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The human and mouse genomes are predicted to encode
!22 000 gene products, !2.5% of which are hydrolases
(1) including five classes of proteases. The mammalian
proprotein convertases (PCs) represent a family of nine
subtilisin-like secretory serine proteinases. Seven convertases related to yeast kexin, such as PC1/3, PC2, Furin,
PC4, PC5/6, PACE4 and PC7, cleave after basic amino
acids (2). The other two convertases SKI-1/S1P (3) and
proprotein convertase subtilisin kexin 9 (PCSK9)/NARC-1
(4,5) cleave at non-basic residues. Limited proteolysis
of precursors of secretory proteins such as growth factors,
hormones, enzymes, receptors and even surface glycoproteins of infectious agents is the first irreversible step
in the generation of one or more novel bioactive entities.
However, recent studies show that processing of precursors such as endothelial and lipoprotein lipases by Furin,
PACE4 and PC5/6 can result in a loss of function (6).
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Mutations in the proprotein convertase PCSK9 gene are
associated with autosomal dominant familial hyper- or
hypocholesterolemia. These phenotypes are caused by
a gain or loss of function of proprotein convertase subtilisin kexin 9 (PCSK9) to elicit the degradation of the lowdensity lipoprotein receptor (LDLR) protein. Herein, we
asked whether the subcellular localization of wild-type
PCSK9 or mutants of PCSK9 and the LDLR would provide
insight into the mechanism of PCSK9-dependent LDLR
degradation. We show that the LDLR is the dominant
partner in regulating the cellular trafficking of PCSK9. In
cells lacking the LDLR, PCSK9 localized in the endoplasmic reticulum (ER). In cells expressing the LDLR, PCSK9
sorted to post-ER compartments (i.e. endosomes in cell
lines and Golgi apparatus in primary hepatocytes), where
it colocalized with the LDLR. In cell lines, PCSK9 also
colocalized with the LDLR at the cell surface, requiring the
presence of the C-terminal Cys/His-rich domain of PCSK9.
We provide evidence that PCSK9 promotes the degradation of the LDLR by an endocytic mechanism, as small
interfering RNA-mediated knockdown of the clathrin
heavy chain reduced the functional activity of PCSK9.
We also compared the subcellular localization of natural
mutants of PCSK9 with that of the wild-type enzyme in
human hepatic (HuH7) cells. Whereas the mutants associated with hypercholesterolemia (S127R, F216L and
R218S) localized to endosomes/lysosomes, those associated with hypocholesterolemia did not reach this compartment. We conclude that the sorting of PCSK9 to the
cell surface and endosomes is required for PCSK9 to fully
promote LDLR degradation and that retention in the ER
prevents this activity. Mutations that affect this transport
can lead to hyper- or hypocholesterolemia.
Key words: cell-surface binding, Cys–His-rich domain,
degradation, endosomes/lysosomes, hypercholesterolemia, hypocholesterolemia, LDLR, natural mutations,
PCSK9, subcellular trafficking
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The function and cleavage specificity of PCSK9, the last
member of the PC family (4), have recently attracted
considerable attention when the PCSK9 gene was linked
to autosomal dominant familial hypercholesterolemia (7).
Indeed, specific point mutations such as S127R, F216L (7),
R218S (8), D374Y (9,10) and others have been directly
associated to a hypercholesterolemic phenotype, probably
caused by a gain of function (11). Conversely, a hypocholesterolemic phenotype was recently associated with missense
and point mutations, possibly resulting in loss of function
(12,13). The mechanism(s) behind these observations is
still obscure, except that PCSK9 was shown to enhance
the degradation of the low-density lipoprotein receptor
(LDLR) (5,14,15) within acidic compartments (5,14).
Genetic analysis suggested that the cytosolic protein
autosomal recessive hypercholesterolemia (ARH) is implicated in the hepatic endocytosis of the LDLR. Mutations
in the ARH gene result in an autosomal recessive form of
hypercholesterolemia caused by defective LDLR-mediated
clearance of low-density lipoprotein (LDL) from the plasma
(16). In ARH knockout mice exhibiting defective endocytosis of the LDLR, adenoviral overexpression of PCSK9 in
these mice resulted in enhanced degradation of the LDLR
(15), suggesting that in vivo hepatic PCSK9 may also act
through an endocytosis-independent mechanism. In contrast, several lines of evidence also suggest that PCSK9

PCSK9 and LDLR are Intimate Cellular Partners

may function through an endocytic mechanism both in cell
lines and in ARH"/" mice exposed to high extracellular or
plasma levels of PCSK9 (17,18). It was therefore important
to examine in detail the cellular trafficking of PCSK9 and
its possible colocalization with its target hepatic protein,
the LDLR.
In this study, we analyzed the subcellular sorting of PCSK9
and the dominant influence of the LDLR on this pathway
both in cell lines and primary hepatocytes. In cell lines,
PCSK9, a secreted protein, colocalized with the LDLR
both at the cell surface and in endosomes, suggesting an
endocytic mechanism of degradation involving both proteins. In primary hepatocytes, PCSK9 and the LDLR
colocalized in the Golgi apparatus rather than endosomes,
which may indicate a cell-type-specific pathway of degradation. Importantly, the LDLR appears to be the dominant
partner in both pathways, as its absence prevents PCSK9
from entering post-endoplasmic reticulum (ER)/Golgi compartments, whereas the reverse is not true. Finally, while
the natural mutants S127R, F216L and R218S, which are
associated with hypercholesterolemia, localize to endosomes, some of the mutants associated with hypocholesterolemia either remain in the ER (C679X, G106R) or do
not sort to endosomes (L253F and Q554E), resulting in
loss of function.

Results
The LDLR controls the intracellular sorting of PCSK9
As PCSK9 was shown to enhance the degradation of the
LDLR both in cell lines and in vivo (5,14,15), we investigated the possible codependence of the trafficking of
these proteins. The availability of a cell line that lacks
endogenous LDLR (ldlA7, herein called CHO-A7 cells) (19)
and LDLR-deficient mice (20) allowed us to probe the
importance of the LDLR in the trafficking of PCSK9 in
several model systems. For this purpose, we used
a PCSK9 construct tagged with a V5 epitope at the
C-terminus, as this tag does not interfere with the function
or trafficking of human PCSK9 (5). We also obtained
tetracycline-inducible adenoviral recombinants of V5tagged human PCSK9 and human LDLR to analyze their
trafficking in primary mouse hepatocyte cultures.
In permeabilized cells, the localization of overexpressed
PCSK9 differed in the presence (CHO cells) and absence
of endogenous LDLR (CHO-A7 cells). Whereas the
membrane-bound LDLR was found at the cell surface
and in perinuclear structures in both cell types, PCSK9
showed perinuclear localization only in the presence of
endogenous LDLR (Figure 1A, CHO, top left). To identify
the perinuclear site of PCSK9 localization, CHO cells were

Figure 1: LDLR affects the trafficking of PCSK9. Immunofluorescence analysis by confocal microscopy of the expression of LDLR and
PCSK9 was achieved using polyclonal antibodies against LDLR (Ab-LDLR, green) or V5 (Ab-V5, red). A) Wild-type CHO cells or CHO-A7
cells lacking the LDLR expression were transiently transfected with either recombinant LDLR, human PCSK9-V5 or its ER-localized form
PCSK9-V5-KDEL. A TIMP2-(TM-CT-Lamp1) construct (21) was used as a marker of late endosomes/lysosomes in CHO cells. B) CHO and
CHO-A7 cells were co-transfected with recombinant LDLR and PCSK9 or its non-glycosylated N533Q mutant and analyzed as in A.
Bar represents 20 mm.
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co-transfected with a chimera of the tissue inhibitor of
metalloprotease 2 (TIMP2) fused to the transmembrane
cytosolic tail of lysosome associated membrane protein 1
(Lamp 1), which marks endosomes/lysosomes (21). PCSK9
colocalized with the TIMP2/Lamp1 chimera, suggesting that
in the presence of the LDLR, PCSK9 can sort to endosomes/
lysosomes (Figure 1A, bottom). In the absence of the LDLR,
PCSK9 showed a reticular pattern reminiscent of the ER
(Figure 1A, CHO-A7, middle). Indeed, this staining pattern
was similar to that of PCSK9-V5 fused to the KDEL ER
retention signal (Figure 1A, PCSK9-KDEL, top right).
The foregoing experiments suggest that the LDLR guides
anterograde movement of PCSK9 and should therefore
colocalize with it. To visualize the two proteins, cells were
co-transfected with the LDLR and PCSK9. The two proteins colocalized in both CHO and CHO-A7 cells in endosome/lysosome-like structures (Figure 1B). There are
several possible mechanisms by which PCSK9 could traffic
to endosomes. One involves binding to the mannose-6phosphate receptor (MPR) in the trans Golgi network
(TGN) or at the cell surface followed by its targeting to
endosomes, as occurs with lysosomal hydrolases. This
process would depend on an N-linked oligosaccharide
ligand on PCSK9, and therefore, deletion of this ligand
would prevent localization to endosomes/lysosomes.
PCSK9 has a single N-linked oligosaccharide chain, at
Asn533 (4). As the N533Q mutant form of PCSK9 still
colocalized with the LDLR in a perinuclear pattern, this
suggests that MPR-mediated transport pathway from the
Golgi apparatus is not essential for PCSK9 to sort to
endosomes/lysosomes (Figure 1B, bottom).

somes/lysosomes in CHO cells and the Golgi apparatus
in primary hepatocytes).
Colocalization of endogenous PCSK9 and LDLR in
HuH7 cells
In order to define the cellular sorting of endogenous
PCSK9, we obtained a rabbit polyclonal antibody against
the segment comprising amino acids 31–454 of human
proPCSK9. Its ability to detect the endogenous PCSK9
zymogen (proPCSK9) and its processed form (PCSK9) in
HuH7 cells was confirmed by Western blotting (Figure 3).
Using this human-PCSK9-specific antibody, we showed
that in HuH7 cells, endogenous LDLR and PCSK9 can
partially colocalize with the early endosomal marker early
endosomal antigen 1 (EEA1) (Figure 3A) and the cationindependent MPR (CI-MPR) (Figure 3B), a late endosomal
marker. Colocalization with the endosomal markers was
markedly enhanced in the presence of the alkalinizing
agent NH4Cl (Figure 3A,B, bottom panels). This is likely
due in part to rescue from lysosomal degradation.

To corroborate the observations seen in CHO cells, we
traced PCSK9 in primary hepatocytes from Ldlr"/" mice. In
the absence of the LDLR, PCSK9 displayed an extensive
reticular staining pattern (Figure 2A, left) similar to that
observed in CHO-A7 cells (Figure 1A). However, when
expressed with the LDLR, PCSK9 localized in tubular
perinuclear structures, where it colocalized with the LDLR
(Figure 2A). The same staining pattern occurred with an
LDLR construct incapable of binding apolipoprotein B (apoB)
(LDLR-I140D), suggesting that this colocalization is not
ligand dependent. Co-staining with the ER marker concanavalin A revealed that in the absence of the LDLR, PCSK9
is in the ER (Figure 2B). When both the LDLR and PCSK9
are co-expressed in these cells, PCSK9 colocalized with
the LDLR and GM130, a Golgi marker (Figure 2C). Endogenous LDLR also colocalized with GM130 in primary
hepatocytes from wild-type mice (Figure 2D), indicating
that ectopic expression of the LDLR does not alter its
steady-state distribution in the cell.

Clathrin is needed for PCSK9 to enhance the
degradation of the LDLR
Clathrin-mediated endocytosis is the major route of endocytic entry for a broad array of cargo in most cell types (22).
The enhanced degradation of the LDLR induced by PCSK9
in acidic compartments (5,14) can either occur through
internalization of secreted PCSK9 (17,18) or through direct
sorting of a PCSK9–LDLR complex from the TGN to late
endosomes/lysosomes (15,18). We therefore tested the
effect of the absence of clathrin coats on the functional
activity of PCSK9. It was recently reported that delivery of
a small interfering RNA (siRNA) duplex against the clathrin
heavy chain (CHC) was an efficient way to eliminate
clathrin-mediated endocytosis of transferrin or Platelet
Derived Growth Factor (PDGF) (23). We tested this
approach on our stable HepG2 cell lines that express the
empty pIRES-EGFP vector alone, recombinant wild-type
PCSK9 or at a higher level its gain-of-function S127R
natural mutant (5). Thus, transfection of these cells with
a siRNA duplex 2 directed against CHC resulted in a >80%
reduction in the CHC protein levels as compared with
mock transfection (Figure 4). This decrease was concomitant with a #90% reduction in the ability of PCSK9 to
enhance the degradation of endogenous LDLR (Figure 4).
The loss of clathrin-mediated trafficking did not modify the
level of intracellular (Figure 4) or secreted (data not shown)
PCSK9, suggesting that the secretory capacity of the cells
was not disrupted. This result demonstrates that in HepG2
cells, the major route of PCSK9-dependent degradation of
the LDLR is through clathrin-mediated endocytosis.

Thus, in both CHO cells and hepatocytes, the LDLR
modifies the intracellular localization of PCSK9. In the
absence of the LDLR, intracellular PCSK9 is primarily in
the ER in both cell types. However, in the presence of the
LDLR, PCSK9 is in post-ER compartments (i.e. endo-

Cellular trafficking of PCSK9, its Cys–His-rich domain
and the LDLR
In order to identify the critical domains in PCSK9 that
regulate and control its cellular sorting, we analyzed
the subcellular localization of the full-length PCSK9, its
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Figure 2: LDLR and PCSK9 colocalize in Ldlr"/" primary hepatocytes. A) Primary hepatocytes from Ldlr"/" mice were infected with
tetracycline-inducible adenovirus vectors (MOI three for each virus, 1 ng/mL doxycycline) to express PCSK9-V5 with b-galactosidase
(b-Gal), wild-type LDLR or LDLR-I140D and b-Gal with wild-type LDLR or LDLR-I140D. The cells were stained with anti-V5 and anti-LDLR
antibodies and DAPI. B) Hepatocytes infected to express PCSK9-V5 were stained with anti-V5 and concanavalin A (ConA), an ER marker.
C) Hepatocytes infected to express PCSK9-V5 and wild-type LDLR were stained with anti-V5, anti-LDLR and anti-GM130. D) Hepatocytes
from wild-type C57BL/6J mice were stained with anti-LDLR and anti-GM130 to label the Golgi apparatus. Bar represents 20 mm.

N-terminal catalytic domain (PCSK9-L455X) and its Cterminal Cys–His-rich domain (CHRD) fused to the signal
peptide (Figure 5A). The rationale for this approach derives
from previous studies on the convertases PC5A and
PACE4. Through their C-terminal cysteine-rich domains,
these enzymes interact with heparan sulfate proteoglycans (HSPGs) leading to the formation of a complex with
tissue inhibitors of metalloproteases (TIMPs) at the cell
surface (21).
Using non-permeabilizing conditions, we observed that
endogenous PCSK9 in HuH7 cells was localized at the cell
surface together with the LDLR (Figure 5B). A similar
observation was also obtained upon overexpression of
the CHRD alone in HuH7 cells (Figure 5B, middle panel) or
in CHO cells expressing either PCSK9 or its CHRD
(Figure 5B, bottom panel). Furthermore, when analyzed
Traffic 2007; 8: 718–732

under non-permeabilizing conditions, the D374Y mutant
was also found at the cell surface (Figure 5B). By contrast,
PCSK9 lacking the CHRD (L455X) was not localized to the
cell surface of CHO cells (Figure 5B), suggesting that the
C-terminus of PCSK9 is responsible for the cell surface
binding. Different from PC5A and PACE4, such binding
does not require TIMPs nor HSPGs as the cell surface
localization was also seen in CHO-677 cells lacking HSPGs
(Figure 5C, bottom panel) (24) and upon incubation of CHO
and HuH7 cells with either heparin, heparinase 1, heparinase 3 or TIMP2 (data not shown).
We next explored the role of the LDLR in the surface
localization of PCSK9. We did not observe PCSK9 on the
cell surface of CHO-A7 cells (Figure 5C, top panel). However, in the presence of the LDLR, PCSK9 or its CHRD
localized on the cell surface (Figure 5C). Thus, both the
721
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Figure 3: LDLR and PCSK9 colocalize in HuH7 cells. Immunofluorescence analysis by confocal microscopy of the expression of
endogenous LDLR and PCSK9 in human HuH7 cells was achieved using chicken antibodies against LDLR (green) or our in-house rabbit
antibody directed against human PCSK9 (Ab-PCSK9; red). Localization of LDLR and PCSK9 was compared, without or with an overnight
incubation with 5 mM NH4Cl, to that of either: A) an early endosome marker, EEA1 or B) a late endosomal marker, CI-MPR. The inset
shows a Western blot of endogenous PCSK9 in HuH7 cellular lysates using Ab-PCSK9. Bar represents 20 mm.

LDLR and the CHRD domain are necessary for the cell
surface localization of PCSK9.
We then compared the intracellular sorting of wild-type
PCSK9 with that of L455X mutant and the CHRD domain in
CHO and CHO-A7 cells (Figure 5D). Similar to the wildtype protein (5), both mutant proteins are secreted (Figure
S1). Within the cells, they are enriched in reticular structures (Figure 5D), reminiscent of those observed with the
ER-localized PCSK9-KDEL construct (Figure 1A). Thus,
although the CHRD is sufficient for cell surface binding, it
does not enter endosomes, suggesting that another
N-terminal domain of PCSK9 is also critical for endosomal
sorting or that the whole three-domain structure of PCSK9
comprising the prosegment, catalytic domain and CHRD
are essential to sort to endosomes.
722

Interaction of PCSK9 and the LDLR
In order to gain more insight into the co-trafficking of
PCSK9 and the LDLR, we tested for an interaction
between the two proteins. We transiently co-expressed
PCSK9 in HEK293 cells with the wild-type LDLR, the
LDLR-I140D mutant, an LDLR mutant that is retained in
the ER (LDLR-G544V) (25) and a truncated, soluble LDLR
fused to the KDEL ER retention sequence that contains the
N-terminal ligand-binding domain but is devoid of the EGF,
propeller and transmembrane domains (LDLR-KDEL) (26).
The cells were metabolically labeled with a 4-h pulse of
35
S-Met/Cys. Figure 6A shows the gel migration positions
of the various cellular and shed forms of the LDLR, which
include the immature (!95 kDa; endoH sensitive;
LDLER;), mature (!105 kDa; endoH resistant; LDLRG) and
shed forms (sLDLR) (27,28). Because the LDLR-G544V
Traffic 2007; 8: 718–732
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Figure 4: CHC is required for PCSK9-enhanced degradation
of the LDLR. Stably transfected pools of human HepG2 cells
either expressing an empty vector (pIRES-EGFP), wild-type (WT)
PCSK9 or its natural mutant S127R [described in (5)] were used to
test whether PCSK9 requires entry into clathrin-coated vesicles to
enhance the degradation of the LDLR. These cells were incubated
for 96 h with either no siRNA duplex (mock transfection) or 80 nM
of duplex 2 against CHC (23). Following transfection, 100 mg of cell
lysate proteins were separated on 5–16% gradient SDS–PAGE
and then analyzed by Western blots using either a CHC antibody
(23), monoclonal antibodies against the V5 tag (for PCSK9) or the
C7-mAb for the LDLR, or a b-actin antibody for assay of SDS–
PAGE gel loading. The migration positions of proPCSK9 and
PCSK9 are emphasized.

mutant is retained in the ER, it does not become glycosylated into a mature form and is not shed into the media
(Figure 6A). Also shown is the migration position of the
truncated, ER-retained LDLR-KDEL (LDLRK), which is also
not fully mature glycosylated or shed.
We next co-expressed V5-tagged PCSK9 with each of the
LDLR constructs, pulse labeled the cells for 4 h and
immunoprecipitated either PCSK9 or the LDLR. The ER
form of the LDLR and its mutants co-immunoprecipitated
with PCSK9 (Figure 6B), and the proPCSK9 zymogen
co-immunoprecipitated with the LDLR (Figure 6C). In
addition, the LDLR-KDEL mutant (and much less so the
G544V mutant) largely prevented the secretion of PCSK9,
probably by retaining it in the ER (Figure 6B). Conversely,
co-expression of an ER-localized form of PCSK9 (PCSK9KDEL; PCSK9K) also retained the LDLR in the ER, as
indicated by the reduced mature and media shed forms
of the LDLR (sLDLR) in PCSK9-KDEL-expressing cells
relative to wild-type PCSK9-expressing cells (Figure 6C).
Interestingly, expression of PCSK9-KDEL with either LDLR
or LDLR-KDEL resulted in the co-immunoprecipitation of
both the proPCSK9 and processed forms of PCSK9 with
the LDLR (Figure 6C). These data suggest that both
proPCSK9 and PCSK9 bind to the LDLR in the ER and that
zymogen processing of PCSK9 to its mature form results
in its rapid exit from the ER along with either its degradation (together with the bound LDLR) or its dissociation
from the LDLR followed by its secretion. The retention of
PCSK9 in the ER may therefore partially stabilize this
transient intermediate.
Traffic 2007; 8: 718–732

These data were extended to test the interaction of
proPCSK9 and the LDLR in primary mouse hepatocytes.
Ldlr"/" hepatocytes were infected with adenoviral recombinants of the LDLR, PCSK9, the S127R and D374Y
PCSK9 mutants or LacZ. This was followed by immunoprecipitation with polyclonal antibodies against the V5 tag
or the LDLR. In cell lysates, proPCSK9 immunoprecipitated
with the LDLR, and conversely, the immature LDLR
immunoprecipitated with PCSK9-V5 (Figure 7), which is
similar to what was observed in HEK293 cells (Figure 6).
Furthermore, the same interaction occurred between the
LDLR and the two PCSK9 natural mutants (Figure 7). In
a separate experiment, we determined that the LDLRI140D and LDLR-G544V mutants interacted with PCSK9 in
an identical manner as the wild-type LDLR (data not
shown). This suggested that in primary hepatocytes, lack
of binding to apoB does not affect this interaction (LDLRI140D) and confirmed that the ER-localized LDLR (LDLRG544V) also binds proPCSK9.
In the media from primary hepatocytes, we observed two
forms of secreted PCSK9, the full-length form and the
N-terminally truncated, Furin-cleaved form (amino acids
219–692), PCSK9-DN218 (29). In contrast to HEK293 cells
(Figure 6), we observed in primary hepatocytes two
shed forms of the LDLR (Figure 7), an ADAM-17 (TACE)cleaved fragment (sLDLR1) (28) and a Furin-cleaved
fragment (sLDLR2, unpublished data). We did not observe
co-immunoprecipitation of secreted PCSK9 or its mutants
with either form of the sLDLR. However, we did observe
a decrease in the secretion of PCSK9-DN218 in LDLRinfected cells (Figure 7). This indicates that intracellular
LDLR may prevent a subset of the PCSK9 from exiting the
cell, presumably as a consequence of their interaction.
In order to test whether the binding of the LDLR to PCSK9
is specific, we co-expressed it with PCSK9, SKI-1 or
a catalytically inactive SKI-1 mutant (H249A) (30) in
HEK293 cells (Figure S2). Similar to PCSK9, processing
SKI-1 from its zymogen form is required for its exit from
the ER, and the catalytically inactive H249A mutant causes
the constitutive retention of proSKI-1 in the ER (31,32). In
contrast to proPCSK9, neither the zymogen proSKI-1 nor
the processed SKI-1 co-immunoprecipitated with the
LDLR. This suggests that the interaction of proPCSK9
with the immature LDLR is specific to this convertase. In
addition, another member of the LDLR family, the LDLRrelated protein (LRP1) (33), did not interact with proPCSK9
(data not shown), nor is its level affected by PCSK9
overexpression (5).
To gain an understanding of the functional significance of
the interaction of proPCSK9 with the immature form of the
LDLR, we analyzed the effect of the LDLR on the rate of
processing of proPCSK9 to PCSK9 [PCSK9/(proPCSK9 þ
PCSK9)] in HEK293 cells. We pulsed the cells for 30 min
and chased for either 1 h or 2 h in the presence (þ) or
absence (") of the fungal metabolite brefeldin A (BFA)
723
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Figure 5: Cellular trafficking of PCSK9, its CHRD and the LDLR. A) Schematic representation of the human PCSK9 constructs used,
emphasizing the signal peptide (SP), the pro-, catalytic and CHRD domains and the C-terminal V5 tag. B) Immunofluorescence analysis by
confocal microscopy in non-permeabilized cells of the expression of endogenous LDLR, PCSK9, overexpressed CHRD-V5 or D374Y
(detected with Ab1-hPC9) in human HuH7 cells and PCSK9-V5, CHRD-V5 or PCSK9454-V5 (L455X) in CHO cells. C) Similar analysis in
CHO-A7 and CHO-667 cells lacking the LDLR or HSPGs, respectively, in which are overexpressed either PCSK9 alone or PCSK9 or its
CHRD together with LDLR. D) Immunofluorescence analysis under permeabilizing conditions in either CHO or CHO-A7 cells transfected
with V5-tagged recombinants of either PCSK9 (WT), its truncated mutant (L455X) or its CHRD. Bar represents 20 mm.

(Figure 8). BFA causes the disassembly of the Golgi
apparatus and its fusion with the ER (34). In the absence
or presence of BFA, the zymogen processing of proPCSK9
was significantly delayed when the LDLR was coexpressed with PCSK9. This was especially apparent at
the 60-min chase in the presence of BFA (Figure 8,
P30C60). This suggests that complex formation of the
ER forms of LDLR and proPCSK9 may fine-tune their
rate of folding and/or cellular trafficking.
To characterize the proPCSK9 domain(s) implicated in
binding LDLRER and whether these differ from those that
are required to recruit secreted PCSK9 back to endosomes, we analyzed the possible interaction of the full724

length LDLR with the CHRD, CHRD-KDEL, PCSK9L455X
(ending at amino acid 454) or PCSK9L455X-KDEL forms
(Figure 9). Immunoprecipitation of radiolabeled proteins
with the monoclonal antibody (mAb)-V5 (Figure 9A) or
LDLR-mAb-C7 (Figure 9B) revealed that proPCSK9,
proPCSK9LL455X and the CHRD interacted with the ER
form of the LDLR. The interaction was enhanced with the
ER-retained PCSK9 constructs (KDEL constructs), which
resulted in a decreased relative level of LDLR that exits the
ER (i.e. LDLRG) (Figure 9B). Interestingly, the relative
amounts of total proPCSK9 and proPCSK9L455X that coimmunoprecipitate with the LDLRER (Figure 9B) are
more than threefold higher than those observed with the
CHRD, despite similar amounts of V5 immunoreactivities
Traffic 2007; 8: 718–732
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Figure 6: Co-immunoprecipitation of proPCSK9 with immature LDLR and their mutants in HEK293 cells. Forty-eight hours posttransfection with either control empty vector (pIRES2-EGFP) or the indicated cDNAs, HEK293 cells were pulse labeled for 4 h with
35
S-Met/Cys and the cell lysates and media immunoprecipitated with the indicated antibodies at the bottom of the lower panels
and separated by SDS–PAGE on 8% Tricine gels. A) Cells were singly transfected with cDNAs coding for the indicated LDLR forms.
B) Co-expression of PCSK9 with the various forms of LDLR. C) Co-expression of either PCSK9 or PCSK9-KDEL (PCSK9K) with the various
LDLR constructs. The migration positions of proPCSK9 (pPC9), PCSK9 (PC9), the ER-associated immature form of LDLR (LDLRER) and its
mature Golgi form (LDLRG), as well as its secreted/shed forms (sLDLR), are shown, and the stars emphasize notable effects.

Figure 7: Immature LDLR interacts with proPCSK9. Primary hepatocytes from Ldlr"/" mice were infected with tetracycline-inducible
adenovirus vectors (MOI 3 for each virus, 10 ng/mL doxycycline). Cells were infected to express the LDLR or b-galactosidase with wildtype PCSK9-V5, mutant PCSK9-V5 or b-galactosidase. The cells were incubated for 14 h with [35S]methionine/cysteine to label proteins to
steady state. Cell lysates were immunoprecipitated with polyclonal Lane (V) or Lane (R) antibodies, and the immunoprecipitates were
resolved by SDS–PAGE. Cell lysates from each infection condition were mixed to determine if LDLR–PCSK9 interaction occurs after lysis.
These samples were run on a separate gel (data not shown) and revealed no interaction in mixed lysates, except when the proteins were
co-expressed in the same cell. D, D374Y; R, LDLR; P, PCSK9; S, S127R; Z, LacZ; immunoprecipitation (IP) antibodies (Ab) used were for
LDLR and PCSK9 (V5-mAb).
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Figure 8: Pulse-chase analysis of the effect of LDLR on the
zymogen processing of PCSK9 in HEK293 cells in the presence (1) or absence (2) of BFA. HEK293 cells were transfected
with PCSK9 cDNA and either an empty vector or one that codes
for LDLR. The analysis conditions using the V5-mAb are similar to
those in Figure 6. P30 means a pulse of 30 min and P30C60 and
P30C120 represent a pulse of 30 min followed by a chase of 60
and 120 min, respectively. Notice the co-immunoprecipitating
LDLR. Quantification of % processing of proPCSK9 to PCSK9
(taking into account the levels in both cells and media) is shown at
the bottom of the cells panel.

(Figure 9A). This suggests that more than one domain is
involved in the interaction of proPCSK9 with the LDLRER.
Because the secreted CHRD but not PCSK9L455X binds the
cell surface in an LDLR-dependent fashion (Figure 5), we
deduce that the contact areas and/or interaction modes of
the LDLR and PCSK9 in the ER and at cell surface are not
equivalent. Interestingly, Western blot analyses revealed
that while the wild-type PCSK9 and especially its D374Y
mutant are highly active in enhancing the degradation of
endogenous LDLR in HuH7 cells (29), none of the truncated versions or their KDEL derivatives affects the
steady-state level of the LDLR (Figure 9C). This suggests
that such activity requires an intact form of PCSK9 that can
exit from the ER. We thus compared in more detail the
subcellular localization of PCSK9 and its natural mutants to
determine if trafficking characteristics would shed light on
their function.
Subcellular localization of PCSK9 and its natural
mutants
As we have determined that, together with the LDLR,
NH4Cl causes the accumulation of PCSK9 in endosomal
structures (Figure 3), we compared the subcellular sorting
of the natural mutants of PCSK9 (G106R, S127R, F216L,

Figure 9: PCSK9 domains interacting with
LDLR in the ER. HEK293 cells were either cotransfected with LDLR (þ) or an empty pIRES
vector (") together with PCSK9 (WT), or its
derivatives PCSK9455X (L455X), PCSK9455XKDEL (L455XK), CHRD, or CHRD-KDEL
(CHRDK). Forty-eight hours post-transfections, the cells were pulse labeled for 3 h with
35
S-Met/Cys and the cell lysates immunoprecipitated with the indicated antibodies at the
bottom of the panels and separated by SDS–
PAGE on either A) 8% tricine or B) 8% glycine
gels. The cell extracts were immunoprecipitated under non-denaturing conditions with
either A) the mAb-V5 (recognizing all PCSK9
forms) or B) the mAb-C7 (recognizing all LDLR
forms). C) Western blot of the endogenous
human LDLR in HuH7 cells transfected with
the various constructs shown using a 1:3000
dilution of a polyclonal anti-LDLR. The migration positions of the recombinant proteins are
emphasized.
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R218S, L253F, Q554E and C679X) with the wild-type
enzyme in the presence of NH4Cl in HuH7 cells (Figure 10).
In the presence of NH4Cl, the mutants associated with
hypercholesterolemia (S127R, F216L and R218S) localized
to late endosomes (CI-MPR marker), similar to wild-type
PCSK9 (Figure 10A). By contrast, the natural mutants
associated with hypocholesterolemia (G106R, L253F,
Q554E and C679X) did not colocalize with the endosomal

marker CI-MPR (Figure 10B). Instead, they colocalized
with the ER marker, calnexin (Figure S3), suggesting
a predominantly ER localization at steady state. Western
blot analysis revealed that the G106R mutant was deficient
in zymogen processing and was not secreted, which
explains its ER localization (Figure 10C). The L253F and
Q554E mutants, by contrast, were processed and
secreted but were much less efficiently processed than

Figure 10: Endosomal localization of PCSK9 and its natural mutants in HuH7 cells. A,B) Immunofluorescence analysis was performed
on HuH7 cells either stably (WT, S127R, F216L and C679X) or transiently (R218S, G106R, L253F and Q554E) transfected with recombinant
cDNAs. The cells were treated with 5 mM NH4Cl overnight and then analyzed using both V5 (red) and CI-MPR (blue). C) Western blot analysis
of HuH7 cells expressing natural mutants associated with hypocholesterolemia using Ab-V5. The lower band seen in the media corresponds to
a processed form of PCSK9 reported earlier (4,5). Bar represents 20 mm.
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wild-type PCSK9, as evidenced by the dramatic increase in
the unprocessed zymogen levels in cell lysates (Figure
10C). Finally, unlike the active site H226A (5) or the G106R
mutants, which remain in the ER because of defective
zymogen processing, the C679X mutant was retained in
the ER and was not secreted despite its autocatalytic
processing to mature PCSK9 (Figures 10B,C and S3). This
is probably because of the loss of a disulfide bridge and
possible retention by ER chaperones. Overexpression of
the LDLR with either C679X or H226A mutants in CHO
cells failed to prevent the steady-state ER localization of
these mutants (Figure S4), suggesting that the C679X
mutation does not allow the exit of ER-retained PCSK9
from this compartment, even in the presence of excess
LDLR. As would be predicted, these ER-retained forms of
PCSK9 also did not colocalize with the LDLR (Figure S4).
However, the R682X PCSK9 mutant, which ends just two
amino acids after Cys679 (i.e. at ArgSer681) and is normally
processed and secreted (5), colocalized with the LDLR in
endosomes (Figure S4). This suggests that the disulfide
bridge implicating Cys679 and the presence of one or two
residues following Cys679 may be critical for the correct
folding of the protein.
Together, these data suggest that efficient processing,
exit from the ER and entry into endosomes are required
for the activity of PCSK9 to promote the degradation of
the LDLR. The retention of the hypocholesterolemiaassociated PCSK9 mutants in the ER therefore sufficiently explains their reduced ability to degrade the
LDLR as well as their associated hypocholesterolemic
phenotype.

Discussion
PCSK9 has emerged as a crucial player in the regulation of
plasma cholesterol homeostasis. Natural human mutations directly correlate with the development of either
familial hypercholesterolemia (7–11) or hypocholesterolemia (12,13). The phenotypes caused by these mutations
were explained by the discovery that PCSK9 regulates
LDLR levels (5,14,15,35), specifically by promoting its
post-translational degradation in acidic compartments
(5,14). The exact mechanism by which this occurs is
unknown. PCSK9 and the LDLR are co-upregulated by
statins (36) and sterol regulatory element binding protein2 (SREBP-2) (37), downregulated by excess cholesterol in
the diet (38) and colocalized in liver, small intestine and
kidney (4,39). However, the LDLR is expressed in many
other tissues, e.g. spinal and dorsal root ganglia and teeth,
where PCSK9 is absent (39), suggesting that the cellular
fate of the LDLR is not always determined by PCSK9 but
rather that the latter may shorten its half-life. In this study,
we asked whether the subcellular localization of wild-type
PCSK9 or natural variant versions of PCSK9 and the LDLR
would provide insight into the mechanism of PCSK9dependent LDLR degradation.
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We show that the LDLR is the dominant partner in
regulating the cellular trafficking of PCSK9. In cells lacking
the LDLR, PCSK9 was mostly confined to the ER (Figures 1 and 2). However, when both partners were present,
PCSK9 concentrated in post-ER compartments, where it
colocalized with the LDLR. In cell lines, the overexpressed
(Figure 1) or endogenous (Figure 3) proteins colocalized in
early and late endosomes/lysosomes. These data agree
with earlier results reported in a rat hepatoma FAO-1 cell
line, where some PCSK9 was detected in the ER and in
small vesicles, possibly endosomes and/or clathrin-coated
vesicles (40). By contrast, in primary hepatocytes, the
proteins colocalized in the Golgi apparatus (Figure 2).
These results suggest a role of the LDLR in facilitating
the trafficking of PCSK9 from the ER to downstream sites
in the secretory and endocytic pathways where PCSK9
activity occurs. This chaperone activity of the LDLR
probably results from an interaction with PCSK9 that
originates in the ER (Figures 6–9), which allows for the
co-trafficking of the two proteins. The endosomal/lysosomal colocalization of the LDLR and PCSK9 in cell lines
correlates with the ability of PCSK9 to promote the
degradation of the LDLR (Figure 10) by a clathrin-mediated
trafficking pathway (Figure 4). Indeed, the endosomal
immunoreactivity was enhanced in the presence of NH4Cl,
which probably neutralizes the degradation activity of
endosomal/lysosomal hydrolases (Figure 3), an incubation
condition that previously rescued the LDLR from PCSK9dependent degradation (5,14).
We currently do not fully understand the differing intracellular sites of PCSK9 and LDLR colocalization in cell lines
versus hepatocytes. One possibility is that stoichiometric
differences in the relative expression of PCSK9 and the
LDLR between the two cell types affect the site of their
colocalization. However, we think that a more likely reason
is the different steady-state localization of the LDLR in
hepatocytes compared with that of the cell lines. In
hepatocytes, both endogenous (Figure 2D) and overexpressed (Figure 2C) LDLR display a significant abundance
in the Golgi apparatus, but this does not occur in the cell
lines analyzed. As the LDLR directs the localization of
PCSK9, which we have shown to occur both in terms of
exit from the ER (Figures 1 and 2) and in the binding at the
cell surface (Figure 5), we believe that the differing sites of
colocalization are probably because of cell-specific differences in LDLR sorting rather than levels of expression.
Our results predict that mutations affecting the transit
of PCSK9 out of the ER would manifest as loss-offunction mutations and result in higher levels of the
LDLR and hypocholesterolemia. To address this question,
we studied natural mutations that are associated with
hyper- or hypocholesterolemia and showed that they
affect PCSK9 trafficking in a very specific fashion. We found
that two of the analyzed mutant forms of PCSK9 associated with hypocholesterolemia, G106R and C679X, were
retained in the ER and were not secreted. The other
Traffic 2007; 8: 718–732
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hypocholesterolemia-associated mutants, L253F and Q554E,
were less efficiently processed but still secreted (Figure 10
C). Although the latter two mutants were capable of binding
to the cell surface (data not shown), they did not sort to
endosomes (Figure S3). In contrast, the mutants associated
with hypercholesterolemia analyzed in this study bound to
the surface of cells (data not shown) and were sorted to
endosomes (Figure 10A).
PCSK9 shares with several other PCs a domain at its
C-terminus enriched in cysteine and histidine residues
(CHRD). In PC5A and PACE4, this domain mediates binding
to HSPGs at the cell surface (21). We found that the CHRD
of PCSK9, by itself, can localize to the cell surface, but this
localization was not dependent on HSPGs but rather on
LDLR (Figure 5B,C). Whether the CHRD directly binds to
the LDLR (18) or requires another cell surface accessory
protein(s) is not known. Interestingly, despite localization to
the cell surface, the CHRD did not enter endosomes (data
not shown). Thus, additional domains on PCSK9 may be
necessary for efficient endocytosis from the cell surface,
possibly even the whole protein itself comprising its prosegment, catalytic domain and CHRD domain. The importance
of the CHRD with respect to PCSK9 activity is supported by
the fact that mutations within the CHRD (in the His-rich
cluster HCHQQGH557) result in either hypercholesterolemia
(H553R) or hypocholesterolemia (Q554E) (13). The enhanced and diminished positive charge, respectively, in
these mutants may interfere in its capacity to interact with
the LDLR and/or an accessory protein(s).
How and from where do PCSK9 and the LDLR enter
endosomes? Two known routes from the secretory pathway to endosomal compartments are direct trafficking
from the TGN and reuptake from the cell surface by
endocytosis. Whereas some proteins, such as the MPR,
are known to reach endosomes via both pathways, the
LDLR previously has been shown to employ only the
endocytic route (41). Several lines of evidence support an
endocytic route of PCSK9 and LDLR trafficking. In the
present study, these include the LDLR-dependent cell
surface localization of PCSK9 (Figure 5B,C) as well as the
cell surface and endosomal colocalization of PCSK9 and
the LDLR (Figures 1,3,5and S4). Additional evidence
comes from preliminary experiments in which incubating
purified PCSK9 with HuH7 cells resulted in its internalization into endosomes, as assayed by immunocytochemistry
(data not shown). In addition, the loss of PCSK9-dependent
degradation of the LDLR after siRNA-mediated knockdown
of the CHC indicates that the functional activity of PCSK9
requires clathrin-mediated trafficking, probably at the cell
surface (Figure 4). Finally, recently published experiments
(17,40), also performed in our hands (data not shown),
show that media containing PCSK9 was sufficient to
induce the downregulation of the LDLR. Despite these
data, evidence also exists for an endocytosis-independent
route. ARH is a cytosolic adaptor protein that is required for
endocytosis of the LDLR in the liver (16), but absence of
Traffic 2007; 8: 718–732

ARH does not affect the ability of PCSK9 to enhance the
degradation of hepatic LDLR in vivo (15). The colocalization
of LDLR and PCSK9 to Golgi apparatus in hepatocytes
revealed in this study (Figure 2) may represent the ratelimiting step in a direct route from the Golgi apparatus to
endosomes, which may be used in a cell-type-specific
manner. Indeed, our binding data suggest that the cotrafficking of the proteins may begin as early as the ER and
proceeds through the Golgi apparatus.
How does the endosomal and/or Golgi localizations of
PCSK9 and LDLR lead to the degradation of the LDLR? All
PCs form tight-binding complexes with their inhibitory
prosegment and require a second cleavage and subsequent release of the propeptide in an acidic compartment
to become active (3). PCSK9 is known to be secreted into
the medium in tight association with its prosegment (4,5),
and no in vitro conditions have yet been found to allow the
effective removal of this likely inhibitory prosegment
(Seidah N.G., Pasquato A., Benjannet S., unpublished observations). This raises the possibility that an in vivo binding
partner is required for its removal. The only convertase
reported to have such a partner is PC2, which associates at
the level of the ER with its binding protein, 7B2, allowing
the productive activation of this enzyme in downstream
compartments (42). Interestingly, despite the increased
activity that results from 7B2 binding to proPC2, through its
inhibitory C-terminal segment, 7B2 also slows down the
rate of PC2’s autocatalytic activation (43). By analogy, it
may be surmised that the interaction of PCSK9 with the
LDLR may induce the dissociation of the prosegment from
PCSK9 in an acidic compartment such as endosomes or
the TGN and thereby may activate PCSK9. However, there
is no evidence that PCSK9 directly cleaves the LDLR.
Indeed, the only known substrate of PCSK9 is itself, as it
autocatalytically cleaves its prosegment in cis in the ER (4).
Activation of PCSK9 may allow for the trans processing of
an additional protein, which in turn could downregulate the
LDLR. Alternatively, the three-domain complex of PCSK9
(prosegment–catalytic subunit–CHRD) may enhance the
degradation of the LDLR by a non-enzymatic mechanism
involving the sorting of a PCSK9–LDLR complex towards
endosomes/lysosomes for direct degradation by resident
proteases. This potential mechanism may compete with
the classical acidic degradative pathway involving LDLR–
LDL interactions, with the net result of preventing the
recycling of the LDLR to the cell surface.
In conclusion, the LDLR directs the intracellular trafficking
of PCSK9. We propose that the sorting of wild-type
PCSK9 to endosomes results in the degradation of the
LDLR. We believe this is occurring, in part, through an
internalization of PCSK9 that requires its CHRD for docking
at the plasma membrane. Finally, defects in the endosomal/lysosomal sorting of PCSK9 and, consequently,
LDLR degradation may explain the cellular mechanism by
which a subset of loss-of-function mutations lead to
hypocholesterolemia. The clarification of the mechanism
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of PCSK9 activation and the consequences of this activation will undoubtedly lead to major advances in our
understanding of the biology of this fascinating PC and
its anticipated clinical applications.

Materials and Methods
Complementary DNA constructs and cells
PCSK9 and all its mutant complementary DNAs (cDNAs) and domains were
cloned into pIRES2-EGFP with a C-terminal V5 tag, as described (5). The
cDNAs of LDLR, LDLR-KDEL, LDLR I140D and G544V were reported
previously (26). Adenoviruses that express wild-type human LDLR, an LDLR
mutant defective in binding apoB (LDLR-I140D) (44), V5-tagged PCSK9 or
b-galactosidase in a tetracycline-inducible manner were created by ViraQuest
(North Liberty, IA, USA). The reverse tetracycline-responsive transactivator
(45) and the promoter containing tetracycline operators (46) employed in this
system were provided by Wolfgang Hillen (Universitat Erlangen).

Cellular transfections/infections and Western blots
All transfections were done with 3 % 105 HuH7, CHO-A7 (lacking LDLR) or
its parent CHO cells (19) using lipofectamine 2000 (Invitrogen, Burlington,
Ontario, Canada) in a 1:1 ratio to cDNA and a total of 1–1.5 mg of cDNAs. For
Western blots, the cells were lysed in modified RIPA buffer [150 mM NaCl,
50 mM Tris–HCl (pH 7.5), 1% Nonidet P-40, 0.5% sodium deoxycholate and
a protease inhibitor cocktail (Roche Applied Science, Roche Diagnostics,
Quebec, Canada)]. Primary hepatocytes were isolated from wild-type or
LDLR-disrupted (Ldlr"/") male C57BL/6J mice (20) at 9 weeks of age, as
previously described (47). The cells were plated on collagen-coated four-well
coverslips (BD Biosciences, Mississauga, ON, Canada) at a density of 0.8 %
105 cells/well or collagen-coated 60-mm dishes (BD Biosciences) at a density
of 1 % 106 cells/dish. After an overnight incubation, cells were infected with
various combinations of adenoviruses for 2 h at a multiplicity of infection
(MOI) of three for each virus. The cells were incubated for 24 h in media
containing tetracycline-depleted FBS (BD Biosciences) and then incubated
for 15 h in the presence of 10 ng/mL doxycycline to induce gene expression
before further processing. For protein interaction studies, cells were labeled
for 14 h with 150 mCi/dish [35S]methionine/cysteine (Perkin Elmer, Woodbridge, Ontario, Canada) in methionine-/cysteine-free Dulbecco’s Modified
Eagle Media (DMEM) (Gibco, Invitrogen, Burlington, Canada). Lysis and
immunoprecipitations were performed as described (47), except that
immunoprecipitates were eluted in sample buffer containing 100 mM
Tris–Cl pH 6.8, 20% glycerol, 2% sodium dodecyl sulfate, 2% BME, 5 mM
DTT and 2 mg/mL bromophenol blue. The eluted proteins were resolved
by SDS–PAGE on 7–15% gradient gels. The proteins were visualized
by autoradiography on a Typhoon 9410 imager (GE Healthcare, Quebec,
Canada). Western blot analyses of LDLR in HuH7 cellular lysates were
performed with a 1:3000 dilution of a polyclonal antibody (Research
Diagnostic International, Concord, MA, USA).

siRNA studies
The siRNAs targeting CHC correspond to duplex 2 designed in A. Sorkin
laboratory (University of Colorado, Denver, TX, USA) and were synthesized
by Dharmacon (Dharmacon, Chicago, IL) as described in Huang et al. (23).
They were stored as 80-mM stock solutions at "808C. The siRNAs were
transfected in the well of a six-well plate at a final concentration of 80 nM,
using lipofectamine 2000.
As a control, one well was transfected with lipofectamine 2000 and no
siRNA (mock). Western blots against CHC, PCSK9 (mAb V5; 1:500;
Invitrogen) and LDLR (mAb-C7; 1:200; Santa Cruz, CA, USA) were
done 96 h post-transfection. We chose this time because we observed
a maximum decrease in CHC, i.e. 90% knockdown by Western blot, with
90% of the cells showing a complete block in transferrin uptake by
immunofluorescence.
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Antibody production
Escherichia coli BL21 (DE3) (Novagen, San Diego, CA) cells were used to
obtain milligram amounts of the human proPCSK9 mutant Q31N, lacking
the signal peptide and ending at Gln454 (amino acids 31–454) followed by
6% His tag and named proPCSK9-L455X-(His)6 (4). Bacteria were transformed with a recombinant vector pET24a (Novagen) expressing the
corresponding cDNA, and the proPCSK9 protein produced was purified
by Talon metal affinity chromatography (BD Biosciences). Its identity was
confirmed by microsequencing (4). It was injected into two rabbits by
a standard protocol to generate a polyclonal antibody (Ab1-hPC9).

Immunofluorescence and confocal microscopy
CHO and HuH7 cells were coated on chamber slides (NUNC, Rochester,
NY, USA) and transfected the following day. For determining endosomal
localization, HuH7 cells 24 h post-transfection were incubated with 5 mM
NH4Cl overnight. In all other cases, at 48 h post-transfection, the cells were
fixed with 3% paraformaldehyde (PFA) for 30 min at 48C, incubated for 1 h
at 48C with 5% normal goat serum containing 0.1% Triton-X-100 (blocking
buffer) and followed by overnight incubation at 48C with monoclonal mouse
Ab:V5 (1:1000), rabbit polyclonal Ab:V5 (1:1000) (both from Sigma-Aldrich,
Oakville, Ontario, Canada) or Ab1-hPC9 in blocking solution with or without
cellular marker antibodies: EEA1, CI-MPR (late endosomes), GM130,
calnexin (ER) and LDLR (chicken polyclonal) were all purchased from
Abcam, Cambridge, MA, USA. The cells were then incubated for 60 min
with Alexa Fluor 647-conjugated goat anti-rabbit immunoglobulin (Ig) G and
with Alexa Fluor 555-conjugated goat anti-mouse IgG (both at 10 mg/mL;
Molecular Probes, Eugene, OR, USA) or with fluorescein-isothiocyanateconjugated rabbit anti-chicken IgY (Abcam) and mounted in 90% glycerol þ
1% 1,4-diazabicyclo[2.2.2]octane (DABCO, Sigma-Aldrich). Immunofluorescence analyses were performed with a Zeiss LSM-510 confocal microscope. For cell surface immunocytochemical labeling under nonpermeabilizing conditions, Triton-X-100 was omitted. Primary hepatocytes
were fixed in 2% PFA for 20 min and permeabilized for 20 min with PBS
containing 0.1% Triton-X-100 and 1% BSA. All antibodies were diluted in
permeabilization buffer. Each cell preparation was incubated with rabbit
polyclonal anti-human LDLR (1:300) (26) and chicken anti-V5 (1:200, Bethyl
Laboratories, Brookville, Ontario, Canada) for 1 h. The samples were then
incubated with donkey anti-rabbit IgG-FITC (1:200, Jackson Immunolabs,
Bar Harbour, ME) and goat anti-chicken IgG-Texas Red (1:200, Abcam) for
30 min and then mounted on coverslips with Vectashield (Vector Laboratories, Burlington, Ontario, Canada) containing 40 ,6-diamidino-2-phenylindole (DAPI). Confocal immunofluorescence microscopy was performed
with a Nikon Eclipse TE2000-U laser-scanning microscope with 408-, 488-,
and 543-nm laser lines. Images were processed with Adobe Photoshop
CS2, version 9.0 (Adobe Systems, Ottawa, Ontario, Canada).
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Supplementary Materials
Figure S1: Secretability of PCSK9 and its fragment PCSK9-L455X and
CHRD constructs. HEK293 cells were either transfected with cDNAs
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coding for PCSK9 or its derivatives PCSK9455X (L455X) or the CHRD alone or
together with the LDLR. Forty-eight hours post-transfection, the cells were
pulse labeled for 3 h with 35S-Met/Cys and media immunoprecipitated with
the mAb-V5. The migration positions of proPCSK9, PCSK9 and CHRD are
emphasized.
Figure S2: Specificity of the LDLR and proPCSK9 complex formation.
HEK293 cells were either transfected with an empty pIRES2-EGFP vector
or co-transfected with cDNAs coding for LDLR and either an empty vector,
PCSK9, SKI-1 mutated at its active site His (H249A) or wild-type SKI-1 (31).
Forty-eight hours post-transfection, the cells were pulse labeled for 3 h
with 35S-Met/Cys and then cell lysates and media immunoprecipitated with
the LDLR-C7 antibody. The migration positions of proPCSK9, proSKI-1 and
SKI-1 are emphasized. Note the effect of PCSK9 on the increased ratio
LDLR in the ER (LDLRER) versus the Golgi apparatus (LDLRG).
Figure S3: Immunocytochemical localization of natural PCSK9
mutants in the ER. Immunofluorescence analysis was performed on
HuH7 cells transiently transfected with recombinant cDNAs of G106R,
L253F, Q554E, C679X and the H226A mutant. The cells were analyzed
using both V5 (red) and anti-calnexin (blue) antibodies. Bar represents
20 mm.
Figure S4: Targeting of PCSK9 to the ER does not change the sorting
of the LDLR to the cell surface. Immunofluorescence analysis was
performed on CHO cells transiently transfected with cDNAs of either
PCSK9 or its mutants H226A, C679X and R682X. Bar represents 20 mm.
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