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Fluorinated Nucleotide Modifications Modulate
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Antisense oligonucleotides (ASOs) have the potential to
discriminate between subtle RNA mismatches such as SNPs.
Certainmismatches, however, allow ASOs to bind at physiolog-
ical conditions and result in RNA cleavage mediated by
RNase H. We showed that replacing DNA nucleotides in the
gap region of an ASO with other chemical modification can
improve allele selectivity. Herein, we systematically substitute
every position in the gap region of an ASO targeting huntingtin
gene (HTT)withfluorinatednucleotides. Potency is determined
in cell culture against mutant HTT (mtHTT) and wild-type
HTT (wtHTT) mRNA and RNase H cleavage intensities, and
patterns are investigated. This study profiled five different fluo-
rinated nucleotides and showed them to have predictable, site-
specific effects on RNase H cleavage, and the cleavage patterns
were rationalized from a published X-ray structure of human
RNase H1. The results herein can be used as a guide for future
projects where ASO discrimination of SNPs is important.
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INTRODUCTION
Antisense oligonucleotides (ASOs) bind to their cognate mRNA by
Watson-Crick base-pairing and modulate its processing to produce
a pharmacological effect.1 ASOs that function through the RNase
H-based antisense mechanism were first discovered more than three
decades ago when administration of exogenous short DNA oligonu-
cleotides was shown to direct RNA reduction in cells.2 Since those
initial reports, extensive studies have been performed to improve
the drug-like properties of RNase H active ASOs.3 This body of
work resulted in use of phosphorothioate-modified oligonucleotides4

and development of the “gapmer” design, i.e., a DNA gap region of
8–16 nt flanked on either end with 20-modified nucleotides.4 More
than 35 ASOs with this general design are currently in various stages
of clinical trials and one ASO, Kynamro, was recently approved for
the treatment of homozygous familial hypercholesterolemia.5

Following introduction of the gapmer design,6,7 the majority of
studies aimed at improving ASO properties have focused on modi-
fying the wing chemistry. 20-Modified nucleotides, such as 20-O-me-
thoxyethyl RNA (MOE), which enhance ASO RNA-binding affinity
and metabolic stability, have been extensively employed.8 Replacing
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some or all of the MOE nucleotides in the wings with modifications
such as locked nucleic acid (LNA) or S-constrained ethyl (cEt), which
further enhance RNA-binding affinity, provided ASO designs with
improved activity in animal models.9,10

In contrast to modification of the wing region, introducing chemical
modifications in the gap region of RNase H active ASOs has been
investigated less extensively.11,12 We recently showed that intro-
ducing chemical modifications like 2-thio-deoxythymidine13 and
50-substituted DNA analogs14 in the gap region of ASOs can enhance
the discrimination of SNPs between two alleles in the huntingtin gene.
The resulting ASOs showed potent reduction of mutant HTT
(mtHTT) mRNA and protein in patient fibroblasts and in a mouse
model of Huntington’s disease (HD),15 an autosomal dominant dis-
order that is thought to result from expansion of a polyglutamine-en-
coding CAG tract in the huntingtin gene. Allele-selective reduction of
mtHTT by directly targeting the CAG repeat has also been reported.16

As part of the above effort, we also showed that introducing chemical
modifications such as 20-fluoro RNA (FRNA) or 20-arabino fluoro
RNA (FANA) near the 50 end of the gap region in ASO control
(CNTR) (Figure 1) can modulate allele selectivity.17 FRNA and
FANA differ only in the relative configuration of the fluorine atom
at the 20-position of the nucleotide furanose ring. However, the highly
electronegative fluorine atom produces local changes in the confor-
mation of the nucleotide furanose ring,18 which can affect the biolog-
ical properties of the modified ASOs.19

To further understand how fluorinated modifications in the gap
region can modulate the allele selectivity of SNP-targeting ASOs,
we sequentially replaced each DNA nucleotide in ASO CNTR with
FRNA or FANA. FRNA is an RNA-analog adopting a C30-endo
conformation, whereas FANA adopts an unusual O40-endo
ors.
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Figure 1. ASO Design and 7-nt Footprint of the Catalytic Domain of RNase H1 to the DNA Strand of a DNA-RNA Heteroduplex

(A) Sequence and structure of control ASO (CNTR). (B and C) Chemical structure and preferred sugar conformation of fluorinated nucleosides examined. (D and E) The

unique, but overlapping, 7-nt footprint on ASO CNTR for cleavage sites a, b, c, d, and e on (D) mtHTT RNA and (E) wtHTT RNA, respectively. The central T:G mismatch

(underlined) ablates cleavage sites a and b on wtHTT RNA.
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conformation (Figures 1B and 1C)20 and is one of the very few nucle-
otide modifications reported to increase RNA cleavage by RNase
H1.21,22 In addition, we also investigated the effect of replacing
DNA nucleotides with other fluorinated modifications such as 20-flu-
oro-hexitol nucleic acid (FHNA), 20-fluoro cyclohexenyl nucleic acid
(F-CeNA), and 20-fluoro N-methanocarba nucleic acid (F-NMC) for
modulating allele selectivity. FHNA and F-CeNA are ring-expanded
analogs of FRNA. However, the six-membered hexitol ring in
FHNA ismore rigid andmimics the RNA-like C30-endo conformation
of the furanose ring (Figures 1B and 1C).23 In contrast, the cyclohex-
enyl ring in F-CeNA is more flexible and was shown to assume either
the DNA- or RNA-like sugar conformation depending on the
sequence context on its incorporation.24 The 3.1.0 ring system in
F-NMC is locked in the RNA-like C30-endo conformation.25 In this
report, we show that introducing fluorinated modifications within
the gap region can modulate the cleavage of the ASO-RNA heterodu-
plexes by human RNase H1, and that this can produce profound
changes in allele selectivity when targeting SNPs with gapmer ASOs.

RESULTS AND DISCUSSION
ASO Design

We selected a 3-9-3 gapmer ASO with mixed MOE/cEt wings as a
starting point because it exhibits good potency and intermediate allele
selectivity (ASO CNTR, 9-fold selectivity; Figure 1A).26 Each fluori-
nated nucleotide was then walked systematically through the gap to
examine effect on potency and selectivity in cell culture and to inves-
tigate RNase H cleavage patterns and determine relative amounts of
RNA cleavage (for F-CeNA and F-NMC, we only had access to the
pyrimidine analogs).

We had previously characterized the cleavage patterns produced by
recombinant human RNase H1 for ASO duplexes with mtHTT
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Figure 2. Overview of ASO Cell Culture Potencies and Human RNase H1 Activity for ASO:RNA Duplexes

(A) Summary of sequence, IC50, and selectivity data for reducing mtHTT and wtHTT mRNA in human HD fibroblast (GM04022) using FRNA, FHNA, or FANA gap-modified

ASOs. (B and C) Plot of IC50 values in cells (B) versus total cleavage of mtHTT (blue bars) and wtHTT (red bars) RNA after incubation of ASO:RNA heteroduplexes with human

RNase H1 (C).
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RNA and wild-type HTT (wtHTT) RNA, representing the mtHTT
and wtHTT mRNA, respectively (Figures 1D and 1E).17 Five cleavage
sites (a, b, c, d, and e) were identified on mtHTT RNA, whereas only
three cleavage sites were detected on wtHTT RNA. ASO CNTR has a
T:Gmismatch with wtHTT RNA corresponding to the SNP site in the
HTT mRNA, which ablates cleavage sites a and b on wtHTT RNA.
The loss of RNase H1 cleavage sites reduces degradation of the
wtHTT mRNA and provides a rationale for the modest selectivity
observed with this ASO in patient-derived fibroblast cells and in
mice bearing the human HTT transgene.26

Previous work by Nowotny et al.27 had shown that the catalytic
domain of human RNase H1 has a unique 7-nt footprint (Figures
1D and 1E, gray shaded region on ASO) on the DNA-RNA heterodu-
plex for a given cleavage site on the RNA strand. It was anticipated
that introducing modifications at every position in the gap region
22 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
could have a unique and differential impact on the individual cleavage
sites because the modification would be located at a different position
in the footprint for each cleavage site.

Potency toward Complementary mtHTT and G Mismatched

wtHTT RNA in Cell Culture

ASOs were tested in GM04022 fibroblast cells heterozygous at SNP
rs7685686 (A-to-G mismatch). ASOs were transfected using electro-
poration, and RNA knockdown was evaluated 24 hr posttreatment
using an allele-selective quantitative real time polymerase chain reac-
tion (rtPCR) approach that allows simultaneous monitoring of
mtHTT and wtHTT RNA reductions.17 Chemical modification and
position in the gap have pronounced effect on potency against
mtHTT (Figure 2). Moving FRNA 1 or 2 nt into the gap results in
slightly improved potency relative to control ASO (Figure 2B, posi-
tion A4 and T5); however, further walking 1 and 2 nt into the gap
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led to significant reductions in potency (position T6 and G7). Inter-
estingly, positioning of an FRNA modification in the middle of the
gap (position T8) restores the potency relative to control ASO.
Further moving of FRNA through the gap had only minor effects
on potency except at the last position (C12), where potency is
improved. Potency against T:G mismatched wtHTT is also very posi-
tion dependent, but trends are not similar to on-target potencies.
FRNA allele selectivity is improved (i.e., wtHTT potency is reduced)
upon moving the modification from the 50-gap junction toward the
center (Figure 2, top, position 4–7); however, positioning FRNA
across from the mismatch (T8) reduces selectivity as compared
with the control ASO. Further moving FRNA to the 30 part of the
gap leads to high selectivity at position A10 and low selectivity at po-
sitions C9 and C12.

Moving FHNA through the gap has similar but more pronounced ef-
fects relative to FRNA (Figure 2). Potencies against mtHTT are in
most cases reduced as compared with FRNA at the same position
and only at a few positions similar to FRNA (at positions A4, T8,
and C12). Inhibitor concentration where target is reduced by 50%
(IC50) for wtHTT are generally higher for FHNA relative to FRNA,
which in most cases results in better allele selectivity. It is important
to note that general trends when moving FRNA and FHNA through
the gap are similar against mtHTT, as well as wtHTT (Figures 2B and
2C). The similar properties but more pronounced effects when
comparing FHNA with FRNA can be rationalized by comparing their
conformations (Figure 1C). Although FHNA features a six-
membered sugar ring, it positions the nucleobase, O30-, and O50-sub-
stituents very similar to a 30-endo furanose nucleotide, and because of
the rigid cyclohexane chair conformation FHNA behaves similar to
20,40-constrained nucleotides like LNA.23

FANA exhibits properties that are markedly different relative to the
RNA-like modifications. Potency against complementary mtHTT
RNA is similar or better than the control ASO at every position in
the gap (Figure 2A). This is in line with previous reports showing
that FANA is one of a handful of chemically modified nucleotides
that increase potency of ASOs when positioned in the gap.28 Gener-
ally, potency against mismatched wtHTT is also increased relative to
control, but there are two notable exceptions: FANA at position A10
is exhibiting excellent selectivity; interestingly, FRNA and FHNA are
also very selective at this position. Also, positioning FANA across
from the SNP (at T8) results in improved allele selectivity, which is
especially interesting because a large number of modifications were
previously evaluated at this position, but FANA is the only one that
significantly improves allele selectivity.17 It is also worth noting that
although FANA generally improves potency for both mtHTT and
wtHTT, in most cases the allele selectivity is reduced or similar to
the control ASO (Figure 2A).

Human RNase H1 RNA Cleavage and Comparison with In Vitro

Data

The very position-dependent effects on cell culture RNA reduction
likely arise from differential interactions with RNase H1. Therefore,
to better understand the cell culture data, we measured human RNase
H1-mediated RNA cleavage for ASOs duplexed with either 19-mer
complementary RNA (mtHTT) or G mismatched RNA (wtHTT).

There is a very general trend when walking FRNA and FHNA
through the gap with complementary RNA: as the modification is
walked toward the center, less total RNA is cleaved, with the least
amount cleaved when modifying position T8 (Figure 2C). This
observation is consistent with previous reports that most chemically
modified nucleotides are disruptive toward RNase H-mediated cleav-
age.11,12 At most positions, however, the reduction in total RNA
cleavage is small, and it is possible that small changes will have little,
if any, effect in biological systems where ASOs can behave in a cata-
lytic manner to degrade RNA.29,30 FANA again behaves differently
and exhibits similar or increased RNA cleavage at all positions except
when positioned at T8.

RNase H1-mediated RNA cleavage has very distinct trends for each
modified nucleotide against mtHTT RNA, whereas it is more compli-
cated against RNA with a centrally positioned G mismatch (wtRNA).
FRNA and FHNA have similar trends, but the magnitude is different
and FHNA has themost pronounced effects.Whenmoving themodi-
fication from the 50 end of the gap toward the center, reduced wtHTT
RNA is cleaved (from A4 to G7; Figure 2D); however, modifying
position T8 results in wtHTT RNA cleavage similar to control ASO.
Further walking the modification toward the 30 end of the gap has mi-
nor effects on RNA cleavage. FANA substitution results in similar or
increased wtHTT RNA cleavage, which is especially notable at posi-
tions T5, T6, and G7. The only position where FANA substitution re-
sults in considerably less wtHTTRNA cleavage is across from the SNP
(position T8); unfortunately, this position also has reduced mtHTT
RNA cleavage, although cell culture potency is similar to control ASO.

Good correlation between cell culture potency and human RNase H1
cleavage will make it much easier to develop more mismatch-selective
ASO designs because biochemical RNase H-mediated RNA cleavage
assays are much simpler, faster, and give better signal-to-noise ratios
relative to cell culture and animal experiments. For FHNA there is
good linear correlation for wtHTT reduction, whereas mtHTT reduc-
tion shows little correlation. In general, there is good correlation be-
tween cell culture potency and human RNase H1 cleavage when
comparing only the 50 end of the gap (A4, T5, T6, and G7), but little
overall linear correlation whenmodifying the 30 end of the gap. The 50

end of the gap is where the catalytic domain of human RNase H1
binds the heteroduplex.27 It is possible that other factors in the cell
are important for human RNase H1 interactions with the 30 end of
the gap.31 Notably, the RNase H biochemical assay does not explain
the good selectivity of any of the modifications when substituted at
position A10 (Figure 2A) or the good selectivity exhibited by
FANA when inserted across from the SNP site. ASO potency, how-
ever, is affected by many factors in addition to RNase H. ASO binding
to intracellular proteins has been shown in some cases to alter
potency32 and, in particular, oligonucleotides incorporating fluori-
nated nucleotides occasionally exhibit enhanced binding to certain
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 23
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Figure 3. Important Interactions between the Catalytic Domain of RNase H1 and the DNA Strand of a DNA-RNA Heteroduplex

(A) The 7-nt footprint of the RNase H1 catalytic domain on the DNA strand for a given cleavage site (scissile phosphate). For the RNA strand (green carbons), only the 2 nt

flanking the cleavage site are shown for clarity. (B) Conformational analysis and positional preference of the sugar puckers of the individual nucleotides in the 7-nt footprint. (C)

The unique, but overlapping, 7-nt footprint on ASO CNTR for cleavage sites a, b, c, d, and e on mtHTT RNA. Every nucleotide is located at a different position in the footprint

for the individual cleavage sites. For example, G7 is located at positions 1, 2, 3, 4, and 5 of the footprint for cleavage sites a, b, c, d, and e, respectively.
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proteins.33 Furthermore, it cannot be ruled out that chemical modifi-
cation patterns can affect ASO uptake pathways.34

Structural Analysis of the RNase H1 Cleavage Footprint for Gap-

Modified ASOs

Human RNase H1 is a ubiquitously expressed enzyme that is
comprised of three domains: catalytic, RNA-binding, and linker
domains. The crystal structures of the catalytic and RNA-binding
domains of human RNase H1 bound to DNA-RNA heteroduplexes
have been described by Nowotny et al.27 and were used to better
understand the cleavage patterns observed in our experiments.
The catalytic domain of human RNase H1 has a unique 7-nt foot-
print on the DNA-RNA heteroduplex for every individual cleavage
site (Figures 3A and 3B). As a result, each nucleotide in the DNA
strand will be located at a different position within the footprint
based on the register in which the enzyme binds the heteroduplex
(Figure 3C).

The catalytic domain of human RNase H1 makes several key contacts
with the DNA and RNA strands of the heteroduplex (Figures 3A and
24 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
3B). The side chains of amino acids Asn151, Asn182, and Gln183
make several key H-bonding interactions with the nucleobases in
the major groove. As a result, introducing nucleobase modifications
such as 2-thio dT can disrupt specific cleavage sites depending on
their position of incorporation in the ASO gap region.13 The enzyme
alsomakes key interactions with a phosphodiester linkage of the DNA
strand within the phosphate binding pocket formed by amino acids
Arg179, Thr181, and Asn240. Another key site of interaction is within
the hydrophobic DNA-binding channel formed by the aromatic
amino acids Phe213, Trp221, and Trp225. The aromatic side chains
of these amino acids make close hydrophobic contacts with the bot-
tom face of the DNA sugars. This provides specificity for DNA over
RNA as the 20-hydroxyl groups in RNA disrupt the hydrophobic
contacts. Lastly, the enzyme makes a weak contact (Ser233) with
the non-Watson-Crick face of the nucleobase at the last position of
the footprint. This contact can be disrupted using bulky C5-modified
pyrimidine nucleobases.13

The enzyme also produces numerous structural distortions in the
DNA strand, which provide insights into why certain modifications



Figure 4. RNase H Cleavage Patterns for FHNA

Gap-Modified ASOs

(A and B) Analysis of human RNase H1 cleavage patterns

for FHNA gap-modified ASOs on (A) mtHTT RNA and (B)

wtHTT RNA. (C) Structure and conformational equilibrium

of the six-membered hexitol ring of FHNA. (D) Detailed

analysis of the 7-nt footprint (gray shaded) on (D)

ASO/mtHTT RNA and ASO/wtHTT RNA. The red letters

depict position of FHNAnucleotide, and the cleavage sites

on the RNA are shown using arrows. The yellow shaded

areas indicate sites where RNase H1 is able to cleave the

RNA strand, and the blue shaded areas indicate sites

where FHNA ablates cleavage by RNase H1. The green

shaded areas indicate sites where cleavage is ablated by

the T:G mismatch corresponding to the SNP site.
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are tolerated at specific positions in the gap region, but not at others
(Figure 3B). For example, the DNA sugar of the first nucleotide of
the footprint for a given cleavage site is in an RNA-like C30-endo
conformation. The DNA sugars of the second and third nucleotides
are in the canonical DNA-like C20-endo sugar pucker, whereas the
DNA sugar of the fourth nucleotide is in a conformation that resem-
bles O40-endo. The conformation of the DNA sugars of nt 5 and 6
resemble an RNA-like C30-endo sugar pucker, whereas the DNA
sugar of nt 7 appears to be somewhat flexible. The paradoxical
requirement for the DNA sugars at positions 4, 5, and 6 to be in
an RNA-like conformation is better understood from a structural
perspective. The RNA-like conformation positions the 30-phospho-
diester linkages in a pseudo-equatorial orientation that facilitates
closer hydrophobic contacts with the bottom face of the DNA
sugars. Lastly, the complex structural requirements are further
complicated as each nucleotide in the gap region is located at a
different position within the 7-nt footprint for any given cleavage
site (Figure 3C).

Analysis of Cleavage Patterns for FHNA Gap-Modified ASOs in

Matched and Mismatched Duplexes

Introduction of FHNA at the 30 edge of the gap region (C12) has no
noticeable impact on the cleavage pattern relative to the control
ASO CNTR with a 9-base DNA gap (Figures 4A and 4B). FHNA
at C12 corresponds to position 6 for cleavage site “a” and position
7 for site “b,” but is not part of the footprint for sites “c,” “d,”
and “e.” FHNA at T11 corresponds to position 5 for cleavage site
Molecu
“a,” position 6 for “b,” and position 7 for “c”
(Figure 4D). FHNA at T11 ablates cleavage
site “a,” but not sites “b” and “c.” This suggests
that FHNA is tolerated at positions 6 and 7,
but not at position 5 of the footprint. This is
surprising because the DNA sugar at position
5 is in the RNA-like C30-endo conformation
that is mimicked by FHNA (Figure 4C). This
suggests that the larger six-membered ring of
FHNA is not accommodated within the hydro-
phobic DNA-binding channel or in the vicinity
of the phosphate-binding pocket region of the catalytic domain of
RNase H1.

Similarly, FHNA at A10 ablates “a” and “b”; C9 ablates “a,” “b,” and
“c”; and T8 ablates “a,” “b,” “c,” and “d” because it is located at posi-
tions 2, 3, 4, and 5 of the footprint for sites “a,” “b,” “c,” and “d.” Inter-
estingly, FHNA at T8 does not ablate site “e” because it is now located
at position 6 of the footprint for this cleavage site. Interestingly, cleav-
age site “e” is located at the 50 edge of the gap region, where it is
flanked with a cEt modification, which is “locked” in the RNA-like
conformation. This tolerance for cEt at position 1 can be rationalized
because the DNA sugar at position 1 in the crystal structure is in the
RNA-like conformation that is mimicked by cEt.

This becomes apparent again when FHNA is incorporated at G7,
which restores cleavage site “a.” In this position, FHNA is at position
1 and cEt at position 7 of the footprint, where both modifications are
tolerated. This ASO now effectively has a 5-base DNA gap that was
previously shown to be the minimum length required for catalysis
by RNase H1.7 Along these lines, FHNA at T6 restores cleavage at
sites “a” and “b”; FHNA at T5 restores “a,” “b,” and “c”; and FHNA
at A4 restores “a,” “b,” “c,” and “d,” but ablates “e” because it is not
tolerated at position 2 of the footprint.

The FHNA-modified ASOs versus the mismatched wtHTT RNA
follow the same rules except that the T:G mismatch ablates cleavage
sites “a” and “b” because RNase H1 does not tolerate mismatches in
lar Therapy: Nucleic Acids Vol. 7 June 2017 25
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Figure 5. RNase H Cleavage Patterns for FANA

Gap-Modified ASOs

(A and B) Analysis of human RNase H1 cleavage patterns

for FANA gap-modified ASOs on (A) mtHTT RNA and (B)

wtHTT RNA. (C) Structure and preferred conformation of

the furanose ring in FANA. (D) Detailed analysis of the 7-nt

footprint (gray shaded) on (D) ASO/mtHTT RNA and

ASO/wtHTT RNA. The red letters depict position of FANA

nucleotide, and the cleavage sites on the RNA are shown

using arrows. The yellow shaded areas indicate sites

where RNase H1 is able to cleave the RNA strand. The

green shaded areas indicate sites where cleavage is ab-

lated by the T:Gmismatch corresponding to the SNP site.
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the vicinity of the cleavage site. FHNA at positions T5, T6, and G7
ablate cleavage sites “c,” “d,” and “e,” which translates to excellent
allele selectivity in HD patient fibroblasts. However, FHNA at T6
and G7 also reduces overall cleavage of mtHTT RNA (Figure 2),
which reduces potency, thus making the improved selectivity
less interesting. Overall, all the observations for FHNA also apply
for FRNA given that FHNA generally mimics FRNA in its confor-
mational properties.18 However, the furanose ring in FRNA is
more flexible, resulting in less intense ablation of certain cleavage
sites for both matched and mismatched duplexes (supporting
Figure S5).

Structural Analysis of theRNaseH1CleavageFootprint for FANA

Gap-Modified ASOs

Introducing FANA at C12, T11, and A10 had no noticeable effect on
the RNase H cleavage patterns for mtHTT RNA relative to control
ASO CNTR (Figures 5A and 5B). This suggests that FANA is toler-
ated at positions 4, 5, and 6 of the footprint. Slight ablation of “a”
was seen with FANA at C12, suggesting that position 6 may not a
preferred position for FANA. Interestingly, FANA at C9 almost
completely focused RNase H1 cleavage at site “a,” suggesting that
position 3 in the footprint is a highly preferred site for FANA. This
preference is also seen with FANA at T8, G7, T6, and T5, which
corresponds to position 3 in the footprint for sites “b,” “c,” “d,” and
“e,” respectively.

The strong preference for FANA at position 3 of the footprint is
interesting because the DNA sugar at this position in the crystal
26 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
structure is in the DNA-like C20-endo confor-
mation, which FANA can adopt but is not
preferred.20 This region of the crystal structure
is where RNase H1 makes several intimate
contacts with the nucleobases in the major
groove, and the 20-fluorine in the “ara” config-
uration in FANA might be able to modulate
these interactions. Alternately, incorporation
of a fluorine atom at the 20 position of the
furanose ring facilitates CH,,,O type interac-
tions between the 20-hydrogen atom and the
40-oxygen of the adjacent nucleotide.35 This
could potentially help pre-organize the DNA strand for more effi-
cient cleavage.

The FANA-modified ASOs versus the mismatched wtHTT RNA
follow the same rules except that the T:G mismatch ablates cleavage
sites “a” and “b.” However, because FANA is essentially tolerated at
all positions of the footprint, complete ablation of RNase H1 cleavage
on wtHTT RNA does not take place with FANA at any position in the
gap. The improved selectivity seen with FANA at certain positions is
more a result of enhanced potency versus the mutant allele as opposed
to reduced activity versus the wild-type allele (Figure 2). However, the
improved potency and selectivity with FANA (or FRNA) at A10
cannot be rationalized by analysis of cleavage patterns and suggests
that additional factors may be involved in determining activity and
selectivity for some ASOs.

F-CeNA Substitution

F-CeNA-modified ASOs generally exhibit mtHTT reductions that are
very similar to the control ASO at the positions tested (Figure 6).
wtHTT reduction and allele selectivity are in most cases similar to
FRNA and FHNA; however, because of the good mtHTT potency
at position T6, F-CeNA exhibits the best properties of all the
modifications examined when placed at this position. F-CeNA has
an RNase H cleavage pattern that at most positions resembles
FRNA; position T6, though, is a notable exception (Figure 6C)
because mtHTT RNA cleavage bands at the main cleavage sites a
and c are at similar intensities to CNTR ASO, whereas for FRNA
they are significantly reduced. Thus, F-CeNA behaves similar to the



Figure 6. Cell Culture Potency and RNase H Cleavage Patterns for F-CeNA

Gap-Modified ASOs

(A) Structure and preferred conformation of the furanose ring in F-CeNA. (B and C)

Cell culture potency and allele selectivity (B), and human RNase H1 cleavage of

mtHTT and wtHTT RNA hybridized to ASOs containing F-CeNA substitutions (C).
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RNA-like modifications FRNA and FHNA, although it reduces
RNase H-mediated RNA cleavage less than FRNA and FHNA.

Comparing North-Methanocarba with F-North-Methanocarba

To further investigate the effect fluorine substitution can have
on ASO properties, we investigated 20-F-North-methanocarba
(F-N-MC)36 in the huntingtin SNP system. Because the non-fluori-
nated nucleotide North-methanocarba (N-MC) is conformationally
restricted in the 30-endo configuration,37,38 fluorine substitution will
have minimal influence on the sugar pucker (Figure 7A). Previous
biophysical examination, however, showed that F-N-MC improved
thermal stabilization with cRNA relative to parent nucleotide
N-MC.36 This stabilization was attributed to increased polarization
of the nucleobase, likely resulting in improved Watson-Crick base-
pairing and base stacking.39

F-N-MC-substituted ASOs are generally slightly more potent than
parent N-MC ASOs in cell culture, whereas allele selectivity is similar
(Figure 7C). Potency can be explained by the improved thermal sta-
bility of F-N-MC containing oligonucleotides relative to N-MC, but
favorable interactions with RNase H cannot be ruled out. At one
position, though, the trend is reversed. When modifying position
T11, N-MC-substituted ASO is approximately 2-fold more potent
than F-N-MC containing ASO (Figure 7C). This peculiar effect,
though, can be explained by examining RNase H cleavage patterns
(Figure 7B). Although the cleavage patterns are very similar for the
two modifications, it is striking that at position T11, F-N-MC
containing ASO has reduced cleavage at the normally main cleavage
site “a.” It is possible that the fluorine at position T11 has a negative
impact on the RNase H footprint.

Conclusions

This work has systematically investigated incorporation of fluori-
nated nucleotides in the gap region and finds a specific RNase H
cleavage footprint for each nucleotide. Accordingly, it is possible
to modulate RNase H cleavages when introducing fluorinated
nucleotide modifications in the gap region using rational design
principles to generate more mismatch-selective ASOs. Fluorination
of nucleotides is a straightforward method to alter the properties of
the nucleotides without adding much steric bulk. By incorporating
such nucleotides systematically into the gap of an ASO targeting a
huntingtin SNP, we have found multiple modifications and
positions in the gap that significantly improve allele selectivity
without affecting potency. Previous work has shown that at this
SNP the ASO allele selectivity can simply be increased by
decreasing the gap size from 9 to 7 nt.17 Our work provides addi-
tional chemical design options to modulate the activity selectivity
profile of SNP-targeting ASOs for the treatment of autosomal
dominant disorders.

MATERIALS AND METHODS
ASO Solid-Phase Synthesis

Protected FRNA and FANA phosphoramidites were purchased from
commercial sources. FHNA,23 F-CeNA,24 N-MC,37 and F-N-MC36

phosphoramidites were synthesized as described in the literature.
ASOs were synthesized on an ABI 394 DNA/RNA Synthesizer on
a 2 mmol scale using 5-methyl cytidine MOE-loaded primer support
(215 mmol/g). Standard conditions were used for incorporation
of DNA amidites, i.e., 3% dichloroacetic acid (DCA) in dichloro-
methylene (DCM) for deblocking; 1 M 4,5-dicyanoimidazole,
0.1 M N-methylimidazole in acetonitrile as activator, 0.1 M phos-
phoramidites dissolved in acetonitrile or, if necessary, in acetonitri-
le:toluene 1:1 (v:v), 2 � 4 min coupling times for coupling; Cap A:
acetic anhydride in tetrahydrofuran (THF), Cap B: 10% 1-methyli-
midazole in THF/pyridine for capping and 0.2 M phenylacetyl
disulfide in pyridine:acetonitrile 1:1 (v:v) aged for at least 48 hr. After
synthesis, the final 4,4’-dimethoxytrityl (DMT) was cleaved, cya-
noethyl-protecting groups were removed using triethylamine:aceto-
nitrile 1:1 (v:v), and the remaining protecting groups were cleaved in
concentrated aqueous ammonia at room temperature for 12 hr or
until fully deprotected. ASOs were purified using ion exchange
(IE)-HPLC using a linear gradient of buffer A (50 mM NaHCO3

in acetonitrile:water 3:7 [v:v]) and buffer B (1.5 M NaBr, 50 mM
NaHCO3 in acetonitrile:water 3:7 [v:v]). Purified ASOs were
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 27
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Figure 7. Comparing the Activity and Selectivity

Profile of N-MC and F-N-MC Gap-Modified ASOs

(A and B) Chemical structures and preferred conformation

of the furanose ring of the two modifications (A); human

RNase H1 cleavage of mtHTT RNA hybridized to ASOs

containing N-MC or F-N-MC at either T in the gap (B). (C)

Cell culture potency and allele selectivity.
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desalted using C18 reverse-phase cartridges. ASO purity was deter-
mined by high performance liquid chromatography (HPLC) and
identity by mass spectrometry (Table S1).
Cell Culture mRNA Knockdown

GM04022 fibroblast cells were trypsinized and resuspended to a den-
sity of 400,000 cells/mL in growth medium prior to transfection with
varying concentrations of ASO using electroporation (115 V, 6 ms).
Cells were maintained at 37�C and 5% CO2 in minimal essential
medium containing 15% fetal bovine serum, non-essential amino
acids, and penicillin-streptomycin. After 24 h the cells were washed
with Dulbecco’s PBS and lysed. RNA was extracted using the
QIAGEN RNeasy96 kit, and human HTT mRNA alleles were quan-
titated using the qPCR assay C_2231945_10 at SNP rs362331 (Life
Technologies). Mutant huntingtin (muHTT) and wtHTT mRNA
levels were determined simultaneously using two different fluoro-
phores: 6-carboxyfluorescein for muHTT and a fluorophore with
structure not given by commercial vendor (VIC) for wtHTT
mRNA. Quantitative rtPCRs were performed on an ABI 7900 HT
instrument using the quantitect Prote rtPCR kit following the manu-
facturer’s instructions. HTTmRNA levels were normalized relative to
total RNA content measured using Ribogreen. All experiments were
performed in duplicates, and data are expressed as means ± SD.
Dose-response curves were analyzed using non-linear regression
with normalized response and variable slope, and IC50 values calcu-
lated using GraphPad Prism version 5. All dose-response curves are
shown in the Supplemental Information (Figures S1–S4). Allele selec-
tivity was calculated by dividing the IC50 for inhibiting wtHTT with
the IC50 for inhibiting muHTT.
28 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
Human RNase H1 Cleavage Pattern and

Cleavage Intensity

RNAwas 50 end labeled with 32P using 20U of T4
polynucleotide kinase, 120 pmol (7000 Ci/mmol)
of (g-32P)ATP, 40 pmol of RNA, 70 mM Tris-
HCl, 10 mM MgCl2, and 50 mM dithiothreitol
at pH 7.6. The labeling reaction was incubated
at 37�C for 30 min followed by heating at 90�C
for 1 min. Labeled RNA was purified using 12%
denaturing polyacrylamide gel. ASO (200 nM),
unlabeled 19-mer RNA (100 nM), and a small
amount of 32P-labeledRNAwasmixed in hybrid-
ization buffer (20mMTris-HCl, 20mMKCl [pH
7.5]) andheated to 90�C for 2min. To the hybrid-
ization mixture was added 0.1 mM (tris(2-car-
boxyethyl)phosphine) (TCEP), 1 mM MgCl2,
and 40 U of RNaseOUT, and it was incubated at 37�C for 1 hr. The
human RNase H1 enzyme was incubated in dilution buffer (20 mM
Tris-HCl, 50mMKCl, 2 mMTCEP [pH 7.5]) for 1 hr at room temper-
ature. Enzyme solution (4% volume relative to duplex solution) was
added to duplex solution and incubated at 37�C. After 6 min, reaction
was quenched by addition of loading buffer and snap-frozen on dry ice.
Cleavage products were separated using 12% denaturing polyacryl-
amide gel electrophoresis, and products were quantitated on a Phos-
phor-Imager. RNA sequences used herein were: 19-mer muHTT
RNA, 50-CUGGUGAUGACAAUUUAUU-30; 19-mer wtHTT RNA,
50-CUGGUGAUGGCAAUUUAUU-30. Identity of RNA cleavage
products was determined by separating cleavage products on ion-pair-
ing reverse-phase HPLC and determining cleavage products using
electrospray ionization mass spectrometry as previously described.17
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