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Abstract Reducing circulating LDL-cholesterol (LDL-c) re-
duces the risk of cardiovascular disease in people with
hypercholesterolemia. Current approaches to reduce
circulating LDL-c include statins, which inhibit cholesterol
synthesis, and ezetimibe, which blocks cholesterol absorp-
tion. Both elevate serum PCSK9 protein levels in patients,
which could attenuate their efficacy by reducing the amount
of cholesterol cleared from circulation. To determine
whether PCSK9 inhibition could enhance LDL-c lowering
of both statins and ezetimibe, we utilized small interfer-
ing RNAs (siRNAs) to knock down Pcsk9, together with
ezetimibe, rosuvastatin, and an ezetimibe /rosuvastatin com-
bination in a mouse model with a human-like lipid profile.
‘We found that ezetimibe, rosuvastatin, and ezetimibe /rosu-
vastatin combined lower serum cholesterol but induce the
expression of Pcsk9 as well as the Srebp-2 hepatic cholesterol
biosynthesis pathway. Pcsk9 knockdown in combination with
either treatment led to greater reductions in serum non-
HDL with a near-uniform reduction of all LDL-c subfrac-
tions. In addition to reducing serum cholesterol, the
combined rosuvastatin/ezetimibe/Pcsk9 siRNA treatment
exhibited a significant reduction in serum APOB protein
and triglyceride levels.lll Taken together, these data provide
evidence that PCSK9 inhibitors, in combination with cur-
rent therapies, have the potential to achieve greater reduc-
tions in both serum cholesterol and triglycerides.—Ason, B.,
S. Tep, H. R. Davis, Jr., Y. Xu, G. Tetzloff, B. Galinski, F.
Soriano, N. Dubinina, L. Zhu, A. Stefanni, K. K. Wong, M
Tadin-Strapps, S. R. Bartz, B. Hubbard, M. Ranalletta, A. B.
Sachs, W. M. Flanagan, A. Strack, and N. A. Kuklin. Im-
proved efficacy for ezetimibe and rosuvastatin by attenuat-
ing the induction of PCSK9. J. Lipid Res. 2011. 52:
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Elevated circulating LDL cholesterol (LDL-c) is a risk
factor for the development of atherosclerosis, and it is well
documented that reducing the level of circulating LDL-c
lowers the incidence of death from cardiovascular disease
(as reviewed in Refs. 1-4). The level of circulating LDL-c is
determined by the interplay between cholesterol synthesis,
dietary cholesterol absorption, and cholesterol clearance
(as reviewed in Refs. 5, 6). Current standard of care treat-
ments to reduce serum LDL-c include statins, which in-
hibit cholesterol synthesis, and ezetimibe, which inhibits
dietary and biliary cholesterol absorption (7-10). Both are
effective means of reducing circulating LDL-c, although
each inhibitor class induces a feedback mechanism lead-
ing to the induction of SREBP-2 (sterol-regulatory-ele-
ment-binding protein-2). This leads to an increase in the
expression of cholesterol biosynthesis genes, potentially
blunting the efficacy of these treatments (11-17). In addi-
tion, induction of the SREBP-2 pathway potentially de-
creases LDL-c clearance through the increased expression
of proprotein convertase subtilisin/kexin type 9 (Pcsk9)
(18). PCSK9 increases circulating LDL-c by binding to and
inducing the internalization and subsequent degradation
of the LDL receptor (LDLr) (19-27). An increase in
PCSK9 serum protein would thus reduce LDLr levels on
the hepatic cell surface and consequently raise the amount
of LDL~c in circulation (28-30). However, activation of the
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SREBP-2 pathway also leads to increased Ldlr expression.
Therefore, the degree to which SREBP-2 pathway induc-
tion leads to decreased cholesterol clearance depends on
the degree to which Pcsk9 expression is increased relative
to Ldlr.

PCSK9 inhibitors are currently being explored as a
means to lower circulating LDL-c (31-38), and it is well-
documented that both statin- and ezetimibe-treated pa-
tients exhibit elevated serum PCSK9 protein levels (7,
11-14, 39-43). A greater reduction in LDL-c is observed
for Pcsk9 knockout mice administered statins, providing
evidence that PCSK9 inhibitors, in combination with in-
hibitors of liver cholesterol synthesis, should result in a
greater reduction in circulating LDL-c (20). Here, we eval-
uated whether the combined inhibition of cholesterol
absorption, cholesterol synthesis, and increased LDL-c
clearance could lead to greater reductions in circulating
LDL-c by small interfering RNA (siRNA)-mediated knock-
down of Pcsk9in combination with ezetimibe, rosuvastatin,
or an ezetimibe /rosuvastatin treatment.

MATERIALS AND METHODS

siRNA design and synthesis

siRNAs were designed and synthesized as described previously
(44, 45). The complementary strands were annealed. The duplex
was ultrafiltered and lyophilized. Duplex purity was evaluated us-
ing LC/MS and tested for the presence of endotoxin by standard
methods.

Preparation of siRNA-lipid nanoparticle complex

siRNA-lipid nanoparticles (LNPs) were made as described
previously, except a 60:38:2 molar ratio of the cationic lipid
CLinDMA (2-{4-[ (3b)-cholest-5-en-3-yloxy] butoxy}-N,N-dimethyl-
3-[(9Z,12Z)-octadeca-9,12-dien-1-yloxy] propan-1-amine; Merck and
Co), cholesterol (Northern Lipids), and PEG-DMG (mono-
methoxy (polyethyleneglycol)-1,2-dimyristoylglycerol; NOF Cor-
poration) was used (46).

In vivo

C57B1/6 mice engineered to be hemizygous for Ldlr and the
overexpression of hCelp driven by the endogenous Apoal pro-
moter (B6-Ldlr<tm1>Tg (APOAI-CETP, Taconic) were used for
these studies. Female mice ~16-20 weeks of age were individu-
ally housed several days prior to the start of the study. At the start
of the study, animals were switched to a low-fat Western diet
(Lab Diets 5020 9F) containing 9% crude fat from breeder chow
(Lab Diets 5001%*) containing 4.5% crude fat. siRNAs were ad-
ministered by intravenous injection. Both ezetimibe and rosuvas-
tatin were formulated in 0.5% methyl cellulose and administered
by oral gavage. Animals were euthanized by CO, inhalation. Im-
mediately after euthanasia, serum was collected using serum
separator tubes and allowed to clot at room temperature for 30
min. Liver sections were excised, placed in either RNA Later
(right medial lobe), 10% neutral buffered formalin (NBF, left
medial lobe), or flash frozen (the remainder) and stored until
further use.

RNA isolation, qRT-PCR, and ELISA

RNA isolation and quantitative real-time PCR were performed
using Qiagen’s RNeasy96 Universal Tissue Kit together with Taq-
Man Gene Expression reagents according to the supplied prod-
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uct protocol. An on-column DNase I treatment was performed,
and samples were washed three times prior to elution in 100 wl
RNase-free water. Reverse transcription was performed using the
Cells to Ct kit (Ambion) in a 20 wl volume with 350 ng of RNA in
1x reverse transcriptase and buffer incubated at 37°C for 1 h.
Changes in the expression of 361 genes (see supplementary Ta-
ble I) involved in hepatic lipid metabolism were analyzed using a
custom RT? Profiler PCR Array (SA Biosciences) according to the
supplied product protocol.

PCSK9 serum protein levels were measured by a dissociation-
enhanced lanthanide fluorescence immunoassay (DELFIA) as de-
scribed previously (47). Briefly, Immulon 4HBX clear 96-well
polystyrene high binding plates (ThermoLabsystems) were incu-
bated with a monoclonal antibody reactive to mouse PCSK9. The
antibody solution was removed, and 200 pl of 1x blocking buffer
[1% BSA (Sigma) in 1x TBST (Sigma) ] was added. Serum samples
(20 pl) were incubated at 37°C for 1 h, and wells were subsequently
washed three times with 300 pl of TBST. A second monoclonal
antibody reactive to mouse PCSK9 and biotinylated (biotinylated
anti-mPCSK9 Fab B) was added, and samples were incubated for 1
h to detect PCSK9. Wells were subsequently washed three times
with 300 pl TBST. Samples were next incubated with a 1:1000 dilu-
tion of streptavidin-europium solution (Perkin-Elmer) at room
temperature for 20 min with gentle agitation. Wells were washed
three times with 300 wl TBST, 100 pl/well of DELFIA Enhancer
(Perkin Elmer) solution was added, and samples were incubated
for 30 min at room temperature with gentle agitation prior to mea-
surement with a europium plate reader.

Cholesterol and triglyceride analysis

Liver samples of approximately 250 mg were frozen and stored
at —80°C until analysis. Individual samples were extracted accord-
ing to the procedure of Folch, Lees, and Sloane-Stanley (48).
Chromatography was performed as described by Burrier et al. (49)
using an isocratic mobile phase containing 98.8% hexane and
1.2% isopropanol at a flow rate of 2 ml/min through a Zorbax Sil
(4.6 x 25 cm) silica column (Agilent Technologies # 880952-701).
Lipids in a 5 pl injection were detected by absorbance at 206 nm
and quantitated by computer integration (System Gold, Beckman)
of the area under the curve (AUC). Cholesterol, cholesteryl ester
(CE), and triglyceride concentrations were determined by com-
parison to standard curves using Nonpolar Lipid Mix-B (Matreya,
Inc.; Pleasant Gap, PA), C/N 1130.

For serum cholesterol analysis, lipase inhibitor (Sigma-Al-
drich) was added at a 1:100 (v/v) ratio of inhibitor to serum,
followed by mixing (600 rpm at 4°C for 1.5 min) and centrifuga-
tion (2,000 rpm at 4°C for 2 min). Serum total and HDL levels
were measured using Wako’s total and HDL kits according to the
supplied product protocol. Non-HDL was calculated by subtract-
ing HDL from total cholesterol measurements.

For LDL subfraction analysis, the lipoprotein profile of the
mouse plasma was analyzed using gradient gel electrophoresis
(Lipoprint LDL Subfraction System, Quantimetrix) according to
the recommended protocol. The resolved lipoprotein bands
were quantified based on lipid content using the software pro-
vided by the vendor.

Histology and hematology

Mouse liver samples (in 10% NBF) were processed to paraffin,
sectioned, and stained with hematoxylin and eosin (H and E).
The H and E-stained slides were reviewed by a board-certified
veterinary pathologist for inflammation. Liver toxicity was mea-
sured by analyzing serum ALT (alanine aminotransferase), AST
(aspartate aminotransferase), and LDH (lactate dehydrogenase)
levels from 80 pl of serum using ACE Alera® Clinical Chemistry
System (Alfa Wassermann, Inc.).



RESULTS

siRNA mediated knockdown of Pcsk9 reduced serum
non-HDL in combination with a maximum efficacious
dose of ezetimibe

Wild-type mice typically have very low LDL-c levels,
and a strain with elevated LDL-c levels was specifically
chosen to provide a better window to assess reductions
in LDL-c. This strain contains hemizygous mutations re-
sulting in the partial knockdown of Ldlr (Ldlr+/7) and
overexpression of the human CE transferase protein
(Cetp) gene driven by the mouse Apoal promoter (Apoal-
hCetﬁ/_). These two mutations increased circulating
LDL-c and led to a lipid profile that resembled the lipid
profile observed in humans. (Tadin-Strapps et al., un-
published observations).

We first evaluated the efficacy of ezetimibe in this model
by administering a maximum efficacious dose of ezetimibe
(10 mg/kg/day), daily, for 7 days. Following 7 days of
treatment, serum non-HDL, which serves as a close ap-
proximation of LDL-c in this model, decreased by 21%
(P<0.0001), whereas Pcsk9liver mRNA and serum PCSK9
protein levels increased by 2- and 3-fold (< 0.001 and P<
0.0001), respectively (see supplementary Figs. I, II; one-
way ANOVA, Tukey posttest).

To investigate whether Pcsk9 knockdown could fur-
ther reduce serum cholesterol when administered with
ezetimibe, we utilized siRNAs designed against the mouse
Pcsk9 mRNA transcript and formulated in a lipid nanopar-
ticle (LNP) to achieve liver-targeted Pcsk9 knockdown.
Mice were administered a maximum efficacious dose of
ezetimibe (10 mg/kg/day) for 7 days, and on day 4, ani-
mals were administered a maximum tolerated dose (6
mg/kg) of a Pcsk9 siRNA [Pcsk9(1035)]. PCSK9 (liver
mRNA and serum protein) levels were elevated 2-fold (P<
0.05 and P < 0.0001, respectively) following ezetimibe
treatment. Both were reduced 4-fold (P < 0.0001) follow-
ing the administration of the Pcsk9siRNA (see supplemen-
tary Fig. IIA, B; one-way ANOVA, Tukey posttest). The
combination of ezetimibe with Pcsk9(1035) led to a 50%
(P<0.0001) reduction in serum non-HDL relative to the
vehicle/control siRNA treatment group and a 36% (P <
0.0001) and 33% (P < 0.0001) reduction relative to the
ezetimibe and Pcsk9 siRNA individual treatments, respec-
tively (see supplementary Fig. IIC; one-way ANOVA, Tukey
posttest).

Both liver enzymes and pathological analysis of hema-
toxylin and eosin stained liver sections were evaluated to
determine the impact that these treatments had on liver
function. Liver enzyme levels (ALT, AST, and LDH) were
within a range consistent with normal hepatic function,
with no significant variation observed across groups (see
supplementary Fig. IIIA-C). Additionally, hematoxlyin
and eosin stained liver sections were reviewed by a board-
certified pathologist and scored utilizing a subjective scor-
ing system for the degree of inflammation. In all cases,
inflammation was scored as minimal or mild and would
not be expected to impede hepatic function (see supple-
mentary Fig. IIID-E).

siRNA mediated knockdown of Pcsk9 led to greater
reductions in both serum non-HDL and serum

APOB protein levels in combination with ezetimibe,
rosuvastatin, and ezetimibe /rosuvastatin treatments

In addition to ezetimibe, statins have been reported to
elevate serum PCSK9 protein levels, either alone or in
combination with ezetimibe (39-41, 43). To determine
whether Pcsk9 knockdown can further reduce serum cho-
lesterol following ezetimibe, statin, or an ezetimibe/statin
combination, we treated mice with ezetimibe (10 mg/kg/
day), rosuvastatin (20 mg/kg/day), or the combination
for 14 days, and on day 11, administered a 6 mg/kg dose
of another Pesk9 targeting siRNA [Pesk9(1076)]. Both
Pcsk9 liver mRNA and serum PCSK9 protein levels were
significantly elevated, 2-fold (P< 0.0001) for the rosuvasta-
tin and 4-fold (P < 0.0001) for the ezetimibe/rosuvastatin
combination. In this experiment, only a slight but not
significant elevation was observed for ezetimibe relative
to the vehicle/control siRNA treatment (Fig. 1A, B; one-
way ANOVA, Tukey posttest). Administration of the Pcsk9
siRNA reduced both PCSK9 liver mRNA and serum pro-
tein levels, and this was associated with an increase in he-
patic LDLr (see supplementary Fig. IV). Administration of
the Pcsk9 siRNA with either ezetimibe or rosuvastatin re-
duced PCSK9 below the levels observed for the vehicle/
control siRNA treatment, whereas the ezetimibe/rosuvas-
tatin combination induced PCSK9 to such an extent that
coadministration of the Pcsk9 siRNA with the ezetimibe/
rosuvastatin combination reduced PCSK9 back down to
vehicle/control siRNA treatment levels (Fig. 1A, B; RSV/
EZ/cntrl vs. RSV/EZ/ Pcsk9).

Ezetimibe, rosuvastatin, and Pesk9(1076) significantly
reduced serum non-HDL levels by ~25% (P < 0.0001) rela-
tive to the vehicle/control siRNA treatment (Fig. 1C; one-
way ANOVA, Tukey posttest). For both ezetimibe and
Pcsk9(1076), this was associated with a significant reduction
in serum apolipoprotein B (APOB), 18% (P < 0.001) and
33% (P < 0.0001) for ezetimibe and Pcsk9(1076), respec-
tively (Fig. 2D; one-way ANOVA, Tukey posttest) . Pesk9(1076),
in combination with either ezetimibe or rosuvastatin, led to
even greater reductions in both serum non-HDL (43-65%,)
and APOB (38-48%) relative to the individual treatments
(Fig. 1C, D). The combination of Pesk9(1076) with the
ezetimibe/rosuvastatin treatment led to significantly lower
serum non-HDL cholesterol levels relative to the other com-
bination groups (Fig. 1C; one-way ANOVA, Tukey post test)
[compare RSV/EZ/Pcsk9(1076) to EZ/Pesk9(1076) where
differences of 53% (P < 0.0001) were observed, RSV/
EZ/Pcsk9(1076) to RSV/ Pcsk9(1076) where differences of
68% (P < 0.0001) were observed, and RSV/EZ/ Pcsk9(1076)
to EZ/RSV where differences of 48% (P < 0.0001) were ob-
served]. In addition, significant reductions in serum APOB
were observed for the RSV/EZ/Pesk9(1076) group relative
to EZ/ Pcsk9(1076) (32%, P<0.05), RSV/ Pcsk9(1076) (33%,
P<0.0001), and EZ/RSV (43%, P< 0.0001) groups (Fig. 1D;
one-way ANOVA, Tukey posttest).

The observed changes to PCSK9, LDLr, non-HDL, and
APOB were confirmed with the Pesk9(1035) sequence
for the triple combination relative to EZ/Pesk9(1035),

Pcsk9 knockdown improves sensitivity to cholesterol lowering drugs 681
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RSV/Pesk9(1035), and EZ/RSV treatments (see supple-
mentary Figs. V=-VII; compare RSV/EZ/Pcsk9(1035) to
EZ/Pcsk9(1035) where differences of 65% for non-HDL
(P<0.0001) and 27% for APOB (P< 0.05) were observed,
RSV/EZ/ Pcsk9(1035) to RSV/Pcsk9(1035) where differ-
ences of 74% for non-HDL (P < 0.0001) and 45% for
APOB (P < 0.0001) were observed, RSV/EZ/ Pcsk9(1035)
to RSV/EZ where differences of 55% for non-HDL (P <
0.0001) and 47% for APOB (P < 0.0001) were observed).
Taken together, these data demonstrate that siRNA-medi-
ated knockdown of Pcsk9negates the ezetimibe/rosuvasta-
tin-induced increase in PCSK9 (liver mRNA and serum
protein) leading to greater cholesterol lowering.

A near-uniform reduction in all LDL-c subfractions was
observed following combination treatments

Having a disproportionate number of small LDL particles
has been demonstrated to be an independent risk factor for
coronary heart disease, and it has been proposed that small
LDL particles may reside longer within circulation and may
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be more prone to uptake by macrophages in the atheroma
(50). Here, we analyzed the size distribution of LDL parti-
cles using a gradient gel electrophoresis system (LDL Lipo-
print) along with a human serum control (Liposure). The
gel system can resolve serum lipoproteins to discrete bands
consisting of VLDL, IDL bands C, B, A, LDL subfractions 1
to 7, and an HDL band. For normal human serum, LDL is
distributed among subfractions 1 to 4, peaking at subfrac-
tion 1 (51). In our mouse model with a human-like serum
lipid profile, LDL has a broader distribution centered at
subfraction 2 (Fig. 2A, B). All combinations of rosuvastatin,
ezetimibe, and the Pcsk9siRNA that were evaluated resulted
in a near-uniform reduction in LDL subfractions, suggest-
ing that the combination treatments do not disproportion-
ately lower a particular LDL subfraction (Fig. 2).

The rosuvastatin/ezetimibe / Pcsk9 siRNA treatment
reduced serum triglycerides

In addition to cholesterol, elevated serum triglyceride
levels have been associated with atherosclerosis (52, 53).
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We next measured serum triglyceride levels and observed a
significant reduction in serum triglycerides for the ezetimibe /
rosuvastatin/ Pesk9(1076) siRNA combination relative to the
other groups (Fig. 3A; P < 0.001; one-way ANOVA, Tukey
posttest). Hepatic triglyceride levels were also measured to
determine whether the observed reduction in serum triglyc-
erides for the rosuvastatin/ezetimibe/ Pcsk9 siRNA combina-
tion treatment led to their accumulation within the liver.
Hepatic triglyceride levels trended upward but did not reach
significance (one-way ANOVA, Tukey posttest) for the rosu-
vastatin/ezetimibe/ Pcsk9 siRNA treatment relative to con-
trols (Fig. 3B; compare RSV/EZ/ Pcsk9 to Veh/cntrl).

Ezetimibe and the ezetimibe/rosuvastatin combination
activated hepatic Srebp-2, which increased the expression
of the cholesterol biosynthesis pathway

Both ezetimibe and statins have been reported to influ-
ence the expression of numerous genes involved in hepatic
lipid metabolism (12, 16, 17). We analyzed the expression
of 361 genes involved in hepatic lipid metabolism using
qRT-PCR and found that many genes within the Srebp-2
pathway were induced following ezetimibe treatment (2.5-
fold average induction relative to control); these were in-
duced further (11-fold average induction relative to control)
following the ezetimibe/rosuvastatin combination treatment

Pcsk9 knockdown improves sensitivity to cholesterol lowering drugs

(Table 1, and see supplementary Table I). In contrast to the
ezetimibe and ezetimibe/rosuvastatin treatments, Pcsk9
knockdown did not result in a significant increase in the
expression of Srebp-2 pathway genes (see supplementary
Table I), even though serum PCSK9 protein levels were sig-
nificantly (P<0.0001) reduced (Fig. 1B, see supplementary
Fig. IIB; Vehicle /Pcsk9 siRNA vs. Vehicle/cntrl siRNA), and
there was a significant decrease (21-25%, P< 0.0001) in se-
rum non-HDL (Fig. 1C, and see supplementary Fig. IIC;
Veh/Pcsk9 siRNA vs. Veh/Cntrl). Consistent with Pcsk9
knockdown resulting in only minor changes to the hepatic
gene signature, the level of Srebp-2 pathway induction was
similar for the ezetimibe and the ezetimibe/Pcsk9 siRNA
combination treatments. This was also found for the
ezetimibe /rosuvastatin treatment relative to ezetimibe/
rosuvastatin/ Pcsk9 siRNA treatment (Table 1).

Both CEs and free cholesterol (FC) were measured by
HPLC to determine whether the observed induction of
the Srebp-2 pathway led to the accumulation of cholesterol
within the liver. The hepatic levels of CE and FC were not
elevated, despite increased expression of Srebp-2 pathway
genes following ezetimibe and ezetimibe/rosuvastatin
treatment, and in fact, a modest decrease in CE was ob-
served for most groups relative to controls (see supple-
mentary Fig. VIII).
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Fig. 3. Serum triglycerides are reduced following ezetimibe/rosuvastatin/Pcsk9 siRNA treatment. (A) Sig-
nificant reductions in serum triglycerides are observed for the ezetimibe/rosuvastatin/Pcsk9(1076) siRNA
treatment relative to the negative control group (RSV/EZ/Pcsk9 vs. Veh/cntrl). (B) A trend toward in-
creased hepatic triglycerides observed for the ezetimibe/rosuvastatin/Pesk9(1076) siRNA treatment, which
failed to reach significance. Individual animals (circles) and group means (bars) are shown. The P values
between each group relative to Veh/cntrl are indicated. * P< 0.05, ** P<0.001, *#* P<0.0001.

DISCUSSION

Here, we report that treatment with two distinct Pesk%
targeting siRNAs results in a modest decrease in serum non-
HDL and APOB protein levels in a mouse model with a
human-like serum lipid profile (Apoal promoter-driven
hCetpVﬁ and Ldh'’~ mice). The results reported here are
consistent with the reported decrease in serum cholesterol
observed following monoclonal antibody-, siRNA-, and anti-
sense-mediated inhibition of PCSKO as well as for Pesk9 /™
mice (20, 34-38, 47). Collectively, these data demonstrate
the effectiveness of inhibiting PCSK9 in reducing serum
cholesterol using multiple methods in several models, in-
cluding wild-type mice, dietinduced hyperlipidemic mice,
and mice engineered to exhibit a healthy human lipid pro-
file. It has been proposed that serum cholesterol levels in
hCetp” ™ Ldlr” ™ mice may be more sensitive to LDL-c-low-
ering treatments relative to wild-type mice, since the lipid
profile is no longer dominated by HDL. hCetp+/ T Ldlr””
mice, therefore, represent an attractive alternative to mouse
models of hyperlipidemia, and the fact that they are
heterozygous for Ldlrexpression may make this model more
representative of the response expected from familial hy-
percholesterolemia heterozygotes.

It is worth noting that HDL was reduced in some experi-
ments following Pesk9 siRNA, ezetimibe, rosuvastatin, or
combination treatment. Reductions in HDL have been re-
ported for siRNA-mediated knockdown (KD) of ApoB, and
it remains possible that the observed reductions in HDL
are due to a reduction in serum APOB following Pcsk9
siRNA, ezetimibe, rosuvastatin, or combination treatment.
The mechanism behind APOB-mediated changes in HDL
is unknown, although it has been proposed that APOB
could influence mature HDL particles indirectly through
the reduction of HDL components supplied by APOB con-
taining particles (54).

Both rosuvastatin and ezetimibe led to a decrease in se-
rum cholesterol but induced the expression of the Srebp-2
pathway in our model, which is also consistent with several
previous reports (12, 16, 17, 55-57). Induction of the
Srebp-2 pathway most likely serves as a homeostatic re-
sponse, probably blunting the efficacy of these treatments.
Interestingly, siRNA-mediated knockdown of Pesk9did not
induce the Srebp-2 pathway, although we cannot rule out
the possibility that prolonged knockdown of Pcsk9 (>3
days) would not have this effect.

In addition, ezetimibe and rosuvastatin induced PCSK9
(liver mRNA and serum protein), consistent with both

TABLE 1. The Srebp-2 pathway is induced following ezetimibe and ezetimibe/rosuvastatin combination treatments
Pcsk9 EZ EZ/Pcsk9 RSV/EZ RSV/EZ/Pcsk9
Genes Gene Fold reg P Fold reg P Fold reg P Fold reg P Fold reg P
involved in ~ Hmgcr 1.5 0.02 3.2 0.000078 2.4 0.000091 18.7 0.00008 13.0 0.000055
the Srebp2  Hmgesl -1.0 0.8 2.8 0.000006 2.4 0.000001 9.9 0 8.7 0
pathway Mvk -1.3 0.02 1.8 0.000995 2.2 0.000004 9.5 0 8.9 0.000054
Pmvk -1.1 0.06 1.9 0 1.4 0.000023 6.0 0 4.6 0
Mvd -1.0 0.9 2.5 0.000013 2.3 0.000006 10.4 0 10.8 0.000004
Idil -1.2 0.05 3.3 0 2.7 0.000001 20.8 0 20.3 0.000001
Fdps -1.2 0.2 2.2 0 1.7 0.000003 3.3 0 5.4 0
Fdftl 1.1 0.28 2.1 0 1.9 0 8.4 0 6.8 0
Cypblal -1.2 0.02 2.9 0 2.3 0 14.2 0 17.2 0
Dher7 1.2 0.01 2.0 0.000001 2.2 0 5.8 0 5.7 0

The expression of selected Srebp-2 pathway genes were analyzed using qRT-PCR. The fold regulation was calculated for the treatment group
relative to the Veh/cntrl siRNA group. Pvalues were calculated using a two-tailed #test between control and treatment groups. The analysis software
contains a 6-digit cut-off. Therefore, p-values below 6-digits are represented with a 0.
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preclinical and clinical data for both statins and ezetimibe
(7, 11-14, 39-43). Our findings demonstrate that knock-
ing-down Pcsk9 can counter this response leading to
greater reductions in serum non-HDL and APOB protein
levels. These data provide evidence that PCSK9 inhibitors
could serve as a follow-on therapy to counter the feedback
mechanism leading to the induction of Pesk9, which could
be of value to patients who are unable to reduce their
LDL-c to their target goal using current treatment strate-
gies. The combined ezetimibe/rosuvastatin/Pcsk9 siRNA
treatment additionally led to a reduction in serum triglyc-
erides. Taken together, these data suggest that inhibiting
PCSK9, in combination with these two cholesterol-lower-
ing therapies, can improve the lipid profile for dislipi-
demic patients.

It is also worth noting that although the HDL-to-LDL
ratio in our model is comparable to the ratio observed for
a healthy human, the distribution of the LDL subfraction
is broader, with a greater percentage of LDL consisting of
the smaller, pro-atherogenic, LDL subparticles. Following
ezetimibe, rosuvastatin, Pcsk9siRNA, or combination treat-
ments, we observed a near-uniform reduction in both
large and small LDL subfractions. In the clinic, pravastatin
and simvastatin have generally been reported to only mod-
erately impact the distribution of the LDL subfraction,
whereas fluvastatin, atorvastatin, and rosuvastatin have all
been shown to shift the distribution in some instances
(58-61). Here, we observe no appreciable shift following
rosuvastatin treatment, which could be due either to dif-
ferences between our model and humans or differences in
the duration of treatment (14 days in our study compared
with 8 weeks in the clinic). The impact of ezetimibe on
LDL subparticle distribution varies depending on the clin-
ical study (59, 60, 62). Such variability between studies
makes meaningful comparisons to our data set in mice
difficult.

Finally, it is important to note that these data demon-
strate the utility of siRNAs as tools for target validation.
Given the speed with which siRNAs can be designed, syn-
thesized, and validated against a target of interest, we be-
lieve that siRNAs will become a frequently used tool to
help identify potential product combinations at an earlier
phase of drug development.H
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Premier Laboratory for histological services and support with
pathology review.
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