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Methods for the quantification of antisense oligonucleotides (AONs) provide insightful information on biodis-
tribution and intracellular trafficking. However, the established methods have not provided information on the
absolute number of molecules in subcellular compartments or about how many AONs are needed for target gene
reduction for unconjugated AONs. We have developed a new method for nuclear AON quantification that enables
us to determine the absolute number of AONs per nucleus without relying on AON conjugates such as fluor-
ophores that may alter AON distribution. This study describes an alternative and label-free method using sub-
cellular fractionation, nucleus counting, and locked nucleic acid (LNA) sandwich enzyme-linked immunosorbent
assay to quantify absolute numbers of oligonucleotides in nuclei. Our findings show compound variability (di-
versity) by which 247,000-693,000 LNAs/nuclei results in similar target reduction for different compounds. This
method can be applied to any antisense drug discovery platform providing information on specific and clinically
relevant AONSs. Finally, this method can directly compare nuclear entry of AON with target gene knockdown for

any compound design and nucleobase sequence, gene target, and phosphorothioate stereochemistry.
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Introduction

THE ABILITY OF organisms to regulate gene expression is
essential for survival. Organisms have evolved to con-
tain endogenous mechanisms that allow the cells to regulate
RNAs and proteins from transcription to post-translational
levels [1,2]. Antisense oligonucleotides (AONs) are short
nucleic acids that are frequently used to inhibit or activate the
expression of genes of interest [3-5].

After the first report of antisense gene silencing in 1978
[6], hundreds of potential oligonucleotide drugs have been
tested in clinical trials for treatment of many different dis-
eases, including spinal muscular atrophy and Duchenne
muscular dystrophy [7-9]. In 2016, Spinraza, a chemically
modified AON, was approved to treat spinal muscular at-
rophy, becoming the only Food and Drug Administration
approved treatment for this disease [10].

Once delivered to a cell or organism, the AON must mi-
grate to its complementary target sequence ‘‘unassisted’’
because of the lack of endogenous cellular machinery to
protect, guide, or traffic the oligonucleotide to the target [11].
Unmodified synthetic DNA and RNA are sensitive to nu-
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clease digestion, and chemical modifications are incorporated
into the backbone of the AONs to inhibit nuclease digestion,
aid in biodistribution, and to increase the affinity and potency
of an AON to its desired target.

There are numerous chemical modifications of the oligo-
nucleotide backbone [12], but in this study we only used fully
phosphorothiolated (PS) locked nucleic acid (LNA) oligo-
nucleotides (Fig. 1) [13-21]. Synthesis of PS internucleoside
linkages is not stereo controlled, and therefore two stereo-
chemical configurations Rp and Sp are created at each coupling.
Consequently, all LNA oligonucleotides consist of diastereo-
isomer mixtures (ie, 2", n=PS internucleoside linkages) [22].

Single-stranded AONSs can bind to and interact with many
different target classes. AONs can inhibit miRNA expression
[23-25], induce alternative splicing [26-31], and inhibit
mRNA expression by both a steric block [32,33], and an
RNase recruiting mechanism [34,35]. Except for miRNA
inhibition, it has been shown that AON activity is most ef-
fective in the nucleus [36], and in applications involving
splice modulation, nuclear entry of AONS is crucial. Because
AONSs are predominantly taken up by cells through endocy-
tosis [37].
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It is an ongoing challenge for AON therapeutics to design
compounds that escape the endosomes and efficiently enter
the nucleus. There have been many reports on the cellular
distribution of single-stranded oligonucleotides [38,39], but
the experiments cannot always be directly correlated to
therapeutic applications or in vivo potential [38].

At present, most studies on intracellular presence and traf-
ficking rely on covalent attachment of a fluorophore onto the
oligonucleotide [38-43]. These studies involving fluores-
cently labeled oligonucleotides are beneficial to understanding
the distribution, and some constructs mimic very well the
situation of unconjugated AON [44]. However, chemically
modified AONs will not, or cannot, act exactly in vitro and
in vivo as the unconjugated AON, and some reports have
shown that certain modifications or fluorescent tags alter the
properties of an oligonucleotide significantly [45-48].

Other methods that are used to quantify AONs are capil-
lary gel electrophoresis and liquid chromatography—mass
spectrometry (LC-MS) [49]. Although the methods are
quantitative, they require extensive optimization for purifi-
cation of the full-length AON from the metabolites in bio-
logical samples [50-52]. However, as reported by Erb et al.
[53] the limit of detection for AONS is in the nanomolar range
that may exclude nuclear retained oligonucleotides from the
analysis. LC-MS is an important tool for whole-cell or whole-
tissue quantification, but our method may be applied to much
smaller quantities of AONs. Furthermore, as our methods
require LNA capture probes to target a full-length AON, any
potential AON metabolites will not be captured and thus,
included in the quantification.

We developed a novel quantification method for unlabeled
AONs in the nucleus of cells. Using this method, we deter-
mined LNA content in the nuclei for several molecules and
correlated the data to target gene knockdown for different
gene targets. In a concentration—response experiment, we
showed that the number of LNAs per nucleus, after a mini-
mum detection threshold is met, is proportional to target
transcript reduction. However, comparing across several
targets and compounds we demonstrate that a high nuclear
concentration alone is not the only determinant for strong
target transcript level reduction.

Materials and Methods

Synthesis of LNA gapmers and enzyme-linked
immunosorbent assay probes

Oligonucleotides were synthesized on a MerMade192 in-
strument in 1 pmol scale on UnyLinker controlled pore glass
(CPQ) solid support using phosphoramidite monomers and a

LNA gapmer (LNA-DNA-LNA)

Molecular structures and chemical modifications used in this work.

synthesis cycle consisting of detritylation, coupling, sulfur-
ization or oxidation, and capping. Three percent trichloroacetic
acid in dichloromethane was used for detritylation, 0.25 M
dicyanoimidazole in acetonitrile was used as activator, 0.1 M
xanthane hydride in 1:1 pyridine and acetonitrile was used for
sulfurization, tetrahydrofurane/water/pyridine/iodine 90.54/
9.05/0.41/0.43 (v/v/viw) was used for oxidation, acetic an-
hydride/tetrahydrofurane 9.1/90.9 (v/v) was used as CapA
and tetrahydrofurane/N-methylimidazole/pyridine 8/1/1 (v/v/v)
was used as CapB. After completion of solid-phase synthesis,
the oligonucleotide was cleaved from the support and de-
protected by suspending the solid support in concentrated
aqueous ammonia at 55°C for 4h. Unconjugated oligonu-
cleotides were synthesized 4,4’-dimethoxytrityl group ON
(DMT-ON) and purified by reversed-phase solid-phase ex-
traction on Agilent TopDNA cartridges. 5’-Digoxigenin
(DIG) labels were synthesized by conjugation of DIG N-
hydroxysuccinimide (NHS) ester (Sigma Aldrich) to
aminododecyl-modified oligonucleotides as described
hereunder. The aminododecyl label was introduced during
solid-phase synthesis as a phosphoramidite (5’-TFA-Amino-
Modifier-C12-CE Phosphoramidite from Link Technologies)
in the final coupling cycle. 3’-Biotin labels were synthesized
by conjugation of Biotin NHS ester (Sigma Aldrich) to amino
C6-modified oligonucleotides as described hereunder. The
amino C6 label was introduced during solid-phase synthesis
as a solid support (3’-Amino Modifier TFA Amino C-6 Icaa
CPG 1000 A from ChemGenes). Conjugation of NHS esters
to amino-modified oligonucleotides: After cleavage and de-
protection of the aminohexyl oligonucleotide, the ammonia
was removed in vacuo, and the oligonucleotide was dissolved
in 1 mL water, and filtered through a 0.45 um syringe filter.
Thereafter the aminohexyl-labeled oligonucleotides were
precipitated as lithium salt by addition of SmL 2% (w/v)
LiCIQO, in acetone to prepare for conjugation. The precipitate
was recovered by centrifugation, and the supernatant was
decanted. The resulting oligonucleotide pellet was dissolved
in 200 pL, 100 mM sodium carbonate buffer pH 8.5. To this
solution was added 2.5mg of the respective NHS ester in
75 pL anhydrous dimethyl sulfoxide. The conjugation pro-
ceeded overnight. Thereafter the product was precipitated
from the solution by addition of 1 mL 2% (w/V) LiClOy in
acetone. The precipitate was recovered by centrifugation, and
redissolved in 1 mL MilliQ water filtered through a 0.45 pm
syringe filter. The conjugates were purified by preparative
reversed-phase high-performance liquid chromatography on
a Jupiter C18 column with a 5%—60% acetonitrile gradient in
0.1 M ammonium acetate pH 8 in MilliQ water over 15 min
with a flow rate of 5 mL/min. Fractions were collected based



on absorption at 260 nm. The fractions containing desired
product were concentrated in vacuo and dissolved in phosphate-
buffered saline (PBS) buffer. All products were analyzed
by ultra performance liquid chromatography (UPLC)-MS to
confirm identity and purity. Threshold limit for inclusion of
n—1 products must fall within 0.05% *the calculated mo-
lecular weight by mass spectrometry, and must be >85.0%
pure by UPLC based on the percent area at 260 nm.

Cell culture and gymnosis

LNAs were synthesized in house and reconstituted in ei-
ther nuclease-free water or 1 xphosphate-buffered saline
(PBS). HeLa cells were obtained from European Collection
of Authenticated Cell Cultures (ECACC). HeLa cells were
maintained at 37°C at 5% CO,. Minimal essential media was
supplemented with 10% fetal bovine serum, 0.5% glutamine,
0.5% nonessential amino acids, and 250 pLL gentamicin (all
from Sigma). Approximately 1.8 million cells were seeded in
a T-75 cell culture flask with LNAs at a documented con-
centration in 12 mL of full culture media. The cells grew to
confluency in LNA supplemented media for 72 h before be-
ing harvested for experiments. After the 72-h incubation,
cells were washed with 1xDulbecco’s phosphate-buffered
saline (DPBS) (Sigma), trypsinized with 1.5mL of 0.25%
trypsin (Thermo Fisher), incubated at 37°C at 5% CO, for
5 min, then an additional 10.5 mL of media was added to the
flask. Cells were then counted using a Chemometec Nu-
cleoCounter NC-200 according to manufacturer’s instruc-
tions. A 500 pL aliquot was taken from each sample for
whole cell and whole enzyme-linked immunosorbent assay
(ELISA) content analysis. The remaining cells were used in
further subcellular fractionation experiments.

Subcellular fractionation

After cell counting, an equal number of HeLa cells were
used for each sample in an experiment. For instance, all
samples had 5 million cells. The fractionation modified
previously published protocols [54]. The cells were spun at
500g for 5 min at 4°C. The supernatant was discarded, and the
cells were washed with ice-cold 1 xDPBS (Sigma) before
being centrifuged for another 5Smin at 500g at 4°C. The
1 xDPBS was then aspirated and the cell pellets were re-
suspended in hypotonic lysis buffer (HLB) [10 mM Tris, pH
7.5, 10mM NaCl, 3mM MgCl, (all from Ambion), 0.3%
NP-40 (v/v; Sigma), and 10% glycerol (v/v; Sigma)] sup-
plemented with 1 X protease inhibitors (Thermo Fisher) and
phosphatase inhibitor solution (100 X concentration contains
0.1 M sodium orthovanadate and 0.1 M sodium fluoride (both
from Sigma) in nuclease-free water, incubated on ice for
10 min, vortexed gently, and centrifuged at 800g for 8 min at
4°C. The supernatant was collected as the cytoplasmic frac-
tion and transferred to a clean 1.5 mL Eppendorf tube. Fifty-
six microliters of 5 M sodium acetate (Ambion) was added to
each cytoplasmic sample. For the nuclear washing control
experiment, the nucleus of nontreated (NT) cells was re-
suspended in the cytoplasm of cells treated with LNAI, in-
cubated for 10 min, and vortexed before proceeding to the
following steps. The remaining nuclear pellets were washed
with 500 pL of HLB supplemented with 1 X protease inhibi-
tors and phosphatase inhibitor solution then centrifuged at
200g for 2min at 4°C. This wash step was repeated three
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additional times. The nuclei were resuspended in 800 puL. of
1 X PBS and sorted through a BioRad Se3 cell sorter by size
(Supplementary Fig. S1) to only proceed with intact nuclei.
The quantity of nuclei sorted was recorded for future calcu-
lations. After sorting, 500 pL of nuclear lysis buffer [20 mM
Tris, pH 7.5, 150 mM KCI, 3 mM MgCl,, 0.3% NP-40 (v/v),
and 10% glycerol (v/v)] was added to each sample immedi-
ately before homogenization with a Dounce Homogenizer
(Sigma). All nuclear and cytoplasmic samples were then spun
at 18,000g for 15min at 4°C. The supernatants from the
samples were transferred to new two Eppendorf tubes and
stored in the —80°C before further analysis.

Protein analysis

Cytoplasmic protein concentration was calculated using a
NanoDrop (Thermo Scientific Nanodrop 1000). Approxi-
mately 0.2 mg/mL of cytoplasmic samples were added to the
WES ProteinSimple for protein analysis as per manufacturer
instructions. For nuclear samples, 4 uL. was added per well of
the WES ProteinSimple for protein analysis. For the cyto-
plasmic spike-in experiments, cytoplasmic samples were
diluted to a final concentration of 1 mg/mL before being
added by volume to a nuclear fraction to a total of 20 uL.. We
used Lamin A/C antibody 1:25 (NBP2-19324; New England
Biolabs) for the nuclear marker, Rab4 1:50 (PA3-912; Thermo
Fisher) as the endosomal marker, and tubulin 1:25 (NB500-
333; New England Biolabs) as the cytoplasmic marker. Ana-
lysis was performed on Compass for SW software.

RNA preparation

After protein analysis, the samples were concentrated to
an approximate volume of 200 pL using heat and air. RNA
precipitation was carried out by adding a 1:1 volume of
phenol:chloroform solution (Sigma) to the samples, followed
by vigorous shaking for 1 min. The samples settled at room
temperature for 10 min before centrifuging at 13,000 rpm
for 20min. The aqueous phase was transferred to a new
Eppendorf tube. A 1:10 volume of 3 M NaAc (Ambion) and a
2.5 volume of cold 100% EtOH (Sigma) was added to the
samples. The samples were put in either —80°C for 20 min or
—20°C for several hours. The samples were then spun at
13,000 rpm for 15 min at 4°C. The supernatant was discarded,
and the RNA pellet was washed with ice-cold 70% EtOH.
The samples were centrifuged at 8,000 rpm for 10 min at
4°C. The supernatant was discarded, and the RNA pellet
dried. The pellet was resuspended in 50 pL. of RNase-free
water (Gibco). The samples were heated at 55°C for 5 min,
and then RNase treated by adding 1 U of RNase A/C (Thermo
Fisher) per manufacturer’s instructions.

Enzyme-linked immunosorbent assay

LNA quantification from cytosolic and nuclear fractions
after precipitation was determined by hybridization depen-
dent ELISA using a biotinylated capture probe and a DIG-
conjugated detection probe as described previously [55].
For each LNA a pair of capture and detection probes was
designed to hybridize with the AONs. Samples were diluted
and incubated with 35nM biotinylated capture probe and
35nM DIG-coupled detection probe for 30 min at room
temperature in 52X saline sodium citrate buffer (20X saline
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sodium citrate; Sigma) containing 0.05% Tween-30 (Sigma)
in a 96-well plate. The assembled complex was then captured
on a streptavidin-coated ELISA plate (Nunc) for 1 h and after
three washing steps with 2xXSSCT buffer, each well was
incubated with an anti DIG-alkaline phosphatase-Fab frag-
ment (Roche) for 1 h at room temperature. After three addi-
tional washing steps, Blue Phos Substrate (KPL) was added
to the plates and color development was measured spectro-
photometrically at 615 nm after 20 min. LNA concentration
in the lysate was calculated according to a standard curve
generated with the respective stock solution with minimum
detection values ranging from 0.03 to 0.35 pmol/mL (Sup-
plementary Table S1). Probes used for this work-all phos-
phodiester LNAs: LNA1: capture probe TGCTTGC-Bio-3’,
detection probe 5-DIG-ACAGGA; LNA2: capture probe
TTATAACT-Bio-3’, detection probe 5-DIG-AGCTGGA;
LNA3: capture probe TAACTC-Bio-3’, detection probe
5’-DIG-TGGCAAG; capture probe LNA4: capture probe
CAATAACAA-Bio-3’, detection probe 5’-DIG-CCATCCT;
LNAS5: capture probe CCAAAG-Bio-3’, detection probe
5’-DIG-TCATTCTG; LNAG; capture probe CTAAGTGA-
Bio-3’, detection probe 5'-DIG-ACCAATGG.

LNA quantification

The LNA concentration in each sample was determined
using GraphPad Prism and interpolating the absorbance
values from the ELISA to a standard curve of the LNA on
each ELISA plate. The results from the ELISA data allowed
us to quantify the pmol/mL of LNA in each sample. We then
calculated the (fmol/pL) X (volume of sample in pL) to de-
termine the fmol per sample and finally, multiplied by
6.022 x 10* to calculate the number of LNA molecules per
sample. The number of LNA molecules was then divided by
the number of cells (cytoplasm) or the number of nuclei
(counted from a BioRad Se3 cell sorter) per sample. This
value results in the number of LNA molecules per cell or
nucleus or cytoplasm.

Quantitative real time-polymerase chain reaction

Approximately 125,000 cells per sample were pelleted,
washed with 1 X DPBS, and added to a 96-well quantitative
polymerase chain reaction (qPCR) plate. Lysis buffer of
150 pL was added to each sample (Invitrogen Pure Link
Lysis buffer). RNA purification was carried out as per
manufacturer’s instructions. A master mix of One-Step
Tagman mix (Thermo Fisher) and Thermo Fisher Tagman
assays: HIF-1o (Hs00936368_m1), BCL2 (Hs00608023_m1),
Cers2 (Hs00604577_m1), Malatl (Hs00273901_m1), PTEN
(Hs02621230_s1), and GAPDH (4326317E) was made. Six
microliters of Tagman mix and 4 uL of RNA were added to a
384-well qPCR plate and analyzed using a Thermo Scientific
ViiA7 PCR system with a PCR program of 50°C for 15 min,
95°C for 3 min, followed by 40 cycles of 95°C for 5s and
60°C for 45 s. Gene knockdown was measured using a AACT
method.

Results

Validation of nuclear fraction purity

During our fractionation, great care was taken to avoid any
unwanted cytoplasmic contamination in our nuclear frac-

tions. Therefore, the fluorescence-activated cell sorting
(FACS) sorter was programmed to only proceed with whole,
intact nuclei, as contamination from endosomes could greatly
influence our calculations. To ensure that the nuclear frac-
tions were isolated free from endosomal and cytoplasmic
contamination, we first used a WES ProteinSimple western
blot system [49,56-58] to analyze protein from nuclear and
cytoplasmic samples (Supplementary Fig. S2).

However, we went further to test the sensitivity of the
western blot system. A ‘‘spike-in’> experiment was per-
formed where known concentrations of cytoplasmic extracts
were added in a concentration-dependent manner to a puri-
fied nuclear fraction, using cytoplasmic and nuclear extract
from a fractionation experiment starting with 6 million cells
per sample. Cytoplasmic samples were diluted to 1 mg/mL
before starting protein analysis, representing ~ 1,000, 2,000,
4,000, 6,000, and 8,000 cell cytoplasmic fractions in 0.5, 1, 2,
3, and 4 pL spike-in samples, respectively.

The data show that when there is as little as 0.5 uL. of
spiked-in cytoplasmic sample (~2% of the total sample
concentration), endosomal or cytoplasmic contamination can
be detected in the nuclear fractions (Fig. 2). The spike-in
experiments demonstrated that the used method is sensitive
enough to detect minute amounts of cytoplasmic contami-
nation in the nuclear fraction. For our experiments, we only
proceeded with nuclear samples that had no detectable cy-
toplasmic or endosomal contamination. From these data, we
can be confident that the LNAs detected in our nuclear
fractions of our experiments was not a by-product from or
contaminated by endosomal or cytoplasmic LNAs.

Furthermore, to ensure that there was no passive diffu-
sion of LNAs to the nucleus from the cytoplasm during the
fractionation experiments, wash steps were performed on
nuclei from NT cells that did not receive any LNA. We set
up an experiment containing an NT sample, and an LNA-
treated sample using an initial concentration of 5uM
LNAI1. Once the nuclei were isolated, NT nuclei were
washed in the cytoplasmic fraction of the LNAI-treated
sample, incubated for 10 min as per the protocol, and then
proceeded with the nuclear washing steps. This method
mimics the actual fractionation protocol and would not only
identify if LNA from the cytoplasmic sample could con-
taminate the nuclear fraction but also identify if LNAs
could attach themselves to the nuclear membrane and give a
false-positive signal in the ELISA readouts. The nuclei
sample from the treated LNA1 cells was used as a positive
experimental control.

Our data show that there is negligible contamination from
the cytoplasmic LNAs in our nuclear samples through either
passive diffusion or direct cytoplasmic contamination. The
nuclei in this experiment were not sorted using the cell sorter
so the samples are cruder than fractionations for quantifica-
tion of LNAs in the nucleus. From these data, a small amount
of LNA can be detected in the NT sample incubated with
LNA1-treated cytoplasm (Supplementary Table S2).

However, there is a 24-fold increase in LNA1-treated nu-
clear sample and the NT nuclear sample (Fig. 3). These data
indicate that the nuclear LNA quantifications are the results
of LNAs in the nuclear fractions only and there is no passive
diffusion of LNAs into the nucleus because of cytoplasmic or
endosomal contamination or the fractionation experiment
itself.
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Increased nuclear entry is proportional to increased
target gene knockdown

A concentration—response was performed on HeLa cells to
determine the relationship between gene knockdown and
nuclear LNA AON content using a previously described
compound targeted the HIF-Ioo mRNA transcript (Fig. 4)
[59]. HeLa cells were treated under gymnotic [60] assay
conditions with an increasing concentration of LNAT.

The number of LNA molecules was calculated based on
the ELISA data. The readout from the ELISA assay is an
absorbance value that allows for a concentration calculation
of LNA by interpolation from a standard curve. Using the
Avogadro constant along with the volume of sample, we
calculated the number of LNA molecules in nuclear samples.
The number of molecules per sample was divided by the
known number of nuclei (calculated from the cell sorter) in
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that there is a 24-fold difference between £
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our samples to get the average LNA value per nuclear frac-
tion per cell.

HIF-1o target gene reduction correlates with the number
of LNA molecules in the nucleus when the nuclear accu-
mulation reaches a threshold of ~ 10° molecules per nu-
cleus. The data show that at the lower dose (0.2 uM) we are
unable to measure nuclear LNA. Whether this is because of
the fact that LNAs are not escaping the nonproductive
compartment at this concentration, or the amount of nuclear
LNAs is below our limit of detection, is unclear. Not sur-
prisingly, with an undetectable amount of LNA per nucleus
at the 0.2 uM concentration, we did not observe any target
gene reduction.

We calculated an average of 30,000 LNAs per nucleus at
the 1 uM concentration, an amount that also did not produce
any significant HIF-1o knockdown. Although it was known
that a threshold of nuclear LNA must be met to see target

* %

NT cytoplasm  LNA1 cytoplasm NT nucleus with  LNA1 nucleus

LNA1 cytoplasm
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transcript reduction, it is surprising that a threshold >10°
LNA molecules per nucleus is needed for this compound.
However, the data correspond well with recent findings from
microinjection experiments by Buntz et al. [43] demon-
strating that levels in the range of 10> are needed for target
gene knockdown. There is only a 1.5-fold difference in the
number of nuclear LNAs with the 5 and 15 uM concentra-
tions but it results in a 20% greater inhibition of HIF-1 at the
higher concentration. These data clearly show that for the
HIF-1o target gene, the higher nuclear concentration of this
LNA, the greater the gene silencing. We expect that this
would also be the case for other AONs.

Absolute number of nuclear LNA gapmers needed
for target transcript knockdown varies across
compounds and is not directly proportional

to gene silencing

HeLa cells were treated with a single concentration (5 uM)
of five different LNAs, which between them target four dif-
ferent mRNA transcripts (Fig. 5). We chose these additional
targets as they all have different cellular functions. The Cers2
gene plays a role in the regulation of cell growth, BCL2 en-
codes an outer mitochondrial membrane protein that can
block apoptosis in cancer cells, PTEN is a tumor suppressor
that can be mutated in cancer cells, and MALATI is a non-
coding RNA that is highly expressed in the nucleus.

The five different compounds exhibited a 40%—65% re-
duction of their respective target transcript under the tested
experimental conditions. The nuclear content of the 5 dif-
ferent compounds varied by a factor of three. For these
samples, the number of cytoplasmic LNAs was also calcu-
lated. We tested two different LNAs against the same target
and one LNA, LNAS, had a higher efficiency of uptake
compared with LNA4. For these LNAs an amount of 693,000
and 558,000 per nucleus, a target knockdown of 40%, was

exhibited. These data indicate that Cers2 is either a difficult
transcript to target or that a concentration of 5 uM is insuffi-
cient to achieve effective gene silencing in the gymnotic assay.

We observed that the gene silencing effect of LNA2 and
LNA3, targeting BCL2 and MALATI were both at an average
of 50%. However, these two LNAs had lower nuclear LNA
quantities than the Cers2 and PTEN targeting LNAs. Both
LNA2 and LNA3 had a greater target transcript reduction at
5 uM than LNAI1, but LNA1 also had a lower number of
LNAs per nucleus. On the contrary, the Cers2 molecules had
a higher quantity of LNAs per nucleus but had a lower target
transcript reduction.

The most potent compound measured at the 5 uM con-
centration was the LNA targeting PTEN. This molecule had
one of the lowest cytoplasmic quantities with 2.7 million
LNAs per cytoplasm at 5 uM but had a quantity of 348,000
per nucleus. Of interest, LNA1 was the only other compound
tested that achieved >70% target transcript reduction, but at a
higher initial LNA concentration (15 uM) and a lower num-
ber of nuclear LNAs per nucleus (308,000).

Discussion

The relationship between oligonucleotide uptake and ef-
ficacy has always been a critical question in oligonucleotide
therapeutics. One explanation for the lack of a direct corre-
lation between uptake/activity has been that a large fraction
of single-stranded oligonucleotides are getting trapped in the
endosomes and are unable to escape to the productive nuclear
compartment of the cells. This is one of the reasons why there
has been a great interest in developing endosomal escape
methods for oligonucleotides, and many designs and conju-
gates have been tested, including cell-penetrating peptides,
proteins, and viral delivery agents [61,62] to aid in AON
endosomal release. However, manipulation with endosomal
integrity and biology is critical for cellular viability and many
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of these endosomal escape constructs increased the cellular
toxicity significantly [63].

Subcellular fractionation methods have been invaluable
tools in the identification of organelles and proteins within a
specific cellular compartment [64,65]. Through the ability to
isolate different fractions of the cells, there have been many
advances in the understanding of protein synthesis mecha-
nisms [66,67] the replication of DNA [68,69], DNA tran-
scription [70], RNA splicing [71], and gene localization [72]
to name a few. The ability to isolate nuclear and cytoplasmic
compartments shown here has given us an alternative meth-
odology to study AON intracellular trafficking.

The method used for our subcellular fractionation was
adapted from a previously published method [53]. Gagnon
et al. [53] demonstrated clearly that the hyptonic lysis buffer
does not lyse the nucleus of the cells. As an extra precaution
for nuclear integrity, we employed a cell sorter, which as-
sures that only intact nuclei are isolated and used for analysis.
Although redistribution of AONs could be possible during
the subcellular fractionation experiment, our data demon-
strate that this is unlikely or in the worst case, minimal. In the
negative control experiment, we confirmed that there is
negligible redistribution of cytoplasmic AONs into the nu-
cleus after the fractionation protocol. Furthermore, a recent
publication by Buntz et al [43] shows that AONs that enter
the nuclear compartment of the cells do no redistribute back
into the cytoplasm. Buntz et al. [43] also confirms our finding
that a minimum of 10° AONs are needed in the nucleus for
gene silencing to occur. In conclusion, because the lysis
buffer does not compromise the nuclear fraction, we use a
cell sorter that retain nuclear integrity, AONs entering the
nucleus are retained, and cytoplasmic AONs do not redis-
tribute to the nucleus during fractionation, we conclude that

the values from our experimental results are valid and ac-
curate determinations of nuclear and cytoplasmic content.

The concentration-response data with LNAI targeting
HIF-1o shows that a threshold value has to be reached be-
fore the target transcript is downregulated. One reason for
such a threshold could be that RNA target binding by LNA
oligonucleotides is competing with binding to intracellular
proteins [59]. Because the latter is in large molar excess
compared with the specific RNA targets, protein binding
could serve as an oligonucleotide/LNA sponge. Therefore,
intracellular protein binding needs to be more or less satu-
rated before excess LNA is available for RNA binding. This
mechanism is supported by the fact that only a 1.5-fold
increase in nuclear amounts of LNA1 (200,000-308,000
LNAs) exhibited a significant 20% further downregulation
(Fig. 4).

Our data show that endosomal escape is not the only factor
in determining whether an LNA can achieve potent gene
silencing. Most of the tested LNAs did follow a similar pat-
tern where a higher nuclear quantity corresponded to a
greater target reduction. HIF-Io targeting LNA1 achieved
40% gene inhibition with 200,000 nuclear LNAs, BLC2 and
Malatl targeting LNAs both achieved 50% gene inhibition
with 294,000 and 247,000 LNAs, respectively, and the PTEN
targeting LNA with 348,000 molecules in the nucleus
achieved 72% gene inhibition. Although these molecules do
follow a correlation of higher nuclear LNA quantity, higher
activity against a target gene, the Cers2 molecules did not.
Even with almost three times the number of nuclear LNAs as
LNAI, we only observed a 40% target transcript reduction.
Recently a publication by Gonzalez-Barriga et al. [40] re-
ported on the distribution and nuclear concentration of AONs
in gymnotic assays. Fluorescently labeled oligonucleotides
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were used and the quantification results were based on fluo-
rescent intensity in the nucleus. However, their findings are in
line with the data reported here showing that the concentra-
tion of AONSs in the nucleus alone is not adequate for target
gene knockdown correlation. Other factors such as protein
binding, accessibility of target RNA, and recruitment rate of
RNase H will also contribute to AON potency.

Our findings indicate that for some gene targets, and for
some compounds as well, potent inhibition will not be
reached even if there is a high number of oligonucleotides in
the nucleus. In these cases, cytoplasmic, nuclear, and target
interaction mechanisms other than endosomal escape may
be limiting activity. It is possible that target transcript ac-
cessibility is limited in some domains because of chaperone
protein interactions or high-affinity structural or tertiary do-
mains. Consequently, if endosomal release is not a limiting
factor in all cases, the search for new release agents may be of
little value. When this is added to the high risk of cytotoxicity
by endosomal release agents, other routes are recommended
to be pursued for optimizing AON activity.

We have tested a handful of fully PS LNA gapmers, and
further studies will ascertain the correlation and predictive
value of the relationship between nuclear AON presence and
activity. In particular, it should be explored more compre-
hensively how different AONs with different gene silencing
potencies for the same mRNA target, in different cell lines,
correlate with nuclear accumulation. In addition, the role of
phosphorothioate stereochemistry should be explored
[22,73-76]. We have preliminary data that show a large di-
versity in a series of single isomer stereo-defined LNA for
nuclear accumulation and activity (Pendergraff, unpublished
data).

In conclusion, we have shown a label-free and highly
sensitive subcellular fractionation of LNA oligonucleotides.
A specific assignment of nuclear accumulation is an impor-
tant step forward for understanding cellular processes and the
biomolecular interactions leading to potency and toxicity of
AONSs. The method represents a direct way to get information
about AON drug accumulation with high precision and at the
closest to the site of action. Although we have not seen that a
specific number of nuclear LNAs correlate with a specific
activity across different compounds, nuclear quantification
may turn out to be a better basis for developing more pre-
dictive activity measures.
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