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Pharmacokinetics (PK) of antisense oligonucleotides (ASOs) is
characterized by rapid distribution from plasma to tissue and
slow terminal plasma elimination driven by re-distribution
from tissue. Quantitative understanding of tissue PK and
RNA knockdown for various ASO chemistries, conjugations,
and administration routes is critical for successful drug discov-
ery. Here, we report concentration-time and RNA knockdown
profiles for a gapmer ASO with locked nucleic acid ribose
chemistry in mouse liver, kidney, heart, and lung after subcu-
taneous and intratracheal administration. Additionally, the
same ASO with liver targeting conjugation (galactosamine-N-
acetyl) is evaluated for subcutaneous administration. Data
indicate that exposure and knockdown differ between tissues
and strongly depend on administration route and conjugation.
In a second study, we show that tissue PK is similar between the
three different ribose chemistries locked nucleic acid, con-
strained ethyl and 20-O-methoxyethyl, both after subcutaneous
and intratracheal administration. Further, we show that the
half-life in mouse liver may vary with ASO sequence. Finally,
we report less than dose-proportional increase in liver concen-
tration in the dose range of 3–30 mmol/kg. Overall, our studies
contribute pivotal data to support design and interpretation of
ASO in vivo studies, thereby increasing the probability of deliv-
ering novel ASO therapies to patients.

INTRODUCTION
An antisense oligonucleotide (ASO) is a single-stranded ribonucleo-
tide therapeutics, typically 16–20 nucleotides long, designed to bind
complementary to the target RNA via Watson-Crick base pairing.1

This binding enables specific regulation of target RNA by modulating
splicing, by inhibiting or redirecting translation initiation or by degra-
dation of the target RNA by recruiting endonuclease ribonuclease H1
(RNase H1) using so-called gapmer ASOs.2 This work considers
ASOs with the latter mechanism.

The natural unmodified DNA and RNA phosphodiester (PO) link-
ages in the backbone of an oligonucleotide are highly susceptible to
Molecular T
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degradation by nucleases in vivo. A common way to counter this
degradation is to replace the PO linkages with the sulphur-containing
phosphorothioate (PS) linkages (Figure 1A).3 This replacement in-
creases resistance to endonucleases and improves bioavailability by
reducing renal clearance because of increased affinity to plasma pro-
teins. However, the PS linkages also reduce the affinity to the target
RNA.3,4 To overcome this antagonistic effect, it is common to modify
the 20-position of the ribose of the nucleotide, e.g., by 20-O-(2-me-
thoxyethyl) (20-MOE) modification (Figure 1B).4 Other reported
modifications include two conformationally constrained analogues;
locked nucleic acid (LNA) and the more recent constrained ethyl
(cEt), both containing a tether between the 20-OH and the 40 position
of the ribose ring (Figure 1B). These modifications result in greater
binding affinity.4,5 The chimeric RNase H1-dependent oligonucleo-
tide is generally designed with a full PS backbone and two regions
(wings) of 20-modified ribose residues on either end of the molecule
that flank a central deoxyribonucleoside region without 20 ribose
modifications, referred to as a gap. This gap supports RNase H1 ac-
tivity leading to enzymatic cleavage of the complementary bound
RNA.6 To further improve ASO drug properties it is common to
modify the cytosine base to 5-methylcytosine (Figure 1C) to decrease
immunogenic responses.

Pharmacokinetics (PK) of ASOs, mostly studied for 20-MOE ribose
chemistry, is characterized by a rapid distribution from plasma to tis-
sue and a slow terminal plasma half-life driven by re-distribution
from tissue.7,8 ASOs administered systemically distribute broadly to
various tissues, predominately to liver, kidney, bone marrow, adipo-
cytes, and lymph nodes.8 The tissue half-life is in the order of
one week in mouse and several weeks in monkey and human.9 Quan-
titative understanding of tissue PK and pharmacodynamics (PD) in
herapy: Nucleic Acids Vol. 35 March 2024 ª 2024 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. ASO chemistry and main sequences used in the presented studies

(A) PS and PO linkers. (B) Standard DNA and common 20-ribose modifications. The “base” group can be either of adenine (A), guanine (G), thymine (T), cytosine (C), or

5-methylcytosine (mC). (C) Base modification in form of mC. (D) Triantennary GalNAc. (E) Malat1 LNA ASO, GalNAc-conjugated Malat1 LNA ASO, Malat1 cEt ASO, and

Malat1 20-MOE ASO gapmers with PS backbone. The coding in form of color and shape is defined in (A–D).
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form of target RNA knockdown for various ASO chemistries, with
and without conjugates, and for various administration routes, is crit-
ical for efficient ASO drug discovery. Conjugation of triantennary
galactosamine-N-acetyl (GalNAc) (Figure 1D) to the ASO promotes
liver uptake via the asialoglycoprotein receptor primarily expressed
on hepatocytes, resulting in 10- to 30-fold increased potency in iso-
lated hepatocytes, in in vivo animal models10–12 and in the clinic.12,13

Here, we present mouse PK data of ASOs for two routes of adminis-
tration, subcutaneous (SC) and intratracheal (IT). The first is
commonly used both in preclinical and clinical drug discovery and
development. The second introduces a substance directly into the tra-
chea with main uptake via the lungs. Generally, the lungs can be
reached by direct administration (inhalation or IT) or indirectly via
systemic delivery as the entire cardiac output passes the peripheral
part of the lung where the gas exchange takes place. IT administration
is often used in preclinical studies as a surrogate to inhalation because
significantly less amount of compound is required, and less advanced
equipment is needed.

Specifically, we present densely sampled concentration-time and
RNA knockdown profiles for an LNA gapmer ASO targeting long
non-coding RNA metastasis associated lung adenocarcinoma tran-
script 1 (Malat1; Figure 1E) in mouse liver, kidney, heart, and lung
after SC and IT administration. Additionally, the same ASO with tri-
antennary GalNAc-conjugation for improved hepatocyte targeting is
evaluated for SC administration (Figure 1E). Furthermore, we inves-
tigate tissue PK and RNA knockdown after SC and IT administration
of non-conjugated Malat1 ASO with three different ribose chemis-
tries (LNA, cEt, 20-MOE) (Figure 1E). Finally, we present data on
2 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
how the nucleobase sequence of gapmer ASOs with LNA chemistry
affects tissue PK properties, and on the linearity of tissue PK for
gapmer ASOs. The data presented here support design and interpre-
tation of ASO in vivo studies and increase the probability of delivering
novel ASO therapies to patients.

RESULTS
Temporal tissue PK and RNA knockdown after SC

administration of Malat1 LNA ASO

We collected densely sampled ASO concentration and Malat1
lncRNA knockdown time profiles (6 h to 4 weeks) in mouse liver, kid-
ney, heart and lung after single-dose SC administration of Malat1
LNA ASO (4.7 mmol/kg, 25 mg/kg) and Malat1 GalNAc-conjugated
LNAASO (0.64 mmol/kg, 5.0 mg/kg of the conjugated ASO) (Figure 2
and Table 1). The dose levels were chosen to result in similar Malat1
lncRNA knockdown in the liver. The tissue elimination rates were
roughly constant over time in all tissues, and independent on conju-
gation, with tissue half-lives in the range of 110–190 h. Non-conju-
gated ASO concentrations in kidney and liver were at least one order
of magnitude greater than in heart and lung. For Malat1 LNA ASO,
maximum Malat1 lncRNA knockdown observed at day 7 was 85%,
60%, 23%, and 52% in the liver, kidney, heart, and lung, respectively.
For GalNAc-conjugated Malat1 LNA ASO, the corresponding
maximum knockdown at day 7 was 83%, 36%, 13%, and 25% in the
liver, kidney, heart, and lung, respectively.

As expected, the liver exposure was greater, about 3.5-fold for dose-
normalized area under the curve (AUC), for GalNAc-conjugated
ASO compared with non-conjugated ASO (Table 1). The kidney
exposure shifted in the opposite direction and was about 13% lower
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Figure 2. Time profiles of compound concentration andMalat1 lncRNA knockdown in liver, kidney, heart and lung in mouse after SC administration of non-

conjugated Malat1 LNA ASO or GalNAc-conjugated Malat1 LNA ASO, or after IT administration of non-conjugated Malat1 LNA ASO (N = 3 per time point)

Each datapoint represents one animal and the lines represent the mean trajectory. (A) The study design in which mice were administered a single SC or IT ASO dose and

euthanized for measurements of tissue exposure andMalat1 lncRNA knockdown at indicated time points. (B and C) Tissue PK andMalat1 lncRNA knockdown in the various

tissues after SC administration of 4.7 mmol/kg (25 mg/kg) non-conjugated Malat1 LNA ASO. (D and E) Tissue PK andMalat1 lncRNA knockdown in the various tissues after

SC administration of 0.64 mmol/kg (5.0 mg/kg) GalNAc-conjugated Malat1 LNA ASO. (F and G) Tissue PK and knockdown in the various tissues after IT administration of

0.19 mmol/kg (1.0 mg/kg) non-conjugated Malat1 LNA ASO. All heart concentrations were below the lower limit of quantification (LLOQ). For all tissue concentration (B, D, F),

the unconjugated ASO form was measured, and the dotted lines indicate the LLOQ.

www.moleculartherapy.org
with GalNAc-conjugation compared with the non-conjugated form.
Despite the 7-fold difference in amount of dose and �2-fold differ-
ence in liver concentration, the RNA knockdown in the liver was
similar between GalNAc-conjugated and non-conjugated ASO, likely
reflecting the targeting effect and the improved productive uptake us-
ing GalNAc conjugation.

Finally, we compared tissue concentration data for non-conjugated
Malat1 LNA ASO with corresponding data sampled at 48 and
168 h after a single SC dose in a previous study from the same labo-
ratory and we conclude that study-study variability is low (Figure S1).
Temporal tissue PK and RNA knockdown after IT administration

of Malat1 LNA ASO

We next investigated the mouse tissue PK and Malat1 lncRNA
knockdown after a single IT-administrated dose of the same non-con-
jugated Malat1 LNA ASO (0.19 mmol/kg, 1.0 mg/kg) that was used in
the studies with SC administration. The dose level was chosen to
result in similar Malat1 lncRNA knockdown in the lung as for SC
administration of the same compound. Densely sampled ASO con-
centration and RNA knockdown time profiles were collected from
liver, kidney, heart, and lung (Figure 2 and Table 1). The tissue
half-lives could be determined in kidney and lung and were approx-
imately 160 h, similar to what was observed after SC administration.
After IT administration of Malat1 LNA ASO, tissue concentration
was greatest in lung, followed by kidney and liver, while the heart con-
centration was below the limit of quantification. Malat1 lncRNA
knockdown was observed in the lung already after 24 h, and
maximum knockdown of 17%, 26%, and 60% in the liver, kidney,
and lung, respectively, was observed at day 14. No major knockdown
was observed in the heart.

The tissue concentration data for non-conjugated Malat1 LNA ASO
were compared with corresponding data sampled at 48 and 168 h af-
ter a single IT dose in a previous study from the same laboratory and
we conclude that study-study variability is relatively low (Figure S1).
Tissue PK and RNA knockdown after SC administration of non-

conjugated Malat1 ASO with various chemistries

We next investigated the impact on tissue PK and lncRNA knock-
down by Malat1 ASOs with the following ribose chemistries and
number of nucleotides: LNA (16mer), cEt (16mer), and 20-MOE
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 3
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Table 1. Estimated PK and Malat1 lncRNA knockdown parameters for liver, kidney, heart and lung after SC administration of non-conjugated Malat1 LNA

ASO (upper part) and GalNAc-conjugated Malat1 LNA ASO (middle part), and after IT administration of non-conjugated Malat1 LNA ASO (lower part)

Liver Kidney Heart Lung

LNA Malat1, single SC dose of 4.7 mmol/kg

Tmax (h) 6 24 6 6

Cmax (nmol/g tissue), mean (SE) 8.62 (0.94) 47.8 (3.8) 0.504 (0.037) 1.37 (0.24)

AUC (nmol/g tissue � h)
Point estimate (5th and 95th percentiles)

1,400 (1,200, 1,600) 9,970 (9,200, 11,000) 90.6 (73, 110) 183 (150, 230)

Tissue half-life (h)
PE (5th and 95th percentiles)

152 (120, 180) 161 (140, 180) 188 (130, 220) 179 (130, 210)

Cmax/dose (nmol/g tissue/mmol/kg) 1.8 10 0.11 0.29

AUC/dose (nmol/g tissue � h/mmol/kg) 300 2,100 19 39

Malat1 lncRNA max reduction (%), mean (SE) 85.1 (1.8) 60.2 (1.7) 22.6 (7.2) 52.5 (1.9)

Malat1 lncRNA reduction at 4 weeks (%), mean (SE) 54.6 (4.0) 50.9 (3.1) 18.2 (5.7) 52.5 (1.9)

GalNAc-conjugated LNA Malat1, single SC dose of 0.64 mmol/kg

Tmax (h) 24 6 a 24

Cmax (nmol/g tissue), mean (SE) 4.79 (0.45) 4.73 (0.50) a 0.0583 (0.010)

AUC (nmol/g tissue � h)
Point estimate (5th and 95th percentiles)

664 (580, 770) 1,170 (1,000, 1,300) a a

Tissue half-life (h)
PE (5th and 95th percentiles)

110 (90, 130) 188 (170, 220) a a

Cmax/Dose (nmol/g tissue)/mmol/kg) 7.5 7.4 a 0.091

AUC/Dose (nmol/g tissue � h/mmol/kg) 1,040 1,830 a a

Malat1 lncRNA max reduction (%), mean (SE) 82.9 (2.5) 35.8 (3.0) 13 (3.8) 24.8 (0.4)

Malat1 lncRNA reduction at 4 weeks (%), mean (SE) 64.1 (1.8) 33.6 (2.4) 13 (3.8) 24.8 (0.4)

LNA Malat1, single IT dose of 0.19 mmol/kg

Tmax (h) 6 6 a 6

Cmax (nmol/g tissue), mean (SE) 0.366 (0.011) 5.47 (0.25) a 15.2 (2.5)

AUC (nmol/g tissue � h)
Point estimate (5th and 95th percentiles)

a 1,220 (1,100, 1,300) a 2,210 (1,400, 3,100)

Tissue half-life (h)
PE (5th and 95th percentiles)

a 162 (140, 180) a 159 (110, 210)

Cmax/dose (nmol/g tissue)/mmol/kg) 1.9 29 a 80

AUC/dose (nmol/g tissue � h/mmol/kg) a 6,400 a 12,000

Malat1 lncRNA max reduction (%), mean (SE) 17.0 (3.6) 26.2 (5.0) 9.2 (5.1) 60.5 (0.3)

Malat1 lncRNA reduction at 4 weeks (%), mean (SE) �15.9 (3.8) 18.7 (3.7) 9.2 (5.1) 50.5 (3.8)

The ASOs have full PS backbone chemistry. The AUC estimates are for the time interval 0 to 4 weeks.
Cmax, maximum concentration; LNA, locked nucleic acid; PE, point estimate; SE, standard error; Tmax , time of Cmax.
aThe majority of PK samples below the lower limit of quantification.
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(20mer). To make the comparison as fair as possible, the three ASOs
were designed with nucleobase sequences targeting the same part of
Malat1 lncRNA. However, because the lengths of the ASOs differ
(c.f., Figure 1), the intrinsic potency of the ASOs may differ and result
in differences in lncRNA knockdown.

Mice were SC administered a single dose of ASO and euthanized
either 2 or 7 days after dosing with N = 3 per time point. The study
was designed with equal doses on amount (mmol/kg) scale. The tissue
distribution pattern was similar between the three chemistries with
4 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
highest concentration in the kidney, followed by liver, lung, and heart
(Figures 3A–3C and Table 2). Data indicate that cEt chemistry results
in lower liver concentration (p < 0.05 at day 2 and p < 0.001 at day 7)
compared with the two other chemistries. In the kidneys, 20-MOE
chemistry results in lower concentration (p < 0.01 at days 2 and 7)
compared with LNA chemistry, and trends to be smaller compared
with cEt chemistry (p < 0.01 at 2; not significant at day 7). In the heart,
cEt chemistry results in lower concentration compared with both
LNA and 20-MOE chemistries (p < 0.05) at day 2, and to 20-MOE
chemistry (p < 0.01) at day 7. LNA chemistry trends to result in
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Each datapoint represents one animal and the lines represent the mean trajectory. (A–C) Tissue concentration after SC administration in the various tissues for LNA chemistry

(4.7 mmol/kg, �25 mg/kg) (A), cEt chemistry (4.6 mmol/kg, �25 mg/kg) (B) and 20-MOE chemistry (4.7 mmol/kg, �34 mg/kg) (C). All samples were above the lower limit of

quantification. (D–F) Knockdown of Malat1 lncRNA in the various tissues for LNA (D), cEt (E), and 20-MOE (F) chemistry after SC administration. (G–I) Tissue concentration

after IT administration in the various tissues for LNA chemistry (0.20 mmol/kg, �1.1 mg/kg) (G), cEt chemistry (0.20 mmol/kg, �1.1 mg/kg) (H), and 20-MOE chemistry

(0.20 mmol/kg,�1.4 mg/kg) (I). Most heart samples were below the lower limit of quantification. (J–L) Knockdown ofMalat1 lncRNA in the various tissues for LNA (J), cEt (K),

and 20-MOE (L) chemistry after IT administration.
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Table 2. Estimated PK andMalat1 lncRNA knockdown parameters for liver, kidney, heart and lung after SC (upper part) and IT (lower part) administration of non-conjugatedMalat1 LNA ASO

SC admin LNA Malat1 (4.7 mmol/kg) cEt Malat1 (4.6 mmol/kg) 20-MOE Malat1 (4.7 mmol/kg)

Liver Kidney Heart Lung Liver Kidney Heart Lung Liver Kidney Heart Lung

C at 48 h (nmol/g tissue),
mean (SE)

6.61 (0.58) 48.7 (1.2)
0.526
(0.029)

0.837 (0.015) 4.92 (0.23) 38.8 (3.8) 0.372 (0.0092) 0.703 (0.056) 9.93 (0.24) 18.8 (0.70) 0.603 (0.048) 0.716 (0.11)

C at 168 h (nmol/g tissue),
mean (SE)

5.55 (0.21) 31.0 (3.7) a 0.532 (0.014) 2.67 (0.17) 21.2 (0.86) 0.260 (0.0070) 0.379 (0.0056) 5.65 (0.17) 13.5 (0.088) 0.450 (0.022) 0.370 (0.037)

Tissue half-life (h)
PE (95% CI)

494 (194, inf)
179
(103, 710)

a 183 (153, 226) 135 (100, 211) 139 (94, 262) 233 (182, 326) 136 (98, 221) 147 (124, 181) 252 (190, 372) 288 (152, inf) 128 (73, 525)

Malat1 lncRNA
reduction at 48 h (%),
mean (SE)

75.0 (0.19) 46.1 (1.8) 24.1 (4.5) 42.5 (4.2) 65.4 (5.6) 42.6 (2.2) 11.2 (2.6) 39.9 (1.8) 67.2 (2.7) 34.5 (1.7) 20.1 (2.8) 18.0 (2.2)

Malat1 lncRNA
reduction at 168 h (%),
mean (SE)

82.0 (0.55) 54.5 (1.1) 45.3 (2.4) 53.2 (0.49) 81.0 (1.1) 58.1 (0.57) 45.6 (7.7) 58.3 (1.7) 68.0 (0.78) 22.4 (3.1) 22.6 (2.6) 20.6 (1.1)

IT admin LNA Malat1 (0.20 mmol/kg) cEt Malat1 (0.20 mmol/kg) 20-MOE Malat1 (0.20 mmol/kg)

Liver Kidney Heart Lung Liver Kidney Heart Lung Liver Kidney Heart Lung

C at 48 h (nmol/g tissue),
mean (SE)

0.102 (0.022) 1.71 (0.37)
0.0252
(0.00080)

5.44 (1.6) 0.238 (0.054) 2.77 (1.1) a 4.64 (1.8) 0.261 (0.043) 0.441 (0.055) 0.00778 (0.0011) 10.0 (0.98)

C at 168 h (nmol/g tissue),
mean (SE)

0.0287 (0.0043) 1.56 (0.72) a 3.06 (0.20)
0.0627
(0.0058)

2.02 (0.048) a 3.26 (0.18) 0.0674 (0.0025) 0.281 (0.023) 0.00462 (0.0010) 4.74 (1.6)

Tissue half-life (h)
PE (95% CI)

67 (41, 199) 352 (51, inf) a 169 (63, inf) 63 (42, 126) b a b 62 (47, 93) 188 (97, inf) 154 (69, inf) 91 (37, inf)

Malat1 lncRNA reduction
at 48 h (%), mean (SE)

25.6 (0.43) 18.8 (11) �20.8 (5.3) 40.9 (10) 13.8 (10) 12.3 (5.2) �4.51 (18) 18.7 (14) 6.79 (3.0) 1.67 (4.5) �2.95 (4.4) 30.9 (2.1)

Malat1 lncRNA reduction
at 168 h (%), mean (SE)

�2.82 (14) 22.2 (11) �55.6 (23) 49.2 (2.6) �9.47 (11) 26.1 (3.3) �32.6 (15) 50.6 (11) �5.64 (4.6) 9.77 (2.9) �7.86 (4.0) 20.7 (7.2)

The ASOs have full PS backbone and either LNA, cEt or 2ʹ-MOE ribose chemistry.
20-MOE, methoxyethylribose; C, concentration; CI, confidence interval; LNA, locked nucleic acid; PE, point estimate; inf, infinity; SE, standard error.
aThe majority of PK samples below the lower limit of quantification.
bNo half-life calculated because of the slight increase in concentration over time, or very large spread in data between animals at specific time points.

M
o
le
c
u
la
r
T
h
e
ra
p
y:

N
u
c
le
ic
A
c
id
s

6
M
o
le
c
u
la
r
T
h
e
ra
p
y:

N
u
c
le
ic
A
c
id
s
V
o
l.
3
5

M
a
rc
h
2
0
2
4



0 100 200 300
0

20

40

60

80

100

Liver half-life (h)

C
um

ul
at

iv
e

fre
qu

en
cy

(%
)

0.0 0.2 0.4 0.6 0.8 1.0
0

50
100
150
200
250
300
350
400

Fraction pyrimidines (C orT)

Li
ve

rh
al

f-l
ife

(h
) R2=0.13

0.0 0.2 0.4 0.6 0.8 1.0
0

50
100
150
200
250
300
350
400

Fraction GC

Li
ve

rh
al

f-l
ife

(h
)

A B C

Figure 4. Estimated liver half-lives for 15 non-conjugated ASOs with the same LNA chemistry and all targeting the same gene

(A) Distribution of half-lives in the liver. (B) Correlation between liver half-life and fraction of pyrimidines in the ASO sequence. (C) Correlation between liver half-life and GC

content of the ASO sequence.
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greater lung concentrations (p < 0.01 at day 7; not significant at day 2)
compared with the other two chemistries.

Generally, across ribose chemistries, data onMalat1 lncRNA indicate
greatest knockdown of 70%–80% at day 7 in the liver, followed by kid-
ney and lung with 20%–60% knockdown at day 7, and with the small-
est knockdown of 20%–45% observed in the heart (Figures 3D–3F
and Table 2). Furthermore, data indicate a relatively similar knock-
down for LNA and cEt chemistries, while 20-MOE chemistry gener-
ally results in less knockdown compared with the former two. Specif-
ically, the 20-MOE chemistry leads to less knockdown in kidney
(trending at day 2, and p < 0.001 at day 7), liver (p < 0.001 at day
7) and lung (p < 0.01 at day 2 and p < 0.001 at day 7), and heart
(p < 0.05 at day 7), compared with the other two chemistries. One
possible reason for the difference in knockdown is a difference in
intrinsic potency.

We note the disconnect between tissue concentration and knock-
down. For example, the kidney is more exposed than the liver, but
knockdown in the kidney is lower compared with liver likely because
of lower productive uptake resulting in knockdown.
Tissue PK and RNA knockdown after IT administration of non-

conjugated Malat1 ASO with various chemistries

The tissue PK and target knockdown profiles were compared for three
ASOs with different ribose chemistries after IT administration of a
single dose to mice. The study was designed with equal doses on
amount (mmol/kg) basis. Tissue PK appears roughly similar between
the three chemistries with highest concentration in the lung, followed
by kidney and liver, while heart is below the lower limit of quantifica-
tion (Figures 3G–3I and Table 2). Data indicate that the LNA chem-
istry trends to a lower liver concentration (p < 0.01 at day 7; not sig-
nificant at day 2) compared with the two other chemistries. No other
major differences between the chemistries were observed. Data on
Malat1 lncRNA knockdown indicate no significant differences be-
tween the three chemistries (Figures 3J–3L). Greatest knockdown of
20%–50% was observed in lung at day 7, followed by kidney at about
10%–30% knockdown. The 20-MOE chemistry trends to less knock-
down in lung tissue at day 7 compared with the two other chemistries.
Sequence aspects on PK properties of non-conjugated ASOs

with LNA chemistry

We next investigated the liver half-life in themouse for a larger cohort
of 15 gapmer ASOs targeting the same gene and having full PS and
LNA chemistry. To this end, we collected liver concentration-time
data (2 and 7 days; N = 3 per time point) after SC administration
at a dose level of 25 mg/kg. The full PK profiles are given in Figure S2.
Data indicate that half-life varies with sequence with a median point
estimate of 140 h and with 90% of the sequences having point esti-
mates in interval [70, 240 h] (Figure 4A). Furthermore, the data indi-
cate a small positive linear association (with correlation R2 = 0.13) be-
tween in vivo liver half-life and the pyrimidine/purine ratio of the
ASO (Figure 4B). Finally, we observed no correlation (R2 < 0.1) be-
tween the fraction of G or C residues in the ASO sequence and the
liver half-life (Figure 4C).

Linearity of liver PK in the mouse

Finally, we investigated linearity of liver PK by comparing single
doses at 25 mg/kg (3–5 mmol/kg depending on molecular weight)
in female C57 BL6/J mice and 150 mg/kg (20–30 mmol/kg) in male
and female Balb/c mice for a set of nine ASOwith varying chemistries.
For LNA and 20-MOE chemistries, we observed less than dose-pro-
portional increase in liver concentration between the low dose and
the high dose (Figure 5). Specifically, the population marginal means
of the low-dose groups and the high-dose groups were significantly
different (p < 10–13 for LNA and p < 10–6 for 20-MOE). The sparse
cEt data trends in the same direction as for the other two chemistries.

DISCUSSION
We have presented concentration and lncRNA knockdown time pro-
files for a Malat1 gapmer ASO with LNA chemistry in various tissues
of the mouse for SC and IT administration. Additionally, the same
ASO with liver-targeting GalNAc-conjugation was evaluated for SC
administration. Data indicate that exposure and knockdown differ
between tissues and strongly depends on administration route and
conjugation. The relationship between PK and lncRNA knockdown
also differs between tissues due to varying degrees of uptake leading
to PD effect, e.g., lncRNA knockdown in the desired cell type within
the tissue. The choice of Malat1 as target gene is adequate for the
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7
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Figure 5. Comparison of dose-normalized liver

concentrations in mouse at 72 h after dosing at two

different dose levels: 25 mg/kg (3–5 mmol/kg

depending on molecular weight) and 150 mg/kg (20–

30 mmol/kg)

The latter data come from a high-dose PK study after SC

administration with termination at 72 h (N = 12 for number 3

and 8, and N = 6 per compound for all other). The low-dose

data come from a mouse single-dose PK study after SC

administration, with predicted liver concentration at 72 h

based on measured concentrations at 48 h and 168 h and a

log-linear slope (N = 3 per compound).
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presented benchmark studies, becauseMalat1 lncRNA is expressed at
high levels in most cell types.14 In a second study, we showed that tis-
sue PK is similar between three ASOs with different ribose modifica-
tions (LNA, cEt, and 20-MOE) after SC and IT administration.
Further, we showed that the half-life in mouse liver may vary with
ASO sequence. Finally, we reported a less than dose-proportional in-
crease in liver concentration in the dose range 3–30 mmol/kg.We now
discuss each of the presented datasets more in depth.

Temporal tissue PK and RNA knockdown after SC

administration of Malat1 LNA ASO

The study was designed for a relevant comparison of non-conjugated
and GalNAc-conjugated ASOs at similar knockdown in themost rele-
vant tissue, namely, liver. The 7-fold difference in amount of dose, with
lower dose for conjugated ASOs compared with non-conjugated
ASOs, resulted in an approximately similar knockdown in liver (red
markers and lines in Figures 2C and 2E), confirming that the design
was appropriate. The reported data are in agreement with previous
data from Geary et al., who compare tissue parent (20-gapmer) oligo-
nucleotide concentrations at 24 h after a single intravenous adminis-
tration at a dose of 3mg/kg across species for a representative chimeric
20-MOE ASO.7 He reports liver and kidney concentrations of 16 and
61 mg/g tissue inmouse and of 101 and 145 mg/g tissue inmonkey. The
kidney-to-liver ratio of 3.8 inmouse aligns relatively well with the cor-
responding ratio of 5.5 at a maximum concentration for non-conju-
gated Malat1 LNA based on data in Table 1.

We note that tissue concentration is not directly related to RNA
knockdown when compared across tissues. For example, the kidney
concentration is highest among the tissues analyzed, but the knock-
down is greater in the liver compared with the kidney. We speculate
that this could be due to differences in the so-called productive and
non-productive uptake,15,16 as well as variation in cell-type specific
uptake and expression of the targeted RNA.

Temporal tissue PK and RNA knockdown after IT administration

of Malat1 LNA ASO

The single-dose IT administration study was designed to result in
similar lncRNA knockdown in the most relevant tissue, namely,
8 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
lung, as after single-dose SC administration. In this way, the
study provides a relevant comparison of non-conjugated ASOs
between the two routes of administration. The 25-fold difference
in dose, with lower dose for IT administration compared with
SC administration, resulted in approximately similar knockdown
in the lung (blue markers and lines in Figures 2C and 2G), con-
firming that the design was appropriate. Notably, the chosen IT
dose level is not considered to cause infiltration of inflammatory
cells.

Data on lung tissue half-life (7 days) in mice after IT delivery in the
present study agree with estimated mouse lung tissue half-life of
9 days after a single inhaled dose of fully PS 20-MOE 20-gapmer.17

Crosby et al.18 reported a lung tissue half-life of 13 days of a fully
PS cEt 16-gapmer. The greater half-life in the latter study may partly
be due to the different chemistry and partly to the dosing schedules;
three inhaled doses in the latter study compared with single doses in
the two former studies.

While several reports consistently suggest higher exposure in kidney
than lung of fully PS LNA gapmers after IT administration,19 there is
a disagreement on the relative concentration in liver compared with
lung (liver > lung in Moschos et al.19; lung > liver in Shin et al.20).
We notice, however, that the day of termination is different
(2 days19 vs. 7 days20). In contrast with these reports, we report the
highest concentration in lung followed by kidney and liver (Figure 2F)
across all time points after a single IT delivered dose (approximately
one-half the dose used in ref.19,20). The present data agree with the
ranking of tissue exposure reported for inhaled fully PS 20-MOE
gapmer in mice and cynomolgus monkeys (both single and repeated
dosing)17 and fully PS 20F arabinose nucleic acid ASO in cynomolgus
monkeys (repeated dosing).21 In a study by Beumer et al.21 with oro-
tracheal delivery to mice, a 20OMe steric blocking ASO had the high-
est ASO exposure in lung followed by similar exposure in kidney and
liver.22

The dose level could have a major impact on the systemic exposure
following direct lung delivery (IT or inhalation). Fey et al.17 reported
that disposition of an inhaled fully PS 20-MOE 20-gapmer in lung and



Table 3. ASOs used in the presented studies

Name Target Gapmer structure 20-Ribose chemistry Backbone chemistry Molecular weight (g/mol)

ASO to describe PK in tissues (Figures 2 and 3)

Malat1 LNA ASO Malat1 3-10-3 LNA full PS 5330.3

GalNAc-conjugated Malat1 LNA ASO Malat1 3-10-3 LNA full PS 7770,6

Malat1 cEt ASO Malat1 3-10-3 cEt full PS 5414.5

Malat1 20-MOE ASO Malat1 5-10-5 20-MOE full PS 7274.1

ASOs to describe the spread in liver half-lives in the mouse (Figure 4)

1–15 3-10-3 LNA Full PS

ASOs used in to describe linearity of liver PK (Figure 5)

1 3-10-3 LNA full PS 5341.4

2 3-10-3 LNA full PS 5387.4

3 3-8-3 LNA full PS 4647.8

4 3-10-3 LNA full PS 5337.3

5 3-8-3 LNA full PS 4661.8

6 5-10-5 20-MOE full PS 7226.2

7 4-10-4 20-MOE full PS 6404.4

8 5-10-5 20-MOE full PS 7165.1

9 3-10-3 cEt full PS 5421.5

LNA, locked nucleic acid; 20-MOE, methoxyethylribose; PS, phosphorothioate.
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kidney of cynomolgus monkey was dose dependent, but not dose pro-
portional. The concentrations in kidney at a low dose (0.5 mg/kg)
were approximately 25-fold lower than in lung, whereas at a high
dose (15 mg/kg) the kidney concentrations were only 2.5-fold lower
as compared with lung.23 Similarly, Nicklin et al.23 reported increased
systemic bioavailability by pulmonary administration with increased
doses of a fully PS ASO, ranging from 3% bioavailability of a 0.06-mg/
kg dose to 40% bioavailability of a 6-mg/kg dose.17 This may reflect an
increased transit from lung into the systemic circulation when high
local concentrations are achieved in lung tissue.

Tissue PK and RNA knockdown after SC administration of non-

conjugated Malat1 ASOs with various chemistries

For Malat1 ASO with 20-MOE chemistry, we can compare tissue con-
centration data with corresponding data from Geary et al.16 who
report data for ISIS 116847, a 20-MOE modified ASO, targeting puta-
tive protein tyrosine phosphatase (PTEN) mRNA. A single bolus SC
dose of 60 mg/kg in mice resulted in liver concentration of about
90 mg/g tissue at 48 h after dose, corresponding to a dose-normalized
concentration of 1.5 (nmol/g tissue)/(mmol/kg), assuming a molecu-
lar weight of 7,000 g/mol. Our data for 20-MOE Malat1 dosed at
4.7 mmol/kg is similar, 2.1 (i.e., 9.97/4.7) (nmol/g tissue)/(mmol/kg)
at 48 h (Table 2). Geary et al. report a liver half-life of 8 days, slightly
greater than the 6-day half-life in our data for 20-MOE Malat1
(Table 3). The minor difference in half-life may be due to different se-
quences, or different mouse strains, or both of those. Furthermore,
Geary et al. report a time-dependent reduction in liver PTEN
mRNA that was maximal at 48–72 h and returned to near control
levels by 20 days after administration.
Furthermore, Yu et al.24 report liver concentration of 400 mg/g tissue
of a 20-MOE ASO in tissue taken 48 h after the last dose of 25 mg/kg
administered SC every 4th day over 3 months to CD-1 mice. Consid-
ering a 5-fold accumulation given the reported rodent half-life in liver
of 13 days, the corresponding single dose liver concentration is esti-
mated at 11 nmol/g tissue (for a molecular weight of 7,177 g/mol),
and a dose-normalized liver concentration of 3.1 (nmol/g tissue)/
(mmol/kg) which is of similar magnitude, but about 1.5-fold greater
than we observed for Malat1 LNA ASO (2.1 (nmol/g tissue)/(mmol/
kg); dose-normalized liver concentration data at 48 h in Table 2).

For Malat1 ASO with cEt chemistry, we can compare the tissue con-
centration data with corresponding data from Hung et al.14 They re-
ported liver, kidney, heart, and lung concentrations of 391, 575, 76,
and 134 mg/g tissue, respectively, in tissues taken 24 h after the last
dose of 50 mg/kg administered SC twice weekly over 4 weeks to
BALB/c mice. Considering a 3- to 5-fold accumulation after repeated
dosing, given our estimated half-lives in respective tissue (Table 3),
the corresponding single dose-normalized liver, kidney, heart, and
lung concentrations are estimated to 1.1, 8.5, 0.081, and 0.15
(nmol/g tissue)/(mmol/kg), respectively, which is 2.6, 0.5, 4.2, and
6.1 times greater than we observed for Malat1 cEt ASO (tissue con-
centration data at 48 h in Table 3). The difference may be because
of different mouse strains, non-linear PK, uncertainty in the esti-
mated half-lives, or a combination of those. Interestingly, the order
or tissues, from highest to lowest concentration, is the same between
the two studies: kidney>liver>lung>heart. Furthermore, Hung et al.
reported RNA knockdown of both Malat1 20-MOE and cEt chemis-
tries for the same study protocol. The knockdown was greater for
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 9
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cEt compared with 20-MOE in kidney, lung, and heart, and similar in
liver, and all these trends were recapitulated in our data both at 48 and
168 h (Table 3).

Overall, the presented SC data are aligned to previous literature.

Tissue PK and RNA knockdown after IT administration of non-

conjugated Malat1 ASOs with various chemistries

The limited data in the literature of tissue exposure after a single IT
dose does not allow for a direct comparison of the tissue concentra-
tions of different ASO chemistries. In the present study, we observed
roughly similar tissue PK between the three tested chemistries. Shin
et al.20 compared the silencing ability in lung tissue after IT delivery
of fully PS ASO with 20-MOE or LNA chemistry. The LNAASO (90%
knockdown) showed improved silencing in lung tissue compared
with the 20-MOE ASO (60% knockdown).20 In line with this, we
here observe that, despite a high concentration in lung tissue of the
20-MOE ASO at 7 days, the target knockdown (�20%) was less
compared with that of the cEt (�50%) and LNA (�50%) ASOs. As
mentioned, a direct comparison of target knockdown between the
three tested ASOs is associated with some uncertainty because of
different ASO lengths.

In general, a larger spread in data points from animals given an IT
dose compared with a SC dose is expected because of the more
complicated administration process that is more difficult to perform
in a standardized manner.

Sequence aspects on PK properties of non-conjugated ASOs

with LNA chemistry

It has been reported that, irrespective of the 20-ribose modification
incorporated, the PS moiety is the primary determinant of the PK
properties of ASOs.25 Our analysis indicates some remaining spread
in liver half-lives between different sequences for non-conjugated
ASOs, all with the same full PS and LNA chemistry. Such a spread
in liver half-life is consistent with observations by Geary et al.8 for
two different sequences in the same 20-MOE chemical class. Of rele-
vance to this observation, the liver concentration per se has also been
reported to vary for ASOs with the same LNA chemistry but different
sequences.26 Notably, our reported median half-life of 140 h is similar
to the half-life of 152 h estimated for Malat1 ASO using rich time
course data (Figure 1; Table 2). We acknowledge that part of the
spread may be due to uncertainty in the half-life estimates.

Our data indicate a small trend that liver half-life increases with py-
rimidine/purine ratio. In contrast, Crooke et al.27 reported that py-
rimidine-rich compounds seem to be metabolized to a greater extent
than purine-rich oligomers in vitro. Potential reasons for this discrep-
ancy include oligomer chemistry and length, target sequence, and dif-
ferences between in vitro and in vivo experiments. Our data did not
show any correlation between liver half-life and the fraction of G or
C residues, here referred to as GC content. The GC content ranged
from 3%1 to 56% in our set of ASO. This range is partly overlapping
with a GC-content of 45%–65%, which has been associated with the
10 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
most favorable ASO knockdown.28We note that the type of liver half-
life data presented here can potentially be used to generate in vitro-
in vivo relationships, for example by comparing the in vivo data
with in vitro stability in mouse hepatocytes as suggested for
siRNAs.29 Such an approach can be useful for filtering out unstable
ASOs in drug discovery.

Linearity of liver PK in the mouse

Finally, we investigated linearity of liver PK by comparing single SC
doses for a set of nine ASO with varying chemistries. For LNA chem-
istry, we observed less than dose-proportional increase in liver con-
centration between the low dose of 3–5 mmol/kg and the high dose
of 20–30 mmol/kg (roughly corresponding to 25 and 150 mg/kg) (Fig-
ure 5). A similar trend was observed for one of the ASOs with 20-MOE
chemistry (number 8 in Figure 5), but the other two (numbers 6 and
7), as well as the single ASO with cEt chemistry showed roughly dose-
proportional PK. We acknowledge the following uncertainties in our
analysis. First, low-dose studies were conducted in female C57 BL6/J
mice, while the high-dose data originate frommale Balb/c mice or, for
two of the compounds, from both male and female Balb/c mice. For
the two compounds with both male and female high-dose data, there
is no sex difference in liver concentrations, suggesting limited uncer-
tainty due to the difference in sex. Second, for the low-dose studies,
the concentrations at 72 h are interpolated from observed data at
48 and 168 h.

A less than dose-proportional increase in liver concentration in
mouse has previously been reported for a 20-MOE ASO in the dose
range from 1 to 30 mg/kg,30 and for a cEt ASO in the dose range
from 26 to 70 mg/kg.31 For GalNAc-conjugated ASOs, it is known
that a pronounced, less-than-dose-proportional increase in liver con-
centration occurs because of saturated liver uptake.32–34 For a com-
parison with plasma PK, Edwards et al.35 reported linear plasma
PK of an ASO in the dose range of 160–640 mg in humans.

Overall, our data seem to align with the previous literature. However,
because of the limitations of our studies, the results should be inter-
preted with some caution. More extensive investigations are needed
to draw general conclusions about the dose linearity of ASOs, ideally
conducted in the same strain and designed with sampling at the same
time points.

Practical implications to pharma industry

We here present a rich dataset with densely sampled tissue profiles
with concentrations and lncRNA knockdown for Malat1 LNA
ASO. A direct comparison of GalNAc conjugation with non-conjuga-
tion for SC administration is carried out and a comprehensive dataset
for IT administration is also generated. We believe these data will be
highly valuable for the design of in vivo studies accounting for the
right dose level, the right dosing frequency, the time to steady state
for repeated administration, washout time at end of dosing,
dose-concentration relationship, concentration to knockdown rela-
tionship, and other quantitative aspects of the tissue PK and RNA
knockdown. These data also help to predict tissue concentrations
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following various routes of administration. The second dataset in-
forms on expected differences in PK for various chemistries, both
for SC and IT administration. Finally, we present data across chem-
istries on the linearity in PK, something that is of importance when
designing tolerability and toxicity studies. On a more general level,
the presented data can serve as a benchmark in mouse for future ex-
tensions of methods for translation between species.36–38

Overall, this study supports the design and interpretation of ASO
in vivo studies and guide compound ranking to ultimately increase
the probability of delivering optimal ASO therapy to patients.

MATERIALS AND METHODS
Compounds

We targeted a long non-coding RNA gene, Malat1 with chemically
modified ASOs with or without GalNAc conjugation. Malat1 is
evolutionarily conserved among mammals at the level of primary
sequence and highly expressed in many tissues.14 The compounds
used in the key studies (Figures 2 and 3) are listed in Table 3. To
describe the spread in liver half-lives in the mouse, we used 15
ASOs for which we cannot reveal the sequence (Figure 4). All these
ASOs were 3-10-3 gapmers with full PS and LNA chemistry (Table 3).
In addition, to describe the linearity of liver PK in the mouse (Fig-
ure 5), we used nine ASOs for which key characteristics are reported
in the lower part of Table 3 and sequences in Table S1.

Animals

For PK studies, female mice C57 BL6/J (Si Bei Fu Laboratory Ani-
mal Technology Co. Ltd; Vital River Laboratory Animal Technology
Co., Ltd; HuaFuKang Bio-Technology Co. Ltd) of 8–10 weeks of age
weighing 20–30 g were used. In an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited
animal facility in a controlled environment (20�C–25�C and 40%–

70% relative humidity) with a 12-h light/12-h dark cycle. The ani-
mals had access to water and chow ad libitum for at least 3 days
before the experiments, and enrichments in the cage such as
gnaw stick and bedding material. The wellbeing for the PK studies,
including body weight, of the animals was monitored twice weekly
and at termination. Pharmaron’s (Beijing Co., Ltd., China) Institu-
tional Animal Care and Use Committee (IACUC) approved the
studies, and the animal experiments conform to all relevant regula-
tory standards.

For the high-dose experiment (Figure 5), Male and female Balb/c
mice were used (Orient Bio Inc.) of 8 weeks of age weighing 14–
18 g for the females and 17–25 g for the males. Male animals were sin-
gle housed, and the female animals were group-housed in an
AAALAC-accredited animal facility in a controlled environment
(20�C–26�C and 30%–70% relative humidity) with a 12-h light/12-
h dark cycle. The animals had access to water and chow ad libitum
for at least 3 days before the experiments, and enrichments in the
cage such as gnaw stick and bedding material. The wellbeing for
the high-dose experiment, including body weight, of the animals
was monitored daily. The Korea Institute of Toxicology IACUC
approved the studies, and the animal experiments conform to all rele-
vant regulatory standards.

Drug formulation and in vivo phase

Formulation was prepared by dissolving the different test compounds
in Dulbecco’s PBS without calcium chloride and magnesium chloride
(Gibco) at the appropriate concentration. The concentration of the
dose solutions was checked by measuring optical density value at
260 nm in combination with the unique extinction coefficient of
the ASO. The dose formulations were kept stirred at room tempera-
ture for at least 2 min before dosing.

The drugs were delivered via IT or SC administration. Doses ranging
from 0.18 to 0.22 mmol/kg for IT delivery and 0.64 to 30 mmol/kg for
SC delivery and the dose volumes were 2 mL/kg for IT delivery and
4 mL/kg for SC delivery. At the time of sampling, the animals were
anesthetized with isoflurane (Lunan BETTER Pharmaceutical Co.,
Ltd.) by inhalation and the absence of ped reflex was tested before
the procedure was initiated. The animals were euthanized by cutting
the heart before the tissues were removed to minimize blood contam-
ination of the tissue. Lung, liver, kidney, and heart were sampled for
exposure analysis with liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) in low binding DNA tubes (Protein LoBind
Tubes 1.5 mL; Eppendorf) and homogenized in ice-cold buffer
(20 mM Tris pH 8, 20 mM EDTA, 0.1M NaCl, 0.5% NP40) in the ra-
tio 1:9. Homogenization was performed with bead-beating technol-
ogy using stainless steel balls (Xinxin Stainless steel ball Co., Ltd.)
or zirconia bead (Haimen Naisite Experimental Equipment Factory)
before snap freezing and storage of homogenate in�80 ± 15�C before
analysis. Lung, liver, kidney, and heart were sampled for target knock-
down assessment with qPCR by collection of tissue samples
submerged in RNAlater solution (Thermo Fisher Scientific) in
RNase-free tubes (Thermo Fisher Scientific). The samples were stored
overnight at 4�C to allow for penetration of the RNAlater and next
transferred to �80 ± 15�C for long-term storage.

Bioanalytical methods

The homogenized tissue samples were analyzed by LC-MS/MS for
quantification of the exposure of administered ASOs. Sample prepa-
ration was done by liquid-liquid extraction followed by solid phase
extraction. The samples were analyzed using a Rack Changer auto-
sampler (Shimadzu) and HPLC system LC30AD (Shimadzu) coupled
to an MS/MS instrument AB Sciex API 5500 (AB Sciex, Toronto,
Canada) or Shimadzu 8060 (Shimadzu). A gradient was applied
over a Waters BEH C18, 130 Å 1.7-mm column (2.1 � 50 mm) (Wa-
ters) or a Halo ES-C18 2.7 mC18 160 Å column (50� 2.1 mm) (Halo)
for chromatographic separation. Mobile phase A was water contain-
ing 5% methanol and hexafluoroisopropanol (400 mM) and triethy-
lamin (16mM) andmobile phase B was 95%methanol containing 5%
water.

RNA extraction and quantification

Tissue sections were thawed at room temperature and moved (with
an autoclaved tweezer) to a 2 mL Eppendorf tube containing
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400 mL lysis buffer (Beckman Coulter Lysis LBE, Cat no C39467) and
one 5-mm Stainless steel bead (Qiagen, Cat no 69989). Next, 20 mL
proteinase K was added (Beckman Coulter, Cat no C42096) and sam-
ples homogenized with an SPEX Sample Prep1600 MiniG, starting at
1,000 RPM for 4 min. Homogenized samples were next incubated for
30 min at 37�C and then placed at �80�C overnight to reduce foam.
RNA was finally extracted using an automated protocol on a Biomek
i7 (RNAdvance Cell v2, Cat no A47943).

RNA quality and concentration were measured on an Agilent Frag-
ment Analyzer and the amount of input RNA used for cDNA synthe-
sis normalized. cDNA and pre-amplification (12 cycles) was carried
out according to the manufacturers recommendations (Fluidigm,
Preamp and Reverse Transcription master mix, Cat no 100–6301)
and gene expression levels determined using the Biomark HD system
(Fluidigm, GE Dynamic Array Reagent Kit, Cat no 100–6267) with
the following TaqMan probes (Thermo Fisher Scientific); Malat1
(Cat no Mm01227912_s1), Beta-actin, (Cat no Mm02619580_g1),
Hprt1 (Cat no Mm03024075_m1), and Rplp0 (Mm00725448_s1).

PK modeling

For the densely sampled concentration-time data, we applied
modeling to estimate the tissue half-life and AUC in the target organ.
The PK was described by a one-compartmental model with fixed ab-
sorption rate of 1 1/h. Numerical analyses were performed in
MATLAB (R2020a; The MathWorks). Specifically, the MATLAB
function fminsearch was used for solving the optimization problems
encountered during parameter estimation. Parameter estimation
was performed according to a maximum likelihood approach with
a proportional error model, using the naive-pooled data approach.
For studies with two sampling time points, standard linear regression
on logarithmic scale was applied to estimate the tissue half-lives.

Statistical analysis

Tukey’s post hoc test was used for multiple comparisons. For data in
Figure 3, one-way ANOVA was used. For data in Figure 5, two-way
ANOVA for unbalanced design was used. Multiple comparison tests
were performed in MATLAB using the functions anova1, anovan,
and multcompare. The correlations shown in Figure 4 were per-
formed using GraphPad Prism version 9.4.0 for Windows,
GraphPad Software; www.graphpad.com. In all our analyses, p values
of less than 0.05 were designated as statistically significant.
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