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Cell-associated heparin-like molecules modulate the
ability of LDL to regulate PCSK9 uptake®
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ORCID ID: 0000-0002-6397-6348 (J.S.C.)

Abstract Proprotein convertase subtilisin/kexin type 9
(PCSKY9) targets the LDL receptor (LDLR) for degradation,
increasing plasma LDL and, consequently, cardiovascular
risk. Uptake of secreted PCSKY is required for its effect
on the LDLR, and LDL itself inhibits this uptake, though
how it does so remains unclear. In this study, we investigated
the relationship between LDL, the PCSK9:LDLR interac-
tion, and PCSK9 uptake. We show that LDL inhibits binding
of PCSK9 to the LDLR in vitro more impressively than it
inhibits PCSK9 uptake in cells. Furthermore, cell-surface
heparin-like molecules (HLMs) can partly explain this dif-
ference, consistent with heparan sulfate proteoglycans
(HSPGs) acting as coreceptors for PCSK9. We also show
that HLMs can interact with either PCSK9 or LDL to mod-
ulate the inhibitory activity of LDL on PCSK9 uptake, with
such inhibition rescued by competition with the entire
PCSK9 prodomain, but not its truncated variants. Addi-
tionally, we show that the gain-of-function PCSK9 variant,
S127R, located in the prodomain near the HSPG binding
site, exhibits increased affinity for HLMs, potentially ex-
plaining its phenotype.ll Overall, our findings suggest a
model where LDL acts as a negative regulator of PCSK9
function by decreasing its uptake via direct interactions with
either the LDLR or HLMs.—Galvan, A. M., and J. S. Chorba.
Cell-associated heparin-like molecules modulate the ability
of LDL to regulate PCSK9 uptake. J. Lipid Res. 2019. 60:
71-84.
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Gain-of-function (GOF) mutations in the proprotein
convertase subtilisin/kexin type 9 (PCSK9) gene, which
encodes a self-cleaving protease, cause autosomal domi-
nant familial hypercholesterolemia (1). Mechanistically,
PCSKO9 binds the epidermal growth factor precursor homol-
ogy domain A (EGF-A) of the LDL receptor (LDLR) (2)
and induces lysosomal-mediated degradation of the com-
plex (3), thus limiting the availability of LDLR to recycle
back to the cell surface and internalize LDL (4). The
robust relationship between LDL and atherosclerosis (5)
combined with a lack of ill effects in individuals devoid of
functional PCSK9 (6, 7) has made PCSK9 an important
therapeutic target against heart disease. Indeed, monoclo-
nal antibodies inhibiting PCSK9 reduce serum LDL levels
(8, 9), and also reduce cardiovascular events (10), even
when added to current effective therapies, such as statins.
Despite this impressive efficacy, these biologic therapies
suffer from a lack of cost-effectiveness and a requirement
for subcutaneous injections, leaving a need for additional
therapeutic options (11, 12). As a result, several other strat-
egies to inhibit PCSK9 function are under investigation
(13). Because atherosclerosis is a chronic disease, a success-
ful therapy may potentially be given for many years.

Endogenous regulation of PCSK9 occurs at both the
transcriptional (14-17) and posttranscriptional levels (18),
with secretion of PCSK9 itself an important regulatory step
for its function (19). As a proprotein convertase, PCSK9
requires self-proteolysis between its prodomain and cata-
lytic domain to permit exit from the ER (20-22). Protease-
dead PCSK9 mutants do not undergo efficient secretion
and have minimal effect on the LDLR (23). Despite the
cleavage event, which serves as the overall rate-limiting step

Abbreviations: EGF-A, epidermal growth factor precursor homol-
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HSPG, heparan sulfate proteoglycan; LDLR, LDL receptor; NLuc,
nanoluciferase; PCSK9, proprotein convertase subtilisin/kexin type 9;
RLU, relative luminescence unit.
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of PCSK9 secretion (24), the prodomain (residues 31-152)
remains tightly but noncovalently bound to the catalytic
domain for the remainder of PCSK9’s lifecycle (25-27). Yet
despite the clear effects of PCSK9 on the LDLR and serum
LDL, certain aspects of PCSK9 biology remain incompletely
understood (18). Understanding this biology may uncover
new pathways amenable to certain therapeutic strategies,
or presage long-term effects of therapies, which we might
not otherwise foresee. Why PCSK9 exists, for example,
remains an unanswered question (28), as it seems rather odd
for the predominant function of a gene to cause disease.

Despite the general requirement for self-cleavage and
secretion for full PCSK9 function, the initial GOF PCSK9
mutant identified, S127R, has long been known to have
paradoxically reduced self-processing, suggesting that
additional mechanisms can overcome this functional re-
striction (21, 29). An unrelated series of experiments have
shown that apoB100, the main protein component of
LDL, binds PCSK9 both intra- and extracellularly, offering
additional insights into the function of PCSK9 in lipid
metabolism (30-32). This PCSK9:apoB100 interaction aug-
ments the secretion of apoB-containing lipids in an LDLR-
independent manner (31) and inhibits the ability of serum
PCSK9 to induce LDLR degradation in humans (32, 33).
Therapeutically, the presence of LDL-bound PCSK9 in
the serum permits PCSK9 removal during lipid apheresis
treatments (34). The structural basis of the PCSK9:LDL
association remains unknown, though the N terminus of
the PCSK9 prodomain, which is dispensable for the
PCSK9:LDLR interaction (35, 36), is required for PCSK9 to
bind LDL (32). Recently, heparan sulfate proteoglycans
(HSPGs) have been identified as coreceptors for PCSK9 on
the hepatocyte cell surface to promote PCSK9 uptake and
function, with a specific arginine-rich motif encompassing
residues 93-139 in the PCSK9 prodomain as the likely bind-
ing site mediating this interaction (37).

Given the involvement of the PCSK9 prodomain in these
interactions, and the potential for physically overlapping
binding sites, we postulated that LDL and heparin-like
molecules (HLMs), such as HSPGs, could each serve as
reciprocal regulators with regard to PCSK9 function. In this
study, we developed a luciferase-based assay to investigate
conditions that modify PCSK9 uptake into hepatocytes. We
found that while LDL is a potent inhibitor of PCSK9 bind-
ing to the LDLR in vitro, its ability to inhibit PCSK9 uptake
into cells is comparatively modest. Consistent with an
inhibitory effect on PCSK9:LDLR binding, we show that
LDL-mediated inhibition of PCSK9 uptake is dependent
on LDLR expression. Additionally, we show that both the
PCSK9:HLM and the LDL:HLM interactions modulate
LDL’s inhibitory effect on PCSK9 uptake. Moreover, we
find that the entire PCSK9 prodomain, but not truncated
variants, binds LDL in vitro and rescues PCSK9 uptake
from LDL-mediated inhibition, suggesting that HLMs and
LDL may share a common PCSK9 binding site. Lastly, we
show that the S127R mutant of PCSK9, also in the prodo-
main, displays increased affinity for heparin, suggesting a
potential mechanism to explain its GOF phenotype. Over-
all, our findings support a model wherein LDL negatively
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regulates PCSK9 uptake via both HLM-dependent and
-independent mechanisms, providing a layer of feedback
to modulate lipid homeostasis in the hepatocyte.

MATERIALS AND METHODS

Plasmid construction

All expression vectors were created by Gibson assembly (38)
after PCR amplification of appropriate PCSK9 domains from pre-
viously described plasmids (22, 24), a plasmid encoding nanolu-
ciferase (NLuc) (Promega, Madison, WI), and a plasmid encoding
the Fc-Avi tag (generous gift from A. Martinko and J. Wells, Uni-
versity of California San Francisco). The PCSK9-NLuc plasmid
and its variants were placed into the pcDNA5/FRT/TO backbone
(Thermo Fisher Scientific, Waltham MA), and the ProPCSK9-
Fc-Avi plasmid and its variants were placed into the pcDNA3.4
backbone (Thermo Fisher Scientific). Insertion of mutations (R93A,
S127R, D374Y) and truncations was performed by site-directed
mutagenesis (39) using custom synthesized oligonucleotide prim-
ers (Elim Biopharmaceuticals, Hayward CA). All constructs were
extensively sequenced to ensure the absence of errors.

Cell culture

HEK 293T cells (ATCC, Manassas, VA) were maintained in
high-glucose, pyruvate, and rL-glutamine containing DMEM
(Thermo Fisher Scientific) supplemented with 10% FBS (Axenia
BioLogix, Dixon, CA) at 37°C under 5% CO, and dissociated for
passage by 0.05% Trypsin-EDTA (Thermo Fisher Scientific).
HepG2 cells (ATCC) were grown in low-glucose, pyruvate, and
GlutaMAX containing DMEM (Thermo Fisher Scientific) supple-
mented with 10% FBS at 37°C under 5% CO,. To minimize cell
clumping, HepG2 cells were dissociated by 0.25% Trypsin-EDTA
(Thermo Fisher Scientific) and sent three times through a
21-gauge needle during each passage. For experiments requiring
upregulation of cell-surface LDLRs, HepG2 cells were treated
with sterol-depleting medium, which consisted of low-glucose,
pyruvate, and GlutaMAX containing DMEM supplemented with
5% lipoprotein-deficient serum (Kalen BioMedical, Germantown,
MD), 25 uM of mevastatin (Millipore Sigma), and 50 uM of meva-
lonolactone (Millipore Sigma). Flp-In T-Rex 293 cells (Thermo
Fisher Scientific) were maintained in the same conditions as
293T cells, but additionally supplemented with 1 mg/ml Zeocin
(InvivoGen, San Diego, CA) and 15 pg/ml blasticidin (Invivo-
Gen) prior to selection, or 150 wg/ml Hygromycin B (Invivo-
Gen) and 15 pg/ml blasticidin after selection of stable cell
lines.

PCSK9-NLuc and ProPCSK9-Fc-Avi medium production

HEK 293T cells were seeded at 1 x 10° cells per T25 flask and
incubated overnight. On the following day, the cells were trans-
fected with Lipofectamine 3000 (Thermo Fisher Scientific)
according to the manufacturer’s protocol using 3-6.9 pg of
appropriate plasmid DNA per well. The medium was changed
6-12 h after transfections and harvested 24-72 h later. Relative
amounts of PCSK9-NLuc were quantitated by luminescence assay
(see below) and a human PCSK9 ELISA kit (R&D Systems, Min-
neapolis, MN) according to the manufacturer’s instructions. Rela-
tive amounts of ProPCSK9-Fc-Avi were quantitated using a Human
Fc ELISA kit (Syd Labs, Natick, MA) according to the manufac-
turer’s instructions. For some experiments, a stable inducible
PCSK9-NLuc cell line, derived from the Flp-In T-Rex 293 cell line
(Thermo Fisher Scientific) according to the manufacturer’s
instructions, was induced with 1 pg/ml doxycycline (Millipore



Sigma, Burlington, MA) and conditioned medium was collected
24-48 h later.

Luminescence assays

Luciferase-containing samples were aliquoted into white 96-
well or 384-well plates and mixed with equal volumes of a filtered
2x coelenterazine reagent for readout [300 mM sodium ascorbate
(Millipore Sigma), 5 mM NaCl, 40 uM coelenterazine (Gold Bio-
technology, St. Louis, MO), and either 0.1% BSA (Millipore
Sigma) for medium-based nonlytic assays or 0.1% Triton X-100
(Millipore Sigma) for cell-based lytic assays]. The samples were
incubated at room temperature in the absence of light with gentle
shaking for 5 to 10 min followed by immediate readout of lumi-
nescence on a plate reader (Tecan Systems, San Jose CA).

PCSKS9 in vitro binding assays

Inhibition of the PCSK9-LDLR interaction by LDL (Lee BioSo-
lutions, Maryland Heights, MO) was evaluated using a CircuLex
PCSK9-LDLR in vitro binding assay kit (MBL International,
Woburn, MA) according to the manufacturer’s instructions with
minor modifications. PCSK9 was incubated with LDL for 1 h prior
to use in the assay. Relative PCSK9:LDLR (EGF-A) binding was
defined as absorbance at 450 nm, with a value of 1 defined as the
highest concentration of PCSK9 in the absence of LDL. To evalu-
ate PCSK9 binding to heparin, conditioned medium containing
PCSK9-NLuc or its variants was incubated in clear heparin-coated
microplates (Bioworld, Dublin, OH) at room temperature with
gentle shaking for 2 h. Input luminescence was measured as
described above. Each well was then washed two times with 500 mM
of NaCl, and luminescence assay was performed. The wash proto-
col was repeated with 5 mg/ml heparin (Millipore Sigma) and
luminescence assay was repeated.

PCSK9-NLuc uptake assays

HepG2 cells were seeded into 12-well or 6-well plates at 5 x 10°
to 1.5 x 10° cells per well with 0.5-1.5 ml of standard or sterol-
depletion medium as appropriate and incubated overnight.
Heparinase-treated cells were incubated with heparinase (Millipore
Sigma) at 0.1-0.5 U/ml for 1 h and washed with PBS. All cells
were provided fresh medium on the day of experiment, supple-
mented with 50 wM of chloroquine (Millipore Sigma) as appro-
priate to inhibit lysosome-mediated PCSK9 degradation, and then
treated with appropriate conditioned PCSK9-NLuc medium and/or
LDL or its variants as indicated. Relative amounts of conditioned
PCSK9-NLuc medium were normalized by luminescence assay
and anti-PCSK9 ELISA prior to coincubation to ensure uniform
treatment for each experiment, and for some experiments, ali-
quots of the PCSK9-NLuc inputs were subjected to luminescence
assay as an internal control. The blocking peptides, Pep2-8
(Ac-TVFTSWEEYLDWV-amide) and PepCitrl (Ac-TVATSAEEY-
LFWV-amide), were custom synthesized (Elim Biopharmaceuti-
cals), reconstituted in PBS, and used at a working concentration
of 100 wM. Typically, treated cells were incubated with treatments
at 37°C (unless otherwise indicated) for 4 h, washed, and dissoci-
ated with 0.25% Trypsin-EDTA. The cells were centrifuged at
300 gfor 5 min to remove supernatant, washed and respun, and
lysed in lysis buffer [50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1x
cOmplete protease inhibitor (Millipore Sigma), and 0.1% Non-
idet P-40], and then clarified from insoluble fraction at 21,000 g
for 15 min. Protein concentration was analyzed by a Micro BCA
protein assay kit (Thermo Fisher Scientific), and equal amounts
of lysate were then evaluated by luciferase assay.

Preparation of LDL variants

For experiments utilizing methylated LDL, LDL was reduc-
tively methylated as described in the literature (40, 41). Briefly,

LDL (10-20 mg/ml) in 0.15 M NaCl was diluted to 1.5 total vol-
ume with 0.3 M sodium borate buffer (pH 9.0) and treated with
1 mg of sodium borohydride (Millipore Sigma) followed by six
additions of 1 pl of 37% aqueous formaldehyde over 30 min at
4°C. The reaction was quenched by adding Tris-HCl (pH 7.4) to a
final concentration of 100 wM, and the methylated LDL was dia-
lyzed extensively against 150 mM NaCl at 4°C. Small dense and
large LDL were separated from LDL using a one-layer system by
ultracentrifugation using a TLA-100.3 rotor (Beckman Coulter,
Brea, CA) at 350,000 gover an iodixanol density gradient medium
(OptiPrep, CosmoBio, Tokyo, Japan) as per prior literature pro-
tocols (42).

LDL binding assays

Evaluation of PCSK9-NLuc and ProPCSK9-Fc-Avi fusion bind-
ing to LDL or its variants was performed as described in the litera-
ture with minor modifications (32). Briefly, conditioned medium
containing equivalent amounts of the PCSK9-NLuc or ProPCSK9-
Fc-Avi fusion (~10 nM) was incubated with LDL or its variants
(0.5 mg/ml) for 45 min at 37°C in either cell culture medium or
PBS containing 1% BSA. Reaction mixtures were then separated
using a three-layered iodixanol gradient and ultracentrifugation
in a TLSH5 rotor (Beckman Coulter) exactly as described (32).
The LDIAree 500 pl upper fraction was removed by aspiration,
and the 600 pl LDL-containing fraction, or its volumetric equiva-
lent, was then collected and analyzed.

Western blots

Lysates and LDL-containing fractions from appropriate experi-
ments were mixed 1:1 with 2x Laemmli sample buffer [125 mM
Tris-HCI (pH 7.4), 20% glycerol, 4% SDS, 5% B-mercaptoethanol,
0.02% bromophenol blue] and heated to 95°C for 5 min. Equal
amounts of lysate were resolved on 4-12% Bis-Tris NuPAGE gels
(Thermo Fisher Scientific) in MOPS buffer (Thermo Fisher Sci-
entific), transferred to nitrocellulose (Bio-Rad, Hercules, CA), and
blocked in 5% BSA in TBS with 0.1% Tween-20. Membranes were
probed overnight with antibodies against PCSK9 (1:1,000 dilu-
ton, D7U6BL; Cell Signaling, Danvers, MA), B-actin (1:2,000 dilu-
tion, 8H10D10; Cell Signaling), apoB (1:338 dilution, MAB4124;
R&D Systems), or Avi-Tag (1:500 dilution, A00674; GenScript,
Piscataway, NJ), washed extensively, detected with secondary anti-
bodies IRDye 800CW goat anti-rabbit IgG, IRDye 800CW goat
anti-mouse IgG, and IRDye 680RD goat anti-mouse IgG (LI-COR
Biotechnology, Lincoln, NE), and visualized on the ODYSSEY
infrared imaging system (LI-COR Biotechnology).

LDL variant analysis

LDL subfractions were evaluated for total cholesterol content
using a fluorometric assay kit (Cayman Chemical, Ann Arbor, MI)
and triglyceride content using a colorimetric assay kit (Cayman
Chemical) according to the manufacturer’s instructions.

Flow cytometry

HepG2 cells were prepared and treated in the PCSK9-NLuc
uptake assay as described above, but were incubated with PCSK9-
NLuc and its variants in the absence of the lysosomal inhibitor,
chloroquine. Four hours after PCSK9-NLuc incubation, cells were
washed with PBS, dissociated with 0.5 mM EDTA in PBS, trans-
ferred to 1.5 ml centrifuge tubes, and passaged through a 21-gauge
needle thrice to minimize cell clumping. Cells were collected by
centrifugation (300 g for 5 min), washed twice with solution A
(PBS containing 0.5% BSA and 1 g/1 glucose), and then labeled
with 5 ul LDLR Alexa Fluor 488 conjugated antibody (FAB2148;
R&D Systems) in 200 pl solution A for 30—40 min with gentle rota-
tion at room temperature in the absence of light. Cells were washed
again with solution A and then subjected to flow cytometric analysis
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using a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ).
Data analysis was performed using FlowJo v10 software (Ashland,
OR), focusing on single viable cells as identified from forward-
scatter and side-scatter gating.

Data analysis

Data and statistical analyses were performed using Prism 7.0
(GraphPad Software, La Jolla, CA). In general, raw luminescence
or fluorescence outputs were normalized to positive and negative
control samples, and experiments were performed in triplicate
and repeated at least three times. P values indicate the results of
unpaired ttests with Welch’s correction. Error bars in all graphs
other than flow cytometry represent SD. Error bars in graphs dis-
playing data from flow cytometry represent 95% ClIs of the mean.

RESULTS

A cell-based luciferase assay to measure PCSK9 uptake

To investigate factors that affect PCSK9 internalization,
we developed a system that would allow for a rapid luciferase-
based readout as a proxy for PCSK9 uptake (Fig. 1A).
Briefly, we overexpress a PCSK9-NLuc fusion in HEK 293T
cells, then collect and transfer the conditioned medium to
HepG2 cells in the presence of a lysosomal inhibitor to pre-
vent degradation of the reporter (43). After coincubation,
we dissociate and harvest the cells with trypsin, removing
any uninternalized cell surface-bound PCSK9, and sub-
ject the cellular lysates to a luciferase assay. The luciferase
reporter allows a quantitative evaluation of the PCSK9-NLuc
concentration in the conditioned medium prior to transfer
so as to ensure uniform inputs in any given experiment.

The assay exhibited excellent specificity for the biologic
process at hand. Experiments using conditioned medium
containing equivalent concentrations of free NLuc as a
control for nonspecific uptake reached only 13% of that
containing the PCSK9-NLuc fusion [Fig. 1B, compare open
bar, pgy =0.127 (RLU, relative luminescence unit), o, =
0.00348, to blue bar, pgy = 1, ogy = 0.0623]. Incubation
of the recipient cells with the PCSK9-NLuc-conditioned
medium at 4°C, so as to allow cell surface association of
PCSK9 but prevent endocytosis (44), showed only 22% of
the activity of the endocytosis-permissive 37°C incubation
(Fig. 1C, compare open bar, pgp=0.217, oy = 0.0256,
to blue bar, pgry = 1, oy = 0.0584). Consistent with
prior studies showing the dependence of PCSK9 func-
tion on PCSK9:LDLR binding (35), the assay required an
intact PCSK9:LDLR interaction. Coincubation of the con-
ditioned medium in the presence of Pep2-8, a PCSK9:
LDLR(EGF-A) blocking peptide (45), resulted in a readout
only 10% of the inactive peptide, PepCul (Fig. 1D, com-
pare open bar, gy = 0.0998, oy = 0.00434, to blue bar,
Mreu = 1, Oy = 0.123).

Our assay also showed a linear correlation (R® = 0.99)
between input PCSK9 concentration and luminescence
outputs over physiologic PCSK9 levels (46) from approxi-
mately 1 to 12.5 nM (Fig. 1D). Notably, at the concentra-
tions of PCSK9 used, we were unable to detect internalized
PCSK9-NLuc via Western blot with a PCSK9 antibody (data
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not shown), illustrating the sensitivity of this assay. Upregu-
lation of cell surface LDLR on HepG2 cells by pretreat-
ment in sterol-depleting medium (47) increased luciferase
output [Fig. 1D, blue, for (PCSK9) =12.5 nM: pg; ; = 41627,
orry = 9499] over treatment in standard medium [Fig. 1D,
cyan, for (PCSK9) = 12.5 nM: pgry = 18,955, oy = 5,338],
further exhibiting the dependence of our assay on the
PCSK9:LDLR interaction. To confirm that our system reca-
pitulated the downstream physiologic effect on the LDLR,
we evaluated cell-surface LDLR expression via flow cytom-
etry. Our results show that treatment of HepG2 cells for
4 h with physiologic PCSK9-NLuc concentrations (12.5 nM)
appropriately reduced cell-surface LDLR (Fig. 1E), both in
cells cultured in sterol-depleting medium [Fig. 1E, blue,
PCSK9 untreated (open bar): pgpy = 11.20, 95% CI =
11.06-11.34; PCSK9 treated (filled bar): pgpy = 10.00,
95% CI = 9.86-10.14] or standard medium [Fig. 1E cyan,
PCSK9 untreated (open bar): ey = 7.11, 95% CI = 7.02—
7.20; PCSK9 treated (filled bar): pgpy = 5.76, 95% CI =
5.68-5.84].

LDL inhibits the binding of PCSK9 to the LDLR in vitro
more potently than PCSK9 uptake in tissue culture

We first sought to evaluate the inhibitory effect of LDL
on complex formation between PCSK9 and the EGF-A
domain of the LDLR. Prior FRET-based studies have shown
that LDL can disrupt the binding of PCSK9 to the LDLR
(33), though gel-shift assays have suggested that this mech-
anism does not involve a direct steric blockade between
PCSK9 and the LDLR (32). Given that the latter study uti-
lized a GOF D374Y variant with increased affinity for the
EGF-A domain (35), we employed a commercially available
ELISA using near physiologic levels of WT PCSK9 and satu-
rating levels of EGF-A domain to probe the interaction
(48). We found that both subphysiologic and physiologic
levels of LDL potently inhibited PCSK9:LDLR (EGF-A)
binding in a dose-dependent manner (Fig. 2A). Specifi-
cally, we found that at PCSK9 concentrations of 1.4 nM
(100ng/ml),10mg/dlof LDLinhibited PCSK9:LDLR (EGF-
A) domain binding by 75% (Fig. 2A, cyan, Wpcra pinding =
0.245, Oggra Binding = 0-0145), while 100 mg/dl of LDL
inhibited binding by 93% (Fig. 2A, blue, Wggra pinding =
0.0667, OgcrA inding = 0-00369).

As PCSK9 uptake is both dependent on the presence of
the LDLR (49, 50) and increased by mutations (such as
D374Y), which increase the binding affinity of PCSK9 for the
LDLR (33), we sought to extend our in vitro findings to
a cellular setting. We thus employed our luciferase-based
system to evaluate the effects of LDL on PCSK9 uptake.
We incubated conditioned PCSK9-NLuc medium with
chloroquine-treated HepG2 cells in the presence of subphysi-
ologic (10 mg/dl), low (50 mg/dl), and high (200 mg/dl)
concentrations of LDL. In contrast to the results of the in
vitro ELISA assay, LDL inhibited PCSK9 uptake modestly,
with a marked effect only at the high concentration [Fig. 2B,
open bars, for (LDL) =200 mg/dl: ppcskg uptake = 0-381, 0pesko
Uptake = 0.0424]. We repeated our experiments by preincubat-
ing the conditioned PCSK9-NLuc medium with LDL prior to
adding the mixture to HepG2 cells. This partially rescued
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Fig. 1. Luciferase-based assay for PCSK9 uptake. A: Overall schematic of assay. A PCSK9-NLuc fusion is heterologously expressed in HEK 293T
cells, and the conditioned medium then transferred to HepG2 cells. Cell lysates are collected after the exogenous PCSK9-NLuc is taken up into
cells, with the amount internalized quantified by luminescence. B: Relative luminescence of HepG2 cell lysates treated with PCSK9-NLuc
(12.5 nM, blue bar) or an equivalent amount of free NLuc (open bar). Values are normalized to 1 for the PCSK9-NLuc treatment. C: Relative
luminescence of HepG2 cell lysates treated with PCSK9-NLuc (12.5 nM) at an incubation temperature of 37°C (blue bar) or 4°C (open bar).
Values are normalized to 1 for the 37°C condition. D: Relative luminescence of HepG2 cell lysates treated with PCSK9-NLuc (12.5 nM) and
coincubated with an inactive peptide control (PepCitrl, blue bar) or a PCSK9:LDLR blocking peptide (Pep2-8, open bar). Values are normalized
to 1 for the inactive peptide control. E: Luminescence, corrected for assay background, of equivalent amounts of HepG2 cell lysates treated with
increasing concentrations of PCSK9-NLuc, stratified by the presence (blue) or absence (cyan) of sterol-starvation. Data include three separate
experiments without normalization. Linear regression lines with the appropriate goodness-of-fit (R%) values are shown. F: Alexa Fluor 488 fluo-
rescence, as a proxy for cell surface LDLR expression, and as determined by flow cytometric analysis, of HepG2 cells treated for 4 h with (filled
bars) or without (open bars) PCSK9-NLuc and stratified by the presence (blue) or absence (cyan) of sterol-starvation.

the inhibitory activity of LDL, resulting in more impressive for (LDL) = 200 mg/dl: ppcsko upake = 0339, Opesko Uptake =
reductions of PCSK9 uptake [Fig. 2B, filled bars, for (LDL) = 0.0545]. The reductions in PCSK9 uptake were particularly
10 mg/dl: ppcsko upake = 0-571, Tpasko vprake = 0.225; for notable for the 10 mg/dl and 50 mg/dl concentrations,
(LDL) =50 mg/dl: Wpcsko Uptake = 0-573, Opcsko Uptake = 0.148; though not quite to the levels of inhibition seen in the
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Fig. 2. Effect of LDL on the PCSK9:LDLR interaction and PCSK9
uptake. A: Relative binding of increasing concentrations of PCSK9
to the EGF-A domain of LDLR in the absence (red) or presence of
subphysiologic (10 mg/dl, cyan) or physiologic (100 mg/dl, blue)
LDL, as measured by a commercially available PCSK9-LDLR ELISA
assay. Raw absorbance data are normalized to 1 for the highest
PCSK9 concentration in the absence of LDL and 0 in the absence
of PCSKY. The linear regression lines are shown, with the extra-
sum-of-squares F test indicating different slopes at P < 0.0001. B:
Relative uptake, as measured by luminescence assay, of PCSKO9-
NLuc by HepG2 cells in the presence of increasing concentrations
of LDL, shown by sequential addition (open bars) or preincubation
(filled bars) of PCSK9 with LDL. Raw luminescence data are nor-
malized to 1 for PCSK9-NLuc treatment in the absence of LDL and
0 in the absence of PCSK9-NLuc uptake. Pvalues indicate compari-
son to the control (no LDL, red) arm.

ELISA alone. We conclude from this data that a cell-based
factor partially abrogates the ability of LDL to reduce PCSK9
uptake into cells. Furthermore, this cell-based factor ap-
pears most effective when PCSK9 and LDL are presented
simultaneously to the cells.

LDL-mediated inhibition of PCSK9 uptake is dependent
upon LDLR expression

To investigate the mechanism by which LDL acts to de-
crease PGSK9 function, we asked whether PCSK9 uptake
was dependent upon LDLR expression levels. Previous
work has shown that LDL competes with PCSK9 for bind-
ing to LDLR (33), but PCSK9 uptake per se can occur in
the absence of PCSK9:LDLR binding, even though the
presence of LDLR itself is still required (32, 50). We thus
treated HepG2 cells with standard or sterol-depleting me-
dium to alter LDLR expression, and evaluated uptake of
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PCSK9 preincubated with subphysiologic (10 mg/dl) and
high (200 mg/dl) LDL. LDL dose-dependently inhibited
PCSK9 uptake for both cell treatments (Fig. 3A). Intrigu-
ingly, LDL served as a more effective inhibitor, both in ab-
solute (Fig. 3A) and relative terms (Fig. 3B), in the cells
with upregulated LDLR expression by sterol starvation.
Specifically, 10 mg/dl LDL, relative to no LDL, decreased
PCSK9 uptake by 23% in the cells cultured in standard me-
dium (Fig. 3B, cyan, Wpcsko ptake = 0.768, opcsko Uptake =
0.0707), but by 37% in the sterolstarved cells (Fig. 3B,
blue, ppesko Uptake — 0.615, opcsko Uptake — 0.0411). Similarly,
200 mg/dl LDL, relative to no LDL, decreased PCSK9 up-
take by 52% in the cells cultured in standard medium (Fig.
3B, cyan, wpcsko Uptake = 0-484, Opcsko ptake = 0.0311), but by
68% in the sterol-starved cells (Fig. 3B, blue, ppcskg uptake =
0.321, Opcsko Uptake = 0.0387). Overall, our results suggest
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Fig. 3. Effect of LDLR upregulation on LDL-mediated PCSK9 up-
take inhibition. A: Relative uptake, as measured by luminescence
assay, of PCSK9-NLuc by HepG2 cells in the presence of increasing
concentrations of LDL, and stratified by the presence (blue) or ab-
sence (cyan) of sterol-starvation. Note that, in this experiment, LDL
was preincubated with PCSK9-NLuc prior to coincubation with the
cells. Raw luminescence data are normalized to 1 for PCSK9-NLuc
treatment in the absence of LDL and presence of sterol-starvation,
and 0 in the absence of PCSK9-NLuc uptake. B: Same experiment
(and source data) as in A, but each medium condition is normal-
ized separately to 1 (in the absence of LDL) to highlight the relative
impact of LDL under each.



that the inhibition of PCSK9 uptake by LDL is at least par-
tially LDLR dependent, and are also consistent with a
mechanism whereby LDL inhibits PCSK9 uptake by dis-
rupting the PCSK9:LDLR interaction.

HILMs negatively regulate LDL as an inhibitor of PCSK9
uptake

Our initial results showing a preincubation requirement
for LDL to exert its inhibitory effect suggested that a cell-
based factor might be competing with LDL to bind PCSK9.
Thus, we sought to identify this factor. Given that size and
density of LDL have been identified as variables that alter
the atherogenicity of the LDL particle (51-54), we investi-
gated whether LDL density subfractions might differen-
tially affect PCSK9 uptake. However, we found no difference
in PCSK9:LDLR (EGF-A) binding in vitro nor in cell-based
PCSK9 uptake when comparing small dense LDL to large
LDL (supplemental Fig. S1). We next hypothesized that
HSPGs on the cell surface might mediate this effect, given
their recent description as coreceptors for PCSK9 and af-
finity for the PCSK9 prodomain (37). To test this, we evalu-
ated PCSK9 uptake with reagents expected to modify
HSPG activity. First, we treated HepG2 cells with hepari-
nase to remove cell surface HLMs (including HSPGs) prior
to evaluating the effect of LDL on our PCSK9-NLuc uptake
assay. Unsurprisingly, and consistent with HSPGs acting as
coreceptors for PCSK9 (37), heparinase treatment in the
absence of LDL reduced PCSK9-NLuc uptake by about 30%
(Fig. 4A, orange, Wpcskg Uptake = 0.705, opcsko Uptake = 0.0424),
with its absolute effect similar to that of preincubation of
PCSK9 with LDL. Physiologic levels of LDL (50 mg/dl)
added to heparinase-treated cells, but not preincubated
with PCSK9, reduced PCSK9 uptake further (Fig. 4A,
brown, ppcske Uptake = 0-4722, Opcskg Uptake = 0-110), to about
50% of the total for untreated cells (Fig. 4A, red,
Kpcsko Uptake = s Opesko upake = 0-0431). This suggests that
LDL can inhibit PCSK9 uptake even in the absence of
HLMs, and remains consistent with our prior data showing
that such inhibition is at least partially dependent on
LDLR expression.

As native LDL binds negatively charged sulfated glyco-
proteins (such as HSPGs) (40, 55, 56), we also hypothe-
sized that the direct interaction between LDL and HLMs
was necessary to explain our differential effects on preincu-
bation. To look specifically at this interaction, we subjected
LDL to reductive methylation, which reduces the affinity of
LDL to bind either HLMs or the LDLR itself (40, 41). Im-
portantly, iodixanol gradient purifications of these LDL
species confirmed that the methylated LDL retained the
ability to bind PCSK9 (supplemental Fig. S2). Consistent
with our hypothesis, methylated LDL, regardless of prein-
cubation status, retained the ability to inhibit PCSK9 uptake
[Fig. 4B, purple, no preincubation (open bar): ppcsko Uptake =
0.603, Opcskg upake = 0.0737; preincubation (filled bar):
Kpcsko Uptake = 0-501, Opcsko uprake = 0-0653] to levels similar to
preincubation with native LDL [Fig. 4B, blue, preincubation
(filled bar): wpcsko Uptake = 0-573, Opesko Uptake = 0.148]. Cells
not treated with LDL, beyond that present in the medium,
had higher uptake (Fig. 4B, red open bar: ppcsko vpake = 1,
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Fig. 4. Effect of the LDL:HLM interaction on LDL-mediated
PCSK9 uptake inhibition. A: Relative uptake, as measured by lumi-
nescence assay, of PCSK9-NLuc by HepG2 cells coincubated with
LDL (blue), treated with heparinase (orange), or both (brown).
Raw luminescence data are normalized to 1 for PCSK9-NLuc coin-
cubation in the absence of LDL or heparinase treatment and 0 in
the absence of PCSK9-NLuc. P values indicate comparison to the
control arm (no treatment, red) unless otherwise indicated. B: Rela-
tive uptake, as measured by luminescence assay, of PCSK9-NLuc by
HepG2 cells in the presence of either native (blue) or reductively
methylated (purple) LDL, stratified by sequential addition (open
bars) or preincubation (filled bars) of PCSK9 with LDL. Raw lumi-
nescence data are normalized to 1 for PCSK9-NLuc treatment in
the absence of LDL and 0 in the absence of PCSK9-NLuc uptake.
Pvalues indicate comparison to the control arm (no LDL, red) un-
less otherwise indicated.

Opcsko Upake = 0.0513) than cells treated with the methylated
LDL (Fig. 4B, purple bars), suggesting that our findings
were specific to the disruption of the LDL:HLM interac-
tion rather than disruption of the LDL:LDLR interaction.
This is consistent with prior work showing that LDL can
inhibit the binding of PCSK9 to the LDLR, even when the
LDLR cannot itself bind LDL (32). Overall, when taken
together with data from heparinase-treated cells, these
data suggest that LDL-mediated inhibition of PCSK9
uptake is in part negatively regulated by the LDL:HLM
interaction.
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HILMs also interact with PCSK9 to negatively regulate
LDL as an inhibitor of PCSK9 uptake

Having shown the importance of the LDL:HLM interac-
tion, we next asked whether the interaction between PCSK9
and HLMs could also modulate the ability of LDL to in-
hibit PCSK9 uptake. Here, we used the R93A variant of
PCSK9, which removes an arginine residue from the de-
scribed HSPG binding motif in the prodomain and de-
creases the binding affinity of PCSK9 for heparin (37).
As expected, in the absence of LDL, uptake of R93A
PCSK9 is less robust (Fig. 5A, magenta, Wpcsko vpuake = 0-710,
Opcskg Upake = 0.0962) than that of WT PCSK9 (Fig. 5A, blue,
MpCsK9 Uptake = 1s Opesko Uptake = 0.0202). LDL, when preincu-
bated with PCSK9, inhibited uptake of both WT and R93A
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Fig. 5. Effect of the PCSK9:HLM interaction on LDL-mediated
PCSK9 uptake inhibition. A: Relative uptake, as measured by lumi-
nescence assay, of WT' (blue) or R93A (magenta) PCSK9-NLuc by
HepG2 cells incubated with increasing concentrations of LDL. Raw
luminescence data are normalized to 1 for WT PCSK9-NLuc treat-
ment in the absence of LDL and 0 in the absence of PCSK9-NLuc.
B: Relative uptake, as measured by luminescence assay, of WT
(blue) or R93A (magenta) PCSK9-NLuc by HepG2 cells in the pres-
ence of 10 mg/dl LDL, shown by sequential addition (open bars) or
preincubation (filled bars) of PCSK9 with LDL. Raw luminescence
data are normalized to 1 for WT PCSK9-NLuc treatment in the ab-
sence of LDL and 0 in the absence of PCSK9-NLuc.
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PCSKO similarly (Fig. 5A). However, at subphysiologic levels
of LDL (10 mg/dl), the requirement for preincubation to
inhibit PCSK9 uptake was no longer present for the R93A
variant [Fig. 5B, magenta, no preincubation (open bar):
Mpcsko Upake = 0514, Opasko Upake = 0.0723; preincubation
(filled bar): ppesko Uptake = 0-466, Tpesko Uprake = 0-0870]. These
data suggest that the PCSK9:HLM interaction partly abro-
gates the effect of LDL as an inhibitor of PCSK9 uptake.

The full-length PCSK9 prodomain binds LDL and blocks
the inhibitory effect of LDL on PCSK9 uptake

Given that both the LDL:HLM and PCSK9:HLM interac-
tions dilute the inhibitory effect of LDL on PCSK9 uptake,
we hypothesized that these interactions might directly
compete with the PCSK9:LDL interaction. Prior work has
shown the N terminus of the prodomain, specifically an
unstructured region encompassing residues 31-562, as nec-
essary for LDL binding (32). Deletion of these residues
also improves PCSK9 binding to soluble LDLR (35) and
increases the ability of PCSK9 to downregulate LDLR on
cells (36). The binding site for HSPGs is also located on
the PCSK9 prodomain, encompassing an arginine-rich
motif spanning residues 93-139 (37). To ask whether the
N-terminal prodomain residues were sufficient to mediate
the inhibitory effect of LDL on PCSK9 uptake (and there-
fore nonoverlapping with the HSPG binding site) , we created
secreted PCSK9 prodomain variants to use in competition
experiments. We designed our prodomain constructs as
N-terminal fusions to secretable human Fc domains, a strat-
egy similar to one previously used to permit secretion of
the prodomain in the absence of the PCSK9 catalytic do-
main (57). Using the previously described binding sites as
our guide, we generated three sequential C-terminal trun-
cations of the prodomain encompassing residues 31-50, 31-
100, and 31-152 (Fig. 6A). We expressed these prodomain-Fc
fusions via transient transfections in 293T cells, quantified
their production via a commercially available ELISA against
the Fc tag, and tested each in various experiments.

First, we evaluated the ability for each prodomain variant
to bind LDL in vitro. Here, we incubated the conditioned
medium containing each fusion with LDL and then per-
formed a three-layer iodixanol gradient ultracentrifuga-
tion to isolate the LDIL-containing fractions, as per prior
protocols (32). We then subjected the LDIL-containing
fractions to SDS-PAGE and Western blot using an antibody
against the Avi tag. Our results show that the full-length
prodomain comigrates with LDL along the density gradi-
ent, with no clear signal for the truncated prodomain
variants (Fig. 6B). Importantly, the full-length prodomain
fusion did not naturally migrate to the same layer as LDL in
the iodixanol gradient, as shown by ultracentrifugation of
the prodomains in the absence of LDL (Fig. 6B). To evalu-
ate for competition of the exogenous prodomain for
PCSK9:LLDL binding, we coincubated the prodomain vari-
ants with PCSK9-NLuc in the LDL binding assay prior to
LDL isolation. Luciferase assays of the LDIL-containing
fractions showed no differences in PCSK9-NLuc binding at
an equimolar (i.e., 1:1) ratio of blocking construct to PCSK9-
NLuc, but did show a modest decrease in PCSK9-NLuc
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Fig. 6. Rescue of LDL-mediated inhibition of PCSK9 uptake by
exogenous prodomain. A: Schematic of exogenous prodomain con-
structs. All constructs are driven by a cytomegalovirus promoter (not
shown), and include the PCSK9 signal sequence (SS, gray), C-terminal
Fc (cyan), and Avi (yellow) tags. The PCSK9 prodomain variants
(shades of green) include residues (Pro)31-50, 31-100, or 31-152
(fulllength). B: Detection of apoB and the Avi-Tag by Western blot,
after SDS-PAGE analysis, of the LDL-containing fraction or its volu-
metric equivalent from gradient ultracentrifugation of in vitro bind-
ing assays between the prodomain constructs and LDL. Note that all

binding at an 8-fold excess of blocking construct, which
was most notable for the full-length prodomain (Fig. 6C,
dark green filled bar, pg;y = 0.783, oy = 0.0655). To ex-
tend these findings to cells, and also evaluate the functional
consequence of these prodomain variants, we then per-
formed similar blocking experiments with these constructs
in our PCSK9 uptake assays. Here, we incubated excess
amounts of each construct with the tagged PCSK9-NLuc
and LDL prior to evaluating the effects on PCSK9 uptake.
Our results show that complete rescue of PCSK9 uptake
required the full (i.e., nontruncated) prodomain (Fig. 6D,
dark green, ppcsg Uptake = 0-966, Opesko uptake = 0-240). These
data suggest a requirement for the entire prodomain, in-
cluding the HSPG binding site, to permit the LDL particle
to inhibit PCSK9 uptake. Moreover, these data are consis-
tent with the prodomain:LDL binding interaction being
sufficient for such an effect to occur.

The GOF S127R PCSKY variant has increased affinity for
heparin and increased uptake sensitivity to heparinase

The initial discovery of PCSK9 as a Mendelian cause of fa-
milial hypercholesterolemia came from the PCSK9 S127R
mutant (1). Biochemical characterization of this mutant has
remained puzzling; both self-proteolysis and secretion are re-
quired for PCSK9 to exert its maximal effect on the LDLR,
yet we and others have shown that the SI27R variant is defi-
cient in both proteolytic function and secretion (24, 58).
Given the location of S127 within the prodomain and near
the HSPG binding motif, we hypothesized that a positively
charged arginine at this position could increase the affinity of
PCSK9 for the negatively charged HSPGs, potentially ex-
plaining the GOF phenotype. To address this, we first evalu-
ated the affinity of PCSK9 S127R for heparin in an in vitro
assay. We generated WT, S127R, and D374Y PCSK9-NLuc
constructs and produced the corresponding proteins via
transient transfections in 293T cells. We then added the con-
ditioned media to a heparin-coated plate and measured the
relative luminescence of the PCSK9 inputs. We sequentially
washed the plates with a high salt solution followed by a com-
petitive free heparin solution, reading out luminescence af-
ter each step to monitor the remaining bound PCSK9-NLuc.
Consistent with our hypothesis, after the salt wash, signifi-
cantly more S127R PCSK9-NLuc remained bound (Fig. 7A,

lanes for a given antibody have equal exposures. C: Relative lumi-
nescence of the LDL-containing fraction or its volumetric equiva-
lent from gradient ultracentrifugation of in vitro binding assays
between PCSK9-NLuc and LDL in the absence (cyan) or presence
(shades of green) of the indicated prodomain constructs. Open
bars indicate a prodomain construct:PCSK9-NLuc ratio of 1:1, and
closed bars indicate a prodomain construct:PCSK9-NLuc ratio of
8:1. Values are normalized to 1 for treatments in absence of block-
ing construct (cyan). D: Relative uptake, as measured by lumines-
cence assay, of PCSK9-NLuc by HepG2 cells in the presence of LDL
and the indicated exogenous prodomain Fc-Avi fusion. Note that,
in these experiments, all LDL was preincubated with the PCSK9-
NLuc and exogenous prodomain. Raw luminescence data are nor-
malized to 1 for PCSK9-NLuc treatment in the absence of LDL and
0 in the absence of PCSK9-NLuc uptake.

PCSK9, HLMs, and LDL interact to modulate PCSK9 uptake 79



>

in vitro Binding PCSK9-NLu
Heparin-Coated Plate - WT

-= D374Y

S127R

0.0154

0.0104 *p<0.10

{ - *n<0.05
0.005

Luminescence to Input

NaCl HeEJarin
Wash Treatment
HepG2 Cells H

*
ke

*p<0.05
** p <0.00001

—_
o
1

Change in PCSK9 Uptake 00
o
pre
]

o
o

WT D374Y  S127R
PCSK9 Mutant

HepG2 Cells PCSK9 Mutant
I WT Il D374Y

9]

S127R

N
o
L

Relative A Relative A
(alln.s.) (allns.)

< ) alflof <
o = cl | g |
o =] =1 K=1|K=]

—_
4]
[

PCSK9 Uptake
A

. .
o= —
Standard  Sterol-Depleting Sterol-Depleting
Medium &LbL
D &
Azs HepG2 Cells * p<0.0001
ik
e E 204 J—
gg 15 "
"
B
3 E 104
D
)
0 T
None WT D374Y  S127R

PCSK9 Mutant

Fig. 7. Effect of PCSK9 GOF variants on heparin binding and
PCSK9 uptake. A: Relative in vitro binding affinity of WT (red),
D374Y (blue), and S127R (cyan) PCSK9-NLuc to heparin after
high-salt and heparin competition washes, as measured by lumines-
cence assay. The Y axis shows relative luminescence compared with
initial input on the heparin-coated plate. Only one side of each set
of error bars is shown for clarity. B: Relative PCSK9 uptake, as mea-
sured by luminescence assay, by untreated (open circles) and hepa-
rinase-treated (filled squares) HepG2 cells incubated with WT
(red), D374Y (blue), or S127R (cyan) PCSK9-NLuc-conditioned
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€yan, MRrU-Bound/RLU-Input = 0.0108, o RLU-Bound/RLU-Input =
0.00473), compared with WT (Fig. 7A, red, pri u-Bound/RLU-Input =

0.00173, Orp u-Bound/RLU-nput = 0-00199) or the D374Y variant
(Fig. 7A, blue, MRLU-Bound/RLU-Input = 0.00494, ORLU-Bound/RLU-Input =
0.00227). Furthermore, the S127R variant approached the
basal level after the competitive wash with excess free hepa-
rin (Fig. 7A).

We then asked whether these findings would translate to
cellular uptake of PCSK9. To do so, we repeated our cellu-
lar uptake assays using the WT, S127R, and D374Y PCSK9-
NLuc variants with heparinase-treated and untreated
HepG2 cells. Our results show that the relative decrease in
uptake with the heparinase treatment was significantly
greater for the S127R variant (Fig. 7B, cyan filled square,
Mpcsk9 Uptake = 0.579, opesko Uptake = 0.137) as compared with
WT (Fig. 7B, red filled square, ppcsko Upiake = 0-785, Tpcsko
Uptake = 0.262) or D374Y PCSK9 (Fig. 7B, blue filled square,
Ppcsko Uptake = 0-861, Opesko Upuake = 0.328). As expected, the
degree of uptake of D374Y PCSK9 (Fig. 7C, blue, sterol-
depleting medium, ppcskg upake = 18.1, Opesko Uptake = 1.80)
was about 18-fold greater than that of WT PCSK9 (Fig. 7C,
red, sterol-depleting medium, ppcskg Uptake = 1s Tpesko Uptake =
0.0202), consistent with the increased affinity of the D374Y
variant for the LDLR EGF-A domain (45). Intriguingly,
S127R PCSK9 uptake (Fig. 7C, cyan, sterol-depleting me-
dium, pcsgo Uptake — 3.11, opesko Uptake — 0.394) was about
3-fold greater than that of WT PCSK9. The potency of each
species, with regard to effect on cell surface LDLR expres-
sion, also followed the relative differences in PCSK9 up-
take, as evaluated by flow cytometry (Fig. 7D). Moreover,
each species behaved similarly when tested in the absence
of sterol-starvation or when preincubated with high levels
of LDL (200 mg/dl) (Fig. 7C). Together, these data are
consistent with the S127R mutant having higher affinity for
cell surface HLMs (such as HSPGs), with this increased affin-
ity driving increased uptake and ultimate function. However,
our results suggest against a specific LDL interaction play-
ing a key role in the pathogenesis of the S127R variant.

DISCUSSION
In this study, we examined the role of LDL as an inhibitor
of PCSK9 uptake, developing a sensitive luciferase-based
assay to specifically look at this step of the PCSKO lifecycle.

medium. Luminescence data are normalized to 1 for each PCSK9-
NLuc treatment and 0 in the absence of PCSK9-NLuc treatment. C:
Relative uptake, as measured by luminescence assay, of WT (red),
D374Y (blue), or SI127R (cyan) PCSK9-NLuc by HepG2 cells, strati-
fied by sterol-starvation or LDL (200 mg/dl) coincubation. Lumi-
nescence data are normalized to 1 for WT PCSK9-NLuc treatment
of sterol-starved cells and 0 in the absence of PCSK9-NLuc treat-
ment. Numbers showing the relative change for each variant (com-
pared with the uptake of that variant for sterol-starved cells) are
listed. D: Alexa Fluor 488 fluorescence, as a proxy for cell surface
LDLR expression, and as determined by flow cytometric analysis, of
HepG2 cells treated in the absence (black) or presence of WT
(red), D374Y (blue), or S127R (cyan) PCSK9-NLuc.



Consistent with prior studies, we found that LDL both inhib-
its PCSK9 uptake in cells and inhibits PCSK9:LDLR (EGF-A)
binding in vitro (32, 33). We found that the in vitro bind-
ing results were more impressive than the effects in cells,
prompting us to search for a cell-based factor that could
modulate either PCSK9:LDLR binding or PCSK9 uptake
directly. Though PCSK9 uptake is generally thought to be
dependent upon the PCSK9:LDLR interaction (49), previ-
ous work has shown that such uptake can occur in the ab-
sence of direct PCSK9:LDLR binding, but still requires the
presence of the LDLR (50). This suggests that an alterna-
tive PCSK9 internalization mechanism may exist. Here, we
found that the inhibition of PCSK9 uptake by LDL was
modulated by cell-surface HLMs in addition to LDLR ex-
pression itself. Additionally, the regulation by HLMs was
dependent upon both the LDL:HLM and PCSK9:HLM
interactions, as disruption of either augmented the ability
of LDL to inhibit PCSK9 uptake. Furthermore, rescue of
PCSK9 uptake from LDL-mediated inhibition occurred via
competition from an exogenous full-length prodomain-Fc
fusion encompassing a described HSPG binding site. When
taken together, these data are consistent with the PCSK9:
HLM and PCSK9:LDL interactions competing against each
other, with both complexes potentially existing in a fluid
equilibrium.

Though speculative, it is tempting to propose a model to
incorporate these data into the known literature (Fig. 8).
In the absence of LDL, PCSK9 may bind to the LDLR di-
rectly or be presented to the LDLR via binding to HLMs.
Whether internalization can occur via the PCSK9:HLM in-
teraction by itself remains to be determined. HLMs may
also complex with available LDL to block the PCSK9:HLM
interaction, thus reducing the ability of HLMs to present
PCSKO9 to the LDLR. In addition, the PCSK9:LDL complex
likely has reduced affinity for free HLMs. As evidenced by
the reduction in PCSK9 uptake by LDL in heparinase-
treated cells, LDL can also mediate its inhibition through
an HLM-independent mechanism, and likely does so by
inhibiting the PCSK9:LDLR interaction allosterically. On
the basis of our data alone, however, it remains unclear
whether the HLM-dependent mechanism also requires
PCSK9:LDLR binding or the presence of the LDLR itself. It
is tantalizing to conjecture that HLMs may offer a way to
shuttle PCSK9 into an endocytic vesicle without the need
for the PCSK9:LDLR interaction, whereby PCSK9 can then
direct itself into acidified endosomes (50, 59) and induce
an interaction with the LDLR via its cysteine-histidine rich
domain, which has known affinity for the LDLR at lower
pH (60, 61). This could effectively bypass the need for the
interaction between the PCSK9 catalytic and the LDLR
EGF-A domains at the cell surface (50). However, it should
be noted that this hypothesis remains untested and re-
quires further study.

Given the role of HLMs as promoters of PCSK9 uptake,
we also evaluated their relationship to the S127R mutant,
because the biochemical basis for its GOF phenotype re-
mains unknown. Despite its reduction in processing effi-
ciency, the S127R mutant still affects LDLR levels after
being secreted (29). We found that uptake of the SI27R

PCSK9 /
Uptake . /
Legend
LDLR
T Domains
¢ LDL * Prodomain
¥ > PCSK9 Catalytic
[ HLM ¥ CHR
@ Hepatocyte

Fig. 8. A model of PCSKY uptake. In the absence of LDL (left),
PCSK9 can bind to the LDLR directly or bind to HLMs, such as
HSPGs, to facilitate presentation to the LDLR. Both mechanisms
can promote internalization. When LDL is present (right), it can
complex with PCSK9 to reduce both PCSK9:LDLR and PCSK9:HLM
binding, the former through an allosteric mechanism. LDL:HLM
complex formation also downregulates PCSK9:HLM binding, and
this reduction decreases the ability of HLMs to present PCSK9 to
the LDLR for internalization. Whether HLMs can mediate PCSK9
internalization independent of PCSK9:LDLR binding remains to be
seen. Though PCSK9 is depicted as bound to the LDLR in the endo-
some as part of a canonical pathway, PCSK9 internalization can oc-
cur in the absence of PCSK9:LDLR binding. CHR, cysteine-histidine
rich domain.

mutant, as well as its ability to downregulate the LDLR, was
enhanced over WT PCSK9, though less than the D374Y
variant. While other studies have shown uptake of S127R
PCSKO9 to be similar to WT, these were performed in other
cell types, where the relative contribution of HLMs may dif-
fer (33). Overall, our studies support the concept that in-
creased binding affinity of the S127R variant to HLMs
could promote cell surface association and uptake, provid-
ing a potential mechanism for its effects. This is consistent
with other work showing that the GOF effect of the S127R
and D374Y mutations are additive on PCSK9 function, ar-
guing against directly overlapping mechanisms of action
(62). Structurally, the side chain of S127 lies about 10 A
away from the guanidinium group of the R105 located
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within the HSPG binding motif of the prodomain. As such,
the introduction of a positively charged residue could plau-
sibly augment the binding interaction with negatively
charged HLMs. Interestingly, a nearby mutant, D129G,
shows a similar phenotype (58), and could follow a similar
mechanism via the loss of a negatively charged aspartate.
Importantly, LDL also inhibits uptake of S127R PCSK9,
doing so in similar proportion to its effects on WT and
D374Y PCSKO9, suggesting that the mechanistic basis of the
S127R mutant is not specific to an interaction with LDL
alone.

Our results come with several important caveats. First,
we have focused on PCSK9 uptake as a means to specifically
investigate this stage of the PCSKOY lifecycle, as the sensitiv-
ity of our assay allowed us to probe perturbations that had
a relatively modest downstream effect on the LDLR. But
while uptake of PCSKY is required for its ultimate function
on the LDLR, such uptake does not necessarily imply that
this function will occur (59).

Second, our study focused on in vitro and tissue culture
models with physiologic concentrations of our parameters
of interest. While our study remains consistent with prior
work that LDL inhibits the ability of PCSK9 to induce
LDLR degradation, this concept has only been tested in
cell culture, and not directly proven in humans (32, 33). In
this vein, it is notable that LDL may convey additional ef-
fects on PCSKY, including altering the equilibrium be-
tween the less active monomeric and more active oligomeric
forms (63), as well as protecting serum PCSK9 from inacti-
vation by furin-mediated cleavage (64). Thus, though out-
side the scope of our work, in vivo confirmation would be
needed to understand whether the biochemical findings
presented here have relevance to a clinical population with
either normal or elevated serum cholesterol levels. To this
end, it is notable that the relative effects seen by disrupting
either the PCSK9:HLM or LDL:HLM interactions are only
noticeable at low or subphysiologic LDL concentrations.
Though circumstantial, this may provide insight into a time
when evolutionary pressure existed to promote adequate
serum LDL, giving a reason for PCSK9’s hypercholesterol-
emic function to exist.

Last, it must be noted that the results of our competition
experiments with exogenous prodomain must be inter-
preted without confirmation of an organized structure, as
despite their proper secretion, these prodomain-Fc fusions
exist without cognate catalytic domains. Though the
prodomain N terminus, known to be required for the
prodomain:LDL interaction, is intrinsically unstructured,
the extent to which the remainder of the prodomain
can associate with either LDL or HLMs outside of the
prodomain:catalytic domain complex remains a question.
In this context, it is notable that the in vitro blocking ex-
periments show only a modest decrease in PCSK9:LDL
binding despite an 8-fold excess of prodomain. Whether
this is due to a decreased affinity of “free” prodomain for
LDL, as compared with the prodomain:catalytic domain
complex present in mature PCSK9, remains a question.
Moreover, because a structural basis for prodomain:HSPG
binding has been proposed (37), it is conceivable that our
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free prodomain may simply not harbor the required struc-
ture to present the proper binding motif for HLMs. Thus,
the free prodomain used in our blocking experiment
may not interfere with PCSK9 binding to LDL and HLMs
equally. Regardless, our data suggest that the prodomain N
terminus is not, by itself, sufficient for binding LDL and
mediating an inhibitory effect on PCSK9 uptake. Rather,
our data suggest that PCSK9:LDL binding also requires a
region of the prodomain that encompasses the HSPG bind-
ing motif, though structural information would be neces-
sary to confirm this suspicion.

Overall, the interactions between LDL, PCSK9, and
HLMs suggest a complex interplay to regulate ultimate
PCSKO9 function. Given the role of PCSK9 as a key driver of
serum lipid levels, further understanding of these relation-
ships and their regulatory mechanisms may allow the identi-
fication of potential targets that could ultimately upregulate
the LDLR, lower serum LDL, and protect against athero-
sclerotic disease Hf
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