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ABSTRACT

Attaining sufficient tissue exposure at the site of ac-
tion to achieve the desired pharmacodynamic effect
on a target is an important determinant for any drug
discovery program, and this can be particularly chal-
lenging for oligonucleotides in deep tissues of the
CNS. Herein, we report the synthesis and impact of
stereopure phosphoryl guanidine-containing back-
bone linkages (PN linkages) to oligonucleotides act-
ing through an RNase H-mediated mechanism, us-
ing Malat1 and C9orf72 as benchmarks. We found
that the incorporation of various types of PN link-
ages to a stereopure oligonucleotide backbone can
increase potency of silencing in cultured neurons
under free-uptake conditions 10-fold compared with
similarly modified stereopure phosphorothioate (PS)
and phosphodiester (PO)-based molecules. One of
these backbone types, called PN-1, also yielded pro-
found silencing benefits throughout the mouse brain
and spinal cord at low doses, improving both the po-
tency and durability of response, especially in dif-
ficult to reach brain tissues. Given these benefits
in preclinical models, the incorporation of PN link-
ages into stereopure oligonucleotides with chimeric
backbone modifications has the potential to render
regions of the brain beyond the spinal cord more ac-

cessible to oligonucleotides and, consequently, may
also expand the scope of neurological indications
amenable to oligonucleotide therapeutics.

INTRODUCTION

Antisense oligonucleotides can be designed to promote
degradation of a targeted transcript through an RNase
H-dependent mechanism. RNase H binds a heteroduplex
formed between a DNA-containing oligonucleotide and the
targeted RNA and cleaves the RNA (1). Unmodified an-
tisense oligonucleotides have poor pharmacokinetic (PK)
properties, so chemical modifications are needed to enable
their use in preclinical research and as therapeutics. Phos-
phorothioate (PS) modification of the phosphodiester (PO)
backbone is one of the most common backbone modifi-
cations used in research and to improve the properties of
oligonucleotide therapeutics (1,2). A consequence of PS
modification is the creation of a chiral center, where the
molecule can adopt either an Rp or Sp configuration (1,3).
We have previously demonstrated that PS-modified stere-
opure oligonucleotides––with precisely controlled chiral-
ity of inter-nucleotide PS backbone linkages––can outper-
form stereorandom oligonucleotides––those racemic mix-
tures derived from traditional chemistries for which the chi-
ral configuration of the backbone is not controlled (4–6).
New backbone modifications and methods to control their
stereochemistry continue to emerge (3,4,7–9).
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With the FDA’s 2016 approval of nusinersen, an in-
trathecally (IT) administered antisense oligonucleotide
for the treatment of spinal muscular atrophy (SMA)
(https://www.fda.gov/news-events/press-announcements/
fda-approves-first-drug-spinal-muscular-atrophy), interest
in developing oligonucleotide therapeutics for diseases of
the CNS has increased. Numerous preclinical reports have
now demonstrated application of antisense technology
to achieve RNase H-mediated degradation of disease-
associated transcripts in the CNS of mouse models with
encouraging results (6,10–18). Despite these successes,
challenges remain. Achieving oligonucleotide distribu-
tion throughout the CNS, beyond the spinal cord and
other brain tissues that are readily accessed upon intrac-
erebroventricular (ICV) or IT administration, remains
challenging. Likewise, achieving durable target knockdown
in these harder-to-reach regions of the CNS is difficult.
Preclinical mouse studies that have reported success with
oligonucleotide distribution and/or durable transcript
knockdown in the brain have typically used very high doses
of oligonucleotide (≥300 �g) (10–14,16). Because such
high doses may not translate to clinically relevant dosing
regimens, we aimed to identify chemical modifications
that could improve oligonucleotide pharmacology in the
CNS, making broad tissue distribution and durable activity
achievable at lower doses.

The synthesis of various stereorandom phosphoramidate
(mono substituted)-modified oligonucleotides using phos-
phoramidite and H-phosphonate chemistries have been re-
ported (19–27). We were particularly interested in explor-
ing phosphoryl guanidine-based backbones (PN) (28–32) in
combination with stereopure phosphorothioate backbone
(PS/PN) to study the pharmacological properties of these
chimeric backbone oligonucleotides. Towards this end,
we synthesized stereopure PN linkages and their deriva-
tives (Supplementary Figure S1) and successfully synthe-
sized chimeric PS/PN or PS/PN/PO stereopure backbone-
containing oligonucleotides (Figure 1). We recently ap-
plied this backbone chemistry to splice switching oligonu-
cleotides in muscle (9) and found that chimeric oligonu-
cleotides, with a stereopure PN/PS/PO backbone, yielded
profound phenotypic benefits over comparable stereop-
ure PS/PO molecules, with activity gains deriving at least
in part from improved pharmacology. We have also ap-
plied this backbone chemistry to our RNA editing oligonu-
cleotides (Monian et al., in press). Herein, we applied PN
chemistry to gapmer oligonucleotides acting through an
RNase H-mediated mechanism and found that it can also
enhance their pharmacology in the CNS.

MATERIALS AND METHODS

Synthesis of 2-azido-(1,3-dimethyl-3,4,5,6-tetrahydropyrim
idinium) hexafluorophosphate (1d)

Synthesis of 2-chloro-1,3-dimethyl-3,4,5,6-tetrahydro pyrim-
idinium chloride (1b)

To a stirred solution of 1,3-dimethyltetrahydropyrimidin-
2(1H)-one, 1a (25 g, 0.195 mol) in anhydrous carbon tetra-

chloride (375 ml) was added freshly distilled oxalyl chlo-
ride (25.0 ml, 0.292 mol) using an additional funnel over
a period of 20 min. The reaction mixture was heated to
65◦C for 48 h. After completion of the reaction (TLC – 5%
CH3OH:CH2Cl2; TLC charring – phosphomolybdic acid),
the mixture was cooled to room temperature and diethyl
ether (300 ml) was added. After 5 min at room tempera-
ture, the obtained precipitate was then filtered, and washed
with diethyl ether (3 × 500 ml). The compound was dried
under high vacuum to give 2-chloro-1,3-dimethyl-3,4,5,6-
tetrahydropyrimidinium chloride 1b as a brown solid (31 g,
87%).

1H NMR (400 MHz, CDCl3): � 3.97 (t, 4H, J = 5.8 Hz),
3.51 (s, 6H), 2.37–2.31 (m, 2H). MS: m/z calculated for
C6H12Cl2N2 [M−Cl]+: 147.06; found: 146.95.

Synthesis of 2-chloro-1,3-dimethyl-3,4,5,6-tetrahydro pyrim-
idinium hexafluorophosphate (1c)

To a stirred solution of 2-chloro-1,3-dimethyl-3,4,5,6-
tetrahydropyrimidinium chloride, 1b (31 g, 0.169 mol) in
CH2Cl2 (310 ml), KPF6 was added (31.16 g, 0.169 mol)
over a period of 10 min. The reaction mixture was then
stirred at room temperature for 1.5 h. After completion
of the reaction (TLC – 5% CH3OH:CH2Cl2; TLC char-
ring – phosphomolybdic acid), the reaction mixture was
filtered through celite and the filter cake was washed with
CH2Cl2 (150 ml). The filtrate was concentrated to dry-
ness under reduced pressure to obtain crude product, which
was then dissolved in CH2Cl2 (25 ml). The compound was
precipitated by dropwise addition of diethyl ether (25 ml)
and the solvent was decanted to get the product, which
was dried under vacuum to give 2-chloro-1,3-dimethyl-
3,4,5,6-tetrahydropyrimidinium hexafluorophosphate (1c),
as a white solid (45 g, 91%).

1H NMR (500 MHz, CDCl3): � 3.84 (s, 4H), 3.47 (s, 6H),
2.30 (s, 2H). 19F NMR (471 MHz, CDCl3): � −73.02 and
−74.54.

Synthesis of 2-azido-(1,3-dimethyl-3,4,5,6-tetrahydro pyrim-
idinium) hexafluorophosphate (1d)

To a stirred solution of 2-chloro-1,3-dimethyl-3,4,5,6-
tetrahydropyrimidinium hexafluorophosphate (1c), (45 g,
0.154 mol) in anhydrous acetonitrile (450 ml) under argon
atmosphere, sodium azide (14.99 g, 0.231 mol) was added
over the period of 10 min. The reaction mixture was stirred
at room temperature for 8 h. After completion of reac-
tion (TLC – 5% CH3OH:CH2Cl2; TLC charring – ninhy-
drin), reaction mixture was filtered through a pad of celite
and washed with CH3CN (30 ml). The obtained filtrate
was dried under reduced pressure to get the crude prod-
uct. The crude compound was dissolved in CH3CN (150
ml). Product was precipitated by dropwise addition of di-
ethyl ether:hexane mixture. After complete precipitation,
the solvent was decanted and the solid was dried under
vacuum. The above precipitation procedure was repeated
two more times to get pure 2-azido-(1,3-dimethyl-3,4,5,6-
tetrahydropyrimidinium) hexafluorophosphate 1d as white
solid (26 g, 57%).

1H NMR (400 MHz, CDCl3): � 3.59 (t, 4H, J = 6.0
Hz), 3.33 (s, 6H), 2.26–2.20 (m, 2H). 19F NMR (377
MHz, CDCl3): � −72.99 and −74.88. MS: m/z calcd for
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Figure 1. Stereopure oligonucleotide linkages with chiral backbone modifications. (A) Images depicting backbones used in this work, including phospho-
diester (PO), phosphorothioate (PS), where a sulfur replaces a non-bridging oxygen, and phosphoryl guanidine diester (PN), where phosphoryl guanidine-
containing moiety or derivative replaces a non-bridging oxygen. (B) The chemical structures for L-PSM and D-PSM amidites. (C) Staudinger reaction
mechanism for chirally controlled PN backbone linkage formation.

C6H12F6N5P [M-PF6]+: 154.11; found: 154.29. IR (KBr
pellet): N3 (2184 cm–1).

Synthesis of 2-azido-(1,3-dimethyl-4,5,6,7-tetrahydro-1H-
1,3-diazepinium) hexafluoro phosphate (2f)

Synthesis of 1,3-diazepane-2-thione (2b)

To a stirred solution of butane-1,4-diamine 2a (50 g, 0.567
mol) in DMSO (500 ml) at 0◦C, carbon disulphide (41.2 ml,
0.682 mol) was added by using addition funnel. Then, the
reaction mixture was heated to 70◦C for 16 h. After com-
pletion of the reaction (TLC – 5% CH3OH:CH2Cl2), the
reaction mixture was cooled to room temperature. The pre-

cipitated solid was filtered and dried under high vacuum to
get 32.0 g of product. The obtained filtrate was diluted with
water (1.0 l) followed by extraction with CH2Cl2 (3 × 1000
ml), dried over sodium sulphate and the solvent was evapo-
rated under reduced pressure to get the crude product. The
crude product was dissolved in minimum volume of CH2Cl2
then precipitated by the dropwise addition of hexane. The
precipitate was filtered and dried under high vacuum to give
3-diazepane-2-thione 2b (18.0 g), as a white solid and the
combined yield was 68% (50 g).

1H NMR (400 MHz, CDCl3): � 6.69 (s, 2H), 3.28–3.24
(m, 4H), 1.77–1.74 (m, 4H).

Synthesis of 1,3-dimethyl-1,3-diazepan-2-one (2c)

To a mixture of 1,3-diazepane-2-thione 2b (21 g, 0.161 mol)
and benzyl trimethylammonium chloride (BTAC, 1.49 g,
0.008 mol) at 0◦C, methyl iodide (65.0 ml, 1.044 mol) and
50% aq. NaOH solution (58.68 ml) were added drop wise.
The reaction mixture was heated to 100◦C for 8 h. After
completion of the reaction (TLC – 5% CH3OH:CH2Cl2),
the reaction mixture was cooled to room temperature. The
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reaction mixture was extracted with chloroform (3 × 1000
ml), dried over sodium sulphate, and the solvent was re-
moved under reduced pressure to get crude product. The
crude product was purified by column chromatography
(30–80% ethyl acetate in hexanes) to give 1,3-dimethyl-1,3-
diazepan-2-one, 2c as a light-yellow oil (9 g, 39% yield).

1H NMR (500 MHz, CDCl3): � 3.13–3.11 (m, 4H), 2.84
(s, 6H), 1.68–1.65 (m, 4H).

Synthesis of 2-chloro-1,3-dimethyl-4,5,6,7-tetrahydro-1H-
1,3-diazepinium chloride (2d)

To stirred solution of 1,3-dimethyl-1,3-diazepan-2-one 2c,
(25 g, 0.176 mol) in anhydrous carbon tetrachloride (250
ml) freshly distilled oxalyl chloride (22.6 ml, 0.264 mol) was
added using addition funnel over a period of 20 min. The
reaction mixture was heated to 70◦C for 16 h. After com-
pletion of the reaction (TLC – 10% CH3OH:CH2Cl2), the
reaction mixture was cooled to room temperature, then di-
luted with diethyl ether (500 ml) and stirred for 5 min. The
precipitate was collected after filtration and washed with
diethyl ether (2 × 500 ml). The obtained crude product
was dissolved in minimum amount of solvent and precip-
itated by the addition of 50% ethyl acetate in hexanes. The
compound was collected by filtration and dried under vac-
uum to give 2-chloro-1,3-dimethyl-4,5,6,7-tetrahydro-1H-
1,3-diazepinium chloride, 2d as a white solid (30 g). The
crude compound was directly used for next reaction without
any further purification.

Synthesis of 2-chloro (1,3-dimethyl-4,5,6,7-tetrahydro-1H-
1,3-diazepinium) hexafluoro phosphate (2e)

To a stirred solution of 2-chloro-1,3-dimethyl-4,5,6,7-
tetrahydro-1H-1,3-diazepinium chloride, 2d (30 g, 0.152
mol) in CH2Cl2 (300 ml), KPF6 (42.02 g, 0.228 mol) was
added over a period of 10 min. The reaction mixture was
stirred at room temperature for 4.5 h. After completion of
reaction (TLC – 10% CH3OH:CH2Cl2), the reaction mix-
ture was filter over celite, the filter cake was washed with
CH2Cl2 (150 ml), and the filtrate was concentrated to dry-
ness. The crude compound was dissolved in CH2Cl2 and
washed with water (2 × 500 ml). The organic layer was dried
over sodium sulphate and the solvent was removed un-
der reduced pressure to give 2-chloro-(1,3-dimethyl-4,5,6,7-
tetrahydro-1H-1,3-diazepinium) hexafluoro phosphate, 2e
as white solid (25 g, 54%).

1H NMR (500 MHz, CDCl3): � 3.90 (t, 4H, J = 5.9
Hz), 3.38 (s, 6H), 2.09–2.07 (m, 4H). 19F NMR (471 MHz,
CDCl3): � −72.66 and −74.16.

Synthesis of 2-azido-(1,3-dimethyl-4,5,6,7-tetrahydro-1H-
1,3-diazepinium) hexafluoro phosphate (2f)

To a stirred solution of 2-chloro-1,3-dimethyl-4,5,6,7-
tetrahydro-1H-1,3-diazepinium hexafluoro phosphate 2e
(25 g, 0.081 mol) in anhydrous CH3CN (250 ml), sodium
azide (7.95 g, 0.122 mol) was added over a period of 10
min and the reaction mixture was stirred at room tempera-
ture for 4 h. After completion of the reaction (TLC – 10%
CH3OH:CH2Cl2; TLC charring – ninhydrin), the reaction

mixture was filtered through a pad of celite and washed with
CH3CN (30 ml). The organic layer was evaporated under
reduced pressure to give crude product. The crude product
was dissolved in CH3CN (50 ml) and the product was pre-
cipitated by adding diethyl ether at −78◦C. The solvent was
removed, and the solid obtained was dried under vacuum.
The above precipitation procedure was repeated two more
times to give 2-azido-(1,3-dimethyl-4,5,6,7-tetrahydro-1H-
1,3-diazepinium) hexafluoro phosphate 2f, as pale yellow
solid (21 g, 82%).

1H NMR (500 MHz, CDCl3): � 3.63 (t, 4H, J = 5.5 Hz),
3.51 (d, 4H, J = 25.5 Hz), 3.25 (s, 6H), 3.15 (s, 6H), 2.02–
1.96 (m, 4H), 1.89 (s, 4H). 19F NMR (471 MHz, CDCl3):
� −72.15, −72.56, −73.67 and −74.08. MS: m/z calcd for
C6H14F6N5P [M-PF6]+: 168.22; found: 168.15. IR (KBr
pellet): N3 (2162 cm–1).

Synthesis of 1-azido(pyrrolidin-1-yl) methylene) pyrroli-
dinium) hexafluorophosphate, (3e)

Synthesis of di(pyrrolidin-1-yl)methanone (3b)

To a stirred solution of pyrrolidine 3a (117 ml, 1.424 mol)
in anhydrous THF (1380 ml), triethylamine (212 ml, 1.521
mol) was added, and the reaction mixture was cooled to 0◦C
by using an ice bath. To the above reaction mixture, a solu-
tion of triphosgene (70.0 g, 0.236 mol, in 224 ml THF) was
added dropwise using dropping funnel over a period of 30
min. The resulting precipitated mixture was heated at 70◦C
for 2 h. Then the reaction mixture was cooled to room tem-
perature and stirred for another 2 h. TLC showed the reac-
tion was complete (TLC − 5% CH3OH:CH2Cl2; TLC char-
ring – KMnO4). The reaction mixture was filtered through
Buckner funnel. The obtained cake was washed with THF
(250 ml) and the solvent was removed under reduced pres-
sure to give di(pyrrolidin-1-yl)methanone, 3b as a brown liq-
uid (124 g, 52%).

1H NMR (500 MHz, CDCl3): � 3.37 (t, 8H, J = 6.9 Hz),
1.81–1.84 (m, 8H). MS: m/z calcd for C9H16N2O [M + H]+:
169.24; found: 169.11.

Synthesis of 1-(chloro(pyrrolidin-1-yl) methylene) pyrroli-
dinium chloride (3c)

To a stirred solution of di(pyrrolidin-1-yl)methanone 3b
(124 g, 0.737 mol) in dry CH2Cl2 (1340 ml), a solution of
oxalyl chloride (63.2 ml, 0.737 mol) in dry CH2Cl2 (520 ml)
was added dropwise using dropping funnel at room tem-
perature for over a period of 40 min. The reaction mix-
ture was heated to 60◦C for 5 h. TLC showed the reac-
tion was complete (TLC – 5% CH3OH:CH2Cl2; TLC char-
ring – KMnO4). The solvent was evaporated to dryness
to get 1-(chloro(pyrrolidin-1-yl)methylene)pyrrolidinium
chloride 3c as a brown liquid (160 g). The crude mate-
rial was directly used without purification for the next
step.
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Synthesis of 1-(chloro(pyrrolidin-1-yl) methylene) pyrrolidin
ium hexafluorophosphate (3d)

To a stirred solution of 1-(chloro(pyrrolidin-1-yl)methylen
e) pyrrolidinium chloride 3c (160 g, 0.717 mol) in water
(1525 ml) at room temperature, solution of KPF6 (158.9 g,
0.863 mol, dissolved in 326 ml water) was added a saturated
dropwise using dropping funnel over a period of 20 min.
While adding, some of the product precipitated. Stirring
continued for another 10 min at room temperature. Then
the reaction mixture was filtered through Buckner funnel
using Whatman filter paper. The solid was washed with wa-
ter (1500 ml) and dried under high vacuum to get crude
product. The crude product was dissolved in acetone (110
ml) and the product was precipitated by dropwise addition
of diethyl ether (1000 ml). The above precipitation method
was repeated one more time to give 1-(chloro(pyrrolidin-1-
yl) methylene)pyrrolidinium hexafluorophosphate, 3d as a
cream-colored solid. (142.1 g, 60%).

1H NMR (500 MHz, CDCl3): � 3.92 (t, 8H, J = 6.2 Hz),
2.10 (t, 8H, J = 6.5 Hz).

Synthesis of 1-(azido(pyrrolidin-1-yl) methylene) pyrroli-
dinium hexafluorophosphate (3e)

To a stirred solution of 1-(chloro(pyrrolidin-1-
yl)methylene)pyrrolidinium hexafluorophosphate, 3d
(71.0 g, 0.213 mol) in anhydrous CH3CN (213 ml) un-
der argon atmosphere, sodium azide (3.58 g, 0.055 mol)
was added and the reaction mixture was stirred for 3 h
at 30◦C. After completion of the reaction (TLC – 5%
CH3OH:CH2Cl2; TLC charring – ninhydrin), the reaction
mixture was filtered through a pad of celite and washed
with CH3CN (50 ml). The organic layer was removed
under reduced pressure to get the crude product. The solid
obtained was dissolved in CH3CN (60 ml) and the product
was precipitated by adding dropwise diethyl ether (850 ml).
The above precipitation method was repeated one more
time to give 3e as an off white solid (65.1 g, 89%).

1H NMR (400 MHz, CDCl3): � 3.77 (t, 8H, J = 6.5 Hz),
2.03–2.06 (m, 8H). 19F NMR (377 MHz, CDCl3): � −73.36
and −75.26. MS: m/z calcd for C9H16N5PF6 [M-PF6]+:
194.26; found: 194.16. IR (KBr pellet): N3 (2153 cm–1)

The following 2-azido-1,3-dimethylimidazolinium hex-
afluorophosphate in salt form, (4) 98% purity and 4-
aetamidobenzenesulfonyl azide (5) 95% purity were pur-
chased from TCI America and Sigma Aldrich, USA, respec-
tively.

Oligonucleotides

We synthesized phosphodiester-based and stereorandom
PS-modified oligonucleotides using a standard solid-phase
oligonucleotide synthesis protocol. We synthesized and pu-
rified chemically modified, stereopure oligonucleotides as
described with minor modifications (4) (WO2014012081,
WO2018237194) (Supplementary Materials and Methods,
Supplementary Tables S2 and S3). We characterized all
oligonucleotides by LC–MS and HPLC (Supplementary
Tables S1 and S4). All oligonucleotides designed to tar-
get Malat1 (5′-UGCCAGGCTGGTTATGACUC-3′) or
C9orf72 (5′ ACTCACCCACTCGCCACCGC-3′) have the
same sequences.

Thermal denaturation (Tm)

Equimolar amounts of surrogate Malat1 RNA (5′-
GAGUCAUAACCAGCCUGGCA) or C9orf72 RNA
(5′-GCGGUGGCGAGUGGGUGAGU-3′) and oligonu-
cleotide were combined in 1× PBS (pH 7.2) to obtain a
final concentration of 1 �M of each strand (3 ml). Duplex
samples were then annealed by heating at 90◦C, followed by
slow cooling to 4◦C and storage at 4◦C. UV absorbance at
254 nm was recorded at intervals of 30 s as the temperature
was raised from 15◦C to 95◦C at a rate of +0.5◦C per min,
using a Cary Series UV–Vis spectrophotometer (Agilent
Technologies). Absorbance was plotted against the tem-
perature and the Tm values were calculated by taking the
first derivative of each curve.

RNase H assays

For RNase H assays, we incubated heteroduplexes with
human RNase HC (prepared as described (4)) at 37◦C.
Duplexes were prepared by mixing equimolar solu-
tions of oligonucleotide and RNA (Malat1 RNA 5′-
GAGUCAUAACCAGCCUGGCA) yielding a final con-
centration of 20 �M. Each reaction contained 5 �M ASO-
RNA, in RNase H buffer (75 mM KCl, 50 mM Tris–HCl, 3
mM MgCl2, 10 mM dithiothreitol, pH 8.3) in a reaction vol-
ume of 50 �l. The pre-mixtures were incubated at 37◦C for
10 min prior to the addition of enzyme with a final concen-
tration ratio of 500:1 (substrate:RNase HC). We quenched
the reactions at 5, 10, 15, 20, 30, 45, and 60 min using 7.0
�l of 250 mM EDTA disodium solution in water. For the 0
min-time point, we added EDTA to the reaction mixture be-
fore enzyme. UV absorbance was recorded at 254, 210 and
280 nm for each reaction after injection onto an Agilent
Poroshell 120 EC-C18 column (2.7 �m, 2.1 × 50 mm) at
60◦C using a gradient of buffer A (200 mM HFIP and 8
mM triethylamine) and buffer B (methanol). We integrated
the peak areas from the chromatograms, corresponding to
full-length RNA oligomer, normalized them compared to
the antisense strand. The percentage RNA remaining was
plotted, with the 0 min-time point defined as 100%, to show
relative rates of RNA cleavage.

We characterized the products of the RNase H assay
by LC–MS to determine the cleavage sites. The extent
of cleavage at each site was determined by relative ra-
tio of the UV peak area of a fragment to the extinc-
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tion coefficient (http://www.scripps.edu/california/research/
dna-protein-research/forms/biopolymercalc2.html) of that
fragment normalized to that of oligonucleotide (ratio of
UV peak area of oligonucleotide to extinction coefficient
of the oligonucleotide). Normalization to oligonucleotide
controls was performed to standardize for variation in the
amount of duplex used across reactions. The normalized
ratio of each RNA fragment was then expressed as a per-
centage of the total normalized RNA (RNA fragments and
uncleaved RNA) present in the reaction. The percentage
amount of fragment (preferably 3′-OH RNA cleavage prod-
uct or 5′-phosphorylated RNA cleavage product if former
was not detected) was used to determine extent of cleavage
at a particular site.

Cell lines

iCell neurons. iCell neurons (Cellular Dynamics, Madi-
son, WI) were seeded at 4 x 104 cells/well. After 24 h, fresh
medium was added containing 1.0 pM to 10 �M of oligonu-
cleotide in duplicate. Four days after treatment, cells were
lysed, RNA was extracted following RNeasy 96 kit (Qia-
gen) protocol, and MALAT1 expression was determined by
quantitative polymerase chain reaction (qPCR) (see below).

iCell astrocytes. iCell Astrocytes (Cellular Dynamics,
Madison, WI) were seeded at 4 x 104 cells/well in
DMEM/F-12, HEPES (ThermoFisher Cat. No. 11330)
with 2% FBS (Fetal bovine serum, GE Health life sciences
#SH30071.03) and N-2 supplement (ThermoFisher Cat.
No. 17502048). After 24 h, fresh medium was added con-
taining 1.0 pM to 10 �M of oligonucleotide in duplicate.
Four days after treatment, cells were lysed, RNA was ex-
tracted following RNeasy 96 kit (Qiagen) protocol, and
MALAT1 expression was determined by qPCR.

ALS motor neurons. Spinal motor neurons were generated
from a human ALS iPSC line harbouring a C9ORF72 mu-
tation (Target ALS ID: TALS9-9.3; Rutgers ID: 150000002;
NINDS ID: ND50000). Directed differentiation was per-
formed by BrainXell as described (33). Briefly, iPSCs were
treated with small molecules CHIR99021, DMH-1 and
SB431542 for 6 days to induce SOX1+ neuroepithelial pro-
genitors (NEPs). The NEPs were split and treated with
CHIR99021, DMH-1, SB431542, retinoic acid and pur-
morphamine for another 6 days to generate OLIG2 + motor
neuron progenitors (MNPs). These OLIG2+ MNPs were
expanded and frozen at the point of early differentiation
to motor neurons. ALS motor neurons were seeded in 12-
well plates (2.8 x 105 cells per well) from frozen stocks and
treated gymnotically on day 7 and harvested on day 14. 50
�l of a growth factor cocktail containing 10 ng BDNF, 10
ng of GDNF, and 1 ng of TGF-�1were added on day 10
without changing the medium.

HEK293 cells. HEK293 cells were seeded at 8 x
104 cells/well in 96-well plates and cultured in DMEM, 4.5
g/l glucose, 2 mM L-glutamine, 10% FBS, 100 U/ml peni-
cillin, 100 �g/ml streptomycin and 100 ug/ml normocin.
Cells were treated with oligonucleotides for 16–20 h before
processing for survival.

RNA Isolation and cDNA synthesis

Frozen mouse tissue was added to 700 �l of TRIzol and ho-
mogenized for 3 min. Bromochloropropane was added to
each sample, which was shaken vigorously and centrifuged
at 4000g for 5 min. Supernatant (250 �l) was transferred
to the binding plate from SV96 total RNA extraction kit
(Promega) or RNeasy 96 kit (Qiagen) and RNA was ex-
tracted per protocol. The gDNA was removed with DNase
I (New England Biolabs, M0303L). cDNA was synthe-
sized by adding 2 �g of total RNA to a 20 �l reverse-
transcription reaction using the High-Capacity cDNA
Reverse-Transcription Kit (Thermo Fisher #4368814).

In ALS motor neurons, total RNA was extracted using
TRIzol (Invitrogen) according to manufacturer’s protocol.
For each sample, total RNA was eluted in 29.5 �l of RNase-
free water followed by the addition of 2 �l (4U) of DNase
I (New England Biolabs, M0303L) and 3.5 �l of 10× reac-
tion buffer. Samples were incubated at 37◦C for 15 min for
gDNA removal. EDTA was added to 5 mM final concentra-
tion, and DNase I was heat inactivated at 75◦C for 10 min.
RNA was reverse transcribed with High-Capacity RNA-to-
cDNA™ Kit (Applied Biosystems) according to manufac-
turer’s instructions.

In iCell neurons, 4 days after treatment, RNA is ex-
tracted in one of two ways. Cells are lysed with 500 �l Tri-
zol and 100 �l of bromochloropropane was added to each
well, supernatant was transferred to the binding plate from
RNeasy 96-well plate kit (Qiagen) following the manufac-
turer’s protocol of ‘the purification of total RNA from cells
using vacuum/spin technology’ with on-column DNase I
treatment. Alternatively, RNA extraction was performed
with SV40 total RNA extraction kit (Promega) according
to manufacturer’s protocols. RNA was reverse transcribed
with High-Capacity RNA-to-cDNA™ Kit (Applied Biosys-
tems).

Quantification of RNA

qPCR was performed in a reaction mixture including di-
luted sample (4 �l from a mix of 20 �l of cDNA and 30
�l of water) using either mouse Malat1 primers (Thermo
Fisher Mm01227912 s1) for rodent samples or human
MALAT1 primers (Thermo Fisher Hs00273907-s1) for hu-
man samples in addition to the normalizer primers for
human SRSF9 (forward primer TGG AAT ATG CCC
TGC GTA AA, probe sequence /5HEX/TG GAT GAC
A/Zen/C CAA ATT CCG CTC TCA/3IABkFQ/, reverse
primer TGG TGC TTC TCT CAG GAT AAA C) (Inte-
grated DNA Technologies). The thermocycling conditions
for PCR include 95◦C for 3 min; and 40 cycles of 95◦C for
10 s and 60◦C for 30 s.

C9orf72 transcripts were quantified using Taq-
man assays. We used the following Taqman probes:
Hs00376619 m1 (FAM) (Catalog # 4351368, Ther-
moFisher) for C9orf72 All Transcripts (common on V1, V2
and V3); Hs00948764 m1(FAM) (Catalog # 4351368, Ther-
moFisher) for C9orf72 V3 transcripts; Hs02800695 m1
for human HPRT1 transcripts (Catalog# 4448486, Ther-
moFisher). Mouse Hprt1 transcripts were quantified with
the following primers: forward primer: CAA ACT TTG
CTT TCC CTG GTT; reverse primer: TGG CCT GTA

http://www.scripps.edu/california/research/dna-protein-research/forms/biopolymercalc2.html
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TCC AAC ACT TC; probe sequence:/5HEX/AC CAG
CAA G/Zen/C TTG CAA CCT TAA CC/3IABkFQ/
(Integrated DNA Technologies).

Relative EC50 calculations

We perform four-parameter log-logistic curve fit to data
from dose-response experiments using R and the drc pack-
age (https://www.r-project.org/foundation/). We employ the
LL2.4 function for the calculation of 95% confidence in-
tervals (CIs, top and bottom), EC50s and Hill slope co-
efficients. Because cell culture conditions vary slightly be-
tween experiments, there is some variation in numeric value
of EC50s across experiments. These experiments were each
replicated 2–4 times, and the relative performance of the
oligonucleotides with respect to other oligonucleotides in
the same experiment was consistent across experiments.

Cell viability assays

Cell viability experiments in iCell Neurons and iCell Astro-
cytes were performed using CellTiter-Blue Cell Viability As-
say according to manufacturer’s protocol (Promega). Cell
viability experiments in HEK293 cells were performed us-
ing CellTiter-Glo Cell Viability Assay according to manu-
facturer’s protocol (Promega).

Toll-like receptor 9 (TLR9) activation assays

HEK-Blue™ hTLR9 cells that are stably transfected with
human TLR9 gene, and a NF-�B inducible SEAP reporter
gene were purchased (InvivoGen, CA). 8 × 104 HEK-Blue™
TLR9 cells/well were seeded in 96 well plates in HEK-Blue
Detection Media (InvivoGen #hb-det2). Oligonucleotides
(in water) were added to the cells for a final concentration of
30 �M (1 �M TLR9 agonist) and cells were incubated for 16
h at 37◦C in a humidified incubator. SEAP was quantified
in the media indirectly by measuring the absorbance at 655
nm (OD655). Results were plotted as fold-change in NF-�B
activation with respect to controls treated with phosphate
buffered saline (PBS) using GraphPad Prism software. The
TLR9 agonist was designed based on ODN2006 (34), a
fully PS-modified stereorandom deoxyoligonucleotide 5′-
TCGTCGTTTTGTCGTTTTGTCGTT-3′.

Cytokine activation assays

The pro-inflammatory potential of oligonucleotides was in-
vestigated in multiple species using ex vivo multiplex cy-
tokine assays. Peripheral blood mononuclear cells (PBMCs)
from three human donors (AllCell Inc. (Cat# LP, FR,
MNC, 100M; Donor IDs: 3033038, 3033468, 3033043)
and three cynomolgus monkeys (Biomedical Research
Models, Inc. dba Biomere; Animal ID: 289231, 289216,
382711), and pooled splenocytes from C57Bl/6 mice
(Biomedical Research Models, Inc dba Biomere) were used.
4 × 105 human PBMCs/well were assayed in 96 well
plates containing IMDM (Life technology, Cat#: 12440-
053) supplemented with 10% heat-inactivated (HI) FBS
(Life technology, Cat#:10082–147) and 50 U/ml Penicillin-
Streptomycin (Lonza, Cat#17-602E). Monkey PBMCs and

mouse splenocytes (1 × 106 cells/well) were assayed in
96-well plates containing RPMI medium (Lonza, Cat #
12-115Q) supplemented with 10% HI FBS and 50 U/ml
penicillin–streptomycin.

Oligonucleotides (in water) (final concentration: 0.1, 0.3,
1.0, 3.0, 10 or 30 �M) were added to the cells and allowed to
incubate at 37◦C, 95% humidity and 5% CO2 with constant
agitation. At the conclusion of treatment, cells were spun
down before supernatant was collected. The Multiplex cy-
tokine assay was performed following manufacturer’s pro-
tocol (EMD Cat. No. HCYTMAG-60K) with modifica-
tions. Fluorescence intensity was read on FLEXMAP3D
system (Luminex, TX). Homogenous cell suspensions (10
�l) were collected and mixed with equal volume of Cell
Titer-Glow to determine ATP levels (CellTiter-Glo® 2.0,
Promega, Cat. No. G9242). Cytokine levels were deter-
mined using a 5-parameter non-linear regression fit. Pro-
inflammatory and neutral control oligonucleotides were
based on drisapersen (35) and eteplirsen (36), respectively,
and were synthesized in house.

Stability in mouse brain homogenate

Stability of oligonucleotides in mouse brain homogenate
was performed as described (6). Briefly, we determined the
stability of the oligonucleotides in mouse brain homogenate
by adding 5 �l of each oligo solution (200 �M) to 45 �l of
mouse brain homogenate (prepared in-house, 20 mg/ml).
We incubated each reaction at 37◦C while shaking at 400
rpm. We terminated reactions by adding 50 �l of Stop
buffer (2.5% IGEPAL, 0.5 M NaCl, 10 mM EDTA, 50 mM
Tris, pH 8.0). We than added 20 �l of internal standard
(50 �M: 5′-GCGTTTGCTCTTCTTCTTGCGTTTTTT-
3′), 250 �l of 2% ammonium hydroxide and 100 �l of phe-
nol:chloroform:isoamyl alcohol (25:24:1) to each tube. Af-
ter extraction, we dried and then reconstituted each sam-
ple with water in a volume of 100 �l. 2 �l of the mixture
was injected to Waters Xevo QTOF (Waters) using Agilent
Poroshell column (120, EC-C18 2.7 �m, 2.1 × 50 mm) and
mobile Phase A (400 mM HFIP, 15 mM TEA in water) and
Mobile Phase B (Methanol). We used Waters Xevo QTOF
(Waters) for data capture and to calculate peak areas and
peak area ratios of analytes to the internal standard. Re-
duction in analyte amount was used to evaluate the extent
of in vitro stability.

Animals and ICV Injections

Unless otherwise noted, animal experiments were per-
formed at Biomedical Research Models, Inc. dba Biomere
(Worcester, MA) in compliance with Biomere’s Institutional
Animal Care and Use Committee guidelines for care and
use of animals. Mice were on a 12-h light–dark cycle. Food
(lab diet 5001) and water were available ad libitum. Hous-
ing rooms were maintained at 20–26◦C and relative humid-
ity was 30–70%. Male and female 10–12 week old wild-
type C57Bl/6 mice (Jackson Laboratories, No. 000664) or
C9BAC transgenic mice (37), (Tg(C9orf72 3) No. 023099,
Jackson Laboratories), which have several tandem copies of
the C9orf72 transgene, with each copy having between 100
and 1000 hexanucleotide repeats, were used in these studies.

https://www.r-project.org/foundation/
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For intracerebroventricular cannulation, mice were anes-
thetized using Avertin, were placed on a rodent stereotaxic
apparatus and were implanted with a stainless-steel guide
cannula in the right lateral ventricle (coordinates: −0.3 mm
posterior, +1.0 mm lateral and −2.2 mm vertically from
bregma), which was secured in place using dental cement.
Mice were allowed a one-week recovery period prior to
dosing.

In the Malat1 dose-escalation study, 5, 10 or 20 �g
of oligonucleotide was administered in 2.5 �l on day 1,
and mice were sacrificed 7 days after injection. For the
Malat1 duration study, 100 �g oligonucleotide was admin-
istered in 2.5 �l on day 1, and mice were sacrificed 4 or 10
weeks later. For the C9orf72 duration study, 50 �g doses
of oligonucleotide were administered in 2.5 �l on days 0
and 7, and mice were sacrificed 2, 4 or 8 weeks later. At
necropsy, all mice were transcardially perfused with phos-
phate buffered saline (PBS) under isoflurane anaesthesia.
Brains were rapidly removed from the skull; one hemisphere
was processed for pharmacokinetic (PK) analyses and the
other for pharmacodynamic (PD) analysis. Hemispheres
were dissected into cortex, hippocampus, striatum and cere-
bellum and flash frozen on dry ice. Spinal cord was removed
and flash frozen on dry ice.

Wild-type tolerability study. This study was performed by
Charles River Laboratories, South San Francisco (SSF).
Adult male C57Bl/6 mice (Charles River Laboratories)
were used for this study. Animals were individually housed
in polycarbonate cages and acclimated for at least 4 days
prior to the beginning of the study. Animals were main-
tained in a 12 h light/dark cycle with constant room tem-
perature (22 ± 2◦C) and humidity (∼50%). Animals had
access to food and water ad libitum. Experiments were con-
ducted in accordance with protocols approved by the Insti-
tutional Animal Care and Use Committee of Charles River
Laboratories, SSF. Mice were anesthetized using isoflurane
(2%, 800 ml/min O2). Bupivacaine was used for local anal-
gesia and carprofen was used for peri-/post-operative anal-
gesia. The animals were placed in a stereotaxic frame (Kopf
instruments, USA). Surgeries were performed using asep-
tic technique. Anterior-posterior (AP), medial-lateral (ML)
and dorsal-ventral (DV) were zeroed on the bregma. The
following coordinates were used for the ICV infusion can-
nula (Plastics One): AP −0.3 mm, lateral −1.0, DV −2.2
mm from dura. After surgery, animals were provided food
and water ad libitum. Animals were observed and scored at
30 min, 1 h, 2 h, 24 h, and 1, 2, 3, 4, 5, 6, 7 and 8 weeks
following ICV dosing. Body weights and overall health ob-
servations were also recorded at each timepoint. Brains were
collected post-mortem and were immersed in 10% neutral-
buffered formalin.

Brains were sectioned and evaluated for expression of
immune markers: Glial Fibrillary Acidic Protein (Gfap),
a marker for activated astrocytes, and Ionized calcium-
binding adaptor molecule 1 (Iba1), a marker for activated
microglia.

Quantification of oligonucleotides by hybridization ELISA

Antisense oligonucleotides were specifically quantified
by hybridization ELISA utilizing the following probes:

Malat1-Univ-Capture probe /5AmMC12/G + A + G +
T + C + A + T + AA; Malat1-Univ-Detection probe CC
+ AGC + CT + GG/3BioTEG/ (Integrated DNA Tech-
nologies, Coralville, IA). Capture probe: ‘C9-Intron-Cap’:
/5AmMC12/GCGG+TGGCG+A; Detection probe:
‘C9-Intron-Det’: G+TGGG+TG+AGT/3BioTEG/. The
maleic anhydride-activated 96-well plates (Pierce 15110)
were coated with 50 �l of capture probe at 500 nM in
2.5% NaHCO3 (Gibco, 25080-094) for 2 h at 37◦C. The
plate was then washed 3 times with PBST (PBS + 0.1%
Tween-20), blocked with 5% fat free milk-PBST at 37◦C for
1 h. Payload oligonucleotide was serially diluted into tissue
lysate matrix. This standard together with original samples
were diluted with lysis buffer so that the oligonucleotide
amount in all samples was less than 50 ng/ml. 20 �l
of diluted samples were mixed with 180 �l of 333 nM
detection probe diluted in PBST, then denatured (65◦C, 10
min; 95◦C, 15 min; 4◦C). 50 �l of the denatured samples
were distributed in blocked ELISA plates in duplicates and
incubated overnight at 4◦C. After 3 washes with PBST, 50
�l of 1:2000 streptavidin-AP (Southern Biotech, 7100-04)
in PBST was added, and incubated at room temperature
for 1 h. After extensive washes with PBST, 100 �l of
AttoPhos (Promega S1000) was added, incubated at room
temperature in the dark for 10 min and read on the plate
reader (Molecular Device, M5) fluorescence channel:
Excitation: 435 nm, Emission: 555 nm. The oligonucleotide
in samples were calculated according to standard curve by
4-parameter regression. The lower limit of detection was
1.25 �g oligonucleotide per gram of tissue.

Pharmacokinetic (PK)–pharmacodynamic (PD) analysis

For PK–PD analyses, the concentration of oligonucleotide
detected in a specific tissue as measured by hybridization
ELISA (see above) were plotted with respect to quantified
and normalized expression of RNA (see above) in the same
tissue at the same time.

Poly-GP quantification

Brain and spinal cord samples were homogenized in four
volumes RIPA (50 mM Tris, 150 mM NaCl, 0.5% DOC,
1% NP40, 0.1% SDS and Complete protease inhibitor, pH
8.0) by shaking in a Precellys instrument with 1.4 mm zir-
conium oxide beads. Samples were centrifuged at 12 100
g for 10 min at 4◦C, and total protein concentration of
clarified lysate was determined with 600 nm Protein Assay
Reagent (Pierce). MSD Small-Spot plates were coated with
1 �l of a 10 �g/ml solution of a polyclonal capture anti-
body (rabbit anti-poly-GP; AB1358, Millipore) and incu-
bated at 4◦C overnight. The next day, plates were washed
with PBST, blocked with a 10% FBS/PBST solution for 1
h at room temperature, and then washed with PBST and
incubated with 50–120 �g of brain lysate (diluted 1:4 or
1:5 into 10% FBS/PBST) for 2–4 h. Plates were washed
with PBST and incubated with Sulfo-tag-conjugated detec-
tion antibody (rabbit anti-poly-GP; AB1358, Millipore) for
1 h at room temperature. Plates were washed with PBST
and incubated with 150 �l of MSD Read Buffer T 1× and
read in an MSD QuickPlex SQ 120 plate reader with Dis-
covery Workbench 4.0.12 (LSR 4 0 12) software. A stan-
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dard curve of recombinant purified poly-GPx30 was pre-
pared in a matrix of wild-type mouse cortex or spinal cord
homogenate. After subtracting the background signal mea-
sured from empty-wells, a linear best-fit regression line for
the standard curve was used to interpolate the concentra-
tion of poly-GP per microgram of tissue. Data are reported
as relative fold-change in poly-GP concentration, reflecting
amount of poly-GP detected compared with PBS-treated
samples.

Capillary western immunoassay

C9orf72 protein analysis was performed using capillary
western immunoassay (WES). Protein lysates from spinal
cord and cortex tissue were prepared by adding 10X weight
in volume of RIPA buffer with tablets and a scoop of lysis
beads. The samples were then homogenized for 2–4 cycles
(3 × 20 s) on the Precellys Evolution Tissue Homogenizer
and spun down for 10 min at 14,000 rpm at 4◦C. The super-
natants were carefully transferred into new tubes. We quan-
tified total protein using the Pierce BCA protein assay kit
with BSA standards according to the manufacturer’s pro-
tocol. Lysates were normalized to 0.5 �g/�l in 0.1× sam-
ple buffer. C9orf72 protein quantitation was performed on
a Wes system, according to the manufacturer’s instructions
using a 12–230 kDa Separation Module, the Anti-Rabbit
Detection Module and the Anti-Mouse Detection Module.
Lysates were mixed with Fluorescent Master Mix and de-
natured at 95˚C for 5 min. The samples, blocking reagent
(antibody diluent), primary antibodies (1:100 anti-C9orf72,
1:250 anti-Hprt in antibody diluent), HRP-conjugated sec-
ondary antibodies (ready to use anti-mouse combined with
ready to use anti-rabbit in 1:1 ratio) plus chemiluminescent
substrate were combined in the plate. We utilized instru-
ment default settings with stacking and separation at 475
V for 30 min; blocking 5 min, primary and secondary an-
tibody both for 30 min; luminol/peroxide chemilumines-
cence detection for ∼15 min (with exposures of 1, 2, 4, 8,
16, 32, 64, 128 and 512 s). Chemiluminescence is automati-
cally quantified (area under the curve or ‘AUC’ of detected
peaks) by the Compass software and is displayed as an elec-
tropherogram or as a virtual blot-like image. The calculated
concentrations were analysed by dividing the AUC of the
C9orf72 peak by the AUC of the Hprt peak. All data points
were normalized to that average PBS value.

Statistical analyses

Unless otherwise indicated, data were analysed by a one-
way or two-way analysis of variance (ANOVA) followed by
post-hoc analyses for multiple comparisons with appropri-
ate test using GraphPad Prism software.

RESULTS

Stereopure oligonucleotides with PN chemistry

We have previously reported a method to generate oligonu-
cleotides containing stereopure PN linkages based on (1,3-
dimethylimidazolidin-2-ylidene) phosphoramidates (Fig-
ure 1A Supplementary Figure S1) with 2′-O-methyl (2′-
OMe) and 2′-deoxyfluoro (2′-F) ribose modifications, and

we have applied these methods to the synthesis and eval-
uation of splice switching oligonucleotides (9). To apply
this chemistry to antisense oligonucleotides that promote
RNase H-mediated RNA degradation, we expanded on
this capability to incorporate additional 2′-ribose modi-
fications, such as 2′-O-methoxyethyl (2′-MOE). To syn-
thesize PN linkages, we used standard phosphoramidites,
which yield the stereorandom dimer, or L-PSM ((S)-2-
(phenylsulfonyl)-1-((S)-pyrrolidin-2-yl) ethan-1-ol) and D-
PSM ((R)-2-(phenylsulfonyl)-1-((R)-pyrrolidin-2-yl) ethan-
1-ol) amidites) (Figure 1B), which yield Rp and Sp PN
dimers, respectively (Figure 1C). To validate the fidelity
of synthesis with 2′-MOE modifications, we assessed di-
astereoselectivity after synthesis of PN-1 dimers in solu-
tion, containing 2′-MOE-G or -5-methyl-C (5MeC) in the
first position and 2′-OMe-U in the second position (Sup-
plementary Figure S1). We also measured diastereoselec-
tivity for synthesis of PN dimers in solution containing
2′-OMe-G or -U in the first position and 2′-OMe-U in
the second position. For all dimer combinations tested,
we detected >99% diastereoselectivity. This method allows
for the synthesis of stereopure oligonucleotides containing
chimeric PS/PO/PN backbones in high yields with both
high chemical and stereochemical purity. We have also ex-
plored alternate synthetic methods for generating these PN-
containing oligonucleotides (Supplementary Materials and
Methods).

PN modifications increases potency of antisense oligonu-
cleotides in neurons

Metastasis-associated lung adenocarcinoma transcript 1
(Malat1, denoted MALAT1 for human) encodes a ubiq-
uitously expressed (including brain tissues) long noncod-
ing RNA that has been used as a surrogate target to
evaluate the impact of chemical modifications to oligonu-
cleotides acting through an RNase H mechanism (38,39).
Malat1 RNA is primarily localized in the nucleus (40);
therefore, its depletion provides confirmation that an an-
tisense oligonucleotide entered the cell, then entered the
nucleus and executed its activity by the expected RNase
H-dependent mechanism of action. For these reasons, we
opted to use Malat1 as a surrogate transcript to evalu-
ate the impact of backbone chemistry and stereochem-
istry on the pharmacology of oligonucleotides in the
CNS.

We have previously reported a stereopure Malat1-
targeting PS/PO oligonucleotide (MALAT1-200) that
demonstrated superior activity in the eye than a stereo-
random PS/PO oligonucleotide (MALAT1-181) with the
same sequence and 2′-ribose modification pattern (5). To
assess whether incorporation of the PN backbone link-
ages based on (1,3-dimethylimidazolidin-2-ylidene) phos-
phoramidate (1), (denoted PN-1, Supplementary Figure S1)
can further improve on this activity, we generated a series of
chimeric oligonucleotides derived from MALAT-200 con-
taining three consecutive stereopure or stereorandom PN-
1 backbone linkages in the 5′-wing, the 3′-wing, or both
(Figure 2A). We initially positioned the PN-1 linkages in
the wings where PO is often incorporated (5,6).
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Figure 2. PN-1 linkages in wings increase potency of MALAT1 oligonucleotides in neurons. (A) Schematic representation of oligonucleotides designed to
promote RNase H-mediated cleavage of MALAT1 RNA. Legend delineates representations for backbone and other chemical modifications to oligonu-
cleotides. Measured Tm in ◦C in 1× PBS and relative EC50 with 95% confidence interval in human iCell neurons is shown for each oligonucleotide. (B) The
mean percentage of full-length MALAT1 RNA remaining after addition of RNase H to preformed heteroduplex is plotted with respect to time (minutes)
for the indicated oligonucleotide. Data are represented as mean ± SEM, n = 3 per time point. In cases where error bars are not shown, the error was
smaller than the symbol. Data were fit to non-linear, one-phase decay using GraphPad Prism software. (C) Schematic representations of the MALAT1
RNA (green, shown 5′ to 3′)-oligonucleotide (shown in 3′–5′ orientation) heteroduplexes illustrating positions of MALAT1 RNA cleavage in biochemical
RNase H experiments (red arrows). (D) Dose–response curves showing percentage of MALAT1 RNA expression (normalized to SFRS9) with increasing
concentrations of the indicated oligonucleotide in human iCell neurons. Data are presented as mean ± SD, n = 2 per concentration per oligonucleotide.
Lines depict four-parameter non-linear least squares fit of data. EC50s shown in panel A are derived from these experiments.
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To assess the impact of PN-1 backbone chemistry on
RNase H activity, we evaluated this series of oligonu-
cleotides in biochemical assays measuring thermal stability,
relative RNase H activity and cleavage position, as well as
MALAT1 depletion in cultured human iCell neurons. The
inclusion of PN-1 linkages generally does not substantially
alter the thermal stability of RNA-oligonucleotide het-
eroduplexes compared with stereorandom and stereopure
PS/PO-modified oligonucleotides with the same sequence
and 2′-ribose modification pattern (Figure 2A), which is
consistent with other reports (21,23). As expected based
on our previous work (5), stereopure MALAT1-200 was
more active in biochemical RNase H assays than stereo-
random MALAT1-181 (Figure 2B). The introduction of
PN-1 linkages in the wings did not alter on this biochem-
ical activity. MALAT1-200 also showed a more specific
RNase H cleavage pattern than the stereorandom control,
MALAT1-181, yielding cleavage in the Malat1 RNA only
as expected based on the positioning of an 3′-SpSpRp-5′
stereochemical motif in the PS-modified gap (Figure 2C,
Supplementary Figure S2) (4). The introduction of PN-1
backbone linkages in the wings did not change this cleav-
age pattern (Figure 2C). In cellular assays performed un-
der gymnotic (i.e., free uptake) conditions in iCell neurons,
stereopure MALAT1-200 (EC50 = 0.18 �M) was ∼10-fold
more potent than stereorandom MALAT1-181 (EC50 = 1.4
�M) (Figure 2A, D). MALAT1-244 (EC50 = 0.02 �M), a
chimeric oligonucleotide based on MALAT1-200 with three
consecutive stereorandom PN-1 linkages in the 5′-wing, was
∼10-fold more potent than stereopure MALAT1-200 and
70-fold more potent than the stereorandom MALAT1-181
(Figure 2A, D). All other PN-1-containing oligonucleotides
in this series including MALAT1-384 and MALAT1-385
which are the all-Rp and all-Sp stereopure PN versions of
MALAT1-244, had silencing activity in neurons compara-
ble to MALAT1-244 (Figure 2A, D, Supplementary Figure
S2).

In another series of oligonucleotides, we assessed ad-
ditional wing configurations that split the PN-1 linkages
apart from each other and distributed them between the
5′- and 3′-wings. For this series, we evaluated oligonu-
cleotides with two non-consecutive PN-1 linkages in the 5′-
wing and either one or two non-consecutive linkages in the
3′-wing. We also varied the stereochemistry of these link-
ages, assessing stereorandom, all-Rp and all-Sp for each
wing configuration. Once again, we found that the PN-1-
containing oligonucleotides in this series had potencies in
neurons comparable to that of MALAT1-244 (Supplemen-
tary Figure S2). Together these data suggest that introduc-
tion of three or four PN-1 backbone linkages to the wings
of stereopure MALAT1-200 increases its silencing potency
in cultured iCell neurons, likely without directly affecting
RNase H.

Multiple types of PN backbone modifications can improve the
activity of stereopure oligonucleotides

Next, we explored the impact of ring size in five (PN-1), six
and seven membered rings, as well as exocyclic rings and
sulfonamide to test whether other types of PN backbone
linkages could have the same impact as PN-1 on the activ-

ity of stereopure antisense oligonucleotides in vitro. We syn-
thesized a series of stereopure oligonucleotides having the
same sequence, chemistry, and pattern of backbone stereo-
chemistry. The only thing that changed from one oligonu-
cleotide to the next was the chemical moiety deployed as the
PN modification. Since we did not observe substantial in
vitro activity differences in PN-1 (Figure 2A) based on the
stereochemical configuration of the backbone, we focused
on the compounds having Rp PN linkages as they are geo-
metrically equivalent to the Sp PS linkage.

In the first series of oligonucleotides, we compared
the activity of benchmark stereopure PS/PO and PN-
1 backbones to a sulfonamide-containing backbone de-
noted PN-2. These backbones were tested in MALAT1-
200, MALAT1-384 and MALAT1-489, respectively (Fig-
ure 3A). In dose-dependent, MALAT1 silencing experi-
ments in cultured human iCell neurons, MALAT1-200 and
MALAT1-384 performed as expected and consistent with
data reported in Figure 2. MALAT1-489, which contained
the sulfonamide modification, did not show the same po-
tency benefits that we observed with MALAT1-384.

We next explored the impact of changing the size of the
5-membered imidazolidine ring in PN-1 by converting it to
a 6-membered hexahydropyrimidine ring in PN-3 or a 7-
membered 1,3-diazepane ring in PN-4. We also evaluated
a backbone with exo-cyclic guanidine in PN-5. These new
backbones were tested in MALAT1-1044, MALAT1-1045
and MALAT1-1043, respectively, and they were compared
to MALAT1-384 as a benchmark (Figure 3B). In dose-
dependent, MALAT1 silencing experiments in cultured hu-
man iCell neurons, the PN variants (PN-3PN-5) performed
comparably to PN-1, at least in this configuration. Given
this comparable activity in vitro and easy access to commer-
cially available azide reagent 4 in salt form, we opted to fur-
ther evaluate oligonucleotides based on the PN-1 backbone
in vivo in mice.

Before initiating in vivo studies, we performed cellular cy-
totoxicity assays (Supplementary Figure S3), which showed
that the profiles for MALAT1-200 and MALAT1-244 were
comparable in both iCell neurons and iCell astrocytes, and
neither oligonucleotide exhibited a cytotoxic profile at con-
centrations up to 10 �M.

PN linkages increase potency and durability of activity in
mouse CNS tissue

To investigate whether the increased potency observed in
cultured iCell neurons with PN-1 chemistry translates in
vivo to the CNS, we evaluated Malat1 expression in wild-
type mice administered MALAT1-200 or MALAT1-244 in
a single-dose, dose-escalation experiment, assessing activity
in the spinal cord, a readily accessible tissue, and cortex, a
more challenging region to access, 1-week after dosing. In
the spinal cord, a single 10 or 20 �g dose of MALAT1-200,
the stereopure control, decreased the expression of Malat1
by 50% or more compared with PBS treatment. By con-
trast, a single 5 �g dose of MALAT1-244 was sufficient
to decrease expression to the same 50% threshold (Fig-
ure 4A), and a 20 �g dose decreased mean Malat1 expres-
sion to just 8% of PBS-treated controls. In the cortex, a
20 �g dose of MALAT1-200 was needed to decrease ex-
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Figure 3. Assessment of multiple PN backbone chemistries. (A) Schematic representation of oligonucleotides designed to promote RNase H-mediated
cleavage of MALAT1 RNA (left). Legend delineates representations for backbone and other chemical modifications to oligonucleotides. The position of
PN linkages is the same for all PN-containing oligonucleotides, but the moiety that replaces a non-bridging oxygen varies. Measured relative EC50 (�M)
with 95% confidence interval in human iCell neurons is shown for each oligonucleotide. Dose–response curves showing percentage of MALAT1 RNA
expression (normalized to SFRS9) with increasing concentrations of the indicated oligonucleotide in human iCell neurons (right). Chemical structures for
the backbones tested are also shown. Data are presented as mean ± SD, n = 3 per concentration per oligonucleotide. Lines depict four-parameter non-linear
least squares fit of data. Relative EC50s are derived from these experiments. (B) Schematic representation of oligonucleotides (left). Legend is shown in
panel A. The PN backbone for each oligonucleotide is indicated. Measured relative EC50 (�M) with 95% confidence interval in human iCell neurons is also
shown. Dose-response curves showing percentage of MALAT1 RNA expression (normalized to SFRS9) with increasing concentrations of the indicated
oligonucleotide in human iCell neurons (right). Chemical structures for the backbones tested are also shown. Data are presented as mean ± SD, n = 3 per
concentration per oligonucleotide. Lines depict four-parameter non-linear least squares fit of data. Relative EC50s are derived from these experiments.

pression to approximately the 50% threshold (PBS: 100%
mean Malat1 expression; 20 �g: 61% mean expression),
whereas a 5 �g dose of MALAT1-244 decreased Malat1 ex-
pression comparably (PBS: 100% mean Malat1 expression;
5 �g: 63% mean expression). In both spinal cord and cortex,
the chimeric PN-1-containing MALAT1-244 yielded ∼50%
Malat1 knockdown with a lower dose than MALAT1-200,
illustrating a potency benefit from the addition of PN-1
linkages to the wings of a stereopure oligonucleotide in the
CNS in vivo.

Many aspects of oligonucleotide pharmacology, such as
tissue distribution and durability of activity, are difficult to
model in vitro. To investigate whether the presence of PN-1
linkages in antisense oligonucleotides impacts these param-

eters, we performed additional in vivo assessments in wild-
type mice. Our previous work on splice-switching oligonu-
cleotides indicated that PN chemistry can improve oligonu-
cleotide distribution to muscle in vivo upon systemic admin-
istration (9). To assess distribution in CNS, we measured
oligonucleotide concentrations and Malat1 expression lev-
els in the spinal cord and cortex 4-weeks after a single 100
�g ICV injection. In this experiment both MALAT1-200
and MALAT1-244 decreased Malat1 RNA expression in
spinal cord and cortex by ∼80% (spinal cord PBS mean
100% expression, MALAT1-200 mean 21%, MALAT1-244
mean 21%; cortex PBS mean 100% expression, MALAT1-
200 mean 15%, MALAT1-244 mean 18%) (Figure 4B). For
MALAT1-200, the robust Malat1 knockdown in cortex was
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Figure 4. Oligonucleotides with chimeric PN-containing backbones have improved potency and durability in CNS. (A) Schematic representation of dosing
regimen with black arrow indicating administration of intracerebroventricular dose (day 0, D0) and blue arrow indicating day of analysis (day 7, D7).
Relative Malat1 expression (normalized to Hprt1) in spinal cord (left) and cortex (right) one-week post treatment with PBS (beige), stereopure PS oligonu-
cleotide (Malat1-200, light blue) or chimeric PN containing oligonucleotide (Malat1-244, navy blue) at the indicated dose. Data are presented as box and
whisker plots with box from min to max with data from individual mice shown, n = 8 * P < 0.05, ** P < 0.01, *** P < 0.001 mixed-effects model with
multiple comparisons. (B) Schematic representation of dosing regimen with black arrow indicating administration of ICV dose (day 0, D0) and blue arrow
indicating day of analysis (day 28, D28). Relative Malat1 expression (normalized to Hprt1) in spinal cord (top left) and cortex (top right) 4 weeks post
treatment with PBS (beige), stereopure PS oligonucleotide (Malat1-200, light blue) or chimeric PN containing oligonucleotide (Malat1-244, navy blue).
Concentration of oligonucleotide detected in spinal cord (bottom left) and cortex (bottom right) 4-weeks post treatment with PBS (beige), stereopure PS
oligonucleotide (Malat1-200, light blue) or chimeric PN containing oligonucleotide (Malat1-244, navy blue). Data are presented as in panel A, n = 4, ****
P < 0.0001 one-way ANOVA with multiple comparisons. (C) Schematic representation of dosing regimen with black arrow indicating administration of
intracerebroventricular dose (day 0, D0) and blue arrow indicating day of analysis (day 70, D70). Relative Malat1 expression (normalized to Hprt1) in
the indicated tissue in CNS 10-weeks post treatment with PBS (beige), stereopure PS oligonucleotide (Malat1-200, light blue) or chimeric PN contain-
ing oligonucleotide (Malat1-244, navy blue). Data are presented as in panel A, n = 3 one-way ANOVA with multiple comparisons. Red asterisks show
comparison of MALAT1-244 to PBS; blue asterisks MALAT1-244 to MALAT1-200.
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surprising, as similarly designed stereopure PS/PO oligonu-
cleotides targeting C9orf72 did not achieve 50% transcript
knockdown in the cortex at 4 weeks post-injection (6). Nev-
ertheless, at 4 weeks, there was no difference in Malat1 ex-
pression in cortex or spinal cord in animals treated with
MALAT1-200 or MALAT1-244.

We also evaluated oligonucleotide concentrations in
spinal cord and cortex from the same single dose experiment
and found that the average concentration of MALAT1-
244 was ∼2-fold higher than MALAT1-200 in both tissues
(spinal cord: 2.0 and 0.9 �g/g, respectively; cortex: 7.7 and
4.5 �g/g, respectively) (Figure 4B). MALAT1-244 concen-
trations were significantly greater than PBS-treated nega-
tive controls in both tissues (spinal cord P = 0.0009, cor-
tex P = 0.0078, one-way ANOVA), whereas MALAT1-200
was not (spinal cord P = 0.93, cortex P = 0.12, one-way
ANOVA). Because MALAT1-244 was more prevalent in
both spinal cord and cortex than MALAT1-200, we sus-
pected it might also be more durable.

Because MALAT1-200 achieved better than expected ac-
tivity particularly in cortex at 4 weeks, we evaluated Malat1
expression in CNS from wild-type mice 10 weeks after re-
ceiving a single 100 �g ICV dose. In this longer exper-
iment, we observed profound differences in the activities
of MALAT1-200 and MALAT1-244 throughout the CNS.
By 10-weeks post-injection in MALAT1-200-treated ani-
mals, Malat1 expression had recovered so it was above the
50% threshold in all tissues (spinal cord mean 83% ex-
pression, cortex 112%, hippocampus 65%, cerebellum 70%,
striatum 68%) and was statistically significantly different
from PBS-treated controls only in the hippocampus (Fig-
ure 4C; spinal cord P = 0.89, cortex P = 0.75, hippocam-
pus P = 0.02, cerebellum P = 0.29, striatum P = 0.07).
By contrast in MALAT1-244-treated animals, Malat1 ex-
pression remained very low, below 20% of normal expres-
sion levels in all tissues evaluated and below 10% in stria-
tum, cerebellum and hippocampus (spinal cord mean 20%
expression, P = 0.17; cortex 19%, P = 0.005; hippocam-
pus 6.8%, P = 0.0001; cerebellum 10%, P = 0.006; striatum
10%, P = 0.0005, one-way ANOVA), indicating durable si-
lencing. Importantly, the 80% Malat1 knockdown observed
in cortex and spinal cord with MALAT1-244 at 4 weeks
was unchanged at 10 weeks. Taken together, these data indi-
cate the PN-1-containing chimeric Malat1 oligonucleotide
is more potent, achieves higher tissue exposure and is more
durable than a stereopure PS-modified molecule with the
same sequence and 2′-ribose modifications in vivo in CNS.

PN linkages preserve variant-selective and potent activity
against C9orf72

To test whether the introduction of PN-1 chemistry can en-
hance the activity and pharmacology of antisense oligonu-
cleotides in general, we assessed its impact on C9orf72-
targeting oligonucleotides. C9orf72 is a more challenging
target than Malat1, because the goal is to achieve variant-
selective activity on a subset of the transcriptional vari-
ants. We have previously reported that stereopure PS/PO
oligonucleotides targeting C9orf72 at the exon 1b-intron
1 boundary (denoted splice-site 1b, SS1b) yield superior
activity to stereorandom oligonucleotides with the same

sequence and 2′-ribose modification pattern (6). Stereop-
ure oligonucleotides with asymmetric 2′-ribose modifica-
tions in their 5′- and 3′-wings acting through SS1b exe-
cuted the desired mechanism of action on C9orf72; that is,
they led to the selective depletion of transcripts harbouring
the hexanucleotide-repeat expansion mutation (e.g. V3), but
they spared expression of V2, a transcriptional variant un-
affected by the expansion mutation (6) (Figure 5A).

We synthesized a series of PN-1-containing oligonu-
cleotides and compared their activity in cultured motor
neurons to stereorandom (C9orf72-1341) and stereopure
(C9orf72-1124) PS/PO controls. All oligonucleotides fea-
ture the same asymmetric pattern of 2′-ribose modifications
and the same sequence (Figure 5B). Because these oligonu-
cleotides are designed to selectively deplete transcripts con-
taining the C9orf72 repeat-expansion mutation, we evalu-
ated their activity in human iPSC-derived motor neurons
generated from the cells from a patient with C9orf72-ALS,
which contain the hexanucleotide repeat-expansion muta-
tion (denoted ALS motor neurons).

As expected based on our prior publication (6), we found
that a stereopure (PS/PO) oligonucleotide was more potent
than a comparable stereorandom (PS/PO) oligonucleotide.
0.4 �M C9orf72-1124 (stereopure, PS/PO) yielded >50%
knockdown (∼60%) of the C9orf72 V3 transcript, whereas
2 �M C9orf72-1341 (stereorandom, PS/PO) yielded com-
parable knockdown (∼57%) (Figure 5B). Consistent with
our observations from the Malat1 oligonucleotide series, we
also observed that chimeric oligonucleotides (PS/PO/PN)
were more potent than their stereopure and stereorandom
(PS/PO) counterparts. For most chimeric oligonucleotides
(PS/PO/PN), 0.08 �M yielded ∼50% knockdown of the
C9orf72 V3 transcript (Figure 5B, mean knockdown 50%),
with C9orf72-1376 yielding the most knockdown at 65%.
At 2 �M, the PN-1-containing oligonucleotides led to an
average 95% knockdown of V3. In a parallel series of ex-
periments, we compared the activity of one of the stereopure
PN-1-modified oligonucleotides, C9orf72-1130, with a fully
stereorandom compound with the same pattern of back-
bone PN modifications, C9orf72-1377. As expected, the
stereopure compound exhibited more potent silencing ac-
tivity at all concentrations than the stereorandom molecule
(Figure 5C).

To execute the desired mechanism of action, oligonu-
cleotides targeting the C9orf72-repeat expansion must
also be selective, sparing expression of V2, the most
abundant C9orf72 transcript. To ensure that chimeric
(PS/PO/PN) oligonucleotides preserved selectivity, we as-
sessed their activity against all C9orf72 transcriptional vari-
ants (All V) in ALS motor neurons (Supplementary Fig-
ure S4). C9orf72-1130 and C9orf72-1129 preserved >50%
of total C9orf72 transcript expression at all concentra-
tions tested, while the remaining chimeric oligonucleotides
(C9orf72-1381, -1376 and -1378) were deemed too potent
against all variants for further analysis. C9orf72-1130 and
C9orf72-1129 were potent against V3 (93% of V3 was de-
pleted at the highest concentrations tested) and selective
for V3.

We also assessed their thermal stability and stability in
mouse brain homogenate. As noted for the Malat1 oligonu-
cleotide series, the introduction of PN chemistry did not
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Figure 5. Application of PN backbone chemistry improves potency of C9orf72-targeting oligonucleotides. (A) (Left) C9orf72 allele with hexanucleotide-
repeat expansion mutation (G4C2, beige box) in intron 1 upstream of exon 1b (green box). (Right) Transcriptional pre-mRNA variants (V1, V2 and V3)
produced by the mutated allele. V2 uses exon 1b as the first exon, whereas V1 and V3 use variations of exon 1a. Splice site 1b (SS1b, orange star) is at the
exon 1b-intron 1 boundary. SS1b is accessible to antisense oligonucleotide in transcripts that use exon 1a (V1 and V3) but protected from degradation by the
spliceosome in transcripts that use exon 1b (V2) (6). (B) Schematic representation of oligonucleotides (left) evaluated for activity against C9orf72 V3 in ALS
motor neurons, including non-targeting control (NTC, 5′- CCTTCCCTGAAGGTTCCUCC-3′, gray), stereorandom control (C9orf72-1341, black), stere-
opure control (C9orf72-1124, light blue) and chimeric oligonucleotides with various combinations of PN linkages in the wings (navy blue). Oligonucleotides
were delivered to ALS motor neurons under gymnotic conditions with concentrations increasing (0.08, 0.4, 2 �M) from bottom to top. Data are presented as
mean ± sem, n = 3 per oligonucleotide per concentration. two-way RM ANOVA * P < 0.05, ** P < 0.01. (C) Schematic representation of oligonucleotides
(left) evaluated for activity against C9orf72 V3 in ALS motor neurons, including non-targeting control (NTC, 5′-CCTTCCCTGAAGGTTCCTCC-3′,
gray), fully stereorandom C9orf72-1377 (black) and fully stereopure C9orf72-1130 (navy). Oligonucleotides were delivered to ALS motor neurons under
gymnotic conditions with concentrations increasing (0.08, 0.4, 2 �M) from bottom to top. Data are presented as mean ± sem, n = 3 per oligonucleotide
per concentration.
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substantially impact the thermal stability of C9orf72 RNA-
oligonucleotide heteroduplexes (Supplementary Figure S4),
indicating that activity gains with the inclusion of PN chem-
istry are not Tm-driven. The PN modifications did not sub-
stantially change oligonucleotide stability ex vivo in mouse
brain homogenate, (Supplementary Figure S4), indicating
that the PN linkages do not substantially alter susceptibil-
ity to nucleases. We selected C9orf72-1130 for in vivo evalu-
ation.

PN-1 linkages are not pro-inflammatory in vitro

Before evaluating efficacy of PN-1-modified oligonu-
cleotides in mice, we performed preliminary in vitro and
in vivo safety assessments. As with the Malat1 oligonu-
cleotides, we evaluated C9orf72-targeting oligonucleotides
in HEK293 cell viability assays to assess cytotoxicity of
the PN-containing oligonucleotide. Cellular viability in the
presence of PN-modified C9orf72-1130 was not affected
at concentrations up to 30 �M and was comparable to
C9of72-1124 (Supplementary Fig S3).

Because chemically modified oligonucleotides have the
potential to activate innate immune receptors, especially
TLR9 (41–43), we also evaluated C9orf72 oligonucleotides
in TLR9 reporter assays. In contrast to an oligonucleotide
that was designed to be a strong TLR9 agonist (34),
C9orf72-targeting oligonucleotides showed no detectable
activity when tested at 30 �M in this assay (Supplemen-
tary Figure S5). To further explore potential impact of these
oligonucleotides on immune response, we evaluated their
cytokine-activation profiles in PBMCs from humans and
monkeys and splenocytes from mice at concentration rang-
ing from 0.1 to 30 �M. To benchmark these profiles, we
incorporated control oligonucleotides with known neutral
or pro-inflammatory profiles. We considered cytokine acti-
vation by two complementary approaches. In the first ap-
proach, we compared the maximum-fold induction of IL-
6, TNF-� and MIP-1� secretion in response to increas-
ing doses of PS-modified C9orf72-1124 or PN-modified
C9orf72-1129 and C9orf72-1130 to the pro-inflammatory
and neutral oligonucleotide controls. All C9orf72-targeting
oligonucleotides exhibited lower maximum-fold cytokine
activation than the pro-inflammatory control, and PN-
modified oligonucleotides showed less maximum-fold acti-
vation than C9orf72-1124, indicating that the PN-1 modi-
fication may alleviate cytokine activation (Supplementary
Figure S5). In the second approach, we compared levels
of cytokine secretion induced by the PS- and PN-modified
oligonucleotides to the maximum amount of secretion ob-
served for neutral and pro-inflammatory controls. Simi-
lar to the approach above, the C9orf72-targeting oligonu-
cleotides induced a cytokine secretion profile more like the
neutral than the pro-inflammatory oligonucleotide. In as-
says where the PS-modified C9orf72-1124 showed some
pro-inflammatory activity (e.g. mouse IL-6, mouse MIP-
1�), the PN-modified oligonucleotides showed a less inflam-
matory profile (Supplementary Figure S5), again support-
ing the notion that the PN-1 modification may alleviate in-
flammatory effects of PS-modified oligonucleotides.

PN-1 linkages are well tolerated in mice following a single
ICV injection

We evaluated the C9orf72-targeting oligonucleotides in a
series of 8-week single dose ICV tolerability studies in wild-
type C57Bl/6 mice. In these studies, following a single 100
�g ICV injection, the body weight of mice treated with
C9orf72-1124, C9orf72-1129 or C9orf72-1130 was simi-
lar to those treated with PBS (Supplementary Figure S6).
A modified Irwin test was used to observe changes in
health, activity levels or motor function post-dose. Mi-
nor acute changes were noted; oligonucleotide-treated mice
did not differ from PBS-treated mice after 24-h acute
post-dose period (Supplementary Figure S6). We evalu-
ated brains from treated animals for signs of immune ac-
tivation (Gfap and Iba1 expression) or histological abnor-
malities. Brain tissues from mice receiving oligonucleotides
did not notably differ from PBS-treated animals in expres-
sion of immune-activation markers or in appearance upon
histological examination (Supplementary Figure S7), in-
dicating that stereopure PN-1-containing oligonucleotides
were well tolerated in mice following a single 100 �g ICV
injection.

Stereopure PN-1-containing oligonucleotides have potency
benefit in mouse CNS

We initially compared the activity of C9orf72-1130 in the
CNS of C9BAC transgenic mice (37) to treatment with
PBS, a chemistry matched non-targeting control (NTC) or
C9orf72-1377, an oligonucleotide with the same sequence
and chemical modification pattern but that has a fully stere-
orandom backbone (Figure 6A). In mice administered a 100
�g total dose and evaluated two weeks after treatment on-
set, the NTC tracked with PBS treated animals, indicating
that the chemical modifications are not driving non-specific
silencing activity. In all tissues evaluated, C9orf72-1130
(mean C9orf72 V3 expression cortex: 51%; spinal cord:
30%; striatum: 47%; hippocampus: 32%; cerebellum: 47%)
outperformed controls and C9orf72-1377 (mean C9orf72
V3 expression cortex: 83%; spinal cord: 67%; striatum: 82%;
hippocampus: 85%; cerebellum: 62%), indicating that the
stereopure backbone enhanced silencing across the CNS
(Figure 6B). We compared activity profiles with respect
to measured tissue exposure for the oligonucleotides at 2
weeks. The NTC showed a relatively flat response with nom-
inal activity across tissue concentrations (Figure 6C, top
row), indicating again that neither treatment nor the chemi-
cal modifications are driving non-specific silencing activity.
In most tissues, C9orf72-1377 and C9orf72-1130 showed in-
creased silencing activity as tissue exposure increased. In
all tissues, data for C9orf72-1130 was shifted slightly right-
ward, indicating increased tissue exposure, and substan-
tially downward, indicating enhanced silencing, compared
with C9orf72-1377 (Figure 6C, bottom row). However, tis-
sue exposure benefits for the stereopure molecule are mod-
est, indicating that activity gains of the PN-1-containing
oligonucleotide did not just depend on increased tissue con-
centrations.

To evaluate the durability of this response, we assessed
mice treated the same way 8 weeks after the first dose
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Figure 6. Stereopure oligonucleotides exhibit enhanced silencing compared with stereorandom across the CNS. (A) Schematic representation of oligonu-
cleotides used in this study and the dosing regimen (top). Black arrows indicate dosing; light blue arrows indicate evaluation. (B) Relative expression of
C9orf73 V3 at 2 weeks is shown for each treatment group in cortex, striatum, spinal cord, cerebellum, and hippocampus. Data are presented as box and
whisker plots with box from min to max with data from individual mice shown, n = 7, **P < 0.01, *** P < 0.001, ****P < 0.0001; P values calculated
by one-way ANOVA. (C) Relationship between fold change in C9orf72 V3 expression and measured tissue exposure at 2 weeks is shown for NTC (top)
and C9orf72 oligonucleotides C9-1377 and C9-1130 (bottom) in cortex, striatum, spinal cord, cerebellum, and hippocampus. Each point represents one
mouse. Lines represent best-fit for simple linear regression analysis.

(Figure 7A). In all tissues evaluated, C9orf72-1130 (mean
C9orf72 V3 expression cortex: 46%; spinal cord: 15%; stria-
tum: 37%; hippocampus: 25%; cerebellum: 42%) outper-
formed the stereorandom C9orf72-1377 (mean C9orf72 V3
expression cortex: 73%; spinal cord: 49%; striatum: 64%;
hippocampus: 63%; cerebellum: 80%), with expression in
the control rising above the 50% mark in all tissues except
spinal cord for C9orf72-1377, indicating that the stereopure
backbone enhanced durability throughout the brain (Fig-
ure 7B). In all tissues, the percentage of C9orf72 V3 expres-
sion was lower for C9orf72-1130 at 8 weeks than 2 weeks,
suggesting that silencing activity increases with time beyond
two weeks. For C9orf72-1377, C9orf72 V3 expression in-
creased in cerebellum from a mean of 62% at 2 weeks to

80% at 8 weeks, indicating that V3 expression in animals
treated with C9orf72-1377 is recovering. We next compared
activity profiles with respect to measured tissue exposure at
8 weeks.

Once again data for C9orf72-1130 was shifted rightward
and downward, indicating increased tissue exposure and en-
hanced silencing, respectively compared with C9orf72-1377
(Figure 7C). Once again, tissue exposure benefits for the
stereopure molecule were modest, indicating that activity
gains of the PN-1-containing oligonucleotide did not de-
pend on increased tissue concentrations. These data indi-
cate that chimeric stereopure oligonucleotides outperform
their sequence and chemistry matched stereorandom coun-
terparts in the CNS.
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Figure 7. Stereopure oligonucleotides exhibit enhanced silencing durability compared with stereorandom across the CNS. (A) Schematic representation of
oligonucleotides used in this study and the dosing regimen (top). Black arrows indicate dosing; light blue arrows indicate evaluation. (B) Relative expression
of C9orf73 V3 at 8 weeks is shown for each treatment group in cortex, striatum, spinal cord, cerebellum, and hippocampus. Data are presented as box and
whisker plots with box from min to max with data from individual mice shown, n = 7, *** P < 0.001, ****P < 0.0001; P values calculated by one-way
ANOVA. (C) Relationship between fold change in C9orf72 V3 expression and measured tissue exposure at 8 weeks is shown for C9orf72 oligonucleotides
C9-1377 and C9-1130 (bottom) in cortex, striatum, spinal cord, cerebellum, and hippocampus. Each point represents one mouse. Lines represent best-fit
for simple linear regression analysis.

PN-1 linkages support sustained activity against C9orf72 V3
in mouse cortex

To evaluate the impact of PN-1 chemistry compared with
a stereopure oligonucleotide lacking the modification, we
compared the activity of C9orf72-1124 (stereopure PS/PO)
and C9orf72-1130 (stereopure PS/PO/PN) in mouse CNS
focusing on tissues impacted by C9orf72-repeat expansion-
associated pathology in ALS and FTD. To assess activ-
ity, we measured C9orf72 V3 expression in the spinal
cord and cortex 2, 4 and 8 weeks after ICV injection.
C9orf72-1124 significantly depleted V3 expression com-
pared with PBS-treated control in spinal cord at all time
points (mean C9orf72 V3 expression 2 weeks: 31%, 4 weeks:
28%, 8 weeks: 67%; P < 0.001, two-way ANOVA with
multiple comparisons). C9orf72-1130 yielded more effec-
tive and durable silencing in the spinal cord, with signif-
icant knockdown compared with PBS at all time points
(mean C9orf72 V3 expression 2 weeks: 18%, 4 weeks: 14%,
8 weeks: 16%; P < 0.0001, two-way ANOVA with multi-

ple comparisons) (Figure 8A). As expected from our prior
studies (6), the PS/PO molecule C9orf72-1124 was not as
effective in depleting C9orf72 V3 transcripts in cortex as
it was in the spinal cord, yielding significant knockdown
compared with PBS through 4 weeks (mean C9orf72 V3 ex-
pression 2 weeks: 80%, 4 weeks: 68% (P < 0.05), 8 weeks:
88%; two-way ANOVA with multiple comparisons) but
with <50% knockdown at all evaluated time points (Fig-
ure 8B). By contrast C9orf72-1130 yielded significant V3
knockdown in cortex compared with PBS at all time points
(mean C9orf72 V3 expression 2 weeks: 54%, 4 weeks: 48%
(P < 0.05), 8 weeks: 30% P < 0.0001, two-way ANOVA
with multiple comparisons), with the magnitude of knock-
down increasing over time (Figure 8A). These data indi-
cate that the addition of PN-1 linkages improved activity in
the CNS.

To confirm this activity against V3 with a secondary
biomarker, we also evaluated poly-glycine-proline (poly-
GP) levels in the spinal cord and cortex (Figure 8B). Poly-
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Figure 8. Application of PN backbone linkages to C9orf72 increases potency and durability of activity in spinal cord and cortex. (A) Relative fold expression
of C9orf72 V3 (normalized to HPRT) after treatment with PBS (beige), stereopure PS oligonucleotide (C9orf72-1124, light blue) or chimeric PN containing
oligonucleotide (C9orf72-1130, navy blue) in spinal cord (top) and cortex (bottom) at 2, 4 or 8 weeks post dose. Box and whisker plots show minimum to
maximum, and data points represent individual mice, n = 7. two-way ANOVA with multiple comparisons to PBS *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. (B) Relative poly-GP levels detected (relative to PBS) after treatment with PBS (beige), stereopure PS oligonucleotide (C9orf72-1124,
light blue) or chimeric PN containing oligonucleotide (C9orf72-1130, navy blue) in spinal cord (top) and cortex (bottom) at 2, 4 and 8 weeks post-dose.
Data representation and stats are as in panel A, n = 7. (C) PK-PD relationship for stereopure PS oligonucleotide (C9orf72-1124, light blue) or chimeric PN
containing oligonucleotide (C9orf72-1130, navy blue) in spinal cord (left) and cortex (right) at 8 weeks post-dose. The percentage of C9orf72 V3 expression
remaining (PD effect) is plotted with respect to the concentration of oligonucleotide detected in the tissue (PK effect). Shading depicts 95% confidence
intervals. Each point represents data from one mouse. (D) Relative fold expression of C9orf72 protein (normalized to Hprt) after treatment with PBS
(beige), stereopure PS oligonucleotide (C9orf72-1124, light blue) or chimeric PN containing oligonucleotide (C9orf72-1130, navy blue) in spinal cord (left)
and cortex (right) at 8 weeks post-dose. Data are presented as mean ± sd. Each point represents data from one mouse, n = 7.
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GP is a DPR protein produced from both sense and an-
tisense C9orf72 transcripts (44–47) and is a biomarker
for C9orf72-target engagement (48,49). In the spinal cord,
where C9orf72-1124 was most effective, poly-GP levels were
very low at all time points (mean poly-GP levels 2 weeks:
7%; 4 weeks: 0%; 8 weeks: 6%). The persistence of poly-
GP depletion beyond that observed for V3 is consistent
with prior reports (11). C9orf72-1130 had similarly potent
and durable effects up to 8 weeks in the spinal cord (mean
poly-GP levels 2 weeks: 7%; 4 weeks: 0%; 8 weeks: 0%)
(Figure 8B). In the cortex, where the activity differences
between C9orf72-1124 and C9orf72-1130 against V3 were
more profound, we also detected more substantial differ-
ences in poly-GP. C9orf72-1124 significantly decreased the
amount of poly-GP in the cortex at 4 weeks (mean poly-
GP levels 2 weeks: 60%; 4 weeks: 27.5%; 8 weeks: 53%;
P < 0.05, one-way ANOVA), but by 8 weeks, poly-GP levels
had begun to rise. By contrast, C9orf72-1130 significantly
decreased the amount of poly-GP at all time points (mean
poly-GP levels 2 weeks: 31%; 4 weeks: 15%; 8 weeks: 3%;
P < 0.01, one-way ANOVA), and mean levels were lower at
8 weeks than at earlier time points (Figure 8B). These data
are consistent with the conclusion that C9orf72-1130 has a
more durable impact on V3 transcript expression and down-
stream biomarkers than C9orf72-1124, especially in the cor-
tex.

To investigate the source of the improved potency and
durability of C9orf72-1130, we evaluated the relationship
between oligonucleotide concentration in a tissue (pharma-
cokinetic effect, PK) and the amount of V3 knockdown
detected in that tissue (pharmacodynamic effect, PD) for
this in vivo experiment (Figure 8C). To visualize this rela-
tionship, we generated the PK-PD plots shown in Figure
8C. Although some improvement in tissue exposure was
observed for C9orf72-1130 in the cortex (Figure 8C, right
graph, rightward shift of navy dots), improved exposure was
not observed in the spinal cord. In both tissues, the knock-
down of V3 transcripts obtained with C9orf72-1130 was
superior to that of C9orf72-1124 even when tissue expo-
sure levels were comparable, indicating that activity gains
of the PN-1-containing oligonucleotide did not depend on
increased tissue concentrations of the oligonucleotides.

To confirm these oligonucleotides spare V2 and execute
our desired variant-selective mechanism of action, we eval-
uated the expression of all C9orf72 transcriptional variants
(All V) as well as C9orf72 protein expression, as preserv-
ing C9orf72 protein at levels sufficient to avoid haploinsuf-
ficiency is the main reason for pursuing a variant-selective
approach (6). In the 8-week experiment in C9BAC trans-
genic mice, we detected >50% expression of all C9orf72
transcriptional variants at all time points evaluated in
spinal cord and cortex after treatment with either C9orf72-
1124 or C9orf72-1130 (Supplementary Figure S8), indicat-
ing that both oligonucleotides are selective for expansion-
containing variants. These levels of C9orf72 transcript ex-
pression were sufficient to preserve expression of C9orf72
protein, as we did not detect significant changes in pro-
tein expression in the spinal cord (C9orf72-1124 P = 0.83;
C9orf72-1130 P = 0.86 at 8 weeks) or cortex (C9orf72-1124
P = 0.82; C9orf72-1130 P = 0.80 at 8 weeks) of treated mice

compared with PBS controls (Figure 8D). Taken together,
these data support the notion that PN-1 linkages drive ac-
tivity gains for stereopure C9orf72-1130 in the CNS and
preserve a selective mechanism of action against C9orf72
transcriptional variants.

DISCUSSION

Herein, we report the methods necessary to synthesize
various PN-containing stereopure oligonucleotides with
chimeric backbones comprising a combination of PS, PO
and/or PN linkages. We demonstrate that this chemistry is
compatible with an expanding repertoire of ribose-modified
nucleotides, including 2′-MOE, 2′-H, 2′-OMe and 2′-F. This
method is efficient, yielding high stereochemical selectivity
at each chiral backbone position. We applied this chemistry
to investigate the impact of PN-backbone modifications on
the activity and pharmacology of RNase H-active stereop-
ure antisense oligonucleotides, using Malat1 and C9orf72 as
benchmarks. We found that various types of PN-containing
oligonucleotides have superior potency in vitro in cultured
neurons, and oligonucleotides incorporating one of these
backbone types, PN-1, were well tolerated in mice follow-
ing a single ICV administration of 100 �g, and improved
pharmacology and silencing in vivo in CNS compared with
oligonucleotides harbouring only PS and PO linkages.

Application of PN backbone modifications increases the
complexity of oligonucleotide synthesis but also creates a
new opportunity to optimize the silencing and pharmacol-
ogy of these chimeric molecules. Herein, we identify multi-
ple types of PN modifications with potential to improve on
the activity achievable with the PS/PO backbone. For these
investigations, we have focused on the application of the
PN-1 modification to the wings of these molecules. Given
the number of PN backbone types that show some benefit
in vitro and the number of backbone positions in an anti-
sense oligonucleotide, investigations to optimize the posi-
tion and stereochemical configuration of these PN modifi-
cations have the potential to be vast in scope. The advent of
the chiral PS backbone increased the complexity of oligonu-
cleotide synthesis from a single isomer, where every back-
bone linkage was a prochiral PO, to 2n diastereomers, where
n is the number of backbone positions, with synthesis yield-
ing up to 524 288 diastereomers for a 20mer (1). With the
introduction of PN-1, another chiral backbone, the number
of possible permutations of PO, PS and PN backbone con-
figurations in an oligonucleotide further increases this cal-
culation. Because of this complexity, we believe that to gain
insight into the relationship between these new chemistries
and their impact on biological activity, it is advantageous
to evaluate them in a stereopure or largely stereopure
format.

The inclusion of PN-1 in the wings of antisense oligonu-
cleotides increased silencing likely through an RNase H-
independent mechanism, as the PN-1-containing molecules
did not differ from a stereopure PS/PO control in biochem-
ical RNase H experiments assessing their activity levels or
their cleavage patterns. This potency increase is also unlikely
to be Tm driven, as PN modifications do not substantially
alter the Tm of RNA-oligonucleotide heteroduplexes for
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Malat1 or C9orf72. This observation distinguishes PN link-
ages from other chemical modifications (e.g., constrained
ethyl and locked nucleic acid) that have been shown to im-
prove antisense activity (2,50). Improved cellular uptake,
intracellular stability or trafficking could also drive the
observed activity gains, and others have observed cellular
uptake benefits by modulating the charge of the oligonu-
cleotide backbone (51). This increased potency translated
in vivo in CNS, especially in difficult to reach regions of the
brain, as the impact was more evident in the cortex than the
spinal cord for both Malat1 and C9orf72. This improved
potency is likely driven in part by tissue exposure bene-
fits, as PN-1-containing molecules were more abundant in
some brain tissues. However, this is unlikely the only expla-
nation, as potency benefits were observed in these analyses
even when tissue exposure was comparable between PN-1-
containing and PS/PO molecules. In addition to potency
and tissue exposure improvements, the PN-1-containing
molecules exhibited profound improvements in durability,
extending duration of Malat1 knockdown throughout the
brain at ≥80% for at least 10 weeks. Comparably pro-
found durability benefits were also observed for the more
challenging C9orf72 target, where >50% knockdown of
C9orf73 V3 was maintained for at least 8 weeks throughout
the brain, while selectivity for expansion-containing vari-
ants was preserved. Based on these observations, we believe
PN-1 backbone chemistry and its application to generate
chimeric stereopure oligonucleotides represents a major ad-
vance for the field that could have important implications
for oligonucleotide therapeutics designed to address CNS
disease.

Achieving sufficient bioavailability and tissue exposure
at the site of action to achieve the desired pharmacody-
namic effect on the target is an important determinant for
any drug discovery program (52), and this can be partic-
ularly challenging in CNS (53). Currently, successful ap-
plication of antisense oligonucleotides to diseases that im-
pact the CNS depends on administration directly to the
CSF, which enables rapid distribution to most regions of the
brain (39,54). Early clinical success with intrathecally ad-
ministered antisense oligonucleotides was achieved by con-
centrating on pathologies that affect tissues that are readily
accessible from CSF (e.g. spinal cord) (54–56). To build on
this success, we need to increase oligonucleotide exposure
in more difficult to reach regions of the CNS as well as to
prolong their activity, which would help minimize risks as-
sociated with their frequent administration (57). We believe
PN-1 linkages have potential to advance the pharmacology
of oligonucleotide therapeutics on both fronts, and our ap-
plication to C9orf72-associated ALS and FTD best illus-
trates this point. Despite substantial overlap in the clinical
manifestation of C9orf72-ALS and C9orf72-FTD (58–60),
differences in regional manifestation in the brain may im-
pact outcomes in these indications. For those on the ALS
end of the spectrum, neurodegeneration impacts upper and
lower motor neurons of the motor cortex and spinal cord
(61–63). These are more readily accessible tissues for tradi-
tional oligonucleotides. By contrast, neurodegeneration in
FTD primarily impacts cortical neurons of the frontal and
anterior temporal lobes (62). We believe the pharmacologi-
cal benefits of PN-1 backbone chemistry on stereopure an-

tisense oligonucleotides make FTD a more addressable in-
dication with an oligonucleotide therapeutic.
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