 h after KB-8-5 cells had been transfected with
0.1 or 0.5 mM of oligonucleotides R1, M1, or M3, or PG-gapmers
G2, or G4 (Figures 5E and 5F). There was no statistically significant
difference in the level of Pgp in tumor cells incubated with Lipofect-
amine 2000 and random oligonucleotide R1 at a concentration of
0.1 mM. The PO ASO M1 at 0.5 mM caused a 2-fold reduction in
the Pgp level in comparison with Lipofectamine and R1 groups (Fig-
ure 5F). These data are in agreement with data on the decrease of cell
viability in the presence of M1 (Figure 5A), although we did not
observe a decrease in MDR1 mRNA levels. It can be assumed that
the time points chosen for the analysis of both mRNA and Pgp levels
are not optimal for the analysis of mRNA. It is known that the half-life
of MDR1 mRNA is 4–9 h, while the half-life of Pgp is 48–72 h.47–49
Since full-PS M3 at a concentration of 0.5 mM exhibited high toxicity
to KB-8-5 cells, the Pgp level for M3 at this concentration was not
measured. At an M3 concentration of 0.1 mM, a reduction of the
Pgp level by 1.7-fold was observed (Figure 5F). PG/PS-gapmer G4
was the most potent inhibitor of Pgp synthesis, causing a 2-fold
reduction in the Pgp level at 0.1 mM and a 10-fold reduction at
0.5 mM (Figure 5F). These data are in a good agreement with the
data on the decrease of MDR1 mRNA level and restoration of cell
sensitivity to vinblastine observed for this gapmer (Figures 5B and
5D).

As shown above, PG/PO-gapmer G2 (1 mM) decreases the viability of
KB-8-5 cells in the presence of vinblastine, which occurs due to
silencing of MDR1 mRNA followed by a decrease in Pgp levels and
restoration of KB-8-5 cell sensitivity to the cytotoxic drug vinblastine.
Despite the restoration of cell sensitivity to vinblastine we did not
detect statistically significant effect of G2 on the Pgp levels (Figure 5F),
while G2 decreased the level of MDR1 RNA by 30% at the 24 h time
point (Figure 5C). The reasons for this could be a 2-fold lower con-
centration of G2 used in these experiments, and the somewhat lower
half-life of G2 in comparison with G4. Two reasons can explain the
efficient Pgp silencing by G4. First, G4 is a PG/PS-gapmer, and the
decrease in the number of PS linkages may reduce non-specific cyto-
toxicity as G4 worked efficiently at both 0.1 and 0.5 mM. Second, the
experiments on downregulation of Pgp were carried out in the
absence of vinblastine, which may have decreased the overall toxicity
burden on the cells (compare Figures 5B and 5F).

DISCUSSION
ASOs were first shown to inhibit protein expression at the mRNA
level over four decades ago.1 To date, a number of drugs based on
ASOs and small interfering RNA (siRNA) have been approved for
clinical use.50,51 However, widespread development of clinically suc-
cessful oligonucleotide drugs is still being slowed down by their often
lower than expected therapeutic efficacy in humans.46,52–54 Therefore,
the search for novel chemical modifications to improve clinical pros-
pects of therapeutic oligonucleotides remains of great relevance.

Recently, we have reported on the promising properties of a novel
class of charge-neutral DNA analogs, PGOs (Figure 1C),29 and then
developed a facile way for their automated synthesis based on a
solid-phase version of the Staudinger reaction with 1-azidocarbami-
dinium compounds,30 such as ADMP.42,43 The Staudinger chemistry
that was first employed to obtain oligonucleotides with the internu-
cleotidic phosphoramidate group in the 1970s,55 proved to be nearly
as efficient as the current sulfurization chemistry for the synthesis of
PS oligonucleotides,44 which enabled us to obtain a range of various
PGOs including the 20-OMe RNA analogs.33,34 In this work, we
demonstrate the compatibility of Staudinger chemistry for PGOs
with the standard automated phosphoramidite protocol for not
only PO but, more importantly, for PS synthesis, which allows one
to easily create diverse gapmer structures with alternating internu-
cleotidic PO, PS, and PG linkages, and a mix of deoxyribose and
20-O-methylribose and, very likely, other 20-substituted sugars,
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e.g., LNA, etc. (see Figure S21 for ESI MS of the PS/PG-gapmer G4).
Similar compatibility of the mesyl phosphoramidate chemistry with
the PS protocol was shown recently by others.56

We describe herein the novel antisense PG-gapmers, which efficiently
downregulate a target mRNA in cell culture. In this study, we demon-
strate that optimal combinations of the PG modifications can be
achieved when some of the PS linkages responsible for both antisense
activity and some off-target toxicity were replaced by PG groups, re-
sulting in the exceedingly stable and less-toxic PG-gapmers that
retain high biological activity.

Introduction of a charge-neutral PG linkage, such as the Dmi group
(Figure 1C), into an oligonucleotide affects its chemical and biological
properties.57,58 Because of their chemical properties, PGOs are a close
equivalent of the well-known morpholinos (PMOs), which are also
charge neutral.18 Thus, PGOs, similarly to PMOs, also belong in
the family of oligonucleotide analogs that act by steric block of trans-
lation via an RNase H-independent mechanism.33,59 One of the
important characteristics of the PG modification is the near lack of
effect on the thermal stability of PGO:RNA duplexes. The thermal
stability of the duplex formed by PGO with RNA was only slightly
lower than of the native DNA:RNA duplex, while the thermal stability
of PG-gapmer:RNA duplexes was similar to that of the DNA:RNA
duplex,36 unlike PMOs, which exhibit higher binding affinity to
RNA targets.18 The unaffected thermal stability of PG-gapmer:RNA
duplexes may be considered an advantage of these oligonucleotides
because it provides faster dissociation of a PG-gapmer from the com-
plex with target RNA after RNase H-mediated RNA cleavage in com-
parison with other RNase H-triggering ASOs.

The duplexes of completely charge-neutral PGOs with RNA were not
recognized as substrates by RNase H, presumably due to the steric
bulk and lack of charge of internucleotidic PG groups. Of note, these
PGOs could still participate in a steric block antisense mechanism.33

Our data show that PG-gapmers containing three to four PG groups
at both the 30 and 50 ends of the oligonucleotide and the central win-
dow of seven deoxy/PS-nucleotides were able to recruit RNase H
upon binding to MDR1 mRNA. It should be noted that RNase H dis-
plays different cleavage patterns depending on the number of PG
groups flanking the central window of the gapmers. The cleavage
pattern of RNase H in the complex of the RNA with the G4 gapmer
containing three PG groups at either end and a 7 nt PS window, as
well as in the complex with the G2 gapmer, which had a 7 nt PO win-
dow, was shifted downward compared with the cleavage pattern in
the complex with the G3 gapmer containing four PG groups at
both ends and the same 7 nt PO window. Despite the need for RNase
H to bind to the heteroduplex at a site that is no more than four nu-
cleotides,60 the bulky PG modifications can shift the cleavage frame.
However, the slight difference in the cleavage pattern of RNase H
with different gapmers did not affect their antisense activity within
cells as we observed a decrease of the level of Pgp under the action
of the PG-gapmers followed by a decrease of tumor cell viability in
the presence of vinblastine.
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We showed that PGOs display much higher nuclease resistance in
serum-containing medium than is usually expected for PS oligonucle-
otides. Furthermore, the number and position of PG groups had an
impact on the nuclease resistance of partially PG-modified oligonu-
cleotides. Our data indicate that introduction of PG groups at the
ends of a gapmer oligonucleotide is more beneficial for nuclease resis-
tance and prolonged action within cells as compared with PS groups.
Earlier it was demonstrated that the introduction of a single PG group
into a trinucleotide increased its resistance to SVPDE.36

One may expect that neutralization of the negative charge of an oligo-
nucleotide may positively influence the cellular uptake in the case of
PGOs. Our data showed that a fully charge-neutral deoxy-PGO pene-
trated eukaryotic cells no better than the unmodified counterpart. A
similarly poor cellular uptake was observed for the naked PMOs and
PNAs, which can be considered conceptually similar to PGO due to
inherent lack of negative charge.61 However, unlike PNAs or
PMOs, the PG groups could be introduced into an oligonucleotide
in a gradual way, replacing the phosphates one by one to produce
partially charged oligomers. For example, the introduction of just
two PG linkages into an oligo-20-OMe PS ribonucleotide did not
interfere with carrier-free intracellular accumulation. The results
indicate that that optimal balance between the efficiency of cellular
uptake and nuclease resistance of ASOs could be achieved by intro-
ducing a limited number of charge-neutral linkages such as PG mod-
ifications. Despite the hydrophobic nature of the Dmi group, it does
not significantly interfere with the packaging of partially (but not
fully) PG-modified oligonucleotides into lipoplexes with cationic li-
posomes. Thus, even though lipoplex formulations were shown to
be unsuitable for the delivery of charge-neutral oligonucleotide ana-
logs, such as PMOs, PG-gapmers packed in liposomes efficiently
penetrate into the cells.

Both deoxy- and 20-OMe PG oligonucleotides exhibited low toxicity
to eukaryotic cells: no effects on cell viability were observed at a con-
centration range of 1–5 mM in cell culture medium. At the same time,
PS oligonucleotides displayed noticeable cytotoxicity at 1 mM. The
toxicity became even more pronounced when cytotoxic compounds,
such as vinblastine, were also present in cell culture medium with PS
oligonucleotides. It is worth mentioning that the overall toxicity of PS
modifications was significantly reduced when PG/PS-gapmer G4 was
used instead of a completely PS oligonucleotide; however, the contri-
bution of the PS modifications to the overall non-specific toxic effect
on the cells and the presence of vinblastine masked specific antisense
downregulation of MDR1 gene by these oligonucleotides (Figure 5).
On the contrary, when vinblastine was not present in culture me-
dium, the advantages of PG/PS-gapmers over PS oligonucleotides
became apparent (Figure 5C). Specifically, the fully PS M3, which
was somewhat effective at 0.1 mM, exhibited high toxicity at
0.5 mM, while PG/PS-gapmer G4 caused a 2-fold reduction of Pgp
level at 0.1 mM and a 10-fold reduction at 0.5 mM. Thus, our data
reveal that PG/PS-gapmer G4 is an efficient inhibitor of Pgp synthe-
sis: it combines low toxicity and efficient gene silencing. Of note, in
tumors with aMDR phenotype, the level of Pgp is increased 2–5 times



Table 2. Comparison of biological properties of PMO, PGO, m-ASOs, and PG-gapmers

Biological properties m-ASO PMO PGO PG-gapmers

Charge negative neutral neutral decreased negative

Type of studied RNA target miRNA mRNA mRNA mRNA

Thermal stability of the duplex
with RNA target

slight destabilization high stabilization slight destabilization not affected

Stability in biological media >7 daysa highly stable18 >21 days N/D

Recruitment of RNase H yes nob no33 yes

Cellular uptake in a carrier-free mode low somec low high for PS/2PG ASO

Liposome-mediated cellular uptake efficient not efficient68 not efficient efficient

Cytotoxicity not found low69 low not found for PO/PG

Silencing of RNA target
2–4 times compared
with untreated cells

yes
2–4 times compared
with untreated cells33

2 times compared
with untreated cells

aStable for >7 days.25
bDo not trigger RNase H and cause steric block of translation.18
cChemical penetration (in propylene glycol and linoleic acid), ionophoretic delivery.65

www.moleculartherapy.org
compared with drug-sensitive tumors.62 As we demonstrate in this
study, 2- to 5-fold downregulation of Pgp is achievable by the action
of, e.g., a PG/PS-gapmer G4. Hence, the application of such ASOs
could significantly increase the efficacy of applied chemotherapy.

It is interesting to compare several types of phosphate modifications,
such as charge-neutral PMOs, PGOs studied in this work, which are
also charge neutral, and recently developed negatively charged mesyl
phosphoramidate (m) ASOs,25,63 which are also obtained through
Staudinger chemistry.64 PG and m-modifications can be introduced
at the internucleotidic position during automated phosphoramidite
solid-phase assembly by Staudinger reaction with ADMP and mesyl
azide, respectively (Table 2). These oligonucleotides have a number
of similarities and differences. Fully or partially PG-modified ASOs
are either charge neutral, similarly to PMOs, or carry a decreased
negative charge, respectively, while m-ASOs completely retain a nega-
tive charge similarly to natural oligonucleotides. PGOs, PMOs, and m-
ASOs are all able to form stable duplexes with RNA targets. Impor-
tantly, all the phosphate modifications significantly increase the
nuclease resistance of ASOs, with t1/2 > 21 days for PGOs and
>7 days for m-ASOs.

m-ASOs, as well as PG-gapmers, efficiently recruited RNase H and
caused up to 4- versus 2-fold downregulation of their RNA targets
in vitro, respectively (Table 2), while PMOs and fully charge-neutral
PGOs are steric blocking ASOs that work through an RNase H-in-
dependent pathway. None of the modifications facilitated cellular
uptake of the ASO in a carrier-free mode (Table 2). Nonetheless,
when delivered by cationic liposomes, both anti-MDR1 PG-gapmers
and anti-miR-21 m-ASOs efficiently downregulated their targets by
an RNase H-dependent mechanism, which led to a decrease of tu-
mor cell proliferation by specific miR-21 inhibition,25 significant
reduction of tumor xenografts in nude mice,63 or the reversal of
the MDR phenotype of MDR1-expressing cells, as shown in this
work (Table 2). Because traditional cationic liposomes did not
help PMO uptake, the main strategies for PMO delivery are chem-
ical methods,65 conjugation with cell-penetrating peptides,66 or
encapsulation in the so-called bubble liposomes.67 The same may
be applicable to fully charge-neutral PGOs, including nanopar-
ticle-mediated delivery.67

The application of gapmeric ASOs for mRNA downregulation has
produced notable successes in many experimental studies and clinical
trials.22,70,71 These successes have opened new avenues for the therapy
of various diseases, including cancer, cardiovascular disease, lung
fibrosis, and neurodegenerative and neuromuscular disorders. There
have been significant advances in the use of ASOs, deoxyribozymes,
and siRNA for the treatment of viral infections caused by RNA vi-
ruses, such as hepatitis C virus (HCV), HIV-1, and SARS-CoV; the
latter could be very relevant to the current SARS-CoV-2
pandemic.72–74 A combination of the advantages of such internucle-
otide modifications as PG and mesyl phosphoramidate (m) could
make it possible to design novel oligonucleotide drugs that target
therapeutically important messenger or non-coding RNAs as well
as viral RNAs.
MATERIALS AND METHODS
Oligonucleotides preparation

Automated phosphoramidite solid-phase synthesis of all the oligonu-
cleotides was carried out on an ASM-800 DNA/RNA synthesizer
(Biosset LLC, Russia). Oligonucleotides were assembled on a
0.2 mmol scale using standard commercial 2-cyanoethyl deoxynucleo-
side and 20-OMe RNA phosphoramidites and modified controlled
pore glass supports with the respective nucleosides attached (Glen
Research, USA). Oligonucleotides with internucleotidic PG (Dmi)
groups were synthesized by substituting the Staudinger reaction of
polymer-supported dinucleoside 2-cyanoethyl phosphite with
ADMP, for conventional iodine oxidation. This chemistry has been
described previously.30
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 221

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
Oligonucleotides containing PS linkages were synthesized using 0.1 M
3-((dimethylaminomethylidene)amino)-3H-1,2,4-dithiazole-3-thione
(DDTT) from Glen Research (USA) in pyridine–acetonitrile (3:2, v/v)
according to the manufacturer’s protocol.

Modified and unmodified oligonucleotides were labeled using a
commercially available fluorescein modifier, 2-dimethoxytrityloxy-
methyl-6-(30,60-dipivaloylfluorescein-6-yl-carboxamido)-hexyl-1-O-
[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (GlenResearch,
USA) according to the manufacturer’s protocols.
Oligonucleotides purification and identification

Natural and modified oligonucleotides were purified as described
previously.36 In brief, oligonucleotides were isolated by reverse-
phased HPLC on an Agilent 1200 HPLC system (Santa Clara,
USA) using a Zorbax SB-C18 5 mm column (4.6 � 150 mm) at a
linear gradient of 0%–50% or 0%–90% acetonitrile in 20 mM trie-
thylammonium acetate (pH 7.0), and a flow rate of 2 mL min�1.
Fractions containing the desired product were pooled, concentrated
in vacuo, dissolved in 0.1 mL deionized water, and precipitated by
1 mL 2% LiClO4 in acetone. After centrifugation at 14,500 rpm
for 2 min, washing with acetone, and air drying for 20 min, oligonu-
cleotide pellets were dissolved in deionized water and stored at
�20�C. Oligonucleotide homogeneity was assessed by electropho-
resis in a 20% PAAG/8 M urea gel with 0.1 M Tris-borate buffer
(pH 8.3) as the running buffer. The oligonucleotide bands were visu-
alized in the gel by staining with Stains-All (Sigma-Aldrich, USA).
Molecular masses of oligonucleotides were confirmed by LC-ESI-
MS/MS on an Agilent G6410A mass spectrometer in the negative
ion mode. The samples were prepared by dissolving oligonucleotides
in 20 mM triethylammonium acetate in 60% aq. acetonitrile at a
concentration 0.1 mM. Positive ion mode was applied for PGOs.
The PGOs were dissolved in 20 mM formic acid in 60% aq. aceto-
nitrile at a concentration of 0.1 mM; the total volume was 10 mL.
Analysis was carried out using 80% aq. acetonitrile as an eluent, at
a flow rate of 0.1 mL/min, and with standard device settings. Molec-
ular masses were calculated using experimental m/z values obtained
for each sample.
Stability of modified oligonucleotides in biological medium

The assay was carried out as described previously.75 Oligonucleotides
R1-R6 (0.3 nmol) were incubated in 140 mL DMEM supplemented
with 50% FBS for 1 min to 24 h (oligonucleotides R1, R2, R4, and
R5) and for 21 days (oligonucleotides R3 andR6) at 37�C. The reaction
was stopped by addition of an equal volume of phenol (pH 8.0) for ol-
igonucleotides R1 and R2 or phenol (pH 7.0) for oligonucleotides R4
and R5. The reaction was quenched by 1:1 phenol/chloroform (v/v)
extraction followed by ethanol precipitation of oligonucleotides. The
digestion products of oligonucleotides R1, R2, and R4 were analyzed
in 20% denaturing PAAG and stained by Stains-All. The gels were
photographed and analyzed using GEL PRO 4.0 software (Media Cy-
bernetics, USA).
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The described extraction procedure did not allow isolation of R3 and
R6 from the serum-containing samples. Therefore, these oligonucle-
otides were analyzed after the reaction directly in the samples by LC-
ESI-MS/MS on an Agilent G6410A mass spectrometer in the positive
ion mode.
Cell cultures

The human epidermoid carcinoma KB-8-5 cell line was purchased
from the Institute of Cytology RAS (St. Petersburg, Russia). KB-8-5
cells were grown in DMEM containing 10% FBS and 1% antibiotic-
antimycotic solution (10 mg/mL streptomycin, 10,000 IU/mL peni-
cillin, and 25 mg/mL amphotericin, MP Biomedicals, Germany), in
the presence of 300 nM vinblastine (Sigma-Aldrich, USA) at 37�C
in a humidified atmosphere with 5% CO2.

The MDCK cell line and the human bronchial epithelial carcinoma
A549 cell line were obtained from the cell collection of the Institute
of Chemical Biology and Fundamental Medicine SB RAS. MDCK
and A549 cells were grown in DMEM containing 10% FBS and 1%
antibiotic-antimycotic solution at 37�C in a humidified atmosphere
with 5% CO2.
Delivery of oligonucleotides into cells under carrier-free

conditions and using Lipofectamine 2000/cationic liposomes

2X3-DOPE

The UE for the D series oligonucleotides under transfectant-free con-
ditions and the TE of oligonucleotides pre-complexed with Lipofect-
amine 2000 or 2X3-DOPE were evaluated in experiments with A549,
MDCK, and KB-8-5 cells. Cells were seeded into 24-well plate (5 �
105 cells/well) in serum-free and antibiotic-free DMEM for 30 min
before the treatment. Under carrier-free conditions the cells were
incubated with oligonucleotides D1-D4 at concentrations of 0.1–
5 mM and D5-D7 at concentrations of 5 mM for 4 h in a humidified
atmosphere with 5% CO2.

Complexes of oligonucleotides and Lipofectamine 2000 (Thermo
Fisher Scientific, USA) were prepared according to the manufac-
turer’s protocol. Complexes of oligonucleotides and cationic lipo-
somes 2X3-DOPE (the latter were a generous gift of Prof. M. Maslov)
were formed in serum-free Opti-MEM medium (Thermo Fisher Sci-
entific, USA) via vigorous mixing of liposome solution (1 mM) and
oligonucleotides at a concentration of 1 mM; the resulting mixtures
were incubated for 20 min at room temperature. ASO/Lipofectamine
and ASO/2X3-DOPE lipoplexes were formed at a nitrogen-to-phos-
phate (N/P) ratio of 6/1 for Lipofectamine and 6/1 and 8/1 for
2X3-DOPE.

Cells were seeded into 24-well plates (5� 105 cells/well) in serum-free
and antibiotic-free DMEM for 30 min before treatment. Then the
cells were incubated with ON/2X3-DOPE lipoplexes for 4 h in a hu-
midified atmosphere with 5% CO2. The UE and TE of the fluorescein
(FAM)-labeled oligonucleotides were evaluated after a 4-h transfec-
tion by flow cytometry.
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Flow cytometry

Oligonucleotide delivery to the cells was assayed by flow cytometry
using a FC 500 (Beckman Coulter, USA) and data were processed us-
ing CXP Analysis software (Applied Cytometry Systems, UK) as
described in.76 Cells were mechanically detached from the plate using
a scraper and collected by centrifugation at 1,000 rpm for 5 min. The
cells were washed with phosphate-buffered saline (PBS) and fixed
with 4% formaldehyde in PBS. The resulting samples were assayed
by flow cytometry using a FC 500 (Beckman Coulter, USA) and
data were processed using CXP Analysis software (Applied Cytome-
try Systems, UK).

The fluorescence intensity (FI) of individual cells was measured in
RFU. All experiments were run in triplicate for statistical analysis;
the standard deviation of the mean did not exceed 5%. The UE and
TE were characterized by two values: a percentage of FAM-positive
cells in a sample and the FI in the sample. The percentage of FAM-pos-
itive cells in the analyzed samples was calculated using the equation:

FAM+ ð%Þ = FAM+
sample ð%Þ � FAM+

controlð%Þ;
where FAM+

sample (%) is the percentage of fluorescence-positive cells
in the analyzed sample and FAM+

control (%) is the percentage of fluo-
rescence-positive cells in the negative control. The FI of cells was
calculated using the equation:

FI ðRFUÞ = FIsample ðRFUÞ � FIcontrol ðRFUÞ;
where FIsample (RFU) is the average fluorescence of the cells in the
analyzed sample and FIcontrol (RFU) is the average fluorescence of
the cells in the negative control. Cells incubated in the absence of ol-
igonucleotides and lipoplexes were used as a negative control: in these
samples the percentage of fluorescence-positive cells and FI did not
exceed the experimental error (1–3%). Cells incubated in the presence
of Lipofectamine 2000 or 2X3-DOPE were used as a positive control.

Preparation of MDR1 RNA

MDR1 RNA was prepared using PstI-linearized plasmid pMDR670
by in vitro transcription using a TranscriptAid T7 High Yield Tran-
scription Kit (Thermo Fisher Scientific, USA). The reaction was car-
ried out in 20 mL of 40 mM Tris-HCl (pH 7.5) containing 6 mM
MgCl2, 2 mM spermidine, 10 mM sodium chloride, 10 mM dithio-
threitol (DTT), 10 mM each of nucleoside triphosphate (NTP),
1 mg PstI-linearized plasmid pMDR670, and TranscriptAid enzyme
mix for 2 h at 37�C. The reaction was quenched by 1:1 phenol-chlo-
roform (v/v) extraction followed by ethanol precipitation. After
centrifugation, the RNA precipitate was rinsed twice with 80%
ethanol and dissolved in water.
Dephosphorylation and RNA 50 labeling
MDR1 RNA transcripts were dephosphorylated using FastAP ther-
mosensitive alkaline phosphatase (Thermo Fisher Scientific, USA) ac-
cording to themanufacturer’s recommendations. The 120 mL reaction
mixture contained 10 mM Tris-HCl (pH 8.0), 5 mMMgCl2, 100 mM
KCl, 0.02% Triton X-100, 0.1 mg/mL bovine serum albumin (BSA),
2 mg MDR1 RNA transcript, and 12 U FastAP phosphatase; it was
incubated at 37�C for 30 min. The reaction was quenched by 1:1
phenol-chloroform (v/v) extraction followed by ethanol precipitation.

The 50 end labeling of dephosphorylated MDR1 RNA was carried out
using [g-32P]ATP andT4polynucleotide kinase (ThermoFisher Scien-
tific, USA) according to themanufacturer’s recommendations. 50-[32P]
RNAMDR1 was isolated by electrophoresis in an 8% PAAG/8M urea
gel and visualized by autoradiography on X-ray film. 50-[32P]RNAwas
eluted from the gel with 300 mL of 0.3 M sodium acetate (pH 5.5) and
precipitated with ethanol.

Hybridization of MDR1 RNA with oligonucleotides and cleavage

by RNase H

A reaction mix containing 20 mM Tris-HCl (pH 7.8), 40 mM KCl,
8 mM MgCl2, 1 mM DTT, and 0.05 mg MDR1 RNA was incubated
at 90�C for 1 min, at 0�C for 1 min, and at room temperature for
10 min. Then, oligonucleotide was added (final concentration:
10 mM) and the mixture was incubated at 37�C for 1 h. After hybrid-
ization was completed, RNase H (Termo Fisher Scientific, USA) was
added at a concentration of 1 U/mL and incubated at 37�C for 30min.
The reaction was quenched with 300 mL of 0.3 M sodium acetate (pH
5.5), followed by ethanol precipitation.

RNA was collected by centrifugation and dissolved in loading buffer
(6 M urea, 0.025% bromophenol blue, and 0.025% xylene cyanol).
RNA cleavage products were resolved in a 12% PAAG/8 M urea gel
using TBE (100 mM Tris-borate (pH 8.3), 2 mM EDTA) as a running
buffer. To identify cleavage sites, an imidazole ladder77 and a G-lad-
der produced by partial RNA cleavage with 2 M imidazole buffer (pH
7.0) and RNase T1, respectively, were run in parallel. The gel was visu-
alized with a Molecular Imager FX (Bio-Rad, USA).

xCELLigence real-time analysis of KB-8-5 cell proliferation in the

presence of vinblastine

KB-8-5 cells were seeded in 16-well E-plates (5 � 104 cells/well) and
incubated in DMEM supplemented with 10% FBS and 1% anti-
biotic-antimycotic solution at 37�C in a humidified atmosphere
containing 5% CO2 for 24 h. The medium was then replaced with
serum-free and antibiotic-free DMEM, and cells were transfected
with oligonucleotides (1 mM) in complexes with 2X3-DOPE or Lip-
ofectamine 2000—prepared as described above—at 37�C in a hu-
midified atmosphere containing 5% CO2 for 4 h. Subsequently,
the medium was replaced by DMEM supplemented with 10% of
FBS and 1% antibiotic-antimycotic solution. 24h after transfection,
vinblastine (Sigma-Aldrich, USA) was added to the cells at a con-
centration of 300 nM, and the cells were incubated at 37�C in a hu-
midified atmosphere containing 5% CO2 for 96 h.

Cell viability was recorded in real time using an xCELLigence instru-
ment (Agilent, USA) for 96 h. Cell proliferation experiments were run
for 96 h and the cell index was monitored every 30 min for the entire
experiment duration. Four replicates of each cell density were used in
the cell proliferation experiment.
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qRT-PCR analysis of MDR1 mRNA levels in KB-8-5 cells

Human epidermoid carcinoma cells KB-8-5 were seeded into 24-well
plates at a density of 105cells/well in 500 mL of DMEM supplemented
with 10% FBS in the absence of antibiotics and were maintained over-
night at 37�C in a humidified atmosphere with 5% CO2. On the
following day, the growth medium was replaced by 200 mL of fresh
FBS-free medium containing 100 nM of ASOs R1, R2, M1, M3, G2,
or G4 pre-complexed with Lipofectamine 2000 in an Opti-MEMme-
dium according to the manufacturer’s protocol and cells were incu-
bated for 4 h under the same conditions. Then the medium was re-
placed with DMEM containing 10% FBS and 1% antibiotic-
antimycotic solution ( and the cells were further cultivated for 48 h
under standard conditions.

After 24 or 48 h, total RNA fromKB-8-5 cells was extracted using TRI-
zol Reagent (Thermo Fisher Scientific, USA) according to the manu-
facturer’s protocol. MDR1 gene expression level was evaluated using
qRT-PCR. cDNA synthesis was performed in a total volume of
40 mL containing 1 mg of total RNA form KB-8-5 cells, RT buffer
(50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl2), 10 mM
DTT, 0.5 mM dNTPs, 100 pmol random hexa-primers, and 20 units
of M-MLV reverse transcriptase. The reaction was carried out at
37�C for 60 min. The obtained cDNA was further used for qPCR.
The reaction was carried out in a total volume of 20 mL using 0.5 units
of Maxima Hot Start Taq DNA Polymerase (Thermo Fisher Scientific,
USA), PCR Buffer (200 mM Tris-HCl [pH 8.3], 200 mM KCl, 50 mM
(NH4)2SO4), 1.2 mM MgCl2, 0.2 mM dNTPs, EvaGreen (Biotium,
USA), and 0.25 mM PCR forward and reverse primers for MDR1
(MDR1-F 50-ACAGTGGAATTGGTGCTGGG-30 and MDR1-R 50-
TAAGCTCCCCAACATCGTGC-30) and a reference gene HPRT1
(HPRT1-F 50-TGCTGAGGATTTGGAAAGGG-30 and HPRT1-R
50-ACAGAGGGCTACAATGTGATG-30). The reaction was per-
formed with initial preheating at 95�C for 4 min followed by 40 cycles
of denaturing at 95�C for 40 s, annealing at 60�C for 30 s, and elonga-
tion at 72�C for 30 s. Relative gene expression was calculated using the
standard Bio-Rad IQ5 software.

Western blotting

The level of Pgp in KB-8-5 cells was evaluated in vinblastine-free me-
dium. Cells in the exponential growth phase were plated in 48-well
plates (1 � 104 cells/well). After 24 h, the growth medium was re-
placed by fresh serum-free DMEM (200 mL/well). The cells were
transfected with oligonucleotides (0.1–0.5 mM) using 0.8 mL Lipofect-
amine 2000 per well according to the manufacturer’s protocol. Four
hours post-transfection, FBS was added to the cells, then cells were
cultured for 72 h. After the incubation, the cells were lysed in 60 mL
sample buffer (Sigma-Aldrich, USA). Ten microliters of each sample
were loaded on a 10% sodium dodecyl sulfate (SDS)-polyacrylamide
gel and separated at 60 mA for 1 h. The proteins were transferred to a
polyvinylidene fluoride membrane (Millipore, USA) using a Criterion
blotter transfer apparatus (Bio-Rad, USA). The membrane was incu-
bated overnight in 2% nonfat dried milk in PBS to block non-specific
protein binding. The membranes were incubated with monoclonal
anti-Pgp and anti-b-actin (internal control) antibodies (P7965,
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A5441, Sigma-Aldrich, USA) at 1:1,000 and 1:3,000 dilutions, respec-
tively, for 1 h. The membranes were then washed in PBS with 0.1%
Tween 20 and subsequently incubated for 1 h with secondary rabbit
anti-mouse antibodies conjugated with horseradish peroxidase
(Thermo Fisher Scientific, USA). A chemiluminescent reagent kit
(Abcam, USA) was used to develop protein bands, and the blot was
visualized with a Versadoc 4000 MP imager (Bio-Rad, USA). The
gels were analyzed using GelPro 4.0. software.
Statistical analysis

The data of flow cytometry were statistically processed using Stu-
dent’s t test (two-tailed, unpaired); a p value of%0.05 was considered
to indicate a significant difference. Data of western blot analysis were
statistically processed using one-way ANOVA with the Tukey post
hoc test; p < 0.05 was considered to be statistically significant. All
experimental points were run in triplicate for statistical analysis.
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