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Overexpression of PCSK9 accelerates the degradation
of the LDLR in a post-endoplasmic
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Proprotein convertase subtilisin kexin 9 (PCSK9) is a member of the
subtilisin serine protease family with an important role in choles-
terol metabolism. PCSK9 expression is regulated by dietary cho-
lesterol in mice and cellular sterol levels in cell culture via the sterol
regulatory element binding protein transcription factors, and mu-
tations in PCSK9 are associated with a form of autosomal dominant
hypercholesterolemia. Overexpression of PCSK9 in mice leads to
increased total and low-density lipoprotein (LDL) cholesterol levels
because of a decrease in hepatic LDL receptor (LDLR) protein with
normal mRNA levels. To study the mechanism, PCSK9 was over-
expressed in human hepatoma cells, HepG2, by adenovirus. Over-
expression of PCSK9 in HepG2 cells caused a decrease in whole-cell
and cell-surface LDLR levels. PCSK9 overexpression had no effect
on LDLR synthesis but caused a dramatic increase in the degrada-
tion of the mature LDLR and a lesser increase in the degradation of
the precursor LDLR. In contrast, overexpression of a catalytically
inactive mutant PCSK9 prevented the degradation of the mature
LDLR; whereas increased degradation of the precursor LDLR still
occurred. The PCSK9-induced degradation of the LDLR was not
affected by inhibitors of the proteasome, lysosomal cysteine pro-
teases, aspartic acid proteases, or metalloproteases. The PCSK9-
induced degradation of the LDLR was shown to require transport
out of the endoplasmic reticulum. These results indicate that
overexpression of PCSK9 induces the degradation of the LDLR by
a nonproteasomal mechanism in a post-endoplasmic reticulum
compartment.

autosomal dominant hypercholesterolemia | Narc-1 | proprotein
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Proprotein convertase subtilisin kexin 9 (PCSK9) is a member
of the subtilisin serine protease family. The other eight
mammalian subtilisin proteases, PCSKI1-PCSKS8 (also called
PC1/3, PC2, furin, PC4, PC5/6, PACE4, PC7, and S1P/SKI-1)
are proprotein convertases that process a wide variety of proteins
in the secretory pathway and play roles in diverse biological
processes (1-5). PCSK9 has been proposed to play a role in
cholesterol metabolism. PCSK9 mRNA expression is down-
regulated by dietary cholesterol feeding in mice (6), up-
regulated by statins in HepG2 cells (7), and up-regulated in
sterol regulatory element binding protein (SREBP) transgenic
mice (6, 8), similar to the cholesterol biosynthetic enzymes and
the low-density lipoprotein receptor (LDLR). Furthermore,
PCSK9 missense mutations have been found to be associated
with a form of autosomal dominant hypercholesterolemia
(Hchola3) (9-11). PCSK9 may also play a role in determining
LDL cholesterol levels in the general population, because single-
nucleotide polymorphisms (SNPs) have been associated with
cholesterol levels in a Japanese population (12).

Autosomal dominant hypercholesterolemias (ADHs) are mo-
nogenic diseases in which patients exhibit elevated total and
LDL cholesterol levels, tendon xanthomas, and premature ath-
erosclerosis (13, 14). The pathogenesis of ADHs and a recessive
form, autosomal recessive hypercholesterolemia (ARH) (15), is
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due to defects in LDL uptake by the liver. ADH may be caused
by LDLR mutations, which prevent LDL uptake, or by mutations
in the protein on LDL, apolipoprotein B, which binds to the
LDLR. ARH is caused by mutations in the ARH protein that are
necessary for endocytosis of the LDLR-LDL complex via its
interaction with clathrin. Therefore, if PCSK9 mutations are
causative in Hchola3 families, it seems likely that PCSK9 plays
a role in receptor-mediated LDL uptake.

Overexpression studies point to a role for PCSK9 in control-
ling LDLR levels and, hence, LDL uptake by the liver (16-18).
Adenoviral-mediated overexpression of mouse or human
PCSKO9 for 3 or 4 days in mice results in elevated total and LDL
cholesterol levels; this effect is not seen in LDLR knockout
animals (16, 18). In addition, PCSK9 overexpression results in a
severe reduction in hepatic LDLR protein, without affecting
LDLR mRNA levels (16), SREBP protein levels, or SREBP
protein nuclear to cytoplasmic ratio (18). These results indicate
that PCSKO, either directly or indirectly, reduces LDLR protein
levels by a posttranscriptional mechanism.

To better understand the mechanism by which overexpression
of PCSK9 decreases LDLR protein levels, PCSK9 was overex-
pressed in HepG2 cells. These studies indicate that PCSK9
increases the degradation of the LDLR without affecting its
synthesis. We also investigated the mechanism and location of
the PCSK9-induced degradation of the LDLR, revealing a
post-endoplasmic reticulum (ER) pathway. Overall, these stud-
ies provide information on the cellular function of PCSKO.

Methods

Materials. All cell-culture reagents were obtained from Invitro-
gen. HepG2 cells were maintained in DMEM supplemented
with 10% FBS. Rabbit anti-mouse PCSK9 is described in ref. 16.
Rabbit anti-human LDLR was from Research Diagnostics, and
mouse anti-human Transferrin receptor was from Zymed.
Mouse anti-human LDLR (clone IgG-C7) bioreactor superna-
tant was prepared from American Type Culture Collection
hybridoma CRL-1691 by the Monoclonal Antibody Core Facility
of The Rockefeller University. Goat anti-mouse IgG for LDLR
immunoprecipitation was from Pierce or Jackson Immuno-
chemicals. EZ-Link Sulfo-NHS-LC-Biotin and avidin-horserad-
ish peroxidase (HRP) were from Pierce. MG132, lactacystin,
ALLN, Suc-LLVY-AMC, and Z-RR-AMC were from Calbio-
chem. Ammonium chloride, chloroquine, E64d, brefeldin A
(BFA), and nocodazole were from Sigma. Pepstatin and phos-
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phoramidon were from Roche. Lipoprotein-deficient serum
(LPDS) was made by ultracentrifugation by standard techniques.

Construction of Adenovirus Expressing Catalytically Inactive Pcsk9.
The creation of the mouse PCSKY9 catalytic mutant,
PCSK9S402A, is described in ref. 16. The PCSK9S402A ORF
was inserted into the pAd5-CMV-NpA shuttling vector. Recom-
binant adenoviral particles containing the PCSK9S402A ORF
under the control of a constitutive CMV promoter were created
by ViraQuest (North Liberty, IA). Upon infection of multiple
cell lines, PCSK9S402A produced only the pro-form of PCSKO.
Control adenovirus (empty) and PCSK9 wild-type virus are
described in ref. 16.

Adenoviral-Mediated Overexpression in Cell Culture. HepG?2 cells
were plated in collagen-coated six-well dishes at 250,000 cells per
well. Twelve hours later, cells were infected with empty adeno-
virus, PCSK9 adenovirus, or PCSK9S402A adenovirus at a
multiplicity of infection of 3,000 in DMEM containing 10% FBS.
Twenty-four hours later, the medium was changed to DMEM
containing 10% LPDS, and the cells were reinfected at the same
titer. Twelve hours later, cells were processed for Western
blotting, cell-surface biotinylation, endocytosis assay, or meta-
bolic labeling studies.

Western Blotting. Preparation of cell lysates, determination of
protein concentrations, and Western blotting were as described
in ref. 16. Dilutions of antibodies used were as follows: anti-
Pcsk9-583, 1:5,000; anti-LDLR, 1:1,000; and anti-transferrin
receptor, 1:500. Secondary antibodies, goat anti-rabbit HRP and
goat anti-mouse HRP, were used at 1:10,000. Avidin-conjugated
HRP was used at 1:2,500. Band intensities were measured by
using IMAGE PRO PLUS.

Metabolic Labeling and LDLR Immunoprecipitation. Preformed im-
mune complexes were made as described in ref. 19, except that
6 ng of IgG-C7 and 96 pg of goat anti-mouse IgG were used per
sample. For metabolic labeling, cells were starved in DMEM
without L-methionine and L-cysteine (DMEM¥), pulse-labeled
with DMEM* containing 200 uCi per well (1 Ci = 37 GBq)
EXPRESS [**S] Protein Labeling Mix (NEN Life Sciences), and
chased with DMEM* containing 1.5 mg/ml L-methionine and
0.5 mg/ml L-cysteine. At the end of the metabolic study, cells
lysates were made and immunoprecipitated for the LDLR, and
the mixture was subjected to sucrose gradient ultracentrifugation
as described in ref. 19. Samples representing equal TCA pre-
cipitable counts of the original lysate were electrophoresed in
4-12% Tris-glycine gels, and gels were fixed in 25% methanol/
10% acetic acid, washed in distilled water, treated with
Autofluor (National Diagnostics, Atlanta), dried, and exposed
to a phosphoimager screen or film. Band intensities were mea-
sured by using IMAGEQUANT or IMAGE PRO PLUS software.

Cell-Surface Biotinylation and Endocytosis Assay. For studies of
cell-surface protein levels, cells were incubated in PBS contain-
ing 0.5 mg/ml Sulfo-NHS-Biotin at 4°C for 1 h. The reaction was
quenched in 100 mM glycine in PBS, and the cells were washed
five times in ice-cold Tris-buffered saline. Cells were lysed in
LDLR lysis buffer (19) and immunoprecipitated for the LDLR.
For endocytosis assays, cells were treated with monensin (20
uM) for various times before undergoing cell-surface biotinyla-
tion as described in ref. 20.

Metabolic Studies with Inhibitors. HepG2 cells were infected,
starved, and pulsed as above. Cells were then chased in the
presence of inhibitors at the following concentrations: ALLN,
100 uM; ammonium chloride, 10 mM; chloroquine, 75 uM;
E64d, 10 uM; lactacystin, 10 uM; MG132, 20 uM; pepstatin, 50
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Fig. 1. Overexpression of PCSK9 in HepG2 cells decreased whole-cell and
cell-surface LDLR. (A) HepG2 cells were infected with control adenovirus
(Empty) or PCSK9 adenovirus (Pcsk9), and whole-cell lysates were collected
after 36 h. Cell lysates were subjected to Western blotting for LDLR, transferrin
receptor (TfR), and PCSK9. M, mature LDLR; P, precursor LDLR; P, pro-PCSK9;
C, cleaved PCSK9. (B) HepG2 cells were infected with empty adenovirus or
PCSK9 adenovirus. After 36 h, cell-surface proteins were biotinylated at 4°C
and lysates were collected and immunoprecipitated for the LDLR. Proteins
were visualized with avidin-HRP. The results presented in this and other
figures are representative of at least three experiments each.

wg/ml; phosphoramidon, 100 uM; BFA, 5 pg/ml; nocodazole,
20 pg/ml; and monensin, 0.5 uM. To show that the inhibitors
were active, lysates from the experiments were mixed at 1:50
dilution in assay buffer (2.5 mM Hepes, pH 7.5/0.5 mM EDTA/
0.05% Igepal/0.001% SDS) with or without 50 uM substrate.
The substrate Suc-LLVY-AMC was used to assay proteasome
activity, and the substrate Z-RR-AMC was used to assay cysteine
protease activity. The reactions were incubated at 37°C for 1 h
and then fluorescence due to the cleavage of the substrate was
read in a microplate reader.

Results

Overexpression of PCSK9 in HepG2 Cells Decreases LDLR Protein
Levels. To determine the effects of PCSK9 on the LDLR in vitro,
adenoviral-mediated overexpression of PCSK9 was used in
HepG?2 cells. As shown in Fig. 14, overexpression of PCSK9
reduced whole-cell levels of both precursor LDLR (120 kDa)
and mature LDLR (160 kDa). This effect was specific to the
LDLR because PCSK9 overexpression had no effect on the
levels of transferrin receptor (Fig. 14). To determine whether
cell-surface levels of the LDLR were also affected by PCSK9
overexpression, cells were biotinylated, immunoprecipitated for
the LDLR, and visualized with avidin-HRP. As shown in Fig. 1B,
overexpression of PCSK9 also reduced cell-surface LDLR.

Overexpression of PCSK9 Has No Effect on LDLR Synthesis. Because
overexpression of PCSK9 reduces LDLR protein with no effect
on mRNA levels (16, 18), the effect of PCSK9 on LDLR protein
synthesis was investigated to differentiate between effects at the
level of translational yield or LDLR degradation. HepG2 cells
infected with control adenovirus or PCSK9 adenovirus were
pulsed with ¥S-Met/Cys for 5, 10, 20, and 30 min. As shown in
Fig. 24, there were equivalent levels of labeled precursor LDLR
in cells pulsed for 5, 10, and 20 min in control and PCSK9-
overexpressing cells. These results indicate that PCSK9 overex-
pression had no effect on the synthesis of the LDLR (Fig. 2B).

Maxwell et al.
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Fig. 2. Overexpression of PCSK9 did not affect synthesis of the LDLR. (A)
HepG2 cells were infected with empty or PCSK9 adenovirus (Pcsk9). Cells were
pulse-labeled with 33S-Met/Cys for 5, 10, 20, and 30 min and immunoprecipi-
tated for the LDLR. P, precursor LDLR. (B) Quantification of the results in A;
band intensities were quantified with IMAGE PRO PLUS.

Of note, after 30 min of pulse, a decrease in the precursor LDLR
was seen, suggesting an effect of PCSK9 on degradation of the
LDLR.

Overexpression of PCSK9 Accelerates the Degradation of the Mature
LDLR. To investigate whether PCSK9 overexpression stimulated
LDLR degradation, HepG2 cells infected with control or PCSK9
adenovirus were pulsed with 3>S-Met/Cys for 30 min and chased
for 0.5, 1.5, 2.5, 3.5, 5.5, 7.5, and 9.5 h. As shown in Fig. 34,
overexpression of PCSK9 caused rapid degradation of the
mature LDLR. Of note, overexpression of PCSK9 also caused a
small increase in the rate of degradation of the precursor LDLR.

The PCSK9-Induced Degradation of the Mature LDLR Requires PCSK9
Serine Protease Activity. We next investigated whether the PCSK9
serine protease activity is necessary for LDLR degradation. A
catalytically inactive PCSK9 was generated by mutating the
catalytic-site residue serine 402 to alanine (PCSK9S402A) (16).
Infection of HepG2 cells with an adenovirus expressing
PCSK9S402A demonstrated an absence of intramolecular self-
cleavage of PCSKY, indicating that this mutant is catalytically
inactive (data not shown). HepG2 cells infected with control or
PCSK9S402A adenovirus were pulsed with 33S-Met/Cys for 30
min and chased for 0, 0.5, 1.5, 2.5, 3.5, 5.5, 7.5, and 9.5 h. As
shown in Fig. 3B, the PCSK9-induced degradation of the pre-
cursor LDLR still occurred in cells overexpressing
PCSK9S402A. However, although there was less input into the
mature LDLR pool, the PCSK9S402A catalytic mutant did not
accelerate the degradation of the mature LDLR.

Maxwell et al.

The PCSK9-Induced Degradation of the LDLR Does Not Depend on the
Proteasome. The two major mediators of intracellular protein
degradation are the proteasome and lysosome. To investigate
whether the proteasome mediates PCSK9-induced degradation
of the LDLR, HepG2 cells infected with control or PCSK9
adenovirus were pulsed with 33S-Met/Cys for 30 min and chased
for 4 h in the absence or presence of the proteasome inhibitors
MG132 and lactacystin. As shown in Fig. 44, PCSK9 was still
able to increase the degradation of the LDLR in the presence of
MG132 and lactacystin, indicating that the PCSK9-induced
degradation of the LDLR does not occur in the proteasome. To
determine whether the proteasome was actually inhibited in
these studies, cell lysates were incubated with the fluorescent
proteasome substrate Suc-LLVY-AMC. As shown in Fig. 4B, the
amount of fluorescence released by proteasome-mediated cleav-
age of the substrate was decreased in cells treated with MG132
and lactacystin.

The PCSK9-Induced Degradation of the LDLR Does Not Depend on
Various Classes of Lysosomal and Nonlysosomal Proteases. To inves-
tigate whether the PCSK9-induced degradation of the LDLR
occurs in lysosomes, HepG2 cells infected with control or PCSK9
adenovirus were pulsed with 33S-Met/Cys for 30 min and chased
for 4 h in the presence of the acidotropic agent ammonium
chloride. This resulted in decreased conversion of precursor to
mature LDLR, making interpretation of this experiment diffi-
cult. However, the decreased amount of mature LDLR that was
made was protected from degradation by PCSK9 in the presence
of ammonium chloride (Table 1), indicating that the degradation
of the LDLR by PCSK9 may occur in a pH sensitive compart-
ment like the lysosome. The major proteases in lysosomes are
cysteine proteases of the cathepsin family. To investigate the role
of this protease class, HepG2 cells infected with control or
PCSK9 adenovirus were pulsed with 33S-Met/Cys for 30 min and
chased for 4 h in the presence of the cysteine protease inhibitor
E64d (Table 1). The PCSK9-induced degradation of the LDLR
occurred in the presence of E64d, indicating that the effect was
not mediated by cysteine proteases. That the cysteine proteases
were actually inhibited in these experiments was demonstrated
in cell lysates incubated with the cysteine protease substrate
Z-RR-AMC, in which the amount of fluorescence was decreased
by E64d treatment (data not shown). To determine whether
other classes of proteases play a role in PCSK9-induced degra-
dation of the LDLR, HepG2 cells infected with control or
PCSK9 adenovirus were pulsed for 30 min and chased for 4 h in
the presence of ALLN to inhibit calpain proteases, pepstatin to
inhibit aspartic acid proteases, and phosphoramidon to inhibit
metalloproteases. As shown in Table 1, PCSK9 was still able to
increase degradation of the LDLR in the presence of all of these
inhibitors.

The PCSK9-Induced Degradation of the LDLR Requires Transport Out
of the ER. To localize the cellular site of PCSK9-induced degra-
dation of the LDLR, HepG2 cells infected with control or
PCSK9 adenovirus were pulsed with 33S-Met/Cys for 30 min and
chased for 4 h in the presence of BFA, which inhibits transport
out of the ER. As shown in Fig. 5, PCSK9 was not able to degrade
the LDLR in the presence of BFA. The single smaller LDLR
band shown is described in refs. 21 and 22. Because BFA also
collapses Golgi contents into the ER, cells were treated with
BFA in the presence of nocodazole to prevent retrograde
transport. As shown in Fig. 5, PCSK9 was also unable to promote
the degradation of the LDLR in the presence of BFA and
nocodazole. These results indicate that PCSK9-induced degra-
dation of the LDLR occurs in a post-ER compartment.

Overexpression of PCSK9 Has No Effect on LDLR Endocytosis. ARH
results from defective endocytosis of the LDLR due to the

PNAS | February 8,2005 | vol.102 | no.6 | 2071

MEDICAL SCIENCES



Lo L

P

1\

o LN A D

A
Ohr 0.5hr 1.5hr 2.5hr Ohr 0.5hr 1.5hr 2.5hr
Empty P9wt Empty P9wt Empty P9wt Empty P9wt Empty P9m Empty P9m Empty P9m Empty P9m
M T b e ot g e ey pet mel Bow b | e e e el | gl e oW e
P> “-“ﬂ—.-““““boo.tanc.. e een Sl e Bl b | S e o s e
3.5hr 5.5hr 7.5hr 9.5hr 3.5hr 5.5hr 7.5hr 9.5hr
Empty P9wt Empty P9wt Empty P9wt Empty P9wt Empty P9m Empty P9m Empty P9m Empty P9m
MP»™[os b ] oot ] - L R I e e
P’ (SN ] e N
Empty Pcsk9 WT Empty Pcsk9S402A
16000
—&— 120kDa —&— 120kDa —=— 120kDa —&— 120kDa
14000~ —O— 160kDa| [ —{— 160kDa —O— 160kDa| [~ —— 160kDa
2 12000 =
]
S 10000 -
£ 8000 =
k-]
S 6000 —
m
4000
2000 —
O+ L
01234567891 01234567891 01234567891 0123458678910
Time (hr) Time (hr) Time (hr) Time (hr)
Fig.3. Overexpression of PCSK9 accelerated the degradation of the mature LDLR in a catalytically dependent mechanism. (A) HepG2 cells were infected with

empty or PCSK9 adenovirus (Pcsk9WT or P9wt). (B) HepG2 cells were infected with empty or PCSK9S402A adenovirus (Pcsk9S402A or P9m). Cells were pulse
labeled with 33S-Met/Cys for 30 min, chased for 0, 0.5, 1.5, 2.5, 3.5, 5.5, 7.5, and 9.5 h, and immunoprecipitated for the LDLR. Band intensities were measured

by using iMAGeQuANT and graphed below. M, mature LDLR; P, precursor LDLR.

absence of ARH protein, which mediates LDLR binding to
clathrin (15, 23). Because LDLR cell-surface levels are de-
creased by PCSK9 overexpression, it is possible that the rate of
endocytosis is increased, targeting the LDLR for premature
degradation. To investigate this possibility, cells were treated for
variable lengths of time with monensin to inhibit LDLR recy-
cling, while allowing endocytosis to continue (20). At each time
point, cell-surface proteins were biotinylated and immunopre-
cipitated for the LDLR. The amount of biotinylated LDLR
visualized with avidin-HRP at each time point represents the
amount of LDLR remaining at the cell surface. As shown in Fig.
6, which is published as supporting information on the PNAS
web site, infection with control and PCSK9 adenovirus both
caused a reduction in cell-surface LDLR over the duration of
monensin treatment. Furthermore, the rate of disappearance of
the LDLR, and thus the rate of endocytosis, was identical in
control and PCSK9-overexpressing cells.

Discussion

Overexpression of the subtilisin serine protease, PCSK9, reduces
hepatic LDLR protein levels, with no change in LDLR mRNA
levels (16, 18), indicating that PCSK9 may mediate posttran-
scriptional regulation of the LDLR. To investigate the mecha-
nism of this effect, PCSK9 was overexpressed in HepG2 cells.
Overexpression of PCSK9 did not have an effect on the incor-
poration of ¥S-Met/Cys into the LDLR or on the conversion of
the precursor to mature form of the LDLR, indicating that
PCSK9 does not affect LDLR synthesis or maturation. In
contrast, pulse—chase studies demonstrated that PCSK9 had a
major effect on accelerating the degradation of the mature
LDLR and that this effect required an active PCSK9 catalytic
domain. Use of various inhibitors demonstrated that the PCSK9-
induced degradation of the LDLR does not require the protea-
some and occurs in a post-ER, pH-dependent compartment.

2072 | www.pnas.org/cgi/doi/10.1073/pnas.0409736102

The LDLR is synthesized as a precursor, 120-kDa form in the
ER. After its transport through the ER and Golgi, the LDLR
acquires its mature carbohydrate residues and has an apparent
molecular mass of 160 kDa (24). The mature LDLR is then
transported from the Golgi to the cell surface, where it resides
in clathrin-coated pits because of its interaction with ARH (25).
The LDLR then undergoes endocytosis in the presence or
absence of ligand, entering the endocytic recycling compart-
ment. The pH change allows dissociation of the LDLR and
ligand; the ligand moves to the lysosome to be degraded, and the
LDLR recycles (24, 25). Despite an extensive list of mutations in
the LDLR that affect the LDLR life cycle, very little is actually
known about other proteins that play a role in and possibly
regulate LDLR synthesis, maturation, trafficking to the cell
surface, or degradation of receptor molecules originating from
the secretory or the endocytic pathway.

Our data indicate that PCSK9 may play a role in regulating
LDLR levels by inducing degradation of the mature LDLR in a
PCSKO catalytic dependent mechanism. PCSKO9 is synthesized as
aprecursor, 72-kDa form in the ER and is trafficked to the Golgi,
where it undergoes intramolecular self-cleavage to an active
63-kDa protease (26). Given this and the fact that the mature
LDLR is found in the Golgi, it is therefore likely that the PCSK9
effect occurs in or is initiated in the Golgi or trans-Golgi
complex. Our data in BFA-treated cells and data by Park et al.
(18) indicating that PCSKO9 can still degrade the LDLR in the
absence of LDLR endocytosis localize the PCSK9 effect to the
distal secretory pathway and support this hypothesis. These data
also indicate that PCSK9 is probably not playing a role in the
constitutive degradation of the LDLR that occurs at the end of
the LDLR lifetime in the endocytic recycling compartment. To
further localize the PCSKDY site of action, we attempted to use
incubation of cells at 20°C (27) or in low concentrations of
monensin (28) to determine whether the PCSK9 effect required

Maxwell et al.



Lo L

P

1\

AR AN

Untreated MG132 lactacystin
Empty Pcsk9 Empty Pcsk9 Empty Pcsk9
Ul . -
X2 P e -
B
1.6~ mmmm Untreated
— MG132
o 1l4==
2 === Lactacystin
s 1.2+
@
o 1.0
o
“_f 0.8+
Q -
= 0.6
< 044
Wi (B £l
0.0-
Empty Pcsk9
Fig. 4. PCSK9-induced degradation of the LDLR did not depend on the

proteasome. (A) HepG2 cells were infected with empty or PCSK9 adenovirus
(Pcsk9). Cells were pulse-labeled with 33S-Met/Cys for 30 min, chased for 4 h in
the presence of the proteasome inhibitors MG132 and lactacystin, and immu-
noprecipitated for the LDLR. M, mature LDLR; P, precursor LDLR. (B) To
measure proteasome activity in these cells, lysates were incubated with the
proteasome substrate Suc-LLVY-AMC for 1 h. Fluorescence due to cleaved
AMC by the proteasome was measured and compared to background
fluorescence.

transport out of the Golgi (data not shown). The results sug-
gested that the PCSK9-induced LDLR degradation requires
transport out of the Golgi, but this interpretation is complicated
by the fact that PCSK9 in vitro is reported to be catalytically
inactive below 25°C (29) and monensin inhibited the conversion
of precursor to mature LDLR.

Protein degradation in the secretory compartment is a known
mechanism of protein quality control and, theoretically, may also
be involved in the normal regulation of protein expression. The
most well studied mechanism of protein degradation in the
secretory compartment is ER-associated degradation (ERAD)
(30-32). ERAD typically involves the retrotranslocation of
luminal or transmembrane proteins across the ER membrane,
followed by polyubiquitination and subsequent degradation by
the proteasome. Our data do not support a PCSK9-induced

Table 1. Pcsk9-induced degradation of the LDLR does not
depend on various classes of proteases

Percent LDLR in
Pcsk9 compared

with empty

120 160
Inhibitor Protease class kDa kDa
Untreated NA 27.7 15.2
Ammonium chloride NA 18.8 84.0
E64d Cysteine 26.4 19.9
ALLN Proteasome calpain 171 14.7
Pepstatin Aspartic acid 14.5 14.7
Phosphoramidon Metalloproteases 22.3 14.4

NA, not applicable.

Maxwell et al.

degradation of the LDLR by ERAD because degradation was
prevented in BFA-treated cells and was not sensitive to protea-
some inhibitors. Thus, LDLR degradation by PCSKO is different
from that reported for class 2 LDLR mutants, which undergo
proteasomal degradation (33). In the same study, wild-type
LDLR was not affected by proteasome inhibitors.

Another mode of degradation from the secretory pathway
involves targeting of proteins by an unknown mechanism from
the Golgi to the endosomal system for lysosomal or vacuolar
degradation (34). Furthermore, plasma membrane proteins may
be ubiquitinated and then degraded by lysosomes or protea-
somes (34). The data that localize the PCSK9-induced degra-
dation of the LDLR between the ER and plasma membrane (18)
and the data that ammonium chloride decreases PCSK9-induced
degradation of the LDLR support a potential role for the
lysosome in PCSK9-induced LDLR degradation. The lysosome
contains proteases of mostly the cysteine class, but also aspartic
acid, metalloprotease, and serine proteases (35, 36). Our data
with E64d, pepstatin, and phosphoramidon indicate that the
PCSK9-induced degradation of the LDLR does not depend on
cysteine, aspartic acid, and metalloprotease families and does
not provide support for lysosomal degradation. However, not all
lysosomal proteases may be inhibited in our experiments, and it
is still possible that the responsible proteases are found in
lysosomes.

Regulation of LDLR levels has been mostly studied at a
transcriptional level; however, evidence exists that the LDLR is
also subjected to regulation at the level of mRNA stability
(37-39), translation (40), protein degradation, and limited pro-
teolysis. Regulation at the level of protein degradation has been
suggested in the Zucker fatty rat (41), and in rats treated with
endotoxin (42), glucagon (43), histamine (44), and coffee diter-
penes (45, 46); however, the exact mechanisms are unknown.
Furthermore, it is known that certain cell lines, such as the J774
macrophage cell line, have increased degradation rates of the
LDLR (22, 47). Interestingly, the increased degradation in J774
cells was shown not to be affected by the cysteine protease
inhibitors leupeptin and E64 but slowed by BFA treatment and
incubation at 18°C (22). These results are similar to our data on
the PCSK9-induced degradation of the LDLR. However, the
mechanisms must be at least partially different in that ammo-
nium chloride did not affect the increased degradation in J774
cells (22), and there is no evidence for PCSK9 expression in
macrophages (K.N.M. and J.L.B., unpublished observations).

There is also evidence for regulation of the LDLR at the
level of limited proteolysis. First, Begg et al. (48) demonstrated
that phorbol ester treatment of HepG2 cells increased the
LDLR degradation rate by inducing the release of a soluble
LDLR. It does not appear, however, that PCSKO9 is acting by
this mechanism because no evidence for a soluble LDLR was
found in the media of control or PCSK9-overexpressing cells
(K.N.M. and J.L.B., unpublished results). Second, Kraemer et
al. (49) demonstrated that treatment with the cAMP inducing
agents isoproterenol and forskolin decreased LDLR levels in
adipose cells concomitant with the appearance of a 90- to

Untreated BFA BFA+noc
Empty Pcsk9 Empty Pcsk9 Empty Pcsk9
M| s

- .-

Pl

Fig.5. PCSK9-induced degradation of the LDLR depends on exit from the ER.
HepG2 cells were infected with empty or PCSK9 adenovirus (Pcsk9). Cells were
pulse-labeled with 355-Met/Cys for 30 min, chased for 4 h in the presence of
BFA and BFA plus nocodazole (noc), and immunoprecipitated for the LDLR. M,
mature LDLR; P, precursor LDLR.
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95-kDa proteolytic product in the plasma membrane. Al-
though we have not investigated plasma membrane fractions
specifically, we have also not found evidence of a proteolytic
LDLR cleavage product in PCSK9-overexpressing cells, al-
though this still remains a possibility.

The existence of LDLR mutants with accelerated degradation
also supports the notion of regulation at the level of protein
degradation (50-55). These mutant LDLRs show either normal
or only slightly slowed processing of precursor to mature forms
and greatly accelerated degradation rates in the absence or
presence of ligand, leading to decreased LDLR function and
hypercholesterolemia. These mutations include missense muta-
tions (50-52, 54), a small deletion (53), and a small duplication
(55) all in the EGF precursor homology domain, indicating that
this domain may be important for LDLR degradation. Of note,
deletion of the entire EGF precursor homology domain only
causes an increased degradation of the LDLR in the presence of
ligand (56), indicating that the role of the EGF precursor
homology domain is complex. It is possible that analysis of the
accelerated degradation mutants may aid in the elucidation of
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the PCSK9 pathway, including the identification of other im-
portant members.

In summary, we have shown that overexpression of PCSKO9 in
HepG?2 cells leads to accelerated degradation of the LDLR by
a nonproteasomal mechanism in a post-ER, pH-sensitive com-
partment. This effect depends on an active PCSK9 catalytic
domain as has been shown in vivo (18). However, it is still not
certain whether PCSK9 is acting directly or through other
mediators to degrade the LDLR in the Golgi or post-Golgi
compartment. It is also not clear why PCSK9 overexpression in
mice results in a similar phenotype to humans carrying PCSK9
missense mutations. The simplest interpretation is that these are
gain-of-function mutations; however, it is still possible that
overexpression of PCSK9 may result in the same phenotype as
loss-of-function mutations.
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