X Author’s Choice

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 52, pp. 43482-43491, December 21, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the U.S.A.

Furin-cleaved Proprotein Convertase Subtilisin/Kexin Type 9
(PCSK9) Is Active and Modulates Low Density Lipoprotein
Receptor and Serum Cholesterol Levels®

Received for publication, May 11,2012, and in revised form, October 31,2012 Published, JBC Papers in Press, November 7, 2012, DOI 10.1074/jbc.M112.380618

Michael T. Lipari*, Wei Li*, Paul Moran*, Monica Kong-Beltran®, Tao Sai’, Joyce Lai", S. Jack Lin*, Ganesh Kolumam!,
Jose Zavala-Solorio!, Anita Izrael-Tomasevic**, David Arnott***, Jianyong Wang**, Andrew S. Peterson®,

and Daniel Kirchhofer'

From the Departments of *Early Discovery Biochemistry, *Molecular Biology, "Antibody Engineering, IBiomedical Imaging,
**Protein Chemistry, and **Biochemical and Cellular Pharmacology, Genentech, Inc., South San Francisco, California 94080

Background: Two forms of PCSK9, an intact and a furin cleaved form, circulate in blood.
Results: Both forms, as highly purified recombinant proteins, are able to bind to and trigger degradation of LDL receptors and

elevate serum cholesterol levels.

Conclusion: Furin cleavage is not associated with a loss of PCSK9 polypeptides or a significant loss of function.
Significance: LDL-c levels are controlled by both forms of PCSK9.

Proprotein convertase subtilisin/kexin 9 (PCSK9) regulates
plasma LDL cholesterol levels by regulating the degradation of
LDL receptors. Another proprotein convertase, furin, cleaves
PCSK9 at Arg®'®-GIn?*® in the surface-exposed “218 loop.” This
cleaved form circulates in blood along with the intact form,
albeit atlower concentrations. To gain a better understanding of
how cleavage affects PCSK9 function, we produced recombi-
nant furin-cleaved PCSK9 using antibody Ab-3D5, which binds
the intact but not the cleaved 218 loop. Using Ab-3D5, we also
produced highly purified hepsin-cleaved PCSK9. Hepsin cleaves
PCSK9 at Arg*'®-GIn>'® more efficiently than furin but also
cleaves at Arg>'>-Phe?'®, Further analysis by size exclusion
chromatography and mass spectrometry indicated that furin
and hepsin produced an internal cleavage in the 218 loop with-
out the loss of the N-terminal segment (Ser'>*—Arg>'®), which
remained attached to the catalytic domain. Both furin- and hep-
sin-cleaved PCSK9 bound to LDL receptor with only 2-fold
reduced affinity compared with intact PCSK9. Moreover, they
reduced LDL receptor levels in HepG2 cells and in mouse liver
with only moderately lower activity than intact PCSK9, consist-
ent with the binding data. Single injection into mice of furin-
cleaved PCSK9 resulted in significantly increased serum choles-
terol levels, approaching the increase by intact PCSK9. These
findings indicate that circulating furin-cleaved PCSK9 is able to
regulate LDL receptor and serum cholesterol levels, although
somewhat less efficiently than intact PCSK9. Therapeutic anti-
PCSK9 approaches that neutralize both forms should be the
most effective in preserving LDL receptors and in lowering
plasma LDL cholesterol.
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Proprotein convertase subtilisin/kexin type 9 (PCSK9)? is a
member of the proprotein convertase family and a ligand of
hepatic LDL receptors. PCSK9 prevents LDL receptor recycling
by directing the ligand-receptor complex for lysosomal degra-
dation, resulting in reduced LDL cholesterol (LDL-c) clearance
and increased plasma LDL-c levels. The importance of PCSK9
in lipid metabolism is strongly supported by human genetics
and by physiologic studies (reviewed in Refs. 1—4). Moreover,
the strong reduction in coronary heart disease caused by loss of
function mutations in the PCSK9 gene (5) has provided a strong
rationale for the development of PCSK9 inhibitors for the treat-
ment of dyslipidemia.

Mature PCSKO9 is composed of the prodomain that is nonco-
valently attached to the subtilisin-like catalytic domain, which
is followed by the C-terminal domain (see Fig. 14) (6-38).
PCSKO9 binds to the EGF(A) domain of LDL receptor in a calci-
um-dependent fashion (9 -11). Enzymatic activity of PCSK9 is
required for autocatalytic processing of the single-chain PCSK9
precursor in the endoplasmic reticulum but not for LDL recep-
tor binding and LDL receptor degradation (12, 13). Although
the C-terminal domain is not directly involved in binding to cell
surface LDL receptor, it interacts with cell surface proteins (14,
15) and engages in LDL receptor interactions in the endosomal
compartment (16, 17).

The membrane-bound proprotein convertase furin was
shown to cleave PCSK9 at the Arg*'®-GIn>'® peptide bond (18).
Another proprotein convertase PC5/6A was also found to
hydrolyze this bond, albeit with much reduced efficiency com-
pared with furin (18). This cleavage site is located in a surface
loop, the “218 loop,” which appears to have inherent flexibility.
Invivo studies with liver-targeted furin knock-out mice corrob-
orated the in vitro findings and demonstrated that furin is the

2 The abbreviations used are: PCSK9, proprotein convertase subtilisin/kexin
type 9; PCSK9c_fu, purified furin-cleaved PCSK9; PCSK9c_hep, purified
hepsin-cleaved PCSK9; Cat_CT, catalytic and C-terminal domain of PCSK9;
AN-Cat_CT, catalytic and C-terminal domain of PCSK9 without the N-seg-
ment; LDL-c, LDL cholesterol.
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main PCSK9 processing protease in vivo (19). When analyzed
by SDS-PAGE, the cleaved PCSK9 shows a shift of the ~60-kDa
band to a lower ~50-kDa species that lacks the Ser'>*~Arg>'®
amino acid stretch of the catalytic domain, designated the
N-segment (see Fig. 1A). Results from cellular assays suggested
that cleaved PCSKO is no longer able to degrade LDL receptor
(18). This complete lack of activity was attributed to the loss of
the N-segment, as well as the prodomain from PCSK9 (18).

The cleaved PCSK9 form circulates in human plasma (18—
21) and constitutes 15—-40% of total circulating PCSK9 (18, 19).
Cleaved PCSK9 was also found in mouse plasma contributing
30-50% to total PCSK9 levels (19, 22). The furin cleavage
sequence 2'’RFHRQ?'" harbors naturally occurring gain of
function mutations, R215H, F216L, and R218S, associated with
hypercholesterolemia (23—-25). Analysis of patient plasma sam-
ples and in vitro mutagenesis studies indicated that these muta-
tions impair furin-mediated PCSK9 cleavage (18, 19, 23), sug-
gesting that furin resistance is the underlying molecular
mechanism for the gain of function phenotype.

The question of whether furin cleavage of PCSK9 affects
receptor binding or post-ligation events has not yet been for-
mally addressed. For example, if cleaved PCSK9 is biologically
inactive but would retain LDL receptor binding, then the circu-
lating cleaved PCSK9 could act as a competitive inhibitor of the
intact form. To gain insight into these questions, we generated
highly purified cleaved PCSK9 protein for functional studies in
biochemical assays and for in vivo LDL receptor degradation.
We took advantage of monoclonal antibody Ab-3D5 that dif-
ferentially recognizes furin-cleaved and intact PCSK9, allowing
us to obtain highly purified cleaved PCSK9. Functional studies
revealed that cleavage only moderately affected LDL receptor
binding and physiologic functions. These findings were consist-
ent with biophysical measurements indicating that cleaved
PCSK9 remained intact and without loss of fragments. The
unexpected functional competence of cleaved PCSK9 can be
rationalized on the basis of the PCSK9 structure, and its rami-
fications on biological and therapeutic aspects of PCSK9 func-
tion are discussed.

EXPERIMENTAL PROCEDURES

Reagents—Soluble human furin and soluble LDL receptor
ectodomain were from R & D Systems, factor Xa, activated pro-
tein C, and thrombin from Hematologic Technologies and fac-
tor XIla from Enzyme Research Laboratories. Soluble hepsin,
hepatocyte growth factor activator, and matriptase were
expressed and purified as described (26, 27). The neutralizing
anti-hepsin antibody Ab25 was described recently (26).

Construction, Expression, and Purification of Wild Type and
Mutant PCSK9 Proteins—Human PCSK9 cDNA containing a
Hisg C-terminal tag was cloned into a mammalian expression
vector (pRK5). Human PCSK9 R215A/R218A mutant was
made by site-directed mutagenesis using QuikChange Light-
ning (Aligent Technologies, Santa Clara, CA). Human PCSK9
R218A mutant was constructed by ACTG, Inc. (Wheeling,
IL) using site-directed mutagenesis. Mutants were con-
firmed by DNA sequencing. The recombinant human
PCSK9 proteins (wild type and mutants) were transiently
expressed in CHO cells and purified from conditioned media
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by affinity chromatography using a nickel nitrilotriacetic
agarose column (Qiagen) followed by gel filtration on a Sep-
hacryl S 200 column (GE Healthcare).

Production of Monoclonal Anti-PCSK9 Antibodies—8—-12-
week-old PCSK9 ™/~ mice (22) were immunized with recombi-
nant human PCSKO. Three days after the final boost, lympho-
cytes from spleens and lymph nodes were harvested for fusion
with SP2/0 myeloma cells (American Type Culture Collection).
After 7-10 days, single hybridoma clones were picked by
ClonePix (Genetix) and transferred into 96-well cell culture
plates (Becton Dickinson) with 200 ul/well ClonaCell-HY
medium E (Stem Cell Technologies). After at least two rounds
of single cell subcloning by limiting dilution, the final clones,
including Ab-3D5 and Ab-7G7, were scaled up, and superna-
tants were collected for antibody purification. The hybridoma
supernatants were purified by protein A affinity chromatogra-
phy, then sterile filtered (Nalge Nunc International), and stored
at 4 °Cin PBS.

PCSK9 Cleavage Assays—Unless otherwise indicated, all of
the cleavage reactions were performed in PCSK9 buffer (50 mm
Tris, pH 8.0, 150 mMm NaCl), and reaction products were ana-
lyzed by SDS-PAGE under nonreducing conditions. PCSK9
(1.9 um) was incubated with 40 nm of furin, factor Xa, factor
XIIa, activated protein C, or thrombin in PCSK9 buffer supple-
mented with 4 mm CaCl,, or with hepsin, hepatocyte growth
factor activator, matriptase in PCSK9 sample without CaCl,,
for 6 hat 20 °C. In hepsin blocking experiments, 40 nm of hepsin
was preincubated with 3 um of hepsin-specific antibody Ab25
(26) for 20 min prior to the addition of PCSKO.

Experiments with PCSK9 mutants R218A and R215A/
R218A (2.6 uMm) were carried out in PCSK9 buffer supple-
mented with 4 mm CaCl, by incubation with either 40 nm hep-
sin for 6 h or with 80 nm furin for 20 h. Proteins were analyzed
by SDS-PAGE followed by staining with SimplyBlue SafeStain
(Invitrogen).

The relative PCSK9-processing activities of hepsin and furin
were assessed by incubation of PCSK9 (1.9 um) with increasing
concentrations of hepsin or furin for 6 h in PCSK9 buffer sup-
plemented with 4 mm CaCl,, followed by SDS-PAGE and den-
sitometry of intact PCSK9 bands by the NIH Image] software.
The results are the averages = S.D. of three experiments.

Inhibition assays with Ab-3D5 or Ab-7G7 were performed by
incubating PCSK9 (1.9 um) with 3 um of either antibody for 20
min prior to the addition of 80 nMm furin or 40 nm hepsin in
PCSK9 buffer supplemented with 4 mm CaCl, for 6 h. The gel
pictures of the cleavage experiments shown in Figs. 2 and 3 are
representative of at least three independently performed
experiments.

Purification of Cleaved PCSK9—PCSK9 was treated with 80
nM furin in PCSK9 buffer plus 4 mm CaCl, for 20 h or with 40 nm
hepsin in PCSK9 buffer for 6 h at room temperature. Then
Ab-3D5 (IgG) and anti-furin antibody (IgG) (H-220; Santa Cruz
Biotechnology) were added to the furin-treated samples to
remove intact PCSK9 and furin, respectively. Ab-3D5 (IgG) and
the hepsin antibody Ab25 (IgG) were added to the hepsin-
treated samples to remove intact PCSK9 and hepsin, respec-
tively. After 30 min of incubation, the mixtures were applied to
S-200 size exclusion columns (HiLoad™ 16/60 Superdex™
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prep grade; GE Healthcare), and elution fractions were col-
lected and analyzed by SDS-PAGE. Fractions containing
pure cleaved PCSK9 (PCSK9c_fu and PCSK9c_hep, respec-
tively) were pooled and stored at —80 °C for subsequent
functional studies, analysis by N-terminal sequencing, and
mass spectrometry.

Affinity Measurements by Biolayer Interferometry—LDL
receptor binding to cleaved PCSK9 was measured on an Octet
Red384 system (ForteBio). LDL receptor (ectodomain; R & D
Systems) was biotinylated according to the manufacturer’s
instructions (Thermo Scientific) and immobilized on streptavi-
din biosensors (ForteBio). Measurements of association and
dissociation constants were carried out in the presence of
increasing concentrations of PCSK9c_hep or PCSK9c_fu in 50
mM Tris, pH 7.5, 300 mM NaCl, 2 mm CaCl,, 1 mg/ml BSA, 0.1%
Tween 20. Kinetic parameters k,, k¢ and K, were calculated
from a nonlinear fit of the data using the Octet software Version
6.1 (ForteBio). Each reported value represents an average =
S.D. of at least three independent experiments.

Mass Spectrometry—PCSK9, PCSK9c_hep, and PCSK9c_fu
were analyzed by reverse phase liquid chromatography-electro-
spray quadrupole time of flight mass spectrometry (6520; Agi-
lent Technologies). Raw spectra were deconvoluted using Mass
Hunter software (v.B.04.00; Agilent Technologies).

Cell Surface LDL Receptor Assay with HepG2 Cells—HepG2
cells (American Type Culture Collection) were seeded into
48-well plates (Corning) at 1 X 10” cells/well in high glucose
medium (DMEM; Invitrogen) containing 2 mm glutamine
(Sigma), penicillin/streptomycin (Invitrogen), and 10% FBS
(Sigma) and incubated overnight. The medium was changed to
DMEM containing 10% lipoprotein-deficient serum (Intracel),
and after 24 h various concentrations of PCSK9, PCSK9c_fu or
PCSK9c_hep were added to the cells and incubated at 37 °C for
4 h. The cells were rinsed with PBS and detached using cell
dissociation buffer (Invitrogen). The cells were collected, cen-
trifuged, and incubated with 1:20 anti-LDL receptor antibody
(Progen Biotechnik) in PBS, 1% BSA on ice for 10 min. The
samples were then washed with PBS and incubated with 1:200
goat anti-mouse IgG (H + L) Alexa Fluor 488 (Invitrogen) on
ice for 5 min. After two PBS washes, the cells were resuspended
in PBS containing 10 pg/ml of propidium iodide and analyzed
on a dual laser flow cytometer (FACScan; Becton Dickinson).
Relative fluorescence units were used to quantify LDL receptor
expression levels on the HepG2 cell surface. The results were
expressed as percentages of LDL receptor levels measured in
the absence of PCSK9 ( = control) and are shown as the aver-
ages = S.D. of three independent experiments.

Mouse Model of Liver LDL Receptor Degradation— 8-week-
old male C57BL/6 mice were purchased from Jackson Labora-
tory and housed for 2 weeks before starting the experiment.
The mice were randomized into three groups (three mice/
group) based on body weight and were injected intravenously
with either PBS (vehicle control) or four doses (3, 15, 45, and 90
ug) of PCSK9 or of PCSK9c_fu. Experiments with PCSK9¢_hep
followed the same protocol. After 1 h, the livers were harvested
and snap frozen. Approximately 200 mg of each liver was
homogenized in extraction buffer I supplemented with prote-
ase inhibitor mixture (ProteoExtract native membrane protein
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extraction kit; Calbiochem) using the TissueLyser (Qiagen).
The lysates were centrifuged, and the cell pellet resuspended in
extraction buffer II supplemented with protease Inhibitor mix-
ture (Calbiochem). After 30 min of gentle agitation at 4 °C, the
samples were centrifuged, and the membrane protein concen-
trations of the supernatants were quantified using the Bradford
assay. For each group (n = 3), liver proteins were pooled for a
total of 100 ug of protein and separated by SDS-PAGE on a
4-12% Bis-Tris Midi gel (Invitrogen). Proteins were trans-
ferred to nitrocellulose membranes using iBlot (Invitrogen).
The membranes were blocked with 5% nonfat milk and incu-
bated with anti-LDL receptor (Abcam) in 5% nonfat milk. After
washing with 10 mm Tris, pH 8.0, 150 mm NaCl, 0.1% Tween 20,
blots were incubated with 1:5000 anti-rabbit horseradish per-
oxidase (GE Healthcare) in 5% nonfat milk, washed, and treated
with ECL-Plus (GE Healthcare) followed by exposure to XAR
film (Kodak). After washing with 10 mm Tris, pH 8.0, 150 mm
NaCl, 0.1% Tween 20, membranes were incubated with anti-
transferrin receptor antibody (Invitrogen) overnight at 4 °C.
The membranes were incubated in 1:5000 anti-mouse horse-
radish peroxidase (GE Healthcare) for 1 h, washed, and then
treated with ECL Plus and exposed to XAR film.

Determination of Serum Cholesterol Levels in Mice— 8-week-
old female C57BL/6 mice were purchased from Jackson Labo-
ratory and housed for 2 weeks before starting the experiment.
The mice were randomized into three groups (five mice/group)
based on body weight and total cholesterol level and were
injected intravenously with either PBS (vehicle group) or 60 ug
of furin-cleaved PCSK9 or intact PCSK9. Blood samples were
collected by orbital bleed under anesthesia from each group of
mice at 0 h and 6, 9, and 48 h after intravenous dosing. Serum
total cholesterol was measured by use of an enzymatic assay
(Infinity™"; Thermo Scientific). Statistical analysis was per-
formed using JMP v.9.0.2 software (SAS Institute, Inc.). Multi-
ple comparisons with the pre-dose control (0 h) were per-
formed using Dunnett’s method. p values of <0.05 were
considered as significant.

RESULTS

The Serine Protease Hepsin Cleaves PCSK9 at the Furin
Cleavage Site—In contrast to membrane-localized furin, the
soluble form of furin was shown to be rather inefficient in cleav-
ing PCSK9 at the Arg®'®-GIn*'’ site (18, 28). To identify a more
efficient protease, we tested a panel of trypsin-like serine pro-
teases having preference for an arginine at the P1 position
(nomenclature according to Schechter and Berger (29) (Fig.
1B). The results showed that none of the examined proteases
appreciably cleaved PCSK9 during a 6-h incubation period,
except for soluble furin (referred to as furin) and the soluble
form of hepsin (referred to as hepsin), a type II transmembrane
serine protease (Fig. 24). The cleavage by hepsin was specific,
because pretreatment with the neutralizing anti-hepsin anti-
body Ab25 completely inhibited PCSK9 cleavage (Fig. 2A).
Hepsin appeared to be more efficient than furin, because most
of the intact ~60-kDa PCSK9 band (Cat_CT; Fig. 14) was con-
verted into the ~50-kDa cleaved form (AN-Cat_CT; Fig. 14),
whereas less than 50% was converted by furin. N-terminal
sequencing showed that for both furin and hepsin, the
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FIGURE 1. PCSK9 domains and protease cleavage sites. A, cartoon indicat-
ing the three main PCSK9 domains: the prodomain, catalytic (Cat), and C-ter-
minal (CT) domains. The N-segment (Ser'>*~Arg?'®) comprises the N-terminal
portion of the catalytic domain up to the furin cleavage site residue Arg?'®,
The molecular masses determined by MS (see Fig. 5) are indicated for the
N-segment, AN-Cat_CT, and Cat_CT. B, the 218 loop comprising the P4-P4’
amino acid sequence according to the Schechter and Berger nomenclature
(29). The primary cleavage site for furin and hepsin (Arg?'8-GIn?'®) is indicated
by a solid arrow, and the secondary cleavage site that is specific for hepsin
(Arg?'>-Phe?'°) is indicated by a dashed arrow.

AN-Cat_CT domain (~50 kDa) started with *!?QAS and the
~10-kDa segment (N-segment; Figs. 1 and 2A4) started with
153G]P. Therefore, hepsin cleaved at the same site as furin, i.e., at
the Arg®'®-GIn>"® peptide bond (Fig. 1B). The relative cleavage
efficiencies of hepsin and furin were quantified by measuring
the disappearance of the intact 60-kDa band by densitometry.
The results showed that during a 6-h reaction period, hepsin
cleaved 50% of PCSK9 at a concentration of 11.6 nm compared
with 80.7 nM for furin, indicating that hepsin was ~7-fold more
efficient (Fig. 2B).

To find out whether hepsin specifically cleaved at the Arg>'®-
GIn?'? site, we mutated the Arg?*® residue to Ala, which should
abolish cleavage. However, hepsin still cleaved PCSKO9,
although at a reduced rate, whereas furin was no longer able to
cleave PCSK9 (Fig. 3A). An additional mutation of the nearby
Arg®'® residue was made to generate the double mutant
R215A/R218A. This mutant was completely resistant to cleav-
age by hepsin (Fig. 34), suggesting that hepsin cleaved at the
two sites Arg®'®>-Phe®'® and Arg®'®-GIn*'®, whereas furin only
cleaved at the latter site (Fig. 1B).

Identification of an Antibody That Differentiates Intact and
Furin-cleaved PCSK9—To generate highly purified cleaved
PCSK9, we wished to identify an antibody that only recognized
intact but not cleaved PCSK9 for use in affinity purification
of the cleaved form. Monoclonal antibodies derived from
PCSK9 ™/~ mice immunized with intact PCSK9 were analyzed
for their ability to inhibit PCSK9 cleavage. One of these anti-
bodies, Ab-3D5, completely prevented the cleavage by both
furin and hepsin, whereas Ab-7G7 did not (Fig. 3B). This sug-
gested that Ab-3D5 might bind to the intact 218 loop. This was
examined by two different epitope mapping approaches. First,
in an epitope excision experiment, PCSK9 alone or in complex
with Ab-3D5 was digested with trypsin for various time periods.
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The peptide segments were identified by mass spectrometry
and mapped to the PCSK9 sequence (supplemental Fig. S1A).
The results indicated that Ab-3D5 (in the PCSK9-Ab-3D5 com-
plex) protected trypsin-mediated cleavage at the Arg>'>-Phe*'®
and Arg®'®-GIn®" sites, which were readily cleaved when
PCSK9 alone was digested. Therefore, the Ab-3D5 epitope
encompassed the >'*TRFHRQ?'’ sequence. Second, a panel of
overlapping synthetic peptides covering the entire PCSK9
amino acid sequence was prepared (supplemental Fig. S2).
ELISA experiments measuring binding of Ab-3D5 to the
biotinylated peptides captured on streptavidin-coated plates
showed that Ab-3D5 only bound to two peptides spanning the
218 loop, with the consensus sequence *'' EDGTRFHRQA>**°
(supplemental Fig. S1B). The results from both approaches
were in good agreement and clearly indicated that the Ab-3D5
epitope encompassed the PCSK9 218 loop, which harbors the
hepsin and furin cleavage sites.

The recent crystal structure of the LDL receptor-PCSK9
complex revealed that the EGF(B) domain of LDL receptor is
located close to the 218 loop, suggesting that Ab-3D5 may
interfere with LDL receptor binding. Indeed, biolayer interfer-
ometry binding experiments demonstrated that Ab-3D5 com-
pletely inhibited LDL receptor binding to PCSK9 (supplemen-
tal Fig. S3A). In contrast, Ab-7G7, whose binding site did not
overlap with that of Ab-3D5 according to competition binding
experiments (data not shown), did not inhibit LDL receptor
binding to PCSK9 (supplemental Fig. S3A). Additional studies
with HepG2 cells further showed that Ab-3D5 inhibited
PCSK9-mediated LDL receptor degradation in a concentra-
tion-dependent manner, whereas Ab-7G7 did not (supplemen-
tal Fig. S3B). Therefore, it is very probable that by binding to the
218 loop, Ab-3D5 sterically interfered with the LDL receptor
binding.

The binding of Ab-3D5 to intact PCSK9 and to cleaved
PCSK9, obtained by PCSK9 treatment with hepsin (6 h) or furin
(20 h), was determined by biolayer interferometry. Hepsin and
furin were removed in a repurification step, but the prepara-
tions still contained residual intact PCSK9. The results showed
that Ab-3D5 bound with high affinity to intact PCSK9 (K, 3.5
nM) but had 170-fold and >280-fold reduced affinities for furin-
and hepsin-cleaved PCSK9, respectively (supplemental Table
S1). In contrast, the control antibody Ab-7G7 bound to intact
and cleaved forms with similar affinities (supplemental Table
S1). These findings suggested that Ab-3D5 differentially recog-
nized intact and cleaved PCSK9 and thus could be utilized for
affinity purification of the cleaved form.

Purification and Characterization of Cleaved PCSK9—The
residual intact PCSK9 in the furin-treated preparation was
removed by the addition of Ab-3D5. The formed complexes of
intact PCSK9 and Ab-3D5 (high molecular weight peak) could
be easily separated from the cleaved (uncomplexed) form by
size exclusion chromatography (supplemental Fig. S4). SDS-
PAGE analysis of the elution fractions showed a clear separa-
tion of intact PCSK9 co-eluting with Ab-3D5 IgG ( = intact
PCSK9-Ab-3D5 complex) and the cleaved form eluting in later
fractions (Fig. 44). The pooled fractions of the cleaved PCSK9
contained the 50-kDa AN-Cat_CT (starting with GIn219), the
~15-kDa prodomain, and the N-segment (Ser'*’-Arg>'®).
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FIGURE 2. PCSK9 cleavage by serine proteases furin and hepsin. A, PCSK9 (1.9 um) was incubated with 40 nm of various serine proteases for 6 h at room
temperature, and the reaction products were analyzed by SDS-PAGE (nonreducing conditions) followed by gel staining with SimplyBlue SafeStain. The
individual bands are indicated according to the nomenclature in Fig. 1A, and the determined N-terminal sequences are in parentheses. The far right lane shows
hepsin that was pretreated with the inhibitory anti-hepsin antibody Ab25 before incubation with PCSK9. Ctrl, untreated PCSK9; APC, activated protein C; HGFA,
hepatocyte growth factor activator. B, comparison of proteolytic activities of furin and hepsin toward PCSK9. PCSK9 (1.9 um) was incubated for 6 h with
increasing protease concentrations (soluble hepsin and soluble furin) and analyzed by SDS-PAGE (right panel). Disappearance of the ~60-kDa PCSK9 band
(Cat_CT domain) was quantified and plotted against protease concentration (left panel). The calculated concentrations for 50% PCSK9 cleavage were 11.6 * 0.6

1000

nm for hepsin and 80.7 = 29.1 nm for furin (average = S.D. of three experiments).
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FIGURE 3. Inhibition of protease-mediated PCSK9 cleavage by mutagen-
esis of 218 loop residues and by antibody 3D5. A, PCSK9 WT and PCSK9
mutants R218A and R215A/R218A (2.6 um each) were incubated for 6 h with
40 nm of hepsin (upper panel) or for 20 h with 80 nm of furin (lower panel). The
results indicate that hepsin has two cleavage sites, Arg®'®-GIn?'? and Arg?'>-
Phe?'¢, whereas furin only cleaves at Arg®'®-GIn?'? (see also Fig. 1B). B, PCSK9
(1.9 um) was preincubated with antibodies 3D5 or 7G7 for 20 min before
treatment with 40 nm hepsin (H) or with 80 nm furin (F) for 6 h. The results
indicate that antibody 3D5 completely inhibited PCSK9 cleavage by either
protease, whereas antibody 7G7 did not.

However, these fractions did not contain any detectable intact
PCSK9. Similar results were obtained with hepsin-cleaved
PCSK9 (data not shown).

The pooled fractions of the purified furin-cleaved PCSK9
(referred to as PCSK9c_fu) were reapplied to a S-200 analytical
size exclusion column and compared with intact PCSK9. Both
proteins eluted at the same elution volume (12.72 and 12.78 ml)
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with a deduced mass of ~77 kDa (Fig. 4B). This suggested that
furin cleavage did not result in the loss of any substantial PCSK9
fragment. This was further investigated by electrospray mass
spectrometry of PCSK9c_fu and of hepsin-cleaved purified
PCSKO (referred to as PCSK9c_hep). Intact PCSK9, which was
used as reference material, gave a single peak of M, 60,516 cor-
responding to the Cat_CT domain, several prodomain peaks
(M, 13,756 -14,000; data not shown), but no peaks in the
mass range of the N-segment (Fig. 5). For PCSK9c_fu and
PCSK9c_hep, we observed peaks that corresponded the prodo-
main similar to intact PCSK9 (data not shown) and to two com-
plementary portions of the Cat_CT domain, the AN-Cat_CT
segment (M, ~52,800 starting at GIn>*?) and the N-segment
(M, 7,731; Ser'>*~Arg>'®) (Fig. 5). For PCSK9c_hep, there was
an additional peak (M, 7,290) identified as the C-terminally
truncated N-segment Ser'>*~Arg®'® (Fig. 5). This result was in
excellent agreement with the mutagenesis experiments (Fig.
3A), demonstrating that furin cleaved only at the Arg>'®-GIn>"®
site, whereas hepsin additionally cleaved at the Arg®'®-Phe*'®
site. Therefore, the presence of prodomain, N-segment and
AN-Cat_CT domain of the PCSK9c_fu and PCSK9c_hep prep-
arations indicated that cleavage by furin or hepsin did not result
in the loss of any PCSK9 fragments, except for the partial exci-
sion and probable loss of the three-amino acid stretch Phe**®—
Arg?'® in the case of PCSK9c_hep. This is consistent with the
co-elution of AN-Cat CT, prodomain, and N-segment
observed by SDS-PAGE analysis and the identical masses of
intact and cleaved PCSK9 by size exclusion chromatography
(Fig. 4). Thus, hepsin and furin only produced internal cleav-
ages at the 218 loop, and the Ser'**-Arg*'® segment (and
Ser'®®~Arg*'® segment for PCSK9c_hep) remained noncova-
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FIGURE 4. Purification and analysis of furin-cleaved PCSK9. A, PCSK9 was treated with furin for 20 h, after which an anti-furin antibody and Ab-3D5 were
added, and the protein mixture was applied to a quantitative S-200 size exclusion column. The first elution peak contained the complex formed of Ab-3D5 with
residual intact PCSK9 (~60-kDa Cat_CT; lanes 1-4) and was separated from the later eluting pure cleaved PCSK9 (~50-kDa AN-Cat_CT; lanes 9-12) (see also
Suppl. Fig. 4). B, pooled fractions (9-12) of pure furin-cleaved PCSK9 (PCSK9c_fu; red elution profile) were compared with intact PCSK9 (PCSK9; blue elution
profile) by analytical size exclusion chromatography. The elution volumes for PCSK9c_fu and PCSK9 were identical (12.72 and 12.78 ml), both having a deduced

mass of 77 kDa. Molecular mass markers are indicated by arrows.

Cat_CT and AN-Cat_CT N-segment TABLE 1

60516 Binding affinities of LDL receptor interaction with intact and cleaved

PCSK9
Intact Kinetic constants were determined by biolayer interferometry using immobilized
PCSK9 biotinylated LDL receptor ectodomain. Furin- and hepsin-cleaved PCSK9
(PCSK9c_fu and PCSK9c_hep) were purified by size exclusion chromatography
using Ab-3D5. PCSK9 indicates intact PCSK9. The values are the averages = S.D. of

------- ZO gy L mama at least three independent experiments.
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Furin- 52798 i 153-218 sponding affinity losses (K}, cleaved/K}, intact) were 2.0- and
cleaved A153-218; 7731 2.1-fold. The results indicated that cleavage at the 218 loop had
PCSK9 only a moderate effect on LDL receptor binding.
[ LDL Receptor Degradation by Cleaved PCSK9—The LDL
ot T ! T — T receptor degradation by cleaved PCSK9 was measured in two
45000 55000 65000 7000 7400 7800 ptor deg Y ) ;
Mass, Da Mass, Da systems, in a cellular HepG2 assay and in a mouse model of liver

FIGURE 5. Mass spectra of furin- and hepsin-cleaved PCSK9. The left panels
show the peaks of Cat_CT and AN-Cat_CT, and the right panels show the
peaks of the N-segment for intact (top panels), hepsin-cleaved (middle panels),
and furin-cleaved PCSK9 (bottom panels) (see Fig. 1A for domain nomencla-
ture). The peaks are labeled with relative molecular masses (M,) deconvoluted
from electrospray time of flight mass spectra and their assigned amino acid
residues in PCSK9. The N-segment accounts for the reduced M, of AN-Cat_CT
compared with Cat_CT.

lently attached to the catalytic domain. These segments, like the
noncovalently attached prodomain, only dissociate from the
catalytic domain under denaturing conditions used for SDS-
PAGE or for electrospray mass spectrometry measurements.
Binding of Cleaved PCSK9 to LDL Receptor—Competition
binding ELISA experiments showed that both cleaved PCSK9
forms retained much of the LDL receptor binding function,
having only slightly reduced binding affinities compared with
intact PCSK9 (supplemental Table S2). Compared with the
respective intact PCSK9 controls, the affinity losses (ICg i tact/
ICsy cleavea) Of PCSK9c_fu and PCSK9c_hep were 1.1- and 1.4-
fold. Moreover, biolayer interferometry experiments showed
that the intact PCSK9 controls bound to immobilized soluble
LDL receptor with K, values of 130 and 177 nm (Table 1). These
values are similar to those reported by Cunningham et al. (6)
but significantly lower than reported by other studies (8, 30).
The determined K, values for PCSK9c_fu and PCSK9c_hep
were 357 and 268 nw, respectively (Table 1), and the corre-

DECEMBER 21, 2012+VOLUME 287 +NUMBER 52

LDL receptor degradation. In the HepG2 assays, intact PCSK9
reduced surface LDL receptor levels in a concentration-depen-
dent fashion with a half-maximal reduction at 3.7-11 ug/ml
(Fig. 6). PCSK9c_fu and PCSK9c_hep also reduced LDL recep-
tor surface levels in a concentration-dependent fashion. Both
cleaved forms were equally potent with half-maximal activity at
11-33 pg/ml (Fig. 6). Thus, the cleaved forms were ~3-fold less
potent compared with intact PCSK9 in reducing LDL receptor
surface levels on HepG2 cells.

In a mouse liver LDL receptor degradation model, the liver LDL
receptor levels were determined by immunoblotting after mice
were injected with increasing doses of intact or cleaved PCSK9
forms. Both PCSK9c_fu and intact PCSK9 almost completely
reduced liver LDL receptor levels at the 45-ug dose (Fig. 7A). Sim-
ilarly, PCSK9c_hep and intact PCSK9 almost completely
reduced LDL receptor levels at 45 and 15 ug, respectively (Fig.
7B). Therefore, the cleaved forms efficiently degraded mouse
liver LDL receptor with activities that were only slightly
reduced compared with intact PCSK9.

Furin-cleaved PCSK9 Increases Cholesterol Levels in Mice— To
find out whether reduction in liver LDL receptor by furin-
cleaved PCSK9 led to increased serum cholesterol levels, the
mice were injected intravenously with a single bolus of 60 ug of
furin-cleaved or intact PCSK9. The results demonstrated that
furin-cleaved PCSK9 elevated cholesterol levels significantly at
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FIGURE 6. Cleaved PCSK9 forms reduce LDL receptor levels on HepG2
surface. A, HepG2 cells were treated for 4 h with increasing concentrations of
intact PCSK9 (PCSK9) or furin-cleaved PCSK9 (PCSK9c_fu), and cell surface LDL
receptor (LDLR) was quantified by FACS analysis using an anti-LDL receptor
antibody. B, same experimental protocol as in Fig. 6A for the comparison of
intact PCSK9 with hepsin-cleaved PCSK9 (PCSK9c_hep). The results are the
averages = S.D. of at least three independent experiments.

6and 9 h (by 27% and 23%) in comparison with the correspond-
ing pre-dose levels (Fig. 7C). These increases were slightly lower
compared with those produced by intact PCSK9 (35% and 24%).
After 48 h the cholesterol levels returned to base-line levels for
the furin-cleaved PCSK9 group but were still slightly elevated
for the intact PCSK9 group. These results demonstrated that
furin-cleaved PCSK9 is competent to modulate physiologic
processes, albeit with what is likely a moderately reduced
activity.

DISCUSSION

There is ample experimental evidence that circulating
PCSK9 is an important regulator of plasma LDL-c levels. Block-
ing antibodies that target circulating PCSK9 very effectively
lower plasma LDL-c levels in mice, monkeys, and humans (31—
33). Although there is evidence that furin-cleaved PCSK9 cir-
culates in blood at significant levels, it has been assumed that
the LDL-c levels were regulated only by the intact PCSK9 form
because furin-cleaved PCSK9 was considered an inactive spe-
cies (18). However, our study provides evidence that furin-
cleaved PCSKO retains substantial activity in vitro and in vivo.
Therefore, liver LDL receptor and blood cholesterol levels
appear to be regulated by both species of circulating PCSKO9, the
intact and the cleaved forms. The relative contribution of the
two forms to LDL receptor degradation is difficult to assess.
Considering that the cleaved PCSKO is less abundant in circu-
lation and has somewhat lower activity, it may only have a rel-
atively modest impact on cholesterol levels. It is important to
point out, however, that efforts to increase the levels of cleaved
PCSKO9 for therapeutic purposes are unlikely to produce any
significant reduction in LDL-c levels.

The herein described functional characterization of cleaved
PCSK9 was contingent upon the identification of Ab-3D5,
which, based on its differential recognition of intact and cleaved
PCSK9 forms, was used to produce highly purified cleaved
PCSK9. Therefore, experimentally determined activities of
cleaved PCSK9 could unambiguously be assigned to the cleaved
form without any contribution from intact PCSK9 to confound
interpretation. The molecular basis for the differential recogni-
tion of the antibody was provided by epitope mapping and
binding experiments, which showed that Ab-3D5 bound to the
intact 218 loop but lost its binding once the loop was cleaved by
furin or hepsin. Based on the surmised functional incompe-
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tence of cleaved PCSK9 (18), it was unexpected that both furin-
and hepsin-cleaved PCSK9 were able to degrade LDL receptor
on HepG2 cells and in mouse liver, resulting in elevated serum
cholesterol levels.

The moderate 2-fold reduced LDL receptor binding affinity
of cleaved PCSK9 is best understood in the context of localized
structural effects on this interaction. Biochemical and biophys-
ical experiments established that furin-mediated cleavage at
Arg?'®-GIn*" is an internal cleavage event without the loss of
any fragment. The N-segment (Ser'*>~Arg*'®), as well as the
prodomain, remained noncovalently attached to the catalytic
domain. The same is true for hepsin cleavage, except that the
additional cleavage at Arg>'>-Phe'® likely resulted in the par-
tial loss of the 'FHR>'® tripeptide. In addition, structural con-
siderations favor attachment rather than loss of the N-segment
and prodomain upon cleavage at the 218 loop. An inspection of
published PCSK9 crystal structures indicated that the N-seg-
ment is unlikely to dissociate without a major structural reor-
ganization of the PCSKO9 catalytic domain because of extensive
interactions between the N-segment and the catalytic domain
(supplemental Fig. S5). Analysis of this interface (Protein Data
Bank code 3H42) by PISA (34) revealed that the N-terminal
segment and catalytic domain share 6283 A2 of combined
buried surface area, 9 salt bridges, and 58 main chain and side
chain hydrogen bonds. Particularly notable is the N-segment
B-strand Glu'®'—Asp'®® that is part of a five-stranded B-sheet
and engages in numerous $3-strand type H-bond interactions
(supplemental Fig. S5).

The recently published structure of the LDL receptor-PCSK9
complex (28) provides a basis for our attempt to rationalize the
moderate effect of cleavage on LDL receptor binding. Both the
EGF(B) and EGF(A) domains are in proximity of the 218 loop,
which is only partially resolved in the structure and is missing
the stretch GIn*'?-Lys®***> (Protein Data Bank code 3P5C).
Therefore, one possibility is that cleavage results in the loss of
interactions between this region and EGF(B) and/or EGF(A).
Alternatively, the positively charged N terminus (GIn**®) and
the negatively charged C terminus (Arg>'®) generated by furin
cleavage are no longer constrained in a loop conformation and
may now extend toward EGF(A,B) to disturb LDL receptor
binding.

Our findings are incongruent with the reported lack of LDL
receptor degradation by furin-cleaved PCSK9 in cellular assays
(18). A significant difference was the use of a variant protein,
engineered to be highly sensitive to furin cleavage, in the prior
studies (18, 35), whereas we used purification to produce a fully
cleaved preparation of the wild-type protein. Because the vari-
ant protein was not purified or characterized in detail, the pos-
sibility that the engineered furin cleavage site had effects on
protein function beyond increasing the rate of furin cleavage is
a likely explanation for the lack of LDL receptor down-regula-
tion in those studies versus ours. For example, it is possible that
cleavage of the altered amino acid sequence, >’ RRRREL>*° (18)
versus the wild-type >’ RFHRQA??°, has detrimental effects on
the interaction of PCSK9 with EGF(B) and/or EGF(A) domains
or with the ability of PCSK9 to direct sorting to the lysosome
following internalization.
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FIGURE 7. Cleaved PCSK9 degrades liver LDL receptor and increases serum cholesterol levels. A, C57BL/6 mice in groups of three mice were injected
intravenously with PBS or with the indicated doses of intact PCSK9 (PCSK9) or with furin-cleaved PCSK9 (PCSK9c_fu). After 1 h, livers were harvested, and LDL
receptor (LDLR) levels of pooled liver lysates were visualized by immunoblotting. B, same experimental protocol as in Fig. 7A for the comparison of intact PCSK9
with hepsin-cleaved PCSK9 (PCSK9c_hep). C, C57BL/6 mice in groups of n = 5 were injected intravenously with PBS (Vehicle) or with 60 ug of intact PCSK9
(PCSKO9) or furin-cleaved PCSK9 (PCSK9c_fu). Blood samples were drawn at the indicated time points, and the serum total cholesterol levels were measured.
Individual values for each group of mice (n = 5) are shown for each time point. The black bars indicate the means = S.E. for each group. Multiple comparisons
with the pre-dose control (0 h) were performed using Dunnett’s method. p values of <0.05 were considered statistically significant and are denoted by

asterisks.

The surface-exposed 218 loop is resistant to cleavage by most
of the tested proteases, such as the proprotein convertases (18)
and various trypsin-like serine proteases (this study). Only
furin, PC5/6 and the herein reported hepsin can cleave it.
Although both furin and hepsin are serine proteases, their cat-
alytic domains have completely different folds (subtilisin-like
and trypsin-like, respectively) and different active site confor-
mations. Therefore, it is intriguing that they both cleave PCSK9
at the Arg?'8-GIn?"? site. The additional partial cleavage at the
Arg?*®-Phe?!'® site by hepsin had no further impact on PCSK9
activity as demonstrated by the equivalent activities of furin-
and hepsin-cleaved forms. Of note, both PCSK9 and hepsin are
mainly expressed in the liver. However, so far there is no evi-
dence to suggest that hepsin is involved in lipid metabolism
and, particularly in PCSK9 biology. Hepsin deficiency causes
deafness in mice (36), whereas hepsin overexpression is associ-
ated with prostate cancer progression (37-39). On the other
hand, there is compelling evidence from in vivo studies that
furin is the major protease that cleaves PCSK9 and regulates the
plasma levels of the cleaved form (19). PCSK9 gain of function
mutations located in the 218 loop, R215H, F216L, and R218S,
are resistant to furin cleavage (18, 19, 23) and predisposed to
increased LDL-c levels, which was interpreted by the inability of
furin to inactivate PCSK9 (18, 19). This interpretation was
made under the assumption that cleaved PCSK9 is completely
devoid of any LDL receptor degradation activity. Our findings
do call this interpretation into question because the reduction
in activity of cleaved PCSK9 is only ~3-fold or less. However, it
is very possible that in a highly regulated and complex physio-
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logic system, changes of this magnitude could have significant
effects. Heterozygosity for a loss of function mutation substan-
tially alters both LDL-c levels and cardiovascular risk, demon-
strating that PCSK9 levels and activity have significant physio-
logical effects within a narrow range of values near the norm.

The responsiveness of LDL-c plasma levels to the level and
activity of circulating PCSK9 highlights the potential for thera-
peutic intervention, and initial results (33) have borne this out.
Our study highlights the importance of considering the anti-
body epitope that is targeted for therapeutic intervention. It is
likely that an antibody whose binding site encompasses the 218
loop region, such as the 3D5 antibody described here or mAb1
(31), will have much reduced ability to neutralize cleaved
PCSK9 as compared with an antibody whose epitope is distant
from this site. The increased understanding of the role of
cleaved PCSK9 provided in this study could improve the prob-
ability of success of therapeutic intervention and the likelihood
that further reductions in cardiovascular risk will be achieved in
the near future.
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