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Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
has emerged as a therapeutic target for the reduction 
of low-density lipoprotein cholesterol (LDL-C). PCSK9 
increases the degradation of the LDL receptor, result-
ing in high LDL-C in individuals with high PCSK9 activ-
ity. Here, we show that two locked nucleic acid (LNA) 
antisense oligonucleotides targeting PCSK9 produce 
sustained reduction of LDL-C in nonhuman primates 
after a loading dose (20 mg/kg) and four weekly mainte-
nance doses (5 mg/kg). PCSK9 messenger RNA (mRNA) 
and serum PCSK9 protein were reduced by 85% which 
resulted in a 50% reduction in circulating LDL-C. Serum 
total cholesterol (TC) levels were reduced to the same 
extent as LDL-C with no reduction in high-density lipo-
protein levels, demonstrating a specific pharmacological 
effect on LDL-C. The reduction in hepatic PCSK9 mRNA 
correlated with liver LNA oligonucleotide content. This 
verified that anti-PCSK9 LNA oligonucleotides regulated 
LDL-C through an antisense mechanism. The compounds 
were well tolerated with no observed effects on toxico-
logical parameters (liver and kidney histology, alanine 
aminotransferase, aspartate aminotransferase, urea, and 
 creatinine). The pharmacologic evidence and initial safety 
profile of the compounds used in this study indicate that 
LNA antisense oligonucleotides targeting PCSK9 provide 
a viable therapeutic strategy and are potential comple-
ments to statins in managing high LDL-C.
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IntroductIon
Proprotein convertase subtilisin/kexin type 9 (PCSK9), a mem-
ber of the proteinase K subfamily of subtilases,1 is involved in 
the regulation of circulating low-density lipoprotein cholesterol 
(LDL-C). PCSK9 regulates the level of circulating LDL-C through 
interaction with hepatic cell surface low-density lipoprotein recep-
tors (LDLR),2,3 followed by internalization of the complex and 
lysosomal degradation of the LDLR.4 Studies on human genetic 
variations have shown that PCSK9 gain of function mutations are 

associated with hypercholesterolemia, i.e., high LDL-C, whereas 
loss of function mutations are associated with low LDL-C levels.5–8 
High level of LDL-C is a major risk factor for development of ath-
erosclerosis, which is the main cause of cardiovascular disease. 
Cardiovascular disease is the number one cause of death world-
wide (WHO report The Global Burden of Disease: 2004 update).9 
The PCSK9 loss of function mutations do not seem to cause any 
phenotypic changes in human subjects other than very low cir-
culating LDL-C and the mutations are associated with a 47–88% 
reduction in the risk of developing cardiovascular disease.10–12 
This suggests that PCSK9 is not essential for normal development, 
and validates PCSK9 as an attractive and specific therapeutic tar-
get for lowering circulating LDL-C. This is of particular interest 
in a subset of hypercholesterolemia patients where the current 
standard of care, statin therapy, fails to reduce LDL-C to intended 
target levels. Statins inhibit the rate-limiting step in cholesterol 
de novo synthesis, resulting in increased expression of liver LDLR 
and, eventually, increased uptake of LDL from the circulation. 
The same mechanism that leads to increased LDLR expression 
also increases liver expression of PCSK9. This has been suggested 
to limit the potency of statins, especially in patients with gain of 
function mutations of PCSK9.13

Several different approaches have been explored as a means to 
inhibit or reduce PCSK9, including antisense oligonucleotides,14,15 
lipidoid nanoparticle (LNP) formulated short interfering RNA 
(siRNAs) directed against the PCSK9 messenger RNA (mRNA),16 
antibodies directed against circulating PCSK9 protein17–19 and small 
peptides that block the PCSK9/LDLR interaction.20 Reduction of 
LDL-C by inhibition of PCSK9 in nonhuman primates has pre-
viously been demonstrated after a single dose of LNP-formulated 
siRNAs16 and single doses of monoclonal antibodies.17,19 Here, we 
report that single and multiple subcutaneous injections of two dif-
ferent anti-PCSK9 LNA antisense oligonucleotides produce potent 
and long-lasting reductions of LDL-C in nonhuman primates.

results
In vitro characterization of compounds
Two PCSK9 specific LNA antisense oligonucleotides (SPC5001; 
a 14-mer and SPC4061; a 13-mer) were selected for the non-
human primate pharmacology study after screening in vitro 

The first two authors contributed equally to this work.
Correspondence: Marie W Lindholm, Santaris Pharma A/S, Kogle Allé 6, DK-2970 Hørsholm, Denmark. E-mail: mwl@santaris.com

PCSK9 LNA Antisense Oligonucleotides Induce 
Sustained Reduction of LDL Cholesterol in 
Nonhuman Primates
Marie W Lindholm1, Joacim Elmén1, Niels Fisker1, Henrik F Hansen1, Robert Persson1,  
Marianne R Møller1, Christoph Rosenbohm1, Henrik Ørum1, Ellen M Straarup1 and Troels Koch1

1Santaris Pharma A/S, Hørsholm, Denmark

http://www.nature.com/doifinder/10.1038/mt.2011.260
mailto:mwl@santaris.com


Molecular Therapy  vol. 20 no. 2 feb. 2012 377

© The American Society of Gene & Cell Therapy
Anti-PCSK9 LNA Reduces LDL in Nonhuman Primates

(Supplementary Figure S1 and S2 ). Both compounds potently 
reduced PCSK9 mRNA levels in treated cells. An unspecific con-
trol LNA oligonucleotide, SPC3088 (not complementary to PCSK9 
mRNA in man, monkey, or mouse), was included in the in vitro 
experiments. SPC3088 had no significant effect on PCSK9 mRNA 
levels in vitro (Supplementary Figure S1 and S2).

single-dose study, pharmacokinetics
A group of six monkeys received a single 10 mg/kg subcutaneous 
injection of SPC5001 with subsequent killing of single monkeys at 
day 4, 7, 14, 21, 28, and 56 after injection. Serum and liver tissue 
samples were collected at each time point for analysis of LDL-C 
and SPC5001 oligonucleotide content (Figure 1a). LDL-C levels 
decreased continuously over the first 3 weeks, with a maximum 
reduction of 50% at day 21. After day 21, the effect diminished 
slowly, and at day 56, LDL-C had returned to predose levels. 
The estimated half-life of the pharmacological LDL-C lower-
ing effect was 24 days, calculated from day 21 to day 56. Liver 
SPC5001 content reached a maximum at day 7 (maximum tissue 
concentration (Cmax), 20 µg/g liver) (Figure 1a). The SPC5001 
liver tissue half-life was calculated to be at least 6 days. The reduc-
tion in serum total cholesterol (TC) and apolipoprotein B (apoB) 
corresponded well to the reduction in LDL-C (Figure 1b) whereas 
HDL-C was reduced in the single animal killed at day 21 and 
increased at day 56, compared to respective predose level.

Multiple-dose study, treatment period
The potency of SPC5001 and SPC4061 was examined in a multiple-
dose study, comprising an initial loading dose of 20 mg/kg, followed 
by four weekly maintenance doses of 5 mg/kg. Both compounds 
were administered subcutaneously as unformulated molecules in 
buffered saline. Forty-eight hours after last dose (day 30), three 
monkeys per group were killed and the remaining two monkeys 
were monitored for an additional 8-week recovery period. Serum 
was sampled weekly and analyzed for PCSK9 and LDL-C levels 
as well as for a range of biochemical and toxicological parameters 
(vide infra). Analyses of hepatic PCSK9, LDLR, and HMG-CoA 

reductase mRNA expression, LDLR protein, and liver lipid content 
were performed after killing. In addition, livers and kidneys were 
examined for histopathology changes.

Twenty-four hours after the first dose, both compounds 
produced a significant reduction in serum PCSK9 protein lev-
els (Figure 2a). At day 7, SPC5001 produced a PCSK9 protein 
reduction of 85%, a level that was maintained for the duration 
of the treatment period (Figure 2a). SPC4061 was less potent, 
producing a maximum reduction of serum PCSK9 levels of 55% 
when injected at the same dose level as SPC5001 (Figure 2a). 
As expected, the reduction in circulating PCSK9 protein levels 
translated into a reduction in LDL-C (Figure 2b). The reduction 
in LDL-C was delayed compared to the effect on serum PCSK9, 
as there was no observed effect on LDL-C at 24 hours postinjec-
tion (Figure 2b). From day 4 and onwards, SPC5001 treatment 
resulted in a reduction in LDL-C to an average of 50% below 
predose levels, with a 70% reduction of LDL-C in the highest 
responder. Consistent with its lower potency, treatment with 
SPC4061 resulted in an average reduction of 35% of predose 
levels, with a 50% reduction of LDL-C in the highest responder 
(Figure 2b). For both compounds, the changes in circulating 
LDL-C levels corresponded to reductions in circulating apoB lev-
els, which reached a sustained reduction of ~50 and 35% at day 
4 and onwards (Figure 2c). HDL-C levels were not significantly 
changed at any point (Figure 2d), demonstrating that the reduc-
tions in total serum cholesterol (Figure 2e) were caused by a spe-
cific reduction of LDL-C. During the entire course of the study, 
neither the SPC5001 nor SPC4061-treated monkeys exhibited 
any significant changes in serum biochemical parameters, includ-
ing toxicology markers (e.g., alanine aminotransferase, aspartate 
aminotransferase, urea, creatinine, glucose or triglyceride, data 
found in Supplementary Table S1).

Three monkeys per group were killed 48 hours after the last 
injection of either oligonucleotide (day 30). Tissues were ana-
lyzed for oligonucleotide content, hepatic PCSK9, HMG-CoA 
reductase and LDLR mRNA levels, and histopathology. Although 
liver oligonucleotide content was similar (48 ± 9 and 58 ± 17 µg 
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Figure 1 single-dose study, pharmacokinetics. Monkeys were injected with a single 10 mg/kg subcutaneous dose of LNA antisense compound 
SPC5001 and analyzed at different time points after injection. (a) Serum LDL-C (circles) and liver oligonucleotide content (triangles), (b) serum total 
cholesterol (TC), apolipoprotein B (apoB), and HDL-C in corresponding monkeys. Each time point represents a single animal (n = 1). HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LNA, locked nucleic acid.
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oligonucleotide/g liver for SPC4061 and SPC5001, respectively), 
reduction of PCSK9 mRNA expression compared to saline controls 
was 85% for SPC5001, but only 50% for SPC4061 (Figure 3a). The 
effect on circulating PCSK9 protein levels corresponded to the effect 
on hepatic PCSK9 mRNA expression, demonstrating an 85 and 
50% reduction for SPC5001 and SPC4061, respectively (Figure 3a). 
Liver LDLR mRNA levels were not significantly affected by anti-
PCSK9 treatment (Supplementary Table S2). Liver LDLR protein 
levels, analyzed by western blot, increased with 67% in SPC5001-

treated monkeys compared to saline controls, whereas SPC4061 had 
no significant effect on liver LDLR protein levels (Supplementary 
Figure S3a,b). Livers were analyzed for cholesterol content to exam-
ine if the increased uptake of cholesterol-containing LDL-particles 
resulted in cholesterol accumulation. Neither of the oligonucleotide 
treatments led to cholesterol accumulation in the liver (Figure 3b); 
cholesterol content was lower in livers from treated monkeys, in par-
ticular in livers from monkeys treated with SPC4061. The reduced 
cholesterol content could not be explained by altered expression of 
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Figure 2 Multiple-dose study, long-term treatment. Treatment started with one subcutaneous 20 mg/kg dose, followed by a 5 mg/kg subcutane-
ous dose at day 7, 14, 21, and 28, as illustrated with arrows along the x-axis. Serum samples were collected days −13, −7, 1, 4, 7, 14, 21, and 28. 
Analyses were performed on (a) serum PCSK9, (b) LDL-C, (c) serum apoB, (d) HDL-C, and (e) total serum cholesterol. Data represent means ± SEM, 
n = 5, for saline control monkeys (white circles) and monkeys treated with SPC4061 (black triangles) and SPC5001 (black circles). *P < 0.05, **P < 
0.005, ***P < 0.001, statistical analysis: one-way ANOVA with Bonferroni post-test. Note: There is only one predose value for serum PCSK9 and this is 
replotted at day 0 for illustrative purposes. ANOVA, analysis of variance; apoB, apolipoprotein B; HDL-C, high-density lipoprotein cholesterol; LDL-C, 
low-density lipoprotein cholesterol.
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Figure 3 Multiple-dose study, killing. Treatment started with one subcutaneous 20 mg/kg dose, followed by a 5 mg/kg subcutaneous dose at day 7, 
14, 21, and 28. Monkeys were killed 48 hours after last dose and liver was analyzed for (a) PCSK9 liver mRNA (black bars) and serum PCSK9 protein 
(striped bars) as percent of saline, as well as absolute liver oligonucleotide content (white bars), and (b) liver content of cholesterol esters (black bars) 
and free cholesterol (white bars). Data represent means ± SEM, n = 3. ns, not significant. *P < 0.05, **P < 0.005, ***P < 0.001, statistical analysis: 
one-way ANOVA with Bonferroni post-test. ANOVA, analysis of variance; mRNA, messenger RNA; ns, not significant.
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HMG-CoA reductase, the rate-limiting enzyme in cholesterol syn-
thesis. Liver HMG-CoA reductase expression was not significantly 
affected in treated compared to control monkeys (Supplementary 
Table S2). Histopathology analysis of the livers and kidneys did 
not detect any degenerative changes in tissues from treated animals 
(data not shown).

Multiple-dose study, recovery
After the final injections (day 28), two monkeys from each group 
were monitored for a recovery period of 8 weeks before final kill-
ing at day 84. During this period, circulating LDL-C was analyzed 
weekly (day 35, 42, 49, and 56) or biweekly (day 70 and 84). In 
monkeys treated with SPC5001, LDL-C levels increased gradu-
ally to 65% of the predose levels during the first 4 weeks of the 
recovery period (Figure 4). For monkeys treated with SPC4061, 
LDL-C levels returned to predose levels by the end of the recovery 
period whereas they were still lower compared to predose levels in 
monkeys treated with SPC5001 (Figure 4). Pharmacokinetic anal-
ysis of the plasma half-life for of SPC5001 in the recovery period 
gave an estimated half-life of at least 7 days. This is similar to the 
estimated tissue half-life that was found in the single-dose study. 
Tissue analysis after termination of the recovery period demon-
strated liver PCSK9 mRNA expression at predose levels and no 
histological changes in kidneys or livers of the treated monkeys 
(data not shown).

dIscussIon
Hepatic PCSK9 mRNA expression was inhibited in Macaca 
fascicularis (cynomolgus monkey) by two LNA antisense oli-
gonucleotides with two or more LNAs at both ends flanking a 
DNA sequence, a molecular design with high serum stabil-
ity and affinity for target mRNA.21 SPC4061 and SPC5001 are 
a total of 13 and 14 nucleotides in length, respectively, an LNA 

antisense oligonucleotide size which previously been shown to be 
highly potent in vivo, in both rodents and nonhuman primates.22 
SPC4061, which targets a sequence in PCSK9 that is conserved 
from mice to man, has recently been reported to reduce PCSK9 
mRNA/protein expression and hepatic LDLR levels in mice.15 In 
cultured human cells, SPC5001 (which target a sequence in man 
and monkeys that is not conserved in mice), demonstrated equal 
potency to SPC4061 but the compound had better and longer 
lasting in vivo potency as measured by different parameters in 
nonhuman primates.

The single-dose experiment (10 mg/kg) suggests that maxi-
mal reduction of LDL-C is obtained after maximal concentra-
tion of SPC5001 is reached in the liver. For both compounds, 
maximal reduction of PCSK9 protein in serum also preceded the 
maximal pharmacological effects on LDL-C. A similar effect has 
been observed with anti-PCSK9 antibodies where the maximal 
effect on LDL-C was not reached until day 10, despite free serum 
PCSK9 being rapidly depleted by the monoclonal antibodies.17,18 
Comparing the two LNA antisense oligonucleotides, SPC4061 
and SPC5001 exhibited the same onset of effect rate but SPC5001 
exhibited a higher pharmacological activity already after the first 
dose. At killing, serum PCSK9 protein and liver PCSK9 mRNA 
were more reduced by SPC5001 than by SPC4061 despite similar 
liver oligonucleotide content, demonstrating that SPC5001 had 
almost twice the activity/μg compound compared to SPC4061. 
A single dose of SPC5001 (10 mg/kg) reduced LDL-C to 50% 
of predose levels, an effect that lasted at least 3 weeks. A simi-
lar effect has been reported for a single dose of LPN-formulated 
anti-PCSK9 siRNA (5 mg/kg), where LDL-C was reduced with 
40–60% for up to 14 days, and had returned to 80% of baseline 
level at day 21.16

The LNA antisense oligonucleotides produced only a modest 
(for SPC5001) or no significant (for SPC4061) increase in total 
liver LDLR protein at termination of treatment. LDLR protein lev-
els in whole liver homogenate may not fully represent the amount 
of LDLR activity on the hepatocyte cell surface, and the increase 
in LDLR in livers of treated monkeys was sufficient to significantly 
reduce LDL-C. However, it should be noted that the effect of anti-
PCSK9 oligonucleotide treatment on liver LDLR levels was small 
compared to the effect reported in a previous study with SPC4061 
in mice, where liver LDLR protein levels were three times higher 
in treated than in control mice.15

Multiple doses of both SPC4061 and SPC5001 reduced LDL-C 
levels with no associated HDL-C reduction, i.e., the decrease in 
TC corresponded to a specific reduction in LDL-C. The same 
degree of lipoprotein class specificity has been observed with 
lipid-formulated siRNA targeting PCSK9 mRNA,16 whereas it has 
been reported that an anti-PCSK9 monoclonal antibody induce 
a significant reduction in HDL-C.17 Anti-PCSK9-induced reduc-
tion of serum LDL-C is caused by increased LDLR-mediated LDL 
uptake, which may in theory lead to increased accumulation of tis-
sue cholesterol, particularly in the liver. However, we were not able 
to detect increased cholesterol content in the livers of the treated 
monkeys. A possible explanation for this could be that cholesterol 
synthesis was reduced as a consequence of the increased liver 
uptake of LDL-C, even though there was no significant effect on 
mRNA expression of HMG-CoA reductase (rate-limiting enzyme 

100

50

0

S
er

um
 L

D
L-

C
 (

%
 o

f p
re

do
se

)

−14 −7 0 7 14 21 28 35 42 49 56 63 70 77 84

Day

Figure 4 Multiple-dose study, recovery. Treatment started with one 
subcutaneous 20 mg/kg dose, followed by a 5 mg/kg subcutaneous dose 
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for cholesterol synthesis). An alternative possibility is that bile 
excretion was enhanced to prevent cholesterol accumulation.

In humans, serum PCSK9 levels have a significant linear cor-
relation with serum glucose.23,24 However, it has been reported 
that PCSK9 knock-out mice, at 4 months of age, are hypergly-
cemic and glucose intolerant.25 This suggests that both absence 
and high levels of serum PCSK9 are associated with high serum 
glucose levels. Serum glucose levels in LNA antisense-treated 
monkeys were monitored throughout the treatment period, and 
there were no detectable changes in blood glucose levels even 
with the 85% reduction in serum PCSK9 found in animals treated 
with SPC5001. It may be that total elimination of PCSK9, as is 
the case in knock-out mice,25 is necessary for the reported glucose 
intolerance.

In the present study, we have shown safety and pharmaco-
logical proof-of-concept in nonhuman primates (cynomolgus 
monkeys) of LDL-C reduction by LNA antisense oligonucle-
otides targeting PCSK9 mRNA. The cholesterol-lowering effect is 
LDL-C specific. The most potent compound, SPC5001, produced 
an 85% reduction in both PCSK9 liver mRNA and serum pro-
tein levels which correlated with a long-lasting 50% reduction in 
LDL-C. Taken together, anti-PCSK9 LNA antisense oligonucle-
otides offer the appropriate preclinical properties for becoming 
attractive LDL-C lowering drugs alone, or in combination with 
current therapies (i.e., statins).

MaterIals and Methods
Animals and conditions. The nonhuman primate study was conducted by 
a certified contract organization (AAALAC accredited and approved by 
the National Ministry of Agriculture) in accordance with the testing facil-
ity’s standard operating procedure. The study was performed as non-GLP 
in treatment-naive male cynomolgus monkeys, where standard operating 
procedures were in accordance with OECD Good Laboratory Practice 
Regulations. The study complied with ICH guideline M3 (R2), 11th June 
2009 and ICH guideline S3A, 27th October 1994. The monkey age at ini-
tiation of treatment was 2–3 years, and body weights were between 1.8–
3.5 kg. The monkeys were subjected to a 12-hour light/dark cycle. They 
received an expanded complete commercial primate diet (special diet ser-
vices: OWN (E) short SQC, 100 g/monkey/day), in addition, they received 
a fruit or vegetable a day. Water was accessed ad libitum.

Study layout. Pretest samples from all monkeys were collected 13 and 
7 days before the first administration of study compounds (day −13 and 
−7). The monkeys were fasted overnight before sampling for clinical labo-
ratory determinants and necropsy. Blood samples were collected from 
the femoral veins. Study compounds were formulated in sterile physi-
ological saline (0.9% NaCl) and injected subcutaneously. The monkeys 
were divided into four groups. Monkeys in the first group (n = 6), used 
for the pharmacokinetic study, received a single 10 mg/kg subcutaneous 
dose of SPC5001. One individual monkey was thereafter killed at different 
time points after injection. The additional three groups (n = 5 per group) 
received multiple doses of vehicle (saline, control group) or study com-
pound SPC5001 or SPC4061. Each study compound was delivered as an 
initial 20 mg/kg subcutaneous loading dose, followed by weekly 5 mg/kg 
subcutaneous maintenance doses over 4 weeks, or five administrations in 
total (at days 0, 7, 14, 21, and 28). Weekly blood samples were drawn before 
each subsequent dose. Three monkeys from each multiple dosing group 
were killed 48 hours after the last dose (day 30). The additional two mon-
keys per group were left treatment-free for an additional 8 weeks and were 
killed at day 84. Liver and kidney tissue from all monkeys was collected in 
RNAlater (Ambion, Austin, TX) or snap frozen in liquid nitrogen.

Oligonucleotides design and synthesis. The study compounds SPC5001 
and SPC4061 are complementary to human (accession #NM174936) and 
Macaca fascicularis (cynomolgus monkey) PCSK9 mRNA, and have the 
following sequences: TGCtacaaaacCCA and GTctgtggaaGCG (uppercase 
LNA, lowercase DNA), respectively. SPC3088, used for comparison in the 
in vitro experiments, have the sequence CGTcagtatgcgAATc. SPC3088 is 
not complementary to PCSK9 mRNA in mouse, monkey, or man, and 
was used as unspecific control. All oligonucleotides contained phospho-
rothioate internucleoside linkages. The oligonucleotides were synthesized 
using standard phosphoramidite protocols on an ÄKTA Oligopilot (GE 
Healthcare, Brondby, Denmark) at 130 µmol–8 mmol scales employing 
custom-made polystyrene primer supports. The DNA monomers were 
obtained from Proligo (Sigma-Aldrich, St Louis, MO) and the LNA mono-
mers and solid support were produced by Santaris Pharma A/S (com-
mercially available from Exiqon, Vedbaek, Denmark). After synthesis, the 
oligonucleotides were cleaved from the support using aqueous ammonia 
at 65 °C overnight. The oligonucleotides were purified by ion-exchange 
and desalted using a Millipore-membrane and were finally characterized 
by liquid chromatography-mass spectrometry (reverse phase and electro-
spray ionization-mass spectrometry).

Serum biochemical analysis. All serum biochemical parameters were 
analyzed on an Olympus AU 640 fully automated analyzer (Olympus, 
Hamburg, Germany). The reagents sets used were the following: TC 
(Olympus ref: OSR 6116), HDL cholesterol (Randox ref: CH 2652), LDL 
cholesterol (Randox ref: CH 2657), apoB (Randox ref: LP2117), glucose 
(Olympus ref: OSR 6121), urea (Olympus ref: OSR 6134), triglycerides 
(Olympus ref: OSR 61118), creatinine (Olympus ref: OSR 6178), aspartate 
aminotransferase (Olympus ref: OSR 6109), and alanine aminotransferase 
(Olympus ref: OSR 6107).

Histopathology. Histopathology examinations were performed for liver 
and kidneys on site by the contract organization performing the study. 
Analyses were performed in accordance with the testing facility’s standard 
operating procedure. The tissue samples were fixed and preserved in 10% 
neutral formalin. Slides were stained with hematoxylin and eosin.

Tissue quantitative PCR analysis. Total RNA was extracted from liver tis-
sue homogenates using RNeasy mini kit (Qiagen, Valencia, CA) spin col-
umns according to the manufacturer’s instructions. mRNA quantification of 
selected genes was carried out using commercially available TaqMan assays 
(Applied Biosystems, Foster City, CA). First strand synthesis of complemen-
tary DNA was generated from total RNA by a reverse transcription reac-
tion using random decamers, 0.5 µg total RNA, and the M-MLV RT enzyme 
(Ambion) according to manufacturer’s instructions. An Applied Biosystems 
7500 Fast Real-Time PCR instrument was used for amplification. Data 
were analyzed and quantified using the 7500 Fast SDS software (Applied 
Biosystems, Naerum, Denmark). PCSK9 mRNA levels were normalized to 
β-actin and presented relative to saline controls as specified in the figures.

Serum PCSK9 ELISA. Serum PCSK9 protein content was analyzed with 
CircuLex human PCSK9 ELISA Kits in accordance with the manufactur-
er’s instructions (MBL, Woburn, MA). The assay was validated with serum 
from control monkeys (Macaca fascicularis) before commencing analyses.

Tissue oligonucleotide content. Oligonucleotide content in tissue was ana-
lyzed as previously described.22 In brief, snap frozen tissue samples were 
homogenized in a 25 mmol/l Tris buffer (pH 8.0) containing 0.5% Igepal 
CA-630 and 1 mg/ml of proteinase K (Sigma-Aldrich). Control samples were 
spiked with respective oligonucleotide at 5–250 μg/g tissue for use as standard 
curves. Oligonucleotides were extracted with phenol-chloroform-isoamyl 
alcohol (25:24:1) saturated with 10 mmol/l Tris (pH 8.0). Oligonucleotide 
content was determined with ELISA specific for either compound22; 
streptavidin-coated strips were incubated with a biotinylated capture probe 
(a 6-mer LNA phosphorodiester oligonucleotide complementary to the 
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5′ end of SPC4061 and a 7-mer complementary to the 5′ end of SPC5001, 
respectively). Wells were washed and aspired. Oligonucleotide extracts 
were diluted to picomolar range, added to respective strip, and incubated 
for 0.5 hours. Wells were washed and aspired, and a 5′-digitoxin conjugated 
(Dig) detection probe was added. The Dig probes were 7-mer LNA phos-
phorodiester oligonucleotides complementary to the 3′ end of SPC4061 or 
SPC5001, respectively. Wells were incubated with respective Dig probe for 
1 hour, washed, aspired, and incubated for 1 hour with anti-Dig POD Fab 
fragments diluted 1:4,000 (Roche Applied Science, Indianapolis, IN). Wells 
were washed and aspired and signal was developed with TMB+Substrate-
Chromogen (Dako, Glostrup, Denmark) before addition of stop solution. 
Signal intensity was analyzed by spectrophotometer at 450 nm. Additional 
analyses are described in Supplementary Materials and Methods.

Statistical analysis. Statistical analysis was performed using one-way 
analysis of variance with Bonferroni’s multiple comparison test as post-
test to determine the exact nature of the differences if the data followed 
a Gaussian distribution. Otherwise, the nonparametric Kruskal–Wallis 
test with Dunn’s multiple comparison test was used as a post-test. P values  
of <0.05 were considered to be statistically significant. The Provantis data 
acquisition system was used to analyze the primate data. The primate phar-
macodynamic data (LDL-C and oligonucleotide concentration in liver) 
were analyzed using an inhibitory effect Emax model (model 103) in the 
WinNonLin program (version 5.2.1; Pharsight, Munich, Germany).

suPPleMentarY MaterIal
Figure S1. PCSK9 mRNA levels in HepG2 cells after 5 days of gym-
notic delivery of LNA oligonucleotides at 0.4, 2.0, and 10 µmol/l 
concentrations.
Figure S2. PCSK9 mRNA levels in HepG2 cells 24 hours after 
transfection with LNA oligonucleotides at 0.4, 2.0, and 10 nmol/l 
concentrations.
Figure S3. Liver LDLR protein levels.
Table S1. Biochemical parameters in nonhuman primate study.
Table S2. qPCR analysis of liver samples.
Materials and Methods.
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