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ABSTRACT

For oligonucleotide therapeutics, chemical modifi-
cations of the sugar-phosphate backbone are fre-
quently used to confer drug-like properties. Be-
cause 2′-deoxy-2′-fluoro (2′-F) nucleotides are not
known to occur naturally, their safety profile was as-
sessed when used in revusiran and ALN-TTRSC02,
two short interfering RNAs (siRNAs), of the same
sequence but different chemical modification pat-
tern and metabolic stability, conjugated to an N-
acetylgalactosamine (GalNAc) ligand for targeted de-
livery to hepatocytes. Exposure to 2′-F-monomer
metabolites was low and transient in rats and hu-
mans. In vitro, 2′-F-nucleoside 5′-triphosphates were
neither inhibitors nor preferred substrates for human
polymerases, and no obligate or non-obligate chain
termination was observed. Modest effects on cell via-
bility and mitochondrial DNA were observed in vitro
in a subset of cell types at high concentrations of
2′-F-nucleosides, typically not attained in vivo. No
apparent functional impact on mitochondria and no
significant accumulation of 2′-F-monomers were ob-
served after weekly administration of two GalNAc–
siRNA conjugates in rats for ∼2 years. Taken to-
gether, the results support the conclusion that 2′-F
nucleotides can be safely applied for the design of
metabolically stabilized therapeutic GalNAc–siRNAs
with favorable potency and prolonged duration of ac-
tivity allowing for low dose and infrequent dosing.

INTRODUCTION

RNA interference (RNAi) therapeutics are emerging as an
important class of human medicines due to their ability to
harness a natural cellular mechanism that can potentially
regulate the expression of any RNA transcript (1). The first
RNAi therapeutic recently entered commercial stage after
gaining regulatory approval (2), and several others are cur-
rently in late stage clinical development (3–5).

The successful translation of this promising concept into
a therapeutic reality has been fundamentally enabled by the
development of technologies for safe and efficient delivery
of siRNAs to the target cells. Thus far, two platforms for
targeted delivery of RNAi therapeutics to the liver, lipid
nanoparticles and N-acetylgalactosamine (GalNAc) con-
jugates, have achieved clinical proof-of-concept. For the
latter, a trivalent GalNAc ligand covalently linked to an
siRNA mediates targeted delivery to hepatocytes via the
asialoglycoprotein receptor (ASGPR) (6). This approach,
however, critically depends on protecting the siRNA with
chemical modifications against a wide variety of extra- and
intracellular nucleases encountered en route from the sub-
cutaneous site of administration to the cytosol of hepato-
cytes in the liver. In fact, the in vivo potency and duration
of activity of GalNAc–siRNA conjugates largely depends
on design features, which enhance their ability to withstand
extra- and intracellular nucleases, thereby improving their
metabolic stability, while maintaining the ability to func-
tionally load the siRNA into the RNA-induced silencing
complex (RISC) (7).

Commonly used chemical modifications of siRNAs
include modifications of the phosphodiester backbone
and/or of the 2′ position of the ribose sugar of nucleotides,
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such as 2′-deoxy-2′-fluoro (2′-F) and 2′-O-methyl (2′-OMe)
(8). The 2′-F-modification, which combines minimal steric
bulk at the 2′-position with a 3′-endo (N-type) sugar pucker,
constitutes an excellent RNA mimic that tends to preserve
structural and functional compatibility with RISC, espe-
cially when incorporated into siRNAs at nucleotide posi-
tions, which are more sensitive to sterically demanding 2′-
modifications (9,10).

When siRNAs are metabolized intracellularly by endo-
and exonucleases to yield shorter fragments, individual
modified nucleosides and/or nucleotides could possibly be
generated and become part of the endogenous nucleoside
and nucleotide pools within a cell. The extent and rate at
which this may occur largely depends on the metabolic re-
sistance of the siRNA toward nuclease degradation. Our
first generation GalNAc–siRNAs with ‘Standard Template
Chemistry’ (STC) contained two terminal phosphoroth-
ioate (PS) linkages and were fully modified with 2′-OMe
and 2′-F (e.g. revusiran, Supplementary Table S1). To fur-
ther increase metabolic stability, our GalNAc–siRNAs cur-
rently in clinical development utilize the ‘Enhanced Stabi-
lization Chemistry’ (ESC) design featuring four additional
terminal PS linkages and, generally, a higher 2′-OMe con-
tent. These changes in siRNA chemistry provide substan-
tially improved metabolic stability, potency and duration
of activity (e.g. ALN-TTRSC02/vutrisiran) (7,9), which al-
lows for significantly lower doses to be administered infre-
quently (monthly or less frequent) and reduces total drug
exposure required to obtain the desired pharmacodynamic
effect.

Similar to nucleoside/nucleotide-based anticancer and
antiviral therapeutics, nucleoside/nucleotide metabolites of
siRNAs can be subject to intracellular 5′-phosphorylation
by kinases, thus generating 5′-nucleoside monophos-
phates (NMPs), 5′-nucleoside diphosphates (NDPs) and 5′-
nucleoside triphosphates (NTPs). The latter species repre-
sents the active form that may interact with cellular DNA
and RNA polymerases, mimicking the action of natural
NTPs. Mitochondrial toxicity, which can manifest as hep-
atic failure, lactic acidosis, pancreatitis, neuropathy and/or
myopathy, is a common safety risk of nucleoside and nu-
cleotide analog drugs, including viral reverse-transcriptase
inhibitors and viral DNA or RNA polymerase inhibitors
(11–13). Such analogs, in their NTP forms, may inter-
fere with both the nuclear and the mitochondrial poly-
merases, but may preferentially affect mitochondrial repli-
cation since it occurs in all phases of the cell cycle and
mitochondria become the main consumer of endogenous
NTPs in post-mitotic cells (14). Moreover, mitochondrial
polymerases have lower selectivity and lower exonuclease
proofreading capabilities compared to nuclear polymerases
(15,16).

Here, the in vivo fate of 2′-F-monomer metabolites of re-
vusiran (STC) and ALN-TTRSC02 (ESC) and their po-
tential effects on cellular and molecular processes were as-
sessed. These investigations included: characterization of
2′-F-monomer metabolite disposition in rats and humans;
the effects of 2′-F-NTPs on polymerases; the effects of 2′-
F-nucleosides on cell viability and cellular mitochondrial
DNA in vitro; and the effects on mitochondrial structure

and function in a 2-year rat carcinogenicity study with two
STC GalNAc–siRNAs, revusiran and its rodent surrogate
sequence siTTR-3.

MATERIALS AND METHODS

Care and use of laboratory animals

All studies were conducted using protocols consistent with
local, state and federal regulations, as applicable, and ap-
proved by the Institutional Animal Care and Use Com-
mittees (IACUCs) at Alnylam Pharmaceuticals or Covance
Laboratories (Madison WI), as applicable.

Test and control articles

GalNAc–siRNA conjugates were synthesized as previously
described by Nair et al. (6) and are listed in Supplementary
Table S1. Fialuridine (FIAU) was obtained from Moravek
(Cat# M-251). Sofosbuvir (SOF) was obtained from Car-
bosynth (Cat# FS45410). 2′,3′-Dideoxycytidine (ddC) was
obtained from Sigma-Aldrich (Cat# D5782). Native and 2′-
F-nucleosides were obtained from Carbosynth. Native and
2′-F-NMPs were obtained from NuBlocks, LLC. Native
and 2′-F-NTPs were obtained from NuBlocks, LLC and
TriLink Biotechnologies.

In vitro metabolism of 2′-F-monomers

2′-F-nucleosides and NMPs (100 �M stock solution in wa-
ter) were incubated at a final concentration of 10 �M with
human liver S9 (1 mg/ml; H0605.S9/Lot. 1110439, Sekisui
XenoTech, Kansas City, KS) supplemented with 3.3 mM
magnesium chloride in 0.1 M potassium phosphate, pH
7.4, at 37◦C for 1 h. The reaction mixtures were quenched
by extracting with two volumes of acetonitrile (ACN). Af-
ter centrifugation at 4200 rpm for 30 min at 4◦C, the su-
pernatants were dried in a TurboVap® and the pellets
were reconstituted with 200 �l of 5 mM ammonium ac-
etate in reverse osmosis water. Ten microliters of the recon-
stituted solution was analyzed by liquid chromatography-
mass spectrometry/mass spectrometry (LC-MS/MS) on a
Vanquish UHPLC system (Thermo Fisher Scientific, San
Jose, CA) and Q Exactive™ mass spectrometer (Thermo
Scientific, San Jose, CA). The analytes were separated by
Luna Omega Polar C18 column (3 �m, 150 × 2.1 mm, Phe-
nomenex). The flow rate was 0.15 ml/min, and the run time
per sample was 32 min. The gradient started with 4% buffer
B (5 mM ammonium acetate, pH 5.6 in 80/20 ACN/water)
and progressed to 30% buffer B in buffer A (5 mM ammo-
nium acetate, pH 5.6 in water) over 26 min.

In vivo exposure to 2′-F-monomers generated from GalNAc–
siRNAs

Rat liver, kidney, heart, plasma, urine and bile samples were
collected at multiple time points (tissues: 1, 2, 4, 8, 24, 48,
96 and 168 h; plasma: 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96 and 168
h; urine and bile: 0–6, 6–24, 24–48, 48–72, 72–96, 96–120,
120–144 and 144–168 h) after administration of a single 30
mg/kg subcutaneous dose of revusiran or ALN-TTRSC02
to male and female Sprague Dawley rats. For the 2-year rat
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carcinogenicity study, liver and heart were collected ∼24
h after the last dose at the interim sacrifice on Week 81.
Flash-frozen tissue samples and control (untreated) tissues
were ground to powders and weighed. A phosphatase treat-
ment step prior to sample analysis was implemented to
quantify total 2′-F-monomer pool, including nucleosides,
NMPs, NDPs and NTPs. A portion of the control tissue
matrix was spiked with 2′-F-NTPs (Set K-1011, TriLink
Biotechnologies) to generate quality control (QC) samples
and standard curves ranging from 5 to 300 �M. The sam-
ples (including standards and QCs) were precipitated by
ACN/water (70/30, v/v). The supernatant was dried down,
reconstituted in dephosphorylation buffer (50 mM ammo-
nium acetate, 1 mM MgCl2, pH 8.0) and dephosphory-
lated with calf intestinal alkaline phosphatase (Cat# P7923-
10KU, Sigma-Aldrich) at 37◦C for 1 h. The dephospho-
rylated solution was extracted by Hyper-Carb SPE (Cat#
60302-608, Thermo Fisher Scientific) and reconstituted in
200 �l buffer A (5 mM ammonium acetate in water, pH 5.6).
A volume of 5 �l of the reconstituted solution was analyzed
by LC-MS/MS on a Dionex Ultiate 3000 UHPLC system
(Thermo Fisher Scientific, San Jose, CA). 2′-F-nucleosides
were analyzed using a TSQ Quantiva™ mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) set for selective
reaction monitoring (SRM) mode with negative ionization.
The 2′-F-nucleosides were separated by Luna Omega polar
C18 column (3 �m, 100 Å, 150 × 2.1 mm, Phenomenex).
The flow rate was 0.2 ml/min, and the run time per sam-
ple was 16.5 min. The gradient started with 5% buffer B (5
mM ammonium acetate, pH 5.6 in 80/20 ACN/water) and
progressed to 11% buffer B in buffer A (5 mM ammonium
acetate, pH 5.6 in water) over 10 min.

Human plasma (50 �l) and urine (50 �l) samples col-
lected from Phase 1 studies ALN-TTRSC-001 and ALN-
TTRSC02-001 were extracted with ACN/water (70/30,
v/v), dephosphorylated and extracted by Hyper-Carb SPE
as described above.

Quantitation of endogenous nucleosides and nucleotides

A portion of control (untreated) pulverized rat liver was
spiked with 13C- and 15N-labeled ribo- or deoxyribonucleo-
side triphosphates (Sigma-Aldrich) to generate QC samples
and standard curves ranging from 0.03125 to 20 �M. The
samples (including standards and QCs) were precipitated
by ACN/water (70/30, v/v). A phosphatase treatment step
prior to sample analysis was implemented to quantify total
endogenous monomer pool, including nucleosides, NMPs,
NDPs and NTPs. The dried down supernatants were recon-
stituted in dephosphorylation buffer and dephosphorylated
with calf intestinal alkaline phosphatase at 37◦C for 1 h. The
dephosphorylated solution was precipitated by ACN/water
(70/30, v/v) and reconstituted in 150 �l buffer A (5 mM
ammonium acetate in water, pH 5.6). A volume of 5 �l of
the reconstituted solution was analyzed by LC-MS/MS on
a Vanquish UHPLC system (Thermo Fisher Scientific, San
Jose, CA). The 13C- and 15N-labeled ribo- or deoxyribonu-
cleoside triphosphate standard curves and QC samples and
endogenous ribo- and deoxyribonucleosides were analyzed
using a Q Exactive™ mass spectrometer (Thermo Fisher Sci-
entific, San Jose, CA) set for Parallel Reaction Monitoring

(PRM) mode with positive ionization. The analytes were
separated by Luna Omega Polar C18 column (3 �m, 150 ×
2.1 mm, Phenomenex). The flow rate was 0.25 ml/min, and
the run time per sample was 14 min. The gradient started
with 4% buffer B (5 mM ammonium acetate, pH 5.6 in
80/20 ACN/water) and progressed to 24% buffer B in buffer
A (5 mM ammonium acetate, pH 5.6 in water) over 6 min.

DNA polymerase inhibition assays

Human DNA polymerase inhibition assays were performed
by Southern Research Institute (Frederick, MD). DNA
polymerase � (Pol-�) and DNA polymerase � (Pol-�) were
obtained from ChimeRx, and DNA polymerase � (Pol-� )
was obtained from BPS Bioscience. Pol-� reaction buffer
contained 60 mM Tris–HCl, pH 8.0, 5 mM magnesium ac-
etate, 1 mM dithiothreitol (DTT), 0.1 mM spermine and
0.3 mg/ml bovine serum albumin (BSA). Pol-� reaction
buffer contained 25 mM Tris–HCl, pH 8.8, 100 mM KCl,
1 mM MgCl2, 1 mM DTT and 0.1 mg/ml BSA. Pol-� re-
action buffer contained 25 mM Tris–HCl, pH 8.0, 100 mM
KCl, 10 mM MgCl2, 1 mM DTT and 1 mg/ml BSA. The
25 �l reaction mixture contained buffer, 25 �M each of
dATP, dCTP and dGTP, 25 nM TTP, 1 �Ci of 3H-TTP,
160 nM template/primer (1:1), Pol-�, -� or -� , and serially
diluted 2′-F-NTPs (0–200 �M) or fialuridine triphosphate
(FIAU-TP) (0–25 �M). The reaction mixture was incubated
at 37◦C for 1 h and stopped by addition of 25 �l of 20%
trichloroacetic acid (TCA) to a final concentration of 10%.
The synthesized DNA was precipitated at 4◦C for 40 min,
washed twice with 10% TCA, once with 70% isopropanol,
then counted using a Microbeta instrument. The reduc-
tion in incorporated radioactivity represents the potency of
compound inhibition. Positive controls were aphidicolin in
the Pol-� assay, and 2′,3′-dideoxy NTPs (ddNTPs) in Pol-�
and -� assays.

Mitochondrial polymerase incorporation assays

Purified exonuclease activity-deficient human mitochon-
drial DNA polymerase � (Pol-� exo-mutant) was obtained
from the lab of Prof. William Copeland (National Insti-
tute of Environmental Health Science, NIEHS, NC, USA).
Human mitochondrial RNA polymerase (POLRMT) was
purchased from Indigo Biosciences (Cat# MV100-40).
Fluorophore-labeled DNA and RNA primers were synthe-
sized at Alnylam Pharmaceuticals; DNA templates were
obtained from IDT (primer and template sequences can be
found in Supplementary Tables S2 and S3).

Reaction conditions for the Pol-� incorporation assays
were as follows: DNA template (100 nM), 14-mer 5′-
fluorophore (Atto-425) labeled DNA primer (100 nM), Pol-
� (exo-mutant) (40 Units), substrate (1 mM dNTP or 2′-F-
NTP, or otherwise as indicated), reaction buffer (20 mM
Tris–HCl, pH 8.0, 2 mM �-mercaptoethanol, 0.1 mg/ml
BSA, 10 mM MgCl2), 37◦C for 30 min. Reactions were
quenched by the addition of 25 mM ethylenediaminete-
traacetic acid (EDTA). FIAU-TP was evaluated in the Pol-
� assay to highlight the relative kinetic differences as com-
pared to 2′-F-NTPs, as previously described (17,18). For
the competition assay with mixtures of dNTP and 2′-F-
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NTP, the single-nucleotide incorporation assays were per-
formed by mixing the corresponding dNTP and 2′-F-NTP
in various ratios: 100:1, 10:1, 1:1, 1:10 and 1:100, using
the reaction conditions described above. For the 1:1 mix-
ture, concentrations of both the dNTP and 2′-F-NTP were
1 mM. For the 100:1 and 1:100 mixtures, the concentrations
of dNTP and 2′-F-NTP were 1 mM:10 �M and 10 �M:1
mM, respectively. The reaction mixtures were diluted with
water to 1 nM primer and analyzed by FLD-IEX-HPLC
(λexcitation: 436 nm, λemission: 485 nm) using a DNAPac200
4 × 250 mm column. Buffer A: 20 mM sodium phosphate,
10% ACN, pH 11; buffer B: 20 mM sodium phosphate, 10%
ACN, 1 M NaBr, pH 11. The flow rate was 1 ml/min and
the gradient was 25–40% buffer B in 16 min.

Reaction conditions for the POLRMT incorporation as-
says were as follows: DNA template (200 nM), 12-mer 5′-
fluorophore (Atto-425) labeled RNA primer (25 nM), POL-
RMT (300 nM), substrate (1 mM NTP or 2′-F-NTP, or oth-
erwise as indicated), reaction buffer (20 mM Tris–HCl, pH
7.5, 10 mM MgCl2, 10 mM DTT, 0.05% Tween-20), 37◦C
for 30 min. Reactions were quenched by the addition of
25 mM EDTA. For the competition assay with mixtures
of NTP and 2′-F-NTP, the single-nucleotide incorporation
assays were performed by mixing the corresponding NTP
and 2′-F-NTP in various ratios: 100:1, 10:1, 1:1, 1:10 and
1:100, using the reaction conditions described above. For
the 1:1 mixture, concentrations of both the NTP and 2′-
F-NTP were 1 mM. For the 100:1 and 1:100 mixtures, the
concentrations of NTP and 2′-F-NTP were 1 mM:10 �M
and 10 �M:1 mM, respectively. The reaction mixtures were
diluted with water to 1 nM primer and analyzed by FLD-
IEX-HPLC (λexcitation: 436 nm, λemission: 485 nm) using a
DNAPac200 4 × 250 mm column. Buffer A: 20 mM sodium
phosphate, 10% ACN, pH 11; buffer B: 20 mM sodium
phosphate, 10% ACN, 1 M NaBr, pH 11. The flow was 1
ml/min and the gradient was 31–45% buffer B in 16 min for
the A, G and U incorporations, and 35–40% buffer B in 16
min for the C incorporations.

Non-obligate chain termination assay

23-mer DNA primer (5′-d[TTGATATTAAAAGA
GACAAATTT]-3′) and 50-mer DNA template (5′-
d[GCGAAGCTTAGGAGGTAAAAAAAAATGAAA
TTTGTCTCTTTTAATATCAA]-3′) were synthesized by
IDT. The 23-mer DNA primer was radiolabeled using
� -32P ATP (PerkinElmer) and hybridized to the 50-mer.
DNA chain elongation reactions (10 �l) were set up as
described previously (19) with the following exception: 10
units of Pol-� (exo- mutant) were used for each reaction.
All reactions were run for 10 min at 37◦C. Reactions were
stopped by adding 10 �l of 2× RNA Loading Dye (New
England BioLabs) and were heated at 100◦C for 5 min.
Samples were then separated on a 12% urea polyacrylamide
gel and quantified on a phosphorimager (Typhoon FLA
7000, GE).

Cytotoxicity and mitochondrial DNA quantification

Cell line, media and seeding density information can be
found in Supplementary Table S4. HepG2, SkMC, Caki-

1, Molt-4, COLO 205 and SNB-78 cells were grown
in either glucose- or galactose-containing medium for 1
week, followed by seeding into 96-well plates for monomer
treatment. iCell cardiomyocytes were seeded directly onto
gelatin-coated 96-well plates as per manufacturer’s instruc-
tions and grown for 5 days prior to monomer treatment.
Monomers prepared in 1:1 ethanol:water were dosed at con-
centrations up to 250 �M with every media change on days
0, 3, 7 and 10 for a total of four doses. The final ethanol con-
centration was 2.5% for the 250 �M dose, and 1% for all the
other doses. On day 11, cytotoxicity was assessed by a sul-
forhodamine B-based assay (Cat#TOX6, Sigma-Aldrich)
according to manufacturer’s instructions.

DNA was extracted using Quick-DNA 96 Plus kit
(Cat# D4070 and D40701, Zymo Research) following the
manufacturer’s protocol for biological fluids and cells.
The concentration of the eluted DNA was measured us-
ing NanoDrop (Thermo Fisher Scientific) and normal-
ized to 5 ng/�l in nuclease-free water. To quantify mi-
tochondrial DNA, quantitative polymerase chain reaction
(qPCR) reactions were performed by combining Light Cy-
cler Master-mix (Cat# 20446020, Roche) and a TaqMan
probe specific for Cytochrome Oxidase I (Hs02596864 g1,
Thermo Fisher Scientific). To quantify nuclear DNA,
a TaqMan probe specific for Succinate Dehydrogenase
(Hs05450579 g1, Thermo Fisher Scientific) was used. These
reactions were performed in 384-well qPCR plates on a
Roche Light-Cycler 480 II.

In vitro exposure to 2′-F-monomers

Two to four million cells (HepG2, SkMC, Caki-1, Molt-
4, COLO 205, SNB-78, iCell cardiomyocytes grown in the
glucose media as described above and in Supplementary
Table S4) were incubated with 2′-F-nucleosides (10 or 250
�M) for 24 h and washed three times with 1× phosphate-
buffered saline. Cell pellets were re-suspended on ice in 200
�l of dephosphorylation buffer (50 mM ammonium ac-
etate, 1 mM MgCl2, pH 8.0), sonicated, and lysed with five
freeze/thaw cycles in 37◦C water bath and liquid nitrogen.
Dephosphorylation and quantification of 2′-F-and endoge-
nous monomers were performed as described above for the
in vivo samples.

Mitochondrial function and structure evaluation in a rat car-
cinogenicity study

In a 2-year rat carcinogenicity study, male and female
Sprague Dawley rats received once-weekly subcutaneous
doses of revusiran at 10, 30 or 100 mg/kg, or a pharma-
cologically active rodent surrogate siTTR-3 at 30 mg/kg
for the duration of the study. Females received 88 doses
while males received 97 doses. To evaluate the poten-
tial effect of chronic STC GalNAc–siRNA administration
on mitochondrial function, blood was collected from 10
animals/sex/group at the terminal necropsy (week 88 in
females and 97 in males) and placed into tubes contain-
ing sodium fluoride/potassium oxalate. Samples were cen-
trifuged within 30 min of collection at ∼2500 × g for ∼10
min at 2–8◦C. Plasma L-lactate was measured using an au-
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Figure 1. 2′-F-monomer metabolism in vitro. Ion chromatograms extracted from LC-MS/MS data obtained after incubation of 2′-F-nucleosides (A and
B) or 2′-F-NMPs (C and D) in human liver S9 at 37◦C for 1 h. (A) Almost complete conversion of 2′-F-A to 2′-F-I. The observed masses were 270.0996
(−0.4 ppm) and 271.0837 (0 ppm), respectively. (B) Almost complete conversion of 2′-F-C to 2′-F-U. The observed masses were 246.0883 (−0.8 ppm)
and 247.0726 (0.4 ppm), respectively. (C) No apparent conversion of 2′-F-AMP to 2′-F-IMP. Approximately 50% loss of 2′-F-AMP was most likely due
to dephosphorylation to 2′-F-A followed by deamination to 2′-F-I. (D) No apparent conversion of 2′-F-CMP to 2′-F-UMP. Approximately 20% loss of
2′-F-CMP was most likely due to dephosphorylation to 2′-F-C followed by deamination to 2′-F-U.

tomated serum chemistry analyzer (Roche/Hitachi MOD-
ULAR P). Ultrastructural morphology was evaluated us-
ing transmission electron microscopy (TEM) at the ter-
minal sacrifice. Specimens of heart (left ventricle), liver,
skeletal muscle (soleus muscle), sural nerve and dorsal
root ganglia (lumbar; L4-L6) were collected from three
animals/sex/group. Tissues were placed in half-strength
Karnovsky’s solution and refrigerated at 2–8◦C. Fixed tis-
sues (up to six blocks of each tissue) from each animal were
embedded in epoxy resin, sectioned, and slides were pre-
pared and stained with toluidine blue. Based on review of
the toluidine blue sections, a minimum of one block from
each tissue was trimmed for ultrathin sections (∼50–70 nm),
placed onto grids, and stained with lead citrate and uranyl
acetate for image capture and ultrastructural examination.
Groups of cells (i.e. hepatocytes or myocytes) from a region
of interest (i.e. centrilobular and portal regions) were exam-
ined at increasing magnifications.

RESULTS

Metabolism of 2′-F-monomers in vitro

Following the delivery of 2′-F-containing GalNAc–siRNAs
to hepatocytes, 2′-F-monomers (both nucleosides and
NMPs) can be generated as a result of exo- and en-
donuclease cleavage activity. To help identify all poten-
tial nucleoside/nucleotide-based 2′-F-metabolites for in vivo
monitoring, 2′-F-nucleosides and 2′-F-NMPs were incu-
bated with human liver S9 extract. Consistent with reported
results describing metabolism of the corresponding endoge-
nous nucleosides (20), 2′-F-guanosine (2′-F-G) and 2′-F-
uridine (2′-F-U) were stable whereas 2′-F-adenosine (2′-F-
A) and 2′-F-cytidine (2′-F-C) were rapidly deaminated to 2′-
F-inosine (2′-F-I) and 2′-F-U, respectively (Figure 1A and
B). These deamination events were also detected when 2′-F-
nucleosides were incubated with HepG2 cells (Supplemen-
tary Figure S1A).
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Table 1. Pharmacokinetic parameters of 2′-F-monomers liberated from STC (revusiran) or ESC (ALN-TTRSC02) GalNAc–siRNAs after a single sub-
cutaneous dose of 30 mg/kg to rats

2′-F-A 2′-F-G 2′-F-I 2′-F-C 2′-F-U

STC ESC STC ESC STC ESC STC ESC STC ESC

Cmax (�M) Liver 12.8 3.2 10.8 1.7 11.8 1.4 2.3 <1* 7.6 <1*

Kidney <0.5* <0.5* 2.6 <0.5* 3 0.2 2.6 <0.5* 4 0.5
Heart <0.5** <0.5* <0.5* <0.5* NM NM 3.2 <0.5* 4.3 <0.7*

Plasma <0.03* <0.03* <0.03* <0.03* 0.03 0.004 1.9 0.04 2.6 0.3
AUClast (�M h) Liver 942 345 722 138 833 170 38.4 NR 424 NR

Kidney NR NR 150 NR 141 15.1 114 NR 260 NR
Heart NR NR NR NR NM NM 101 NR 270 NR
Plasma NR NR NR NR 1.9 NR 91 3.6 170 6.4

tmax (h) Liver 36 48 36 48 36 96 16 NR 24 NR
Kidney NR NR 16 NR 24 60 16 NR 24 168
Heart NR NR NR NR NM NM 8 NR 28 NR
Plasma NR NR NR NR 16 72 8 24 16 48

t1/2 (h) Liver NR NR NR NR 23.7 NR NR NR NR NR
Kidney NR NR 46.9 NR 34 NR 38.3 NR NR NR
Heart NR NR NR NR NM NM NR NR NR NR
Plasma NR NR NR NR NR NR 22.9 NR 31.7 NR

�g Urine 0.12 <0.003* 1.3 <0.003* 41.5 5.2 96 5.4 209 7.8
Bile 0.51 <0.0004* 0.042 <0.0004* 1.6 0.6 0.56 <0.0004* 5.8 <0.001*

% dose Urine 0.015 <0.0005* 0.45 <0.002* 5.1# 0.97 13 2.2 21 3.2
Bile 0.064 <0.00007* 0.014 <0.0003* 0.20# 0.11 0.08 <0.0002* 0.58 <0.0004*

* = Values below the lower limit of quantification (LLOQ); # = assuming full conversion of 2′-F-A to 2′-F-I; AUClast = area under the concentration versus
time curve from time of dosing to last measurable concentration; Cmax = maximum observed concentration; NM = not measured; NR = not reportable
(not enough time points after tmax for the calculation); tmax = time to reach maximum observed concentration; t 1

2
= elimination half-life. Bile and urine

were collected over a period of 168 h. All data represent an average of three male and three female rats.

Incubation of 2′-F-NMPs yielded no deaminated 2′-F-
NMP species. The only metabolites were the corresponding
dephosphorylated 2′-F-nucleosides and deaminated nucle-
osides arising from 2′-F-A and 2′-F-C (Figure 1C and D).
Based on these findings, assays were developed to quantify
2′-F-A, -U, -G, -C and -I in liver, kidney, heart, plasma,
urine and bile samples following GalNAc–siRNA admin-
istration.

Rat exposure to 2′-F-monomers generated from revusiran
(STC) and ALN-TTRSC02 (ESC)

To characterize 2′-F-monomer generation and distribu-
tion in the rat, revusiran (STC GalNAc–siRNA, con-
taining 22 2′-F-modifications and two PS linkages) and
ALN-TTRSC02 (ESC GalNAc–siRNA of the same se-
quence as revusiran, containing nine 2′-F-modifications
and six PS linkages) (Supplementary Table S1) were ad-
ministered subcutaneously to rats at a single supraphar-
macological dose of 30 mg/kg. After phosphatase treat-
ment to collapse all phosphorylated species to the nucle-
oside level, 2′-F-monomer concentrations were assessed
in liver, kidney, heart, plasma, urine and bile by liquid
chromatography/tandem mass spectrometry (LC-MS/MS)
(Table 1, Figure 2A and B).

For revusiran, 2′-F-purines were detected with a maxi-
mum observed concentration (Cmax) range 10.8–12.8 �M
in liver and <0.5–3 �M in kidney, with corresponding time
to reach maximum concentration (tmax) values of ∼36 and
16–24 h, respectively, but were not found in plasma or heart.
These results suggest that 2′-F- purines that are generated
locally in the two tissues with the highest GalNAc–siRNA
uptake (liver >> kidney) are predominantly present in their

phosphorylated forms, which minimizes their efflux and
broader distribution (Supplementary Figure S1A and S1B).
2′-F-purines were eliminated from the liver and the kidney
with a half-life (t1/2 ) of ∼20–50 h.

In contrast to 2′-F-purines, 2′-F-pyrimidines generated
from revusiran were found in plasma and heart, in addi-
tion to liver and kidney, with a Cmax range 1.9–7.6 �M, tmax
range 8–24 h and t1/2 range ∼22–40 h. The wider distribu-
tion of 2′-F-pyrimidines suggests that these products tend
to exist as unphosphorylated nucleosides that can freely dif-
fuse throughout the body (Supplementary Figure S1A).

Renal excretion was the major route of elimination for
2′-F-monomers generated from revusiran (up to 209 �g, or
21% of the total dose of 2′-F-monomers), although a small
fraction was also eliminated in bile (up to 5.8 �g, or 0.58%
of the total dose of 2′-F-monomers) over the course of 7
days. Thus, after a suprapharmacological dose of revusiran
to rats, 2′-F-monomers are generated at low micromolar
levels and are not expected to accumulate with weekly (or
less frequent) dosing due to a half-life of 1 to 2 days. Indeed,
there was no evidence of marked 2′-F-monomer accumula-
tion in the liver or heart when revusiran was dosed to rats at
30 mg/kg weekly for 81 weeks (Supplementary Figure S2A
and S2B).

Consistent with higher metabolic stability and lower 2′-F-
content, exposure to generated 2′-F-monomers was reduced
with ALN-TTRSC02 administered subcutaneously to rats
at a suprapharmacological dose of 30 mg/kg (Table 1, Fig-
ure 2A and B). 2′-F-purines were only detectable in the liver,
with a 4-8-fold lower Cmax (1.4–3.2 �M) and longer tmax
(48–96 h) compared to revusiran. 2′-F-pyrimidines were
largely undetectable across all the tested matrices. There-
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Figure 2. Generation of 2′-F-monomers from revusiran (STC) and ALN-TTRSC02 (ESC) GalNAc–siRNAs in the rat. Time-concentration profiles in
liver, kidney, heart and plasma of 2′-F-monomers generated from revusiran (blue) or ALN-TTRSC02 (red) GalNAc–siRNAs after a single subcutaneous
dose of 30 mg/kg to rats (average of 3 animals/group). (A) 2′-F-pyrimidines. (B) 2′-F-purines. (C) Liver concentrations of endogenous ribonucleotides (top)
and deoxyribonucleosides (bottom) relative to 2′-F-monomer liver Cmax after a single subcutaneous dose of 30 mg/kg of revusiran or ALN-TTRSC02
to rats. All concentrations represent the total nucleotide pool quantified by LC-MS/MS following dephosphorylation to nucleoside forms. Group means
are shown; error bars represent the standard deviation; N = 3 animals per group for the 2′-F-monomer measurement; N = 22 animals per group for the
endogenous monomer measurement.

fore, exposure to released 2′-F-purines and the systemic ex-
posure to 2′-F-pyrimidines is transient and minimized with
the ESC design.

Next, to assess a potential impact of generated 2′-F-
monomers on endogenous monomer pools, the levels of na-
tive ribo- and deoxyribonucleotides were determined in rat
liver, the tissue with highest measured 2′-F-monomer Cmax
after administration of revusiran and ALN-TTRSC02 (Fig-
ure 2C). The endogenous values were consistent with pub-
lished reports (20). Following revusiran administration at
30 mg/kg, the ratios of generated 2′-F-monomers at Cmax
to endogenous ribonucleotides ranged from 1:16 (for G)
to 1:285 (for I). The ratios to endogenous deoxyribonu-
cleotides ranged from 1:1.5 (for A) to 1:28 (for C). Follow-
ing ALN-TTRSC02 administration at 30 mg/kg, these ra-
tios were reduced, ranging from 1:102 (for G) to greater
than 1:1016 (for U). The ratios to endogenous deoxyri-

bonucleotides ranged from 1:6 (for A) to greater than 1:64
(for C). Therefore, even at suprapharmacological doses of
revusiran or ALN-TTRSC02, the concentrations of 2′-F-
monomers generated in rat liver did not exceed levels of
corresponding endogenous ribo- and deoxyribonucleotide
pools.

Human exposure to 2′-F-monomers generated from revusiran
(STC) and ALN-TTRSC02 (ESC)

After dosing revusiran at 7.5 mg/kg daily for 5 days to
healthy volunteers, only 2′-F-U and 2′-F-I were detectable
in plasma, reaching steady state at concentrations around
4.1 and 0.11 �M, respectively (Figure 3A). The fact that
2′-F-U and 2′-F-I approached steady state within 5 days af-
ter daily dosing also suggests that plasma half-life of these
monomers is <1 day. Detection of 2′-F-U and 2′-F-I in hu-
man plasma and urine likely reflects their poor phosphory-
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Figure 3. Generation of 2′-F-monomers from revusiran (STC) and ALN-
TTRSC02 (ESC) in humans. (A) Plasma time–concentration profiles of 2′-
F-monomers generated from revusiran after five daily doses at 7.5 mg/kg,
or ALN-TTRSC02 after a single dose at 50 mg (∼0.83 mg/kg), to healthy
volunteers. All five 2′-F-monomers were measured. Only 2′-F-U and 2′-F-
I were detected in revusiran samples. No 2′-F-monomers were detected in
ALN-TTRSC02 samples. (B) Renal excretion of 2′-F-monomers generated
from revusiran after five daily doses at 7.5 mg/kg, or ALN-TTRSC02 after
a single dose at 50 mg (∼0.83 mg/kg), to healthy volunteers. All five 2′-F-
monomers were measured. Only 2′-F-U, 2′-F-G and 2′-F-I were detected
in revusiran samples. No 2′-F-monomers were detected in ALN-TTRSC02
samples. All concentrations represent the total nucleotide pool quantified
by LC-MS/MS following dephosphorylation to nucleoside forms. Group
means are shown; error bars represent the standard deviation; N = 6 sub-
jects per group.

lation efficiency and thus higher efflux from the liver (Sup-
plementary Figure S1A). Based on the approximate rat 2′-
F-U liver to plasma ratio of 3 and approximate ratios of 2′-
F-U to the other 2′-F-monomers in rat liver, the projected
Cmax range for 2′-F-monomers in human liver is ∼3–20 �M
after five daily doses of revusiran. Detection of 2′-F-C in
rat but not human plasma could be explained by more effi-
cient conversion to 2′-F-U by cytidine deaminase, which is
reported to have higher activity in human liver compared to
rodents (21,22).

After five daily doses of revusiran, 2′-F-U, 2′-F-I and
2′-F-G were detectable in urine on Day 4 and appeared
to have reached steady state (Figure 3B). The amounts of
2′-F-monomers in urine represented only a small percent-
age (1–15%) of the total dose of 2′-F-monomers, suggesting
that revusiran was eliminated renally mainly in the form of
oligomers.

Given the greater metabolic stability of the ESC design
and based on the available human data, the annualized
pharmacologically relevant dose to achieve similar pharma-
codynamic activity is ∼280 times lower for ALN-TTRSC02
compared to revusiran. After a single 50 mg dose of ALN-
TTRSC02 to healthy volunteers (corresponding to ∼0.83
mg/kg), no 2′-F-monomers were detectable in plasma or
urine. Based on the lower limit of quantitation of 1 ng/ml
(corresponding to ∼0.004 �M), this indicates >1000-fold
and >27-fold lower 2′-F-U and 2′-F-I exposure, respec-
tively, compared to revusiran dosed at 7.5 mg/kg daily for 5
days. Therefore, at therapeutically relevant dose levels, the
extent of 2′-F-monomer generation from ALN-TTRSC02
is minimized due to its enhanced metabolic stability and
lower 2′-F-content.

Polymerase inhibition and incorporation

To evaluate the potential inhibitory effects of 2′-F-
monomers on human cellular polymerases, increasing con-
centrations of each of the four 2′-F-NTPs (0–200 �M) were
incubated with template/primer pairs, recombinant human
nuclear DNA polymerases (Pol-� and -�) or human mito-
chondrial DNA polymerase (Pol-� ), and the four endoge-
nous dNTPs spiked with a radiolabeled dTTP. The synthe-
sized DNA was precipitated, washed and counted by liq-
uid scintillation. The concentration resulting in 50% inhi-
bition (IC50) and the concentration resulting in 90% in-
hibition (IC90) values for the positive controls (ddNTPs
and Aphidicolin) and FIAU-TP, a 2′-arabinofluoro-2′-
deoxypyrimidine analog for which clinical development for
hepatitis B was discontinued due to mitochondrial toxicity
through interactions with mitochondrial Pol-� (15,23,24),
were in the range of 0.06 to <3.13 �M, and 0.65 to 16.5
�M, respectively (Table 2). In contrast, both IC50 and IC90
values for 2′-F-NTPs were generally >200 �M. In this as-
say, the 200 �M concentration represents a 4:1 excess rela-
tive to native dNTPs. As described above, this concentration
and ratio is not achieved in vivo even at suprapharmaco-
logical doses of revusiran or ALN-TTRSC02 (Table 1 and
Figure 2C). Similar to 2′-F-NTPs, the IC50 values for the
triphosphate form of Sofosbuvir (Sovaldi®), an approved
anti-HCV nucleoside analog with good human safety pro-
file, were also reported to be >200 �M (25).

We next evaluated the potential for 2′-F-NTPs to be
incorporated into nascent mitochondrial DNA or RNA
using a novel in vitro primer extension assay for the
two polymerases present in human mitochondria, Pol-�
and POLRMT. In these assays, 5′-fluorescently labeled
primer/template pairs were designed for +1 base-pair nu-
cleotide addition, and primer extension was assessed by flu-
orescence detection ion-exchange high-performance liquid
chromatography following the addition of NTPs. In isola-
tion, all 2′-F-NTPs were incorporated by both DNA and
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Table 2. Half-maximal inhibitory concentrations (IC50) of 2′-F-monomers in the human DNA polymerase activity assays

Pol-� Pol-� Pol-�

Test article IC50 (�M) IC90 (�M) IC50 (�M) IC90 (�M) IC50 (�M) IC90 (�M)

2′-F-ATP >200 >200 175 >200 >200 >200
2′-F-CTP >200 >200 >200 >200 >200 >200
2′-F-GTP >200 >200 >200 >200 >200 >200
2′-F-UTP >200 >200 91.6 >200 >200 >200
2′-F-ITP >200 >200 >200 >200 >200 >200
FIAU-TP 0.27 13.7 0.37 5.56 1.04 13.4
Positive control Aphidicolin ddNTP ddNTP

<3.13 16.5 0.06 0.65 0.35 8.65

ddNTP: dideoxy nucleoside 5′ triphosphates; FIAU-TP: fialuridine triphosphate; IC50: concentration resulting in 50% inhibition; IC90: concentration
resulting in 90% inhibition. The DNA polymerase assays were performed using dATP, dCTP and dGTP, dTTP, 3H-dTTP, template/primer, human DNA
polymerase, and increasing concentrations of 2′-F-NTPs or FIAU-TP. After an incubation period of 1 h, the radioactivity in the precipitated DNA was
counted. The potency of polymerase inhibition was determined by the reduction of radioactivity. Aphidicolin was used as a positive control compound
in Pol-� assay, and ddNTPs were used as positive controls in Pol-� and -� assays. The IC50 and IC90 values were derived from triplicate measurements at
each tested concentration (0, 6.25, 12.5, 25, 50, 100, 200 �M for 2′-F-ATP, 2′-F-CTP, 2′-F-GTP; 0, 6.25, 12.5, 25, 50, 100, 200, 400, 800 �M for 2′-F-UTP;
0, 0.79, 1.57, 3.13, 6.25, 12.5, 25, 50, 100, 200, 400, 800 �M for FIAU-TP).

RNA mitochondrial polymerases (Tables 3 and 4; Supple-
mentary Figure S3 and S4), consistent with previously pub-
lished reports (17,26,27). The columns labeled ‘native only’
represent the percent extension with endogenous NTPs,
and the remaining columns represent different ratios of na-
tive to modified NTPs as indicated. All four endogenous
(d)NTPs were incorporated to a much greater extent, result-
ing in mixtures of multiple incorporation products, includ-
ing mismatch incorporations. In the presence of endoge-
nous (d)NTPs, minor incorporation of 2′-F-NTPs was ob-
served only when the 2′-F-modified nucleotide was present
at a 100-fold excess to the endogenous NTP and a 10- to
100-fold excess to the endogenous dNTP for POLRMT
and Pol-� , respectively; moreover, the endogenous (d)NTP-
incorporated product was always the major product of the
reaction for both polymerases.

The results were significantly different when FIAU-TP
was used in the same Pol-� competition experiment against
dTTP (Table 3 and Supplementary Figure S3C). In this
case, incorporation of FIAU-TP was detected even at the
1:1 ratio, with the FIAU incorporation product becoming
the major incorporation product at the 10:1 ratio and the
only incorporation product at the 100:1 excess ratio. The
notion that FIAU-TP is a viable substrate for Pol-� , even
in the presence of dTTP, is consistent with its previously
described mechanisms of toxicity (18). Furthermore, the
large difference between FIAU-TP and 2′-F-NTP incorpo-
ration efficiency into nascent DNA is consistent with pre-
viously reported studies in rats and woodchucks where 2′-
F-pyrimidines were administered daily by intravenous in-
jection up to 500 mg/kg/day for 90 days with no apparent
FIAU-like adverse effects and 10–20-fold lower incorpora-
tion rate into rat liver DNA (17,24,28).

Obligate and non-obligate chain termination

We also evaluated the potential for 2′-F-NTPs to behave
as chain terminators during elongation, using a variation
of the primer extension assay described above. Here, 5′-
fluorescently labeled DNA and RNA primers were synthe-
sized bearing the 2′-F-monomers at the terminal 3′ posi-
tion to test whether a theoretical incorporation of a 2′-F-

monomer affects elongation and/or causes chain termina-
tion of mitochondrial polymerization reactions using natu-
ral nucleotides and Pol-� or POLRMT, respectively. When
compared to the 3′-unmodified primers, the primers con-
taining the 2′-F-modified nucleotides at their 3′-end did not
show any inhibition or arrest of the nascent DNA or RNA
synthesis, both for the +1 and +3 nucleotide incorpora-
tions. Thus, these analogs, once incorporated, support fur-
ther chain elongation and do not appear to act as chain ter-
minators. A representative example of a 2′-F-A primer, effi-
ciently extended by +1 or +3 dGTP incorporations by Pol-�
is depicted in Figure 4A. These results are consistent with
negative results for 2′-F-NTPs in the polymerase inhibition
assays (Table 2).

Further, we assessed the ability of 2′-F-UTP to act as a
non-obligate chain terminator for Pol-� , as has been re-
ported for FIAU-TP (19). Different concentrations of 2′-
F-UTP and FIAU-TP (0.01–1 �M) were tested alone or
in the presence of different concentrations of dTTP in a
primer-template extension assay in which the 24-mer primer
must be extended past an initial stretch of nine adjacent
adenosines in the DNA template to create a 50-mer fully
extended product (Figure 4B). In the presence of the four
native deoxynucleotides, Pol-� was able to copy the DNA
template yielding products between 24 and 50 nucleotides
in length depending on dTTP concentration (0.01–1 �M)
with a strong band of full-length product clearly visible at
1 �M dTTP (lanes 2–4). In the presence of native dTTP (1
�M), 2′-F-UTP (at 0.01, 0.1 or 1 �M) had essentially no
impact on chain elongation (lanes 8–10), whereas FIAU-TP
(lanes 5–7) caused a reduction in full-length product and an
increase in shorter products at the highest concentration (1
�M, lane 7). Substitution of 2′-F-UTP (1 �M) for dTTP
in the elongation assay led to a weak smear of elongated
species with very little full-length product (lane 14), consis-
tent with our observation that 2′-F-UTP is not an ideal sub-
strate for Pol-� . However, complete replacement of dTTP
with FIAU-TP at 1 �M restricted elongation products to
31 nucleotides in length (lane 11), consistent with the previ-
ously observed chain elongation defect of consecutively in-
corporated FIAU-TP analogs (19). Note that the incorpo-
ration of FIAU-TP leads to faster migrating oligonucleotide
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Figure 4. Assessment of the obligate and non-obligate chain termination potential of 2′-F-monomers. (A) Chain elongation by human mitochondrial DNA
Pol-� from a 2′-F-A-modified primer. Ion exchange high-performance liquid chromatography (HPLC) traces are represented as a function of retention time
of elution (min, X-axis) and fluorescence absorbance (fluorescence units, Y-axis). All product peaks are compared to the retention time of the primer peak.
Fluorescence absorbance scale is automatically normalized to the height of the major product. Labels indicate the identity of polymerase incorporation
products. Representative traces of duplicate experiments are shown. (B) Non-obligate chain termination with 2′-F-UTP or FIAU-TP by Pol-� . An end-
labeled 23-mer probe was hybridized to a 50-mer probe and incubated with Pol-� at 37◦C for 10 min along with varying concentrations and combinations
of dTTP, 2′-F-UTP and FIAU-TP (in the presence of native dCTP, dATP and dGTP). The solid line on the left represents the hybridized portion of
the 23/50-mer duplex, while the nucleotides indicated above represent the elongation template sequence for Pol-� . The arrow indicates the start of the
nine-adenosine run in the elongation template. Purified, end-labeled 50-mer and 23-mer probes were run together as standards in lanes 1 and 17.



3316 Nucleic Acids Research, 2019, Vol. 47, No. 7

Table 3. Incorporation of 2′-F-monomers in the Pol-� primer extension assay

Pol-�

Native:F Ratio Native onlya 1:1 1:10 1:100 F only

2′-F-ATP % Native product 95.9a 96.3a 97.1a 79.8b NA
% 2′-F product NA ND ND 17.6b 94.2a

2′-F-GTP % Native product 89.2a 85.0a 88.9a 56.0b NA
% 2′-F product NA ND ND 23.7b 73.9a

2′-F-CTP % Native product 97.3a 96.2a 90.6b 64.5b NA
% 2′-F product NA ND 4.4b 30.9b 94.0a

2′-F-UTP % Native product 83.3a 83.8a 90.0b 80.1b NA
% 2′-F product NA ND 2.9b 7.6b 87.3a

FIAU-TP % Native product 98.3a 91.7b 51.7b 11.0b NA
% 2′-F product NA 4.5b 44.0b 82.7b 94.4a

aCalculated as 100% minus the % area of the remaining primer based on the integration of the FLD signal at λex = 436 nm and λem = 485 nm.
bCalculated from the integration of each corresponding peak. The remaining % (to 100%, not shown) corresponds to the % area of the remaining primer.
Integration was automatically performed using the Agilent OpenLab CDS ChemStation Software. Only peaks of interest were selected for integrations.
Data are a representative example of experiments independently performed at least two times with similar results. Representative plots can be found in the
Supplementary Data. NA = not applicable (NTP not present in reaction); ND = not detected (integration peak area <1.0%).

Table 4. Incorporation of 2′-F-monomers in the POLRMT primer extension assay

POLRMT

Native:F Ratio Native onlya 1:1 1:10 1:100 F only

2′-F-ATP % Native product 69.2a 67.8a 63.5a 51.4a NA
% 2′-F product NA ND ND ND 42.6a

2′-F-GTP % Native product 95.0a 96.4a 83.4a 69.2b NA
% 2′-F product NA ND ND 8.9b 78.9a

2′-F-CTP % Native product 48.8a 39.3a 43.7a 37.0b NA
% 2′-F product NA ND ND 9.1b 58.7a

2′-F-UTP % Native product 40.8a 32a 45.3a 35.6a NA
% 2′-F product NA ND ND ND 31.8a

FIAU-TP % Native product 34.6a 25.1a 25.4a 24.10b NA
% 2′-F product NA ND ND 1.1b 21.0a

aCalculated as 100% minus the % area of the remaining primer based on the integration of the FLD signal at λex = 436 nm and λem = 485 nm.
bCalculated from the integration of each corresponding peak. The remaining % (to 100%, not shown) corresponds to the % area of the remaining primer.
Integration was automatically performed using the Agilent OpenLab CDS ChemStation Software. Only peaks of interest were selected for integrations.
Data are a representative example of experiments independently performed at least two times with similar results. Representative plots can be found in the
Supplementary Data. NA = not applicable (NTP not present in reaction). ND = not detected (integration peak area <1.0%).

products (lanes 7 and 11–13), as has been previously de-
scribed (19). In competition with dTTP, FIAU-TP (1 �M)
continued to strongly impair elongation when present at
100-fold or 10-fold excess over dTTP (compare lanes 11,
12 and 3). In contrast, the presence of dTTP reduced the
elongation defect observed at a 10-fold excess of 2′-F-UTP
relative to native dTTP (lane 16 versus lane 3).

Cell-based assays

Finally, a panel of human cell lines derived from
mitochondria-rich tissues (liver, muscle, kidney, heart,
blood, intestine, brain and heart) was used to evaluate the
effects of 2′-F-nucleoside exposure on cell viability and
mitochondrial DNA. Two strategies were employed to
increase the sensitivity to potential mitochondrial effects.
First, in parallel to glucose-containing media, cells were
cultured in glucose-free galactose media to shift the ATP
production mechanism from glycolysis to oxidative phos-
phorylation (29). Second, the assays were performed after
long-term exposure (four doses over 11 days), because any
impact on mitochondria is typically delayed due to initial

abundance of mitochondria and mitochondrial DNA.
The highest tested concentration of 250 �M was ∼20-fold
higher than the highest measured 2′-F-monomer Cmax
for revusiran in rat, and ∼12-fold higher than the highest
projected 2′-F-monomer Cmax for revusiran in human. For
ALN-TTRSC02, these margins were 80- and >20 000-fold,
respectively. Unphosphorylated nucleosides were used to
maximize intracellular uptake. ddC was used as a positive
control and sofosbuvir (Sovaldi®) (25,30) was used as a
negative control.

Cytotoxicity was assessed by measuring the total biomass
(protein) using the sulforhodamine B-based assay on day
11 (Table 5). Most cell types (liver, muscle, kidney, blood
and intestine) did not show differential sensitivity to 2′-F-
monomer exposure in glucose versus galactose media, indi-
cating that any effects on cell viability are unlikely due to
mitochondrial toxicity. Only the neuronal cell line SNB-78
showed increased cytotoxicity in the galactose media for a
subset of monomers, with half-maximal cytotoxic concen-
tration (CC50) values for 2′-F-A, 2′-F-G, 2′-F-C and sofos-
buvir decreasing by 2–10-fold compared to glucose media
(to the lowest value of 12 �M), indicating a potential con-



Nucleic Acids Research, 2019, Vol. 47, No. 7 3317

tribution of mitochondrial toxicity to the observed reduc-
tion in cell viability. Across the cell lines, 2′-F-G and 2′-F-C
tended to be more cytotoxic than 2′-F-A, 2′-F-I and sofos-
buvir. No significant cytotoxicity was observed with 2′-F-U
in any cell line.

There was a wide range of sensitivity to 2′-F-nucleosides
across the tested cell lines. Liver, muscle and heart cells were
least sensitive to 2′-F-nucleoside exposure, with CC50 values
generally >100 �M. Kidney, blood, intestinal and neuronal
cells showed intermediate sensitivity, with the majority of
CC50 values >10 �M. The sensitivity of each cell type ap-
peared to be directly related to the 2′-F-monomer uptake
efficiency. When intracellular exposures to 2′-F-monomers
were assessed relative to endogenous ribonucleotides (Sup-
plementary Figure S5), cell types with more efficient 2′-F-
monomer uptake (e.g. Molt-4) were more sensitive com-
pared to cell lines with less efficient uptake (e.g. HepG2).

Next, potential effects of 2′-F-nucleosides on mitochon-
drial DNA abundance were evaluated by assessing DNA
levels of mitochondrial genome-encoded Cytochrome C
Oxidase I (MT-CO1) and nuclear genome-encoded Suc-
cinate Dehydrogenase Complex Flavoprotein Subunit A
(SDHA) by quantitative PCR on day 11 (Supplementary
Figure S6). Only nucleoside doses that resulted in a mini-
mal impact on cell viability (<10% reduction) were consid-
ered for this analysis to avoid potential confounding effects
downstream of cell death. As expected, the known chain
terminator ddC caused dose-dependent reductions in mi-
tochondrial DNA synthesis across all cell lines, generally
resulting in 70–80% reduction at ≤4 �M. 2′-F-pyrimidines
had no impact on mitochondrial DNA in any cell line, and
2′-F-purines had no impact in the blood and intestinal cell
lines. Modest reductions in mitochondrial DNA were ob-
served with 2′-F-purines in liver, muscle, kidney and heart
cells: ∼20–30% decrease at 4 �M, and ∼40–60% decrease
at ≥20 �M. There was no correlation between differential
sensitivity to mitochondrial DNA reductions and the intra-
cellular 2′-F-monomer concentration across the tested cell
lines (Supplementary Figure S5).

Assessment of mitochondrial effects in a rat carcinogenicity
study with two STC GalNAc–siRNAs

In a 2-year rat carcinogenicity study, revusiran and the
STC rodent surrogate sequence siTTR-3 were adminis-
tered weekly at 10, 30 and 100 mg/kg or at 30 mg/kg, re-
spectively, by subcutaneous injection to male and female
Sprague Dawley rats. No treatment-related effects on car-
cinogenicity or on the overall survivability were observed in
male or female rats compared to the control group (Suther-
land et al., manuscript in preparation). No statistically sig-
nificant differences were observed in plasma lactate con-
centrations, a measure of mitochondrial toxicity, in males
or females given either revusiran or siTTR-3 compared to
the control group (Figure 5A). Furthermore, there were no
treatment-related ultrastructural findings seen in the dorsal
root ganglia, heart or sural nerve.

In the liver, treatment-related ultrastructural findings
were seen in animals given either revusiran at ≥10 mg/kg
or siTTR-3 at 30 mg/kg. These ultrastructural findings in-
cluded an increased incidence and/or severity of lipid vac-

uoles in the hepatocytes, lysosomes with lipofuscin, and
elongated and ring-shaped/cup-shaped mitochondrial pro-
files and enlarged mitochondria in both portal and cen-
trilobular hepatocytes (Figure 5B). These treatment-related
mitochondrial findings were also noted in skeletal myocytes
(soleus muscle) of some revusiran- and siTTR-3-treated ani-
mals. Enlargement of mitochondria was the only ultrastruc-
tural finding not seen in some control animals, whereas lipid
vacuoles, lysosomes with lipofuscin and elongated mito-
chondria were occasionally observed in the hepatocytes of
control animals, suggesting the incidence of these findings
was not solely related to chronic administration of revusiran
or siTTR-3.

Finally, although these ultrastructural changes in mi-
tochondria morphology were a consistent feature in hep-
atocytes, and to a lesser degree in skeletal myocytes,
there was no evidence of mitophagy, mitochondrial
degeneration/necrosis, changes in cristae morphology or
other indicators of overt mitochondrial toxicity in the hep-
atocytes or skeletal myocytes in animals given either re-
vusiran or siTTR-3 (Figure 5C).

DISCUSSION

We have systematically studied the potential for 2′-F-
monomer generation from revusiran and ALN-TTRSC02,
two GalNAc-siRNA conjugates with the same sequence
but different chemical modification patterns and metabolic
stabilities. Our investigations in rats and humans have
demonstrated that 2′-F-nucleosides/nucleotides are gener-
ated from revusiran maximally at low micromolar levels.
These species do not significantly accumulate in plasma or
tissues with weekly (or less frequent) dosing due to their es-
timated short half-life of ∼1–2 days. As a consequence of
the improved stability and lower dose requirements, 2′-F-
monomer generation is considerably minimized in both rats
and humans with ALN-TTRSC02, an ESC version of re-
vusiran, such that they are not detected in plasma or urine at
pharmacological doses in humans and in plasma and most
tissues at suprapharmacological doses in rats. At Alnylam,
the ESC design has fully replaced the first generation STC
design (7,9) and is used in all GalNAc–siRNAs currently in
clinical development.

After a single subcutaneous dose of 30 mg/kg revusiran
to rats, only 2′-F-pyrimidines but not 2′-F-purines re-
distributed systemically at low concentrations. Detectable
2′-F-purine concentrations were largely limited to the liver
and the kidney; however, no lactic acidosis, liver fail-
ure or nephrotoxicity has been observed with GalNAc–
siRNAs in non-clinical or clinical studies to date (31), con-
sistent with low 2′-F-monomer exposures and large mar-
gins based on the in vitro safety evaluation. Importantly,
2′-F-pyrimidines have been already extensively de-risked in
prior long-term studies in woodchuck and rat (28), where no
evidence of mitochondrial toxicity was observed. Another
2′-F-nucleoside-based drug, Sofosbuvir (Sovaldi®), a pro-
drug of 2’-fluoro-2’-C-methyluridine-5’-monophosphate, is
widely used for the treatment of chronic hepatitis C and has
an excellent safety record (25,30). FIAU, which has been as-
sociated with severe toxicity in clinical studies and in wood-
chucks (18,23,24), carries a 2′-F modification but in the ara-
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Table 5. Half-maximal cytotoxic concentrations (CC50) of 2′-F-monomers in cell-based assays

CC50 (�M)

Media 2′-F-A 2′-F-G 2′-F-C 2′-F-U 2′-F-I SOF ddC
HepG2 (liver) Glucose 110 115 >250 >250 >250 114 >20

Galactose 108 112 >250 >250 >250 97 >20
SkMC (muscle) Glucose 114 127 >250 >250 >250 >250 >20

Galactose >250 110 >250 >250 >250 >250 >20
Caki-1 (kidney) Glucose 69 32 51 >250 55 >250 >20

Galactose 43 30 >250 >250 29 >250 >20
Molt-4 (blood) Glucose 81 15 7.7 >250 >250 >250 8.7

Galactose 111 12 4.5 >250 >250 >250 >20
COLO 205 (intestine) Glucose 121 19 40 >250 114 155 >20

Galactose 107 22 47 >250 109 123 >20
SNB-78 (CNS) Glucose 108 35 >250 >250 >250 >250 >20

Galactose 51 12 26 >250 >250 120 >20
iCell cardiomyocytes
(heart)

Galactose >250 >250 >250 >250 >250 >250 >250

2′-F-nucleosides, ddC and sofosbuvir (SOF) were added to cells grown in either glucose- or galactose-containing media on days 0, 3, 7 and 10. Cytotoxicity
was assessed on day 11 using the sulforhodamine B assay to measure total biomass (total protein). CC50 values were derived using XLfit from triplicate
measurements at each tested concentration (0, 016, 0.8, 4, 20, 100, 250 �M for 2′-F-nucleosides and SOF; 0, 0.0064, 0.032, 0.16, 0.8, 4, 20 �M for ddC).

Figure 5. Effects on mitochondrial function and structure in a rat carcinogenicity study with two STC GalNAc–siRNAs. Male and female Sprague Dawley
rats were dosed subcutaneously once weekly with revusiran at 10, 30 or 100 mg/kg or siTTR-3 (rodent TTR) at 30 mg/kg for the duration of the study. (A)
Plasma lactate at the terminal necropsy (day 675 for males and day 612 for females). Each data point represents an individual animal; males (N = 10) and
females (N = 10) were pooled. There were no statistically significant differences between groups (P > 0.05). Levene’s test was done to test for equality of
variances between groups. Levene’s test was not significant (P > 0.05) and therefore ANOVA was conducted on the untransformed data. The group effect of
the ANOVA was significant (P ≤ 0.05) and therefore Dunnett’s t-test was used for pairwise comparisons between each revusiran- and siTTR-3-treated and
control group. Group comparisons (revusiran and siTTR-3 groups versus saline group) were evaluated at the 5.0%, two-tailed probability level. (B) Left
panel: portal hepatocytes from one control female; right panel: portal hepatocytes from one female administered 100 mg/kg revusiran. Note the increased
lipid vacuoles and numerous elongated and/or ring-shaped or cup-shaped mitochondria in the hepatocytes of the treated animal compared with control.
Both images are of 2650× magnification. (C) Left panel: mitochondria from centrilobular hepatocyte of one control female; right panel: mitochondria
from centrilobular hepatocyte of one male administered 100 mg/kg revusiran. The mitochondrial cristae are similar in both animals. Both images are of
53 000× magnification.

bino (up) configuration as well as a 5-iodo modification on
the uracil base; it is thus quite structurally distinct from So-
fosbuvir and the 2′-F-nucleosides present in siRNA conju-
gates.

Previous work reported by Richardson et al. (17) exam-
ined the ability of human mitochondrial Pol-� to incorpo-
rate 2′-F-NTPs into DNA templates in the absence of en-
dogenous dNTPs, demonstrating that the polymerase was
able to individually incorporate all 2′-F-NTPs (and FIAU-
TP); however, with significantly decreased Vmax/Km values
(strongly reduced enzyme affinity for the 2′-F-NTP sub-
strates). Conversely, affinity of FIAU-TP was found to be
similar to that of endogenous dNTPs with much higher
‘misincorporation frequency’ of 125% relative to the nat-
ural dTTP compared to 2′-F-NTPs with misincorporation
frequencies ranging between 0.5% (2′-F-UTP) and 16% (2′-
F-GTP). Our study links these previously published data
on ‘misincorporation frequency’ of individual 2′-F-NTPs
by human Pol-� with additional results using ‘competition’
experiments with endogenous dNTPs and 2′-F-NTPs. We

rationalized that this may better reflect intracellular con-
ditions of 2′-F-ribonucleotide metabolites competing with
endogenous dNTPs following administration of GalNAc–
siRNA conjugates. Under these conditions, high excess of
2′-F-NTPs (10- to 100-fold excess over dNTPs) was re-
quired for detectable incorporation. Based on the quanti-
tation of 2′-F-monomers generated in rat and human from
revusiran or ALN-TTRSC02, this is unlikely to occur in
vivo. These data are consistent with previously reported low
(relative to FIAU) incorporation rates into liver DNA af-
ter direct intravenous administration of 2′-F-C and 2′-F-
U up to 500 mg/kg/day for 90 days in rats and up to 7.5
mg/kg/day for 90 days in woodchucks (28,32). However,
the potential differences in pharmacokinetic properties be-
tween intravenously administered 2′-F-nucleosides and 2′-
F-nucleosides generated from GalNAc–siRNAs in hepato-
cytes may limit the conclusions one can draw from those
earlier studies.

Recently, Saleh et al. (26) reported that at high ratios
to endogenous ribonucleosides (≥1:5), 2′-F-monomers can
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be incorporated into RNA and DNA in vitro in TK6 hu-
man lymphoblastoid cells, reducing RNA and DNA syn-
thesis rates. Such high ratios ratio to endogenous ribonu-
cleosides are unlikely to occur in vivo, particularly for ESC
conjugates. Even at a 30 mg/kg dose of ALN-TTRSC02,
the highest ratio detected was 1:102. Furthermore, incor-
poration rates in rapidly dividing cells in vitro may be exag-
gerated compared to post-mitotic tissues in vivo.

In summary, our in vitro studies demonstrate that (i) 2′-
F-NTPs are weak inhibitors and poor substrates for DNA
and RNA mitochondrial polymerases relative to the en-
dogenous (d)NTPs, (ii) do not readily act as chain termi-
nators and (iii) are efficiently out-competed by native nu-
cleotides in the elongation reactions. Hence, while we can-
not exclude this possibility, their potential for incorporation
into nascent cellular DNA or RNA in the presence of en-
dogenous (d)NTPs appears to be low, even at suprapharma-
cological doses. In human liver, kidney, heart, muscle, intes-
tine, blood and neuronal cell models, cytotoxic effects were
cell-line-dependent, largely unrelated to mitochondrial tox-
icity, and observed at ratios to endogenous monomers that
are not observed in vivo after administration of revusiran
or ALN-TTRSC02. Nevertheless, the mechanism(s) and in
vivo relevance of the modest mtDNA decreases observed in
a subset of cell lines with 2′-F-nuclesides in vitro need to be
investigated further.

Mitochondrial toxicities, such as cardiomyopathy, hep-
atic steatosis, pancreatitis, skeletal myopathy, lactic acido-
sis and neuropathy (33), have been associated with cer-
tain nucleoside analogs. In vivo, the extent of systemic re-
distribution of 2′-F-purines appears to be minimal follow-
ing generation from GalNAc–siRNAs in liver and kid-
ney and, to date, there is no evidence of liver failure or
nephropathy in clinical (33) or pre-clinical (34) studies with
STC or ESC GalNAc–siRNAs. At completion of the 2-
year rat carcinogenicity study where rats were dosed weekly
with up to 100 mg/kg of two STC GalNAc–siRNA conju-
gates containing 22 2′-F-ribonucleotides, treatment-related
ultrastructural changes involving mitochondria observed
in liver hepatocytes and skeletal myocytes (soleus mus-
cle) were limited to elongated and ring-shaped/cup-shaped
mitochondrial profiles and enlarged mitochondria in an-
imals given either ≥10 mg/kg of revusiran or 30 mg/kg
of siTTR-3. Similar ultrastructural changes were not ob-
served in the heart, sural nerve or dorsal root ganglia.
Of these two ultrastructural findings, enlargement of mi-
tochondria was the only finding not seen in some control
animals, whereas elongated mitochondria were occasionally
observed in the hepatocytes of control animals, which sug-
gested the incidence of these findings was not solely related
to chronic administration of revusiran or siTTR-3. Thus,
utilizing ‘a weight of evidence approach’, the ultrastruc-
tural mitochondrial changes that were observed in affected
hepatocytes and myocytes (i.e., the elongation and enlarge-
ment) were not associated with plasma lactate elevations,
or with adverse changes such as mitophagy, mitochondrial
degeneration/necrosis or alterations in cristae morphology
(34).

Furthermore, as described by Gomes et al. (35), mito-
chondrial elongation occurs during times of limited nutrient
availability and serves to spare mitochondria from degra-

dation by macroautophagy and increase cristae to promote
cellular viability by optimizing ATP production. Therefore,
the structural mitochondrial changes that were observed in
this study were considered non-adverse and more consistent
with an adaptive response. This conclusion was further sup-
ported by the lack of an overall difference in survivability of
treated groups compared to controls in this study (Suther-
land et al., manuscript in preparation). Consistent with the
lack of treatment-related effects on carcinogenesis, all of the
2′-F-modified GalNAc–siRNAs tested to date yielded neg-
ative results in both in vitro and in vivo genotoxicity stud-
ies up to dose limits set by the International Conference on
Harmonisation guidance S2(R1) (31,36).

Finally, the treatment-related increases in lipid vacuoles
noted in liver hepatocytes with both, revusiran and siTTR-
3, were an expected finding, as hepatocellular vacuolation
has been described following sub-chronic administration of
GalNAc–siRNAs to rats but not monkeys. It is also ob-
served with GalNAc–siRNAs containing only natural mod-
ifications such as 2′-OMe and may be related to miR-122
downregulation in rats (31). The degree of hepatocellular
vacuolation was not considered adverse. In this study, the
exposure to 2′-F-monomers can be considered to represent
a ‘worst case’ scenario due to the low metabolic stability, rel-
atively high 2′-F-content and exposure to 2′-F-monomers,
as well as the relatively high and frequent doses of the STC
GalNAc–siRNAs revusiran and siTTR-3 compared to the
newer ESC designs.

The results of our comprehensive assessment indicate
that the overall risk for mitochondrial toxicity or other
toxic side effects mediated by 2′-F-monomer metabolites
of GalNAc–siRNA conjugates is low. In addition, the po-
tential exposure to 2′-F-monomers has been minimized
with the ESC design, due to lower drug exposure re-
quired for equivalent pharmacodynamic effects, while lim-
iting metabolite production. Overall these data support
the safety of long-term administration of 2′-F-containing
GalNAc–siRNA conjugates especially those containing
ESC designs, such as ALN-TTRSC02. These results are
consistent with our previous work showing that the hep-
atotoxicity, which is occasionally observed in rodents at
supratherapeutic exposures, can be attributed to sequence-
dependent, RNAi-mediated off-target effects rather than
siRNA chemistry or the perturbation of RNAi pathways
(37).
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