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Proprotein convertases in high-density
lipoprotein metabolism
Seungbum Choi1,2 and Ron Korstanje1,2*
Abstract

The proprotein convertase subtilisin/kexins (PCSKs) are a serine endopeptidase family. PCSK members cleave amino
acid residues and modulate the activity of precursor proteins. Evidence from patients and animal models carrying
genetic alterations in PCSK members show that PCSK members are involved in various metabolic processes. These
studies further revealed the molecular mechanism by which genetic alteration of some PCSK members impairs
normal molecular and physiological functions, which in turn lead to cardiovascular disease. High-density lipoprotein
(HDL) is anti-atherogenic as it removes excessive amount of cholesterol from blood and peripheral tissues. Several
PCSK members are involved in HDL metabolism. PCSK3, PCSK5, and PCSK6 process two triglyceride lipase family
members, endothelial lipase and lipoprotein lipase, which are important for HDL remodeling. Recent studies in our
lab found evidence that PCSK1 and PCSK9 are also involved in HDL metabolism. A mouse model carrying an amino
acid substitution in PCSK1 showed an increase in serum apolipoprotein A1 (APOA1) level. Another mouse model
lacking PCSK9 showed a decrease in APOE-containing HDL. In this review, we summarize the role of the five PCSK
members in lipid, glucose, and bile acid (BA) metabolism, each of which can influence HDL metabolism. We
propose an integrative model in which PCSK members regulate HDL metabolism through various molecular
mechanisms and metabolic processes and genetic variation in some PCSK members may affect the efficiency of
reverse cholesterol transport. PCSK members are considered as attractive therapeutic targets. A greater
understanding of the molecular and physiological functions of PCSK members will improve therapeutic strategies
and drug efficacy for cardiovascular disease where PCSK members play critical role, with fewer adverse effects.
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Introduction
In the past two decades nine members of the highly con-
served bacterial subtilisin- and yeast kexin-like serine
protease family have been discovered and characterized.
Analyses in animal models and in patients with muta-
tions in PCSK members have revealed the molecular
mechanism by which genetic alterations in PCSK mem-
bers affect molecular and physiological functions in vari-
ous metabolic diseases and endocrinological defects
[1-4]. However, our understanding of how PCSK mem-
bers are involved in HDL metabolism is still limited. The
HDL biology has been updated in many reviews during
the past decades [5-10], and we briefly summarize sev-
eral key points: The major function of HDL is to remove
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excessive amounts of cholesterol from peripheral tissues
via a mechanism called reverse cholesterol transport
(RCT). HDL takes up cholesterol from low-density lipo-
protein (LDL) or macrophage foam cells in atheroscler-
otic lesions and then delivers it to the liver for recycling
or excretion. As a high level of HDL correlates with low
risk of atherosclerotic cardiovascular diseases, HDL is
considered an anti-atherogenic factor. Thus, abnormal
regulation of HDL synthesis, remodeling and catabolism
causes reduced HDL cholesterol concentration and HDL
function, which then promotes the risk or progression of
the disease.
Some PCSK members were previously found to be im-

portant in HDL metabolism. Data from our lab shows
that PCSK1 is involved in regulating the levels of serum
apolipoprotein A1 (APOA1), which is the major protein
for HDL formation and remodeling (Choi et al., in prepar-
ation). PCSK3, PCSK5 and PCSK6 process two members
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Table 1 Official and alternative protein name of the nine
PCSK members

Member type Official name Alternative name

Typical

PCSK1 PCSK1

PCSK2 PCSK2

FURIN PCSK3

PCSK4 PCSK4

PCSK5 PCSK5

PCSK6 PCSK6

PCSK7 PCSK7

Atypical
MBTPS1* PCSK8

PCSK9 PCSK9

•MBTPS1: membrane-bound transcription factor peptidase, site 1.
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in the triglyceride (TG) lipase family: endothelial lipases
(EL) and lipoprotein lipases (LPL) [11] that play important
role in regulating the HDL cholesterol concentration.
We have also shown that PCSK9 influences HDL chol-
esterol concentration by regulating APOE-containing HDL
levels [12].

Protein structure and principle of PCSK
PCSK proteins consist of several peptide domains: a signal
peptide/transmembrane domain at the amino-terminus,
a prosegment domain, a catalytic domain, a P domain, a
Cys-rich domain, a cytoplasmic tail, and a Cys-His-rich
domain at the carboxyl-terminus [1]. The catalytic domain
is the most conserved sequence and the identity is about
35% and the presence of first three domains is common
between the five PCSK members (Figure 1). The PCSK
family consists of two groups divided by amino acid cleav-
age sites: typical and atypical (Table 1) [13]. PCSK1, PCSK3,
PCSK5, and PCSK6 are typical members and cleave single
or paired basic amino acids with the motif (R/K)Xn(R/K)↓,
where the arrow indicates the cleavage site and Xn corre-
sponds to a 0-, 2-, 4-, or 6-amino-acid spacer [2]. PCSK9
is an atypical member and cleaves non-basic residues at
the C-terminal end of the motif RX(L/V/I)X↓, where X
represents any amino acid except for cysteine and proline
[14]. PCSK9 cleaves itself at its internal (V/I/L)FAQ152↓
sequence, and then acts as a binding protein for cell sur-
face receptors [15,16].

PCSKs and lipid metabolism
Some PCSK members are involved in regulating the activ-
ity of important modulators of lipid metabolism (Figure2A)
[3]. The potential role for PCSK1 in lipid metabolism
was observed in a study using a loss-of-functional mouse
model that carries a mutation in Pcsk1 (Choi et al., in
Figure 1 Schematic illustration for the protein structure; typical and a
and PCSK9. The figure illustrates the peptide domains and cleavage site o
members consist of several peptide domains: a signal peptide/transmembr
a catalytic domain (Cat), a P domain (P), a Cys-rich domain (Cys), a cytoplas
terminus. Three protein domains are common between five PCSK member
and PCSK6) cleaves single or paired basic amino acids with the motif (R/K)X
corresponds to a 0-, 2-, 4-, or 6-amino-acid spacer at (R/K)Xn(R/K)↓, meanwh
C-terminal end of the motif (V/I/L)FAQ↓.
preparation). The mutation was introduced by treating
mice with N-ethyl-N-nitrosourea (ENU), a chemical that
induces A- > G transition, which led to an amino acid
substitution from asparagine (N) to aspartic acid (D) at
position 222. The mutation reduces enzymatic activity
of PCSK1 in cleaving downstream substrates [17,18].
In the PCSK1 mutant male mice on a chow-diet for
8 weeks, serum apolipoprotein A1 (APOA1), which is
the major component of HDL, was 1.5-2.0 fold increased
(Figure 2A(1)), but fasting serum HDL cholesterol con-
centration in the PCSK1 mutant was similar to wild-
type controls. In the PCSK1 mutant mouse livers, APOA1
concentration was ~2.0 fold decreased, while Apoa1 ex-
pression was similar, suggesting that PCSK1 is involved
in regulating serum APOA1 concentration and that
PCSK1 mutant might increase APOA1 secretion from
the liver to serum. It is still unknown why HDL choles-
terol concentration is not effected despite the increase
in APOA1.
typical cleavage activies of human PCSK1, PCSK3, PCSK5, PCSK6,
f human PCSK1, PCSK3, PCSK5, PCSK6, and PCSK9. The five PCSK
ane domain (S/T) at the amino-terminus, a pro-segment domain (Pro),
mic tail (Cyt), and a Cys-His-rich domain (CHRD) at the carboxyl-
s: S/T, Pro, and Cat domains. Typical members (PCSK1, PCSK3, PCSK5,

n(R/K)↓, where the arrow indicates the cleavage site and Xn
ile atypical member (PCSK9) cleaves non-basic residues at the



Figure 2 The role of PCSK members in various metabolic processes and disorders. The figure illustrates the role of PCSK1, PCSK3, PCSK5,
PCSK6, and PCSK9 in lipid (A), glucose (B), and BA (C) metabolism. Arrows with 2 different types of lines indicate the relationship between
factors: solid lines with arrow indicate a “positive influence” and dotted lines with arrow indicate a “negative influence.” For example, PCSK3, 5,
and 6 inactivates EL (Figure 2A(2)). In contrast, solid lines with arrow indicate a “positive influence.” For example, PCSK9 inhibition decreases
serum APOB level (Figure 2(5)).
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PCSK3, PCSK5, and PCSK6 are involved in lipid me-
tabolism by modulating two members of the TG lipase
family. The three PCSK members negatively influences
EL activity by cleaving a carboxyl-terminal 18 kDa frag-
ment in EL to suppress the enzymatic activity of EL
(Figure 2A(2)) [19]. EL cleavage was induced by transient
expression of PCSK3, PCSK5, and PCSK6 in HEK293 cells
[20]. PCSK3 may also negatively influence EL activity
through angiopoeitin-like protein 3 (ANGPTL3) (Figure 2A
(3)). Adenoviral transduction of PCSK3 in hepatocytes
led to less cleavage product and increased full-length
ANGPTL3 [11]. ANGPTL3 inhibited ~60% of EL activity
by transfecting a plasmid expressing murine ANGPTL3
into HEK293 cells stably expressing EL [11]. Lipoprotein
lipase (LPL) is another member of the TG lipase family
that is similarly inactivated by PCSK-mediated proteolytic
cleavage (Figure 2A(4)) [21]. Transient expression of PCSK3,
PCSK5, and PCSK6 induced LPL cleavage in HEK293
cells [20].
The first work that linked PCSK9 with lipid metabol-

ism was published by Abifadel and colleagues 10 years
ago. Gain-of-function mutations in PCSK9 were found
in familial autosomal dominant hypercholesterolemia
patients [22]. The mutations increase LDLR degradation
and decrease LDL clearance, which results in an increase
in circulating LDL. PCSK9 positively regulates APOB
concentration (Figure 2(5)) and inhibition of PCSK9
leads to an increase of LDLR (Figure 2A(6)) and APOB-
containing LDL particles are more rapidly cleared.
PCSK9 also promotes degradation of the VLDL receptor
(VLDLR) and APOE receptor type 2 (LRP8), both of
which are important in TG and VLDL metabolism.
PCSK9 negatively regulates VLDL concentration through
the two receptors (Figure 2A(7)). Ectopic expression of
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the PCSK9 gene in HEK293 cells reduced the levels of
LRP8 and VLDLR, while PCSK9 inhibition in CHO-1
and HEK293 cell lines increased the levels of VLDLR
[23].

PCSKs and glucose metabolism
PCSK1 and PCSK9 are involved in glucose metabolism
(Figure 2B) [1]. PCSK1 and PCSK9 positively regulate
pro-insulin conversion to insulin by proteolytic cleavage
in the pancreas. A non-synonymous single nucleotide
polymorphism in human PCSK1 (rs6232) substitutes as-
paragine with aspartic acid at codon 221 (N221D).
Transfecting recombinant N221D PCSK1 protein in hu-
man embryonic kidney 293 cells reduces the proteolytic
cleavage of its substrate [24]. The rs6232 variant is asso-
ciated with an increase in fasting blood glucose level and
a decrease in pancreatic β-cell function and insulin re-
sistance [25]. Insulin was decreased in the pancreas of
PCSK9 KO C57BL/6 males, and the males exhibited
hyperinsulinemic, hyperglycemic, and glucose-intolerant
phenotypes [26].

PCSKs and BA metabolism
PCSK1 and PCSK5 are involved in BA metabolism
(Figure 2C) and positively regulate CCK in the small
intestine by converting procholecystokinin (proCCK) to
CCK [27]. An immunohistochemical analysis and an
in vitro cleavage assay showed that PCSK1 co-localizes
with proCCK and positively regulates proCCK level.
The uncleaved proCCK level was increased and the
cleaved CCK level was decreased in the small intestine
of mice lacking PCSK1 compared to wild-type control
mice [28]. Treating cultured mouse small intestinal
cells with small-interfering (si) RNA against Pcsk5 sig-
nificantly reduced the secretion of cleaved CCK into
the cell culture medium [29]. The secretion of CCK
from the small intestine stimulates BA secretion from
the gall bladder to the gut. BAs promote lipid absorption
and modulate cholesterol levels through enterohepatic
circulation. Defects in BA metabolism cause jaundice of
the eye and skin.

PCSKs and HDL metabolism
PCSK3, PCSK5, and PCSK6 are involved in HDL metab-
olism by modulating EL and LPL. EL is expressed on the
surface of vascular endothelial cells and hydrolyzes
phospholipids in HDL. Over-expression of EL in mice
leads to a decrease in HDL cholesterol concentration
while mice lacking EL show elevated HDL cholesterol
concentration (Figure 3(1)) [30]. LPL activation by
treating rats with LPL inducing reagent (NO-1886) in-
creased HDL cholesterol concentration [31], showing
that LPL activity positively correlates with serum HDL
cholesterol concentration (Figure 3(2)). Recent animal
studies, including ours, showed that PCSK9 is involved
in HDL metabolism. PCSK9 KO male mice on a C57BL/
6 background and fed a chow diet exhibited a 30% re-
duction of HDL cholesterol concentrations [32]. C57BL/
6 males fed a high fat diet and then treated with a Pcsk9
antisense oligonucleotide inhibitor for 6 weeks showed a
54% reduction in HDL cholesterol concentration [33]. In
male cynomolgus macaques, treatment with neutralizing
antibodies against PCSK9 reduced HDL cholesterol con-
centrations for the first seven days of treatment [34].
Data from our lab shows the molecular mechanism in
which PCSK9-mediated HDL regulation is mainly through
low-density lipoprotein (LDLR) [12]. PCSK9 inhibition
increases LDLR level, suggesting the negative relation-
ship between PCSK9 and LDLR (Figure 3(3)). Increased
LDLR subsequently induces the binding of LDLR to APOE
in HDL and thereby leads to rapid HDL clearance. In mice,
HDL is the primary cholesterol carrier and the majority of
cholesterol is enriched in APOE-containing HDL particles
so that reduced level of APOE-containing HDL in the
PCSK9 KO mice is likely to be a cause of reduced HDL
cholesterol concentration. Thus, LDLR negatively influ-
ences HDL cholesterol concentration (Figure 3(4)).
Normal regulation of insulin, glucose, hormones, and

lipids is important for HDL homeostasis, which involves
synthesis, action, and elimination of HDL lipoproteins
[35,36]. Mutations in PCSK1 and PCSK5 may cause ab-
normal HDL metabolism through mis-regulation of signal
molecules in BA. For example, CCK or chenodeoxycholic
acid (CDCA) positively influences BA metabolism (Figure 3
(5)). When dietary lipids and other nutrients arrive in
the gut, cholecystokinin (CCK) secreted from the small
intestine stimulates BA secretion from the gall bladder to
the gut. The majority of the BA is re-absorbed into the
liver via enterohepatic circulation and the reminder is ex-
creted through feces. CDCA is a major component in the
BA and functions as a signaling molecule in HDL metab-
olism. CDCA binds to the farnesoid X-activated receptor
(FXR) that regulates lipid and cholesterol metabolism
[37]. FXR, a member of the nuclear hormone receptor
superfamily, forms a heterodimer with the retinoid X re-
ceptor (RXR). The FXR/RXR heterodimer functions as a
transcription factor that positively influences phospholipid
transfer protein (PLTP) mRNA transcription (Figure 3(6)).
Co-transfecting FXR and RXR expression plasmids and
CDCA treatment in monkey kidney cells increased PLTP
promoter activity. Cholic acid, another major component
in the BA, is involved in PLTP regulation [38]. Mice fed a
chow diet with cholic acid exhibited increased hepatic
PLTP mRNA levels. PLTP is an important factor for HDL
conversion and positively influence HDL level (Figure 3
(7)). Mice lacking the Pltp gene displayed reduced levels
of HDL cholesterol (65%) and APOA1 protein (85%)
(Figure 3(8)) compared to wild-type control mice [39].



Figure 3 Integrated physiological model of the molecular and metabolic networking between PCSK members. The figure illustrates the
role of PCSK1, PCSK3, PCSK5, PCSK6, and PCSK9 in the lipoprotein triad (HDL, LDL and VLDL). HDL level and function are synergistically regulated
by those metabolic factors: glucose, triglyceride (TG) and BA metabolism. Arrows with 2 different types of lines indicate the relationship between
factors: dotted lines with arrow indicate a “negative influence.” For example, LDLR decreases HDL cholesterol concentration (Figure 3(4)). In
contrast, solid lines with arrow indicate a “positive influence.” For example, CCK secreted from the small intestine stimulates BA secretion
(Figure 3(5)). Solid lines without arrow indicate two major ways of reverse cholesterol transport (RCT). First, cholesteryl ester transfer protein
(CETP) exchanges cholesterol in LDL by TG in HDL (Figure 3(9)). Second, HDL takes up cholesterol that is accumulated in macrophage foam cells
inside the blood vessel wall (Figure 3(10)). Cholesterol-carrying HDL returns to the liver to recycle or excrete the cholesterol.
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In humans, a non-synonymous mutation of L196W in
the PLTP gene impairs HDL conversion [40,41].
Maintenance of normal HDL metabolism is critical for

normal physiological function of HDL. Reverse choles-
terol transport (RCT) is an anti-atherogenic process that
occurs between lipoproteins (Figure 3(9)) or between li-
poproteins and macrophage foam cells (Figure 3(10)).
The efficiency of RCT can be analyzed by measuring the
amount of cholesterol in medium and cells. EL defi-
ciency affects efficiency of cholesterol efflux from macro-
phages. EL knockdown using small hairpin (sh) RNA
reduced APOA1-mediated cholesterol efflux [42]. PCSK9
KO decreases the efficiency of cholesterol efflux [12].
Treating PCSK9 KO mouse serum to cultured macrophage
foam cells exhibits decreased cholesterol efflux. Thus,
abnormal HDL regulation caused by genetic alterations
in some PCSK members may interfere with reverse chol-
esterol transport efficiency.
Normal insulin processing, which influences glucose

and triglyceride metabolism, is critical for maintaining
normal HDL metabolism [35]. Type II diabetic patients
show decreased small HDL particles [43]. Hypertriglyc-
eridemia patients with hyperglycemic phenotype exhibited
increased TG-rich HDL with lower stability and shorter
plasma residence time compare to cholesterol-rich HDL
(Figure 2(11)) [44]. The TG-rich HDL is rapidly catabolized,
which subsequently decreases plasma HDL cholesterol
concentration [45]. Another potential cause of abnormal
HDL metabolism is glycation that leads to conformation
changes of proteins. Glycation of amino-acid residues in
APOA1 alters its binding affinity to ATP-binding cassette
sub-family G member 1 (ABCG1) in the human acute
monocytic leukemia cell lines (THP-1). As a result, the abil-
ity of cholesterol efflux from THP-1 cells was significantly
reduced (< 70%) compared to unglycated APOA1 [46].

Conclusion and discussion
In this review, we summarize how PCSK1, 3, 5, 6, and 9
influence HDL cholesterol concentrations by regulating
modulators in various metabolic processes (Figure 4).
We also review the current understanding of how five
PCSK members are linked not only to abnormal HDL
metabolism, but also to other metabolic processes in-
cluding regulation of lipid, glucose, and BA. To explain
the complex relationships between the PCSK members
and various metabolic processes, an integrated physio-
logical point of view will be critical to improve our un-
derstanding about PCSK members. We propose a model
in which PCSK members play pivotal roles in HDL,
non-HDL, glucose, insulin, BA, and TG regulation. For
example, PCSK1 influences lipoprotein, glucose, and BA
metabolism by regulating APOA1, the activity of insulin,
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Figure 4 The role and action of PCSK members in regulating
HDL cholesterol concentration. The figure illustrates the role and
action of PCSK1, PCSK3, PCSK5, PCSK6, and PCSK9 in HDL cholesterol
concentration. Arrows with 2 different types of lines indicate the
relationship between factors: solid lines with arrow indicate a
“positive influence” and dotted line with arrow indicates a “negative
influence.” Solid line without arrow indicates a “no influence.” PCSK1
negatively influences serum APOA1 level, but does not influence
HDL cholesterol concentration, PCSK3, 5 and 6 positively influences
HDL cholesterol concentration by modulating enzymatic activities of
EL and LPL. PCSK9 positively influences HDL cholesterol
concentration by regulating APOE-containing HDL subfraction level
through LDLR.
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and CCK. PCSK3 and PCSK5 influence lipoprotein me-
tabolism by modulating the activity of EL, LPL, and the
level of LDLR through PCSK9 cleavage. PCSK9 influ-
ences glucose and lipoprotein metabolisms by regulating
insulin and LDLR receptor degradation.
Some of the PCSK members have functional redun-

dancy by processing common substrates: insulin by
PCSK1 and PCSK9; CCK by PCSK1 and PCSK5; TG li-
pases (EL and LPL) by PCSK3, PCSK5, and PCSK6. In
the latter case, all 3 PCSKs modulate the activity of the
TG lipases, but the efficiency of the modulation varies:
for EL inactivation PCSK6 has the highest efficiency
while PCSK3 has the lowest efficiency; for LPL activa-
tion PCSK3 has the highest efficiency while PCSK5 has
the lowest efficiency [11]. The PCSK members also regulate
one another. The activity of PCSK9 is negatively influenced
by two other PCSK members: PCSK3 (Figure 3(12))
and PCSK5 (Figure 3(13)). PCSK3 cleaves PCSK9 at
the Arg218-Gln219 peptide bond in HEK293 cells, and
PCSK5 cleaves the same bond, but with lower efficiency
compared to PCSK3 [11].
The biology and therapeutic targeting of PCSK mem-

bers has been recently reviewed [1]. Particularly, thera-
peutic inhibition of PCSK9 has been proven to be a
promising pro-atherogenic LDL cholesterol-lowering treat-
ment. Co-treatment of PCSK inhibitors with drugs that
suppress cholesterol synthesis is even more effective in
reducing LDL cholesterol in hypercholesterolemia patients
[47]. Also, PCSK9 inhibition in the patients did not cause
negative impact on anti-atherognic HDL cholesterol con-
centration in early-phase clinical trial phase I or phase II
[47-49]. However, the effect of PCSK9 inhibition on HDL
cholesterol concentration is controversial. Some studies
used mice showed that PCSK9 inhibition decreases HDL
cholesterol concentration [12,32]. Because HDL cholesterol
regulation and metabolism differ between mouse and
human, we speculate that in human, although the inhib-
ition of PCSK9 affects LDLR level, it might not cause
strong enough effect to see significant measurable impact
on HDL cholesterol concentration. In humans, cholesterol
ester transfer protein (CETP) is a critical factor for regu-
lating HDL cholesterol concentration by transferring chol-
esterol from HDL to non-HDL particles. In mice lacking
CETP, cholesterol is enriched in APOE-containing HDL
particles and the particles are cleared through LDLR. In
other words, the effect of an increase of LDLR level by
PCSK9 inhibition on HDL cholesterol concentration in
humans might be smaller relative to its effect in mice. At
the same time, studies in nonhuman primates, which have
CETP and have similar HDL cholesterol metabolism to
humans in comparison to mice, show inconsistent results
in regards to the effect of PCSK9 inhibition on HDL chol-
esterol concentration [34,50]. Treatment with neutralizing
antibody against PCSK9 for the first 7 days of treatment
decreased HDL cholesterol concentration [34]. Meanwhile,
knockdown of PCSK9 by RNAi did not decrease HDL
cholesterol concentration [50]. The data from these studies
suggest that there are likely to be other factors causing the
inconsistent results between studies. First, it is possible that
the inconsistent results between studies might be caused
by the dosage of PCSK9 inhibition. Knockout of PCSK9
in mice [12,32] decreased HDL cholesterol concentrations
and knockdown of PCSK9 by RNAi [50] and over-
expression of PCSK9 by adenovirus [51] did not decrease
HDL cholesterol concentrations. Second, it is also possible
that whether or not PCSK9 targeting directs liver might
cause the inconsistent results. Liver-specific siRNA silen-
cing [50] and overexpression of PCSK9 by adenovirus,
which is known to primarily target the liver, do not de-
crease HDL cholesterol concentration. PCSK9 in other
tissues remains unaffected and might contribute to the
lack of decreased HDL cholesterol concentration. The
no change in HDL cholesterol concentration despite the
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change in LDLR by PCSK9 inhibition [50] and over-
expression [51] remains unclear and additional studies
would be needed to address this observation. If the
method is indeed the cause of the variation in HDL
cholesterol, then additional studies may provide valuable
information about the effectiveness of different methods.
At the same time, the use of neutralizing antibodies
against PCSK9 in several clinical trials [47-49] show no
negative impact on HDL cholesterol concentration. Con-
sidering the importance of PCSK9 as a promising thera-
peutic target, it will be important to understand whether
the inconsistent results are due to different dosage (knock-
out versus knockdown), CETP (presence vs absence), or
target (gene vs protein; liver vs organism). The molecular
and physiological functions of PCSK members in HDL
metabolism are likely more complex than we currently
know. In particular, our understanding of compensatory
mechanisms between PCSK members is also limited. We
look forward to continued studies that will improve our
understanding and allow more precise pharmacological
regulation of PCSK for the treatment of metabolic disease.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SC drafted the manuscript; RK revised the manuscript and gave the final
approval of the version to be published. Both authors read and approved
the final manuscript.

Authors’ information
SC: Ph.D. candidate in the cooperative pre-doctoral program at The Jackson
Laboratory, Bar Harbor, ME 40609, USA. RK: assistant professor at the Jackson
Laboratory and adjunct research scientist at The Mount Desert Island
Biological Laboratory, Bar Harbor, ME 04609, USA.

Acknowledgments
This work was supported by HL081162, HL077796, and HL095668 from the
National Heart, Lung and Blood Institute. The authors thank Dr. Xiaosong
Wang for critical review of the manuscript; Joanne Currer, Kyle Beauchemin,
Elisabeth Adkins, Aleksandra Aljakna, and George Sutphin for manuscript
preparation.

Received: 23 July 2013 Accepted: 4 September 2013
Published: 18 September 2013

References
1. Seidah NG, Prat A: The biology and therapeutic targeting of the

proprotein convertases. Nat rev Drug discov 2012, 11:367–383.
2. Seidah NG, Chretien M: Proprotein and prohormone convertases: a family

of subtilases generating diverse bioactive polypeptides. Brain Res 1999,
848:45–62.

3. Seidah NG, Khatib AM, Prat A: The proprotein convertases and their
implication in sterol and/or lipid metabolism. Biol Chem 2006,
387:871–877.

4. Seidah NG, Mayer G, Zaid A, Rousselet E, Nassoury N, Poirier S, Essalmani R,
Prat A: The activation and physiological functions of the proprotein
convertases. Int J Biochem Cell Biol 2008, 40:1111–1125.

5. Pownall HJ, Morrisett JD, Sparrow JT, Smith LC, Shepherd J, Jackson RL,
Gotto AM Jr: A review of the unique features of HDL apoproteins. Lipids
1979, 14:428–434.

6. Boes E, Coassin S, Kollerits B, Heid IM, Kronenberg F: Genetic-
epidemiological evidence on genes associated with HDL cholesterol
levels: a systematic in-depth review. Exp Gerontol 2009, 44:136–160.
7. Rader DJ: Mechanisms of disease: HDL metabolism as a target for novel
therapies. Nat Clin Pract Cardiovasc Med 2007, 4:102–109.

8. Rader DJ: Molecular regulation of HDL metabolism and function:
implications for novel therapies. The J clin investig 2006, 116:3090–3100.

9. Lewis GF, Rader DJ: New insights into the regulation of HDL metabolism
and reverse cholesterol transport. Circ Res 2005, 96:1221–1232.

10. Brewer HB Jr, Rader DJ: HDL: structure, function and metabolism. Prog in
lipid res 1991, 30:139–144.

11. Jin W, Wang X, Millar JS, Quertermous T, Rothblat GH, Glick JM, Rader DJ:
Hepatic proprotein convertases modulate HDL metabolism. Cell Metab
2007, 6:129–136.

12. Choi S, Aljakna A, Srivastava U, Peterson BR, Deng B, Prat A, Korstanje R:
Decreased APOE-containing HDL subfractions and cholesterol efflux
capacity of serum in mice lacking Pcsk9. Lipids Health Dis 2013, 12:112.

13. Seidah NG, Chretien M, Day R: The family of subtilisin/kexin like pro-
protein and pro-hormone convertases: divergent or shared functions.
Biochimie 1994, 76:197–209.

14. Pasquato A, Pullikotil P, Asselin MC, Vacatello M, Paolillo L, Ghezzo F, Basso
F, Di Bello C, Dettin M, Seidah NG: The proprotein convertase SKI-1/S1P. In
vitro analysis of Lassa virus glycoprotein-derived substrates and ex vivo
validation of irreversible peptide inhibitors. J Biol Chem 2006,
281:23471–23481.

15. Naureckiene S, Ma L, Sreekumar K, Purandare U, Lo CF, Huang Y, Chiang
LW, Grenier JM, Ozenberger BA, Jacobsen JS, et al: Functional
characterization of narc 1, a novel proteinase related to proteinase K.
Arch Biochem Biophys 2003, 420:55–67.

16. Benjannet S, Rhainds D, Essalmani R, Mayne J, Wickham L, Jin W, Asselin
MC, Hamelin J, Varret M, Allard D, et al: NARC-1/PCSK9 and its natural
mutants: zymogen cleavage and effects on the low density lipoprotein
(LDL) receptor and LDL cholesterol. J Biol Chem 2004, 279:48865–48875.

17. Lloyd DJ, Bohan S, Gekakis N: Obesity, hyperphagia and increased
metabolic efficiency in Pc1 mutant mice. Hum Mol Genet 2006,
15:1884–1893.

18. Pickett LA, Yourshaw M, Albornoz V, Chen Z, Solorzano-Vargas RS, Nelson
SF, Martin MG, Lindberg I: Functional consequences of a novel variant of
PCSK1. PLoS One 2013, 8:e55065.

19. Gauster M, Hrzenjak A, Schick K, Frank S: Endothelial lipase is inactivated
upon cleavage by the members of the proprotein convertase family.
J Lipid Res 2005, 46:977–987.

20. Jin W, Fuki IV, Seidah NG, Benjannet S, Glick JM, Rader DJ: Proprotein
convertases [corrected] are responsible for proteolysis and inactivation
of endothelial lipase. J Biol Chem 2005, 280:36551–36559.

21. Liu J, Afroza H, Rader DJ, Jin W: Angiopoietin-like protein 3 inhibits
lipoprotein lipase activity through enhancing its cleavage by proprotein
convertases. J Biol Chem 2010, 285:27561–27570.

22. Abifadel M, Varret M, Rabes JP, Allard D, Ouguerram K, Devillers M, Cruaud
C, Benjannet S, Wickham L, Erlich D, et al: Mutations in PCSK9 cause
autosomal dominant hypercholesterolemia. Nat Genet 2003, 34:154–156.

23. Poirier S, Mayer G, Benjannet S, Bergeron E, Marcinkiewicz J, Nassoury N,
Mayer H, Nimpf J, Prat A, Seidah NG: The proprotein convertase PCSK9
induces the degradation of low density lipoprotein receptor (LDLR) and
its closest family members VLDLR and ApoER2. J Biol Chem 2008,
283:2363–2372.

24. Benzinou M, Creemers JW, Choquet H, Lobbens S, Dina C, Durand E,
Guerardel A, Boutin P, Jouret B, Heude B, et al: Common nonsynonymous
variants in PCSK1 confer risk of obesity. Nat Genet 2008, 40:943–945.

25. Heni M, Haupt A, Schafer SA, Ketterer C, Thamer C, Machicao F, Stefan N,
Staiger H, Haring HU, Fritsche A: Association of obesity risk SNPs in PCSK1
with insulin sensitivity and proinsulin conversion. BMC Med Genet
2010, 11:86.

26. Mbikay M, Sirois F, Mayne J, Wang GS, Chen A, Dewpura T, Prat A, Seidah
NG, Chretien M, Scott FW: PCSK9-Deficient mice exhibit impaired glucose
tolerance and pancreatic islet abnormalities. FEBS Lett 2010, 584:701–706.

27. Gagnon J, Mayne J, Mbikay M, Woulfe J, Chretien M: Expression of PCSK1
(PC1/3), PCSK2 (PC2) and PCSK3 (furin) in mouse small intestine. Regul
Pept 2009, 152:54–60.

28. Rehfeld JF, Bundgaard JR, Hannibal J, Zhu X, Norrbom C, Steiner DF,
Friis-Hansen L: The cell-specific pattern of cholecystokinin peptides in
endocrine cells versus neurons is governed by the expression of
prohormone convertases 1/3, 2, and 5/6. Endocrinology 2008,
149:1600–1608.



Choi and Korstanje Biomarker Research 2013, 1:27 Page 8 of 8
http://www.biomarkerres.org/content/1/1/27
29. Reynolds NA, Blum A, Kitagawa K, Beinfeld MC: Inhibition of PC5
expression decreases CCK secretion and increases PC2 expression.
Peptides 2006, 27:901–904.

30. Cilingiroglu M, Ballantyne C: Endothelial lipase and cholesterol
metabolism. Curr Atheroscler Rep 2004, 6:126–130.

31. Kusunoki M, Tsutsumi K, Sato D, Nakamura A, Habu S, Mori Y, Morishita M,
Yonemoto T, Miyata T, Nakaya Y, Nakamura T: Activation of lipoprotein
lipase increases serum high density lipoprotein 2 cholesterol and
enlarges high density lipoprotein 2 particles in rats. Eur J Pharmacol 2011,
668:337–339.

32. Rashid S, Curtis DE, Garuti R, Anderson NN, Bashmakov Y, Ho YK, Hammer
RE, Moon YA, Horton JD: Decreased plasma cholesterol and
hypersensitivity to statins in mice lacking Pcsk9. Proc Natl Acad Sci U S A
2005, 102:5374–5379.

33. Graham MJ, Lemonidis KM, Whipple CP, Subramaniam A, Monia BP, Crooke
ST, Crooke RM: Antisense inhibition of proprotein convertase subtilisin/
kexin type 9 reduces serum LDL in hyperlipidemic mice. J Lipid Res 2007,
48:763–767.

34. Chan JC, Piper DE, Cao Q, Liu D, King C, Wang W, Tang J, Liu Q, Higbee J,
Xia Z, et al: A proprotein convertase subtilisin/kexin type 9 neutralizing
antibody reduces serum cholesterol in mice and nonhuman primates.
Proc Natl Acad Sci U S A 2009, 106:9820–9825.

35. Fossati P, Romon-Rousseaux M: Insulin and HDL-cholesterol metabolism.
Diabete Metab 1987, 13:390–394.

36. Bornfeldt KE, Tabas I: Insulin resistance, hyperglycemia, and
atherosclerosis. Cell Metab 2011, 14:575–585.

37. Trauner M, Claudel T, Fickert P, Moustafa T, Wagner M: Bile acids as
regulators of hepatic lipid and glucose metabolism. Dig Dis 2010,
28:220–224.

38. Urizar NL, Dowhan DH, Moore DD: The farnesoid X-activated receptor
mediates bile acid activation of phospholipid transfer protein gene
expression. J Biol Chem 2000, 275:39313–39317.

39. Jiang XC, Bruce C, Mar J, Lin M, Ji Y, Francone OL, Tall AR: Targeted
mutation of plasma phospholipid transfer protein gene markedly
reduces high-density lipoprotein levels. J Clin Invest 1999, 103:907–914.

40. Huuskonen J, Ekstrom M, Tahvanainen E, Vainio A, Metso J, Pussinen P,
Ehnholm C, Olkkonen VM, Jauhiainen M: Quantification of human plasma
phospholipid transfer protein (PLTP): relationship between PLTP mass
and phospholipid transfer activity. Atherosclerosis 2000, 151:451–461.

41. Huuskonen J, Olkkonen VM, Ehnholm C, Metso J, Julkunen I, Jauhiainen M:
Phospholipid transfer is a prerequisite for PLTP-mediated HDL
conversion. Biochemistry 2000, 39:16092–16098.

42. Qiu G, Hill JS: Endothelial lipase promotes apolipoprotein AI-mediated
cholesterol efflux in THP-1 macrophages. Arterioscler Thromb Vasc Biol
2009, 29:84–91.

43. Borggreve SE, De Vries R, Dullaart RP: Alterations in high-density
lipoprotein metabolism and reverse cholesterol transport in insulin
resistance and type 2 diabetes mellitus: role of lipolytic enzymes,
lecithin:cholesterol acyltransferase and lipid transfer proteins. Eur J Clin
Invest 2003, 33:1051–1069.

44. Lamarche B, Rashid S, Lewis GF: HDL metabolism in hypertriglyceridemic
states: an overview. Clin Chim Acta 1999, 286:145–161.

45. Frenais R, Ouguerram K, Maugeais C, Mahot P, Maugere P, Krempf M, Magot
T: High density lipoprotein apolipoprotein AI kinetics in NIDDM: a stable
isotope study. Diabetologia 1997, 40:578–583.

46. Hoang A, Murphy AJ, Coughlan MT, Thomas MC, Forbes JM, O’Brien R,
Cooper ME, Chin-Dusting JP, Sviridov D: Advanced glycation of
apolipoprotein a-I impairs its anti-atherogenic properties. Diabetologia
2007, 50:1770–1779.

47. Stein EA, Gipe D, Bergeron J, Gaudet D, Weiss R, Dufour R, Wu R, Pordy R:
Effect of a monoclonal antibody to PCSK9, REGN727/SAR236553, to
reduce low-density lipoprotein cholesterol in patients with heterozygous
familial hypercholesterolaemia on stable statin dose with or without
ezetimibe therapy: a phase 2 randomised controlled trial. Lancet 2012,
380:29–36.

48. Stein EA, Swergold GD: Potential of proprotein convertase subtilisin/kexin
type 9 based therapeutics. Curr Atheroscler Rep 2013, 15:310.

49. Raal F, Scott R, Somaratne R, Bridges I, Li G, Wasserman SM, Stein EA: Low-
density lipoprotein cholesterol-lowering effects of AMG 145, a
monoclonal antibody to proprotein convertase subtilisin/kexin type 9
serine protease in patients with heterozygous familial
hypercholesterolemia: the reduction of LDL-C with PCSK9 inhibition in
Heterozygous Familial Hypercholesterolemia disorder (RUTHERFORD)
randomized trial. Circulation 2012, 126:2408–2417.

50. Frank-Kamenetsky M, Grefhorst A, Anderson NN, Racie TS, Bramlage B, Akinc
A, Butler D, Charisse K, Dorkin R, Fan Y, et al: Therapeutic RNAi targeting
PCSK9 acutely lowers plasma cholesterol in rodents and LDL cholesterol
in nonhuman primates. Proc Natl Acad Sci U S A 2008, 105:11915–11920.

51. Maxwell KN, Breslow JL: Adenoviral-mediated expression of Pcsk9 in mice
results in a low-density lipoprotein receptor knockout phenotype.
Proc Natl Acad Sci U S A 2004, 101:7100–7105.

doi:10.1186/2050-7771-1-27
Cite this article as: Choi and Korstanje: Proprotein convertases in high-
density lipoprotein metabolism. Biomarker Research 2013 1:27.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Protein structure and principle of PCSK
	PCSKs and lipid metabolism
	PCSKs and glucose metabolism
	PCSKs and BA metabolism
	PCSKs and HDL metabolism

	Conclusion and discussion
	Competing interests
	Authors’ contributions
	Authors’ information
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


