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Familial hypercholesterolemia (FH) is characterized by severely
elevated low density lipoprotein (LDL) cholesterol. Herein, we
identified an FH patient presenting novel compound heterozy-
gote mutations R410S and G592E of the LDL receptor (LDLR).
The patient responded modestly to maximum rosuvastatin plus
ezetimibe therapy, even in combination with a PCSK9 monoclo-
nal antibody injection. Using cell biology and molecular dynam-
ics simulations, we aimed to define the underlying mecha-
nism(s) by which these LDLR mutations affect LDL metabolism
and lead to hypercholesterolemia. Our data showed that the
LDLR-G592E is a class 2b mutant, because it mostly failed to exit
the endoplasmic reticulum and was degraded. Even though
LDLR-R410S and LDLR-WT were similar in levels of cell surface
and total receptor and bound equally well to LDL or extracellular
PCSK9, the LDLR-R410S was resistant to exogenous PCSK9-
mediated degradation in endosomes/lysosomes and showed re-
duced LDL internalization and degradation relative to LDLR-WT.
Evidence is provided for a tighter association of LDL with LDLR-
R410S at acidic pH, a reduced LDL delivery to late endosomes/
lysosomes, and an increased release in the medium of the bound/
internalized LDL, as compared with LDLR-WT. These data
suggested that LDLR-R410S recycles loaded with its LDL-cargo.
Our findings demonstrate that LDLR-R410S represents an LDLR
loss-of-function through a novel class 8 FH-causing mechanism,
thereby rationalizing the observed phenotype.
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The levels of low density lipoprotein cholesterol (LDLc)?
are correlated with cardiovascular diseases, which are the main
cause of death and morbidity worldwide (1). Among the best
cholesterol-lowering agents are “statins” that inhibit HMG-
CoA reductase and lower LDLc (by 40 —60%) through up-reg-
ulation of the LDL receptor (LDLR) levels. Ezetimibe, which
inhibits intestinal sterol absorption and reduces LDLc by <20%, is
often administered with statins for a maximal decrease in LDLc
levels (2).

Familial hypercholesterolemia (FH) is among the most com-
mon inherited metabolic disorders affecting 1:200 individuals
worldwide and is characterized by severely elevated LDLc.
Monogenic hypercholesterolemias are caused by mutations in
genes involved in the uptake of low density lipoprotein (LDL)
by the LDLR in hepatocytes (3). Autosomal recessive hypercho-
lesterolemia is caused by mutations in the LDLR adaptor pro-
tein 1 (ARH) or its LDLRAPI gene (4). Autosomal dominant
familial hypercholesterolemia results from mutations in LDLR,
apolipoprotein B (apoB), or proprotein convertase subtilisin/
kexin type 9 (PCSK9). Loss-of-function (LOF) mutations in
either LDLR (67%) or apoB (14%), the protein component of
LDL that binds LDLR, result in FH and premature coronary
heart disease (4). More than 1700 LDLR mutations were iden-
tified (5), and the wild-type (WT) LDLR structure was defined
(Fig. 1A4). Until recently, FH mutations in the LDLR were cate-
gorized into six different classes, depending on the receptor
defect (Table 1) (6-12). In 2003, a third gene encoding the
proprotein convertase subtilisin/kexin type 9 (PCSK9) (Fig. 1A4)
(13) was associated with FH (14), as it binds LDLR and enhances
its degradation (15, 16) in endosomes/lysosomes (17). Indeed,
PCSKO9 gain-of-function (GOF) mutations were associated with
hypercholesterolemia (14), especially D374Y, which enhances

® The abbreviations used are: LDLc, low density lipoprotein cholesterol; FH,
familial hypercholesterolemia; LDLR, low density lipoprotein receptor;
apoB, apolipoprotein B; LOF, loss-of-function; GOF, gain-of-function; EGFA,
epidermal growth factor A; ER, endoplasmic reticulum; WB, Western blot-
ting; MD, molecular dynamics; aa, amino acid; RMSF, root mean squared
fluctuation; TCA, tricarboxylic acid; PDB, Protein Data Bank; IRCM, Institut
de Recherches Cliniques de Montréal; IRES, internal ribosome entry site;
EGFP, enhanced green fluorescent protein; Dil-LDL, 3,3’-dioctadecylindo-
carbocyanine-low density lipoprotein.
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FIGURE 1. Domain organizations of LDLR and PCSK9 and structures of LDLR 3-propeller domain and of PCSK9-LDLR complex. A, domain organizations
of LDLR (top) and PCSK9 (bottom). LDLR is composed of the ligand binding domain (LBD), containing seven repeats (L1-L7) of ~40 residues, the EGF precursor
homology domain (EGFPH), consisting of EGFA, EGFB, six-bladed (1-6) B-propeller, and EGFC domains, the O-linked sugar regions, and the transmembrane
domain (TMD). Mature PCSK9 is formed after auto-cleavage between the prodomain (Pro) and the catalytic domain (Catalytic). The hinge domain (H) and the

C-terminal histidine-rich domain (CHRD) are indicated. B, LDLR B-propeller domain with its six blades and their corresponding residues. The positions of Arg*'®

and G2 in the B-propeller domain of the LDLR are displayed. C, overall structure of the PCSK9-.LDLR complex (PDB code 3M0C) shows two interfaces of
interaction between the two proteins as follows: a major interface between catalytic domain of PCSK9 (green) and the EGFA domain of LDLR (turquoise) and a
minor interface (boxed) between the prodomain of PCSK9 (red) and the LDLR B-propeller domain (blue). Box, details of the prodomain/B-propeller interface;
yellow dotted line shows the van der Waals interaction between Leu'?® (PCSK9) and Leu®*” (LDLR-WT), whereas the blue dotted line depicts the “putative” ionic

interaction between the GOF mutation L108R (PCSK9) and Glu®2® (LDLR-WT).

binding of PCSK9 to the LDLR by >10-fold (18), Conversely,
LOF mutations result in hypocholesterolemia (19). The identi-
fication of the epidermal growth factor A (EGFA) domain of the
LDLR as the binding site to PCSK9 catalytic subunit (20, 21)
led to the discovery of a 7th class of LDLR mutations
(H327Y) that enhances receptor binding to and degradation
by PCSK9 (Table 1) (22).

Complete loss of PCSK9 resulted in an unprecedented
decrease in LDLc without apparent adverse effects, leading to
the development of potent inhibitory PCSK9 monoclonal anti-
bodies (mAbs). Large scale phase III clinical trials revealed that
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subcutaneous injection of these mAbs every 2 or 4 weeks results
in ~60% lowering of LDLc (23-25).

A suspected homozygote FH patient, referred to our Institut
de Recherches Cliniques de Montréal (IRCM) lipid clinic in
2010, exhibited highly elevated LDLc despite maximal statin,
ezetimibe, and PCSK9 inhibitor therapies. Genetic testing
revealed the presence of two heterozygote mutations, R410S
and G592E, one on each allele of the LDLR gene. Such muta-
tions were previously reported individually and predicted to be
damaging (7, 26). However, the R410S/G592E compound
heterozygosity is novel. The underlying mechanisms of these
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two mutations are unknown, including the patient’s resistance
to PCSK9-mAb treatment. Therefore, our work sought to (i)
identify the mechanism(s) by which the mutations R410S and
G592E in the LDLR lead to hypercholesterolemia, as observed
in our patient, and (ii) explain the patient’s resistance to the
PCSK9-mADb treatment, which would point to an alternative
therapy for PCSK9-resistant patients. Herein, we provide evi-
dence for a novel FH mechanism associated with LDLR-R410S,
the latter representing a new class 8 LDLR mutation (Table 1),
and we show that the LDLR-G592E does not effectively exit
from the endoplasmic reticulum (ER), classifying it as a class 2b
LDLR defect.

Results

Identification of a Compound Heterozygote FH Patient Resist-
ant to Statin, Ezetimibe, and PCSK9-mAb Treatments—The
prepositus, a 23-year-old man, was referred to the IRCM clinic
for elevated LDLc and total cholesterol (Table 2). He had nor-
mal triglycerides and high density lipoprotein (HDL) levels,
normal blood pressure, and no prior history of cardiovascular
disease but presented bilateral xanthelasma of the eyelids with-
out tendinous xanthoma. A diagnosis of homozygous FH was
proposed based on high LDLc, a positive family history for
hypercholesterolemia in both parents, and his poor response to
statin therapy. Indeed, atorvastatin (10 mg) led to a modest 13%
drop in LDLc compared with an expected ~35% decrease, and
20 mg resulted in an additional 6% decrease (Fig. 24). The
patient was then switched to rosuvastatin (20 and 40 mg) and
ezetimibe (10 mg) therapy, leading to a limited ~37% reduction
in LDLc compared with an expected ~70% (27). Additional
subcutaneous injections of 140 mg of the PCSK9-mAb Evoloc-
umab every 2 weeks further lowered LDLc by only ~15%
(expected average 50-70%) (24, 28), suggestive of a resistance
to PCSKO9 action (Fig. 2A4).

TABLE 1
Functional classification of LDLR loss of function mutations

Example of
mutant (Ref.)

Stop 167 (7)

Class Phenotype
1 No detectable LDLR protein

2 Either complete (2a) or partial (2b) block of G565V (8)
transport of the LDLR from the ER

3 Defective LDL binding D227E (7)
4 Defective clustering in clathrin-coated pits Y828C (9)
5 Recycling defective receptors T454N (10)
6 Sorting defect in polarized epithelial cells G844D (11)
7 Highly degraded by extracellular PCSK9 H327Y (12)
8” Defective LDL delivery to lysosomes and R410S

resistance to extracellular PCSK9

“ Proposed novel class is shown. LDLR is low density lipoprotein receptor; ER is
endoplasmic reticulum; LDL is low density lipoprotein; PCSK9 is proprotein
convertase subtilisin/kexin 9.

TABLE 2

An LDLR Mutation Linked to a Novel FH Mechanism

Exome sequence analysis revealed no PCSK9 variation
except for the presence of two missense mutations in the LDLR,
namely R410S and G592E, one on each allele. Genetic analysis
of the kindred revealed that the R410S and G592E mutations
were inherited through the maternal and paternal lineage,
respectively (Fig. 2B). Both Arg*'° and Gly*** are fully con-
served residues among species (data not shown) and are local-
ized in the B-propeller domain of the LDLR, namely Arg*'® in
the B1 repeat and Gly®? in the 85 one (Fig. 1B).

Although the LDLR mutations R410S and G592E were pre-
viously reported, their compound heterozygosity, as in our FH
patient, is new. For example, the combined heterozygote muta-
tion, R410S on one allele and a deletion mutation on the other
allele, was reported in 2013 in an 8-year-old FH patient (26).
Although the early termination deletion mutant is expected to
result in an LDLR-defective form, the consequence of the
R410S mutation was not analyzed but was predicted to be path-
ogenic. The heterozygote G592E mutation was previously
found either alone or in combination with other LOF mutations
on the other allele (29). It resulted in 5-15% residual LDLR
activity in fibroblasts and was predicted to be damaging (7).

Table 2 summarizes the characteristics of the subjects who
participated in our study. Patients with the single LDLR muta-
tion G592E (WT/G592E) displayed an elevated LDLc, similar to
values reported in carriers of this mutation (7). Carriers of the
single R410S mutation (R410S/WT) presented LDLc concen-
trations comparable with those with the single G592E muta-
tion. The compound heterozygote patient (R410S/G592E)
exhibited LDLc levels twice higher than subjects with a single
mutation.

LDLR-R410S Is Well Expressed at the Cell Surface and the
LDLR-G592E Is Degraded by the Proteasome—A segregation
analysis revealed a genotype-to-phenotype correlation in the
studied family pedigree, suggesting that the LDLR mutations
R410S and G592E, individually or combined, are causative of
FH, without affecting circulating PCSKO9 levels that were in the
normal range (Table 2) (30). Moreover, the underlying mecha-
nisms of their effects on LDLR trafficking and their functional
consequences in the development of FH are unknown.

Accordingly, we first compared the cellular properties of the
LDLR mutants with that of LDLR-WT (Fig. 3). Note that on
Western blottings (WB) the LDLR appears as a doublet consist-
ing of an LDLR that is not O-glycosylated (~110 kDa) and one
that is fully mature and O-glycosylated (~140 kDa) (31). Thus,
WB analyses of overexpressed LDLR-WT, -R410S, and -G592E
and both mutants in HEK293 cells revealed that LDLR-WT and
LDLR-R410S levels were similar, whereas those of LDLR-
G592E were ~30% of WT, and the equal combination R410S/

Average characteristics of the untreated subjects in each mutation group
TC is total cholesterol; HDLc is high density lipoprotein cholesterol; LDLc is low density lipoprotein cholesterol; TG is triglyceride. The numbers are listed as averages (*

S.D. from the mean).

No. of Sex,
Genotype subjects Age male/female TC HDLc LDLc TG PCSK9
years mmol/liter ng/ml
R410S/G592E 1 23 1/0 115 0.8 10.2 1.0 82.0
R410S/W'T 2 63.5 (+ 16.3) 1/1 7.8 (+2.1) 1.2(=0.1) 5.9 (+ 0.3) 1.6 (= 0.3) 90.5 (+ 23.3)
WT/G592E 2 63.5 (+ 16.3) 1/1 7.3 (+1.2) 1.3 (% 0.1) 53 (+0.3) 15 (* 0.4) 815 (+ 2.1)
WT/WT 8 382 (+ 18.8) 3/5 54 (* 1.3) 1.3(*0.2) 3.4 (= 1.4) 14 (= 1.2) 84.1 (* 24.5)
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FIGURE 2. Evolution of LDLc concentration of patient llI-3 following different therapies and family pedigree. A, LDLc concentrations following several
lipid-lowering treatments. B, family pedigree. The prepositus is marked with an arrow. Round symbols, females. Square symbols, males. Black outlined symbols,
family members for which data were available. Gray outlined symbols, family members for which no data were available. Symbols crossed through: deceased
individuals. LDLR-R410S allele, dark gray shading. LDLR-G592E allele, light gray shading.

G592E resulted in an intermediate ~70% total LDLR protein
level (Fig. 3A). This suggests that, different from the WT and
R410S receptors, LDLR-G592E is less stable in these cells. We
propose that the lower protein levels of this mutant are due to
its retention in the ER, as evidenced by its endoglycosidase H
sensitivity (Fig. 3B), and subsequent proteasomal degradation.
Indeed, the LDLR-G592E levels were increased by ~2-fold in
the presence of the proteasome inhibitor MG132 (32), although
this agent had little effect on LDLR-WT and LDLR-R410S (Fig.
3C). Whether the proteasomal degradation of the immature
G592E receptor follows its ubiquitination or not is unknown.
Finally, fluorescence-activated cell sorting (FACS) analysis of
the LDLR confirmed that WT and R410S cell surface levels
were similar, whereas those of G592E and R410S/G592E were
~40 and ~70% of WT (Fig. 3D).

Similar observations were found in liver-derived HepG2 cells
using immunocytochemistry of the LDLR and its mutants (Fig.
3E) under permeabilized (total LDLR; upper panel) and non-
permeabilized (cell surface LDLR; lower panel) conditions. The
data showed that the cellular LDLR distribution/localization of
LDLR-WT and LDLR-R410S was similar in both conditions.
Conversely, G592E and the double mutant resulted in decreased
cell surface LDLR levels, with an estimated ~30% (G592E-
LDLR) and ~60% (R410S/G592E-LDLR) reaching the plasma
membrane, as compared with WT-LDLR (Fig. 3E).

1576 JOURNAL OF BIOLOGICAL CHEMISTRY

In conclusion, the cell surface expression of LDLR-G592E
was drastically reduced compared with WT, mainly because of
its retention in ER and subsequent degradation. This should
result in increased circulating LDLc levels, as observed in all
family members that carried the G592E mutation (Table 2).
The cell surface expression of LDLR-WT and LDLR-R410S was
similar and much higher than that of LDLR-G592E. However,
individuals carrying a single R410S or G592E mutation pre-
sented equally increased LDLc levels (5.3—5.9 versus normal 3.4
mmol/liter). This raises the question of the functional activity
of the LDLR-R410S and its regulation by PCSK9.

PCSK9-WT Binds Cell Surface LDLR-R410S but Does Not
Lead to Its Degradation: Importance of LDLR-Arg*'° for PCSK9
Function—TIt is a rare event to find hypercholesterolemic indi-
viduals resistant to the LDLc-lowering effect of a PCSK9-mAbs.
In the present FH patient the circulating levels of PCSK9 were
within normal range (~82 ng/ml; Table 2). This eliminated the
likelihood that the patient’s resistance to PCSK9-mAbs is due
to abnormally elevated levels of circulating PCSK9. We thus
investigated the possibility that the LDLR-R410S is inade-
quately responding to PCSK9-enhanced LDLR degradation.

We reported that in cell lines PCSK9 enhances the degrada-
tion of the LDLR both by an intracellular pathway (Golgi to
lysosomes, observed upon co-expression of PCSK9 and LDLR),
and an extracellular one (early endosomes to lysosomes,
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FIGURE 3. Total and cell surface expression of wild-type LDLR and its two mutants, R410S and G592E. HEK293 cells were transfected with V5-tagged
LDLR-WT (WT), LDLR-R410S (RS), LDLR-G592E (GE), or both mutants (RS/GE). A, WB analysis of LDLR expression. B, LDLR sensitivity to endoglycosidase H (Endo
H). G, LDLR levels after 18 h in absence (—) or presence (+) of 2.5 umol/liter MG132, a proteasome inhibitor. D, FACS analyses of cell surface LDLR expression.
E, immunofluorescence microscopy of total (PERM) and cell surface (NON PERM) LDLR in HepG2 cells overexpressing WT, RS, GE, or RS/GE. Quantification of cell
surface LDLRis shown, using 12 transfected cells (EGFP-positive)/condition/experiment. Non-transfected cells expressed ~100-fold less LDLR than transfected
ones. Scale bar, 15 um. Data are representative of at least two independent experiments. Quantifications are averages = S.D. *, p < 0.05; **, p < 0.01; ***, p <

0.001 (t test).

observed upon incubation of cells with exogenous PCSK9) (33).
Accordingly, co-expression of PCSK9-WT or its GOF mutant
D374Y with LDLR-WT or LDLR-R410S in HEK293 cells fol-
lowed by WB analyses revealed that LDLR-WT and LDLR-
R410S are =90% degraded (Fig. 4A). Similar results were
obtained by FACS analysis of cell surface LDLR levels (Fig. 4B).
Thus, we conclude that the LDLR mutation R410S does not
prevent PCSK9 from dragging the receptor toward lysosomal
degradation in the intracellular pathway (33).

However, because the latter pathway is not predominant in
liver, where PCSK9 acts mostly extracellularly on hepatocytes,
we next examined the effect of exogenously added PCSK9 on
cellular LDLR. Unexpectedly, although extracellular PCSK9-W'T
or PCSK9-D374Y could enhance the degradation of LDLR-WT
(by 50 or 60%, respectively), LDLR-R410S was resistant to the
activity of either PCSK9 isoform, as observed by WB (Fig. 4C),
or FACS (Fig. 4D) analyses.

Finally, we confirmed the above observations with exoge-
nous PCSK9 in mouse primary hepatocytes isolated from mice
lacking both PCSK9 and LDLR (34) and overexpressing
LDLR-WT or LDLR-R410S (Fig. 4E). Collectively, our results
suggest that the underlying mechanism of the FH phenotype
observed in the proband (III-3) and the average 1.7-fold higher
LDLc found in R410S heterozygote family members (I-2 and
11-3) (Fig. 1B; Table 1) exclude a contribution by extracellular
PCSKO.

In a next logical step, we evaluated the ability of extracellular
PCSKO9, non-tagged or a C-terminally tagged PCSK9-mCherry
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(35), to bind cell surface LDLR in HEK293 cells overexpressing
the LDLR-WT or LDLR-R410S. FACS analysis (Fig. 54) and
direct fluorescence measurements (Fig. 5B) of surface-associ-
ated PCSKO clearly demonstrated that both PCSK9 forms bind
similarly the WT and R410S receptors at the plasma mem-
brane. Furthermore, a dose-response curve at the cell surface of
HEK293 cells measuring the interaction of each receptor with
exogenous PCSK9 at 4 °C gave similar binding parameters (K,
~2 um; Fig. 5C).

Thus, the resistance of the LDLR-R410S to extracellular
PCSK9-induced degradation in cell lines and mouse primary
hepatocytes is not due to the impairment of PCSK9 binding
to this receptor, but it is likely a consequence of the R410S
mutation.

We next addressed the possibility of rescuing the LDLR-
R410S phenotype. X-ray crystallography of the LDLR-PCSK9
complex revealed that Leu'%® in the PCSK9-prodomain makes
hydrophobic contacts with Leu®*” in the 86-propeller domain
of the LDLR (Fig. 1C) (21). This was supported by the identifi-
cation of L108R as a GOF mutation of PCSK9, likely by enhanc-
ing such interaction via an ionic contact between the PCSK9
mutant Arg'®® and Glu®*® in the B6-propeller domain of the
LDLR (36). Because the LDLR Arg*'® (81-propeller domain) is
spatially adjacent to Glu®*°, we compared the effects of exoge-
nous PCSK9-WT and PCSK9-L108R GOF mutant on LDLR-
R410S (Fig. 6). This GOF mutant partially restored the ability of
PCSK9 to enhance LDLR-R410S degradation following an 18-h
incubation, as evidenced by a more sensitive ELISA (compared
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described in C. Cell lysates were immunoblotted with anti-V5-HRP for LDLR. Data are representative of at least three independent experiments. Quantifications
are averages = S.D.*, p < 0.05; **, p < 0.01; ***, p < 0.001 (t test).
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tative of two independent experiments. The average PCSK9 binding constants determined from the two experiments are 1.8 = 0.8 um (WT) and 1.3 = 0.1 um (RS).

with WB) for total LDLR (from 11% with PCSK9-WT to 37%
with PCSK9-L108R; Fig. 6A4), and by cell surface FACS analysis
(from 0% with PCSK9-WT to 14% with PCSK9-L108R; Fig. 6B).
Generally, a higher decrease in total LDLR measured by ELISA

compared with cell surface LDLR assayed by FACS has already
been reported (37), and it likely emphasizes that only a small
fraction of total LDLR remains at the cell surface (38). Thus,
PCSK9-L108R GOF mutation can functionally but partially
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FIGURE 6. GOF PCSK9-L108R in the prodomain rescues PCSK9-mediated
degradation of LDLR-R410S via the extracellular pathway. HEK293 cells
overexpressing LDLR-WT (WT) or LDLR-R410S (RS) were incubated for 18 h
with conditioned media from HEK293 cells: no PCSK9 control-media (Cnt) or
PCSK9-media (~1.1 pg/ml), PCSK9-WT (PC9-WT), or GOF PCSK9-L108R (PC9-
LR). A, total LDLR quantification by ELISA. B, FACS analyses of cell surface
LDLR. Data are representative of four independent experiments. Bars are
averages = S.D.*, p < 0.05; **, p < 0.01 (t test).

enhance/rescue the ability of PCSK9 to degrade the LDLR-
R410S, likely reflecting an increased affinity of PCSK9 for the
LDLR (36).

To investigate the importance of Arg™®, we generated three
other LDLR mutants, namely R410K (positive charge), R410E
(negative charge), and R410A (neutral amino acid). The level of
expression of these mutants was tested in HEK293 cells by
ELISA for total LDLR (Fig. 7A), FACS for cell surface LDLR
(Fig. 7B), and in HepG2 cells by immunocytochemistry (Fig. 7E)
and their functionality by Dil-LDL uptake in HepG2 cells (Fig.
7F). The Dil-LDL was chosen because it was previously shown
to undergo the same endocytic degradative pathway as the
unlabeled LDL (39). The data showed that only the expression
of LDLR-R410E was lower than LDLR-WT and correlated with
its lower functional activity (Fig. 7F). In contrast, LDLR-WT,
-R410S, -R410K, and -R410A reached the cell surface to a sim-
ilar extent in both cell lines (Fig. 7, B and E). The LDLR-R410E
is less stable as its levels were lower, and in contrast to the other
mutants, it was sensitive to endoglycosidase H digestion, sug-
gesting that it was mostly retained in the ER (Fig. 7C). Similar to
the LOF mutant LDLR-G592E (Fig. 3C), the LDLR-R410E lev-
els were increased in the presence of MG132, in support of its
degradation by the proteasome (data not shown). This suggests
that a negative charge (glutamic acid) in place of either Gly>* or
Arg*'?is damaging and likely prevents the correct folding of the
protein in the ER.

Overnight incubations of HEK293 cells overexpressing LDLR-
WT, -R410S, -R410K, or -R410A with exogenous PCSK9-WT or
PCSK9-D374Y revealed that these LDLR mutants were still par-
tially resistant to PCSK9-WT based on FACS analyses (Fig. 7D).
However, under these longer incubation conditions, the mutant
receptors became sensitive to the GOF PCSK9-D374Y. We con-
clude that the integrity of LDLR-Arg*' is critical for its sensitivity
to PCSK9-WT but not for the degradation by PCSK9-D374Y,
especially after extended incubation times.

Thus, the resistance of the patient to the PCSK9-mAb ther-
apy is likely due to the inability of exogenous PCSK9 to effi-
ciently enhance the degradation of LDLR-R410S. However, this
would not explain the FH phenotype, unless the LDLR-R410S
has also lost its functionality.

410

SASBMB

FEBRUARY 3,2017+VOLUME 292+NUMBER 5

An LDLR Mutation Linked to a Novel FH Mechanism

LDLR-R410S Binds LDL but Fails to Efficiently Internalize
and Degrade It—To test the hypothesis that the LDLR-R410S
has a lower activity toward LDL, binding of **’I-LDL to the cell
surface of HEK293 cells overexpressing LDLR-WT or LDLR-
R410S was assessed at 4 °C, and its time-dependent internaliza-
tion and degradation were evaluated at 37 °C (Fig. 8, A-C). Both
overexpressed cell surface receptors bound '*’I-LDL similarly,
with estimated dissociation constants of 0.42 *= 0.05 nMm for
LDLR-WT and 0.30 = 0.08 nm for LDLR-R410S (Fig. 8A),
assuming a molecular mass of 5.5 X 10° g/mol for apoB-100, the
sole LDLR ligand in LDL. The rate of cellular internalization of
12°]-LDL by LDLR-R410S over 120 min was found to be ~40%
lower than that observed with LDLR-WT (Fig. 8B), and it was
associated with an ~50% decrease in '*’I-LDL intracellular
degradation over 8 h (Fig. 8C).

We recapitulated these results by immunofluorescence in
HepG2 cells overexpressing either receptor and incubated with
fluorescent Dil-LDL for 4 h at 4 °C (Fig. 8D) or 37 °C (Figs. 7F and
8E). Dil-LDL binding was similar to both receptors, but its inter-
nalization was decreased by ~45% with LDLR-R410S (Fig. 8E).

Hence, the LDLR-R410S exhibits a defect in LDL internaliza-
tion/degradation, suggesting a decreased functionality com-
pared with LDLR-WT. Although this conclusion agrees with
the FH phenotype, the underlying mechanism of the observed
LOF still remains unknown.

LDLR-R410S Exhibits Lower LDL Release in Acidic Endosomes
and Reduced LDL Delivery to Late Endosomes/Lysosomes—We
analyzed the intracellular localization of Dil-LDL in HepG2
cells by quantifying its co-localization with specific markers
of early endosomes (EEA1) and late endosomes/lysosomes
(Lampl) (Fig. 94). Thus, after 4-h incubations at 37 °C, the
fluorescence associated with early endosomes was similar for
both receptors, whereas that in late endosomes/lysosomes was
~50% lower for LDLR-R410S versus LDLR-WT. Hence, the
R410S mutation does not affect the early steps of Dil-LDL inter-
nalization but results in a less efficient delivery of the cargo to
late endosomes/lysosomes compared with the WT receptor.

To better understand the above observations, we next tested
the hypothesis that LDL release from LDLR at the acidic pH of
endosomes/lysosomes (6) is less effective with the mutant
receptor. Consequently, we FACS-analyzed in HEK293 cells
the amount of Dil-LDL bound to either LDLR-WT or LDLR-
R410S both before and after lowering the pH from 7.4 to 5.3.
The data showed that ~40% of Dil-LDL remained bound to the
LDLR-WT at acidic versus neutral pH, as reported previously
(40). In addition, ~50% more Dil-LDL remained bound to
LDLR-R410S at pH 5.3 compared with LDLR-WT (Fig. 9, Band
C). Our cautious interpretation is that at acidic pH, LDLR-
R410S binds Dil-LDL stronger than the LDLR-WT, thereby
deliveringless LDL to lysosomes. Moreover, because LDL bind-
ing was equal for both receptors, but the overall cell-associated
LDL and its degradation were lower in cells expressing LDLR-
R410S versus LDLR-WT (Fig. 8), it is possible that some of the
internalized LDL by LDLR-R410S may be “regurgitated” out-
side of the cell (41). Because a previous report showed that
fluorescent Dil does not leak out of the cells upon Dil-LDL degra-
dation (39), we also measured the time-dependent increase of Dil-
LDL fluorescence into fresh medium at 37 °C after a 1-h Dil-LDL
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binding at 4 °C followed by extensive washes. The data revealed
that cells overexpressing LDLR-R410S released ~50% higher lev-
els of Dil-LDL compared with LDLR-WT (Fig. 9D). Also, time-de-
pendent FACS analyses of LDLR cell surface recovery in the pres-
ence of LDL, showed that both receptors recycle back to the cell
surface with similar rates (data not shown).

Therefore, entry of LDLR-bound LDL in early endosomes
and cell surface recycling of the LDLR are similar for WT and
R410S receptors. A notable difference between the two recep-
tors is the tighter association of LDL with LDLR-R410S at acidic
pH. Altogether, our results led us to conclude that this muta-
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tion resulted in impaired delivery of LDL to lysosomes and in
recycling of the LDLR-R410S loaded with its cargo, which is
released back into the medium. We estimate an ~50% split
between degradation and regurgitation or “retro-endocytosis”
(42) of the LDLR-R410S-LDL complex. The consequence
would be a LOF of the LDLR and a lower LDL clearance from
the circulation, in agreement with the patient’s FH phenotype.

Molecular Dynamics Simulation of LDLR-WT and LDLR-
R410S Suggests Flexibility Differences between the [-Propeller
Domains of the Two Receptors—It has been documented (6, 43)
that long range intramolecular movements at the interface of
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the ligand binding repeats L4 and L5 and the top of the 3-pro-
peller (including blades B4 and 5) of LDLR are important for
the release of receptor-bound LDL at the acidic pH of endo-
somes. Hence, the flexibility of some -blades might be essen-
tial in this process.

Our experimental observations showed that the LDLR-
R410S exhibits a defective LDL delivery to late endosomes/
lysosomes, likely due to a tighter LDL receptor association at
acidic pH. Because the R410S mutation occurs in the B1-blade
of the LDLR B-propeller domain, we aimed to test potential
differences in the flexibility of the B-propeller of WT and
mutant receptors at neutral and acidic pH. This was achieved
by molecular dynamics (MD) simulation of the entire B-propel-
ler domain of the two receptors at pH 7 and 5.

Indeed, LDLR-WT and LDLR-R410S displayed differences in
the predicted structural flexibilities of the 3-propeller domains at
neutral and acidic pH (Fig. 10 and supplemental Movie 1). At pH
7, although the B-propeller domain of LDLR-R410S is slightly
less flexible than that of LDLR-WT, both structures exhibit a
similar high flexibility of the segment comprising amino acids
(aa) 458 — 465 of the B2-blade. However, at pH 5 there is a pre-
dicted substantial difference in the mobility of the two recep-
tors. Thus, except for the highly mobile 82-loop (aa 458 —465)
common to both receptors and the modestly flexible B6-region
(aa 635-636) in LDLR-R410S, the remainder of the B-propeller
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structure of LDLR-R410S is predicted to be rigid, whereas in
LDLR-WT, blades B3 (aa 503-507) and 4 (aa 546 —550) are
flexible. Although the MD simulations did not account for LDL
binding, the predicted major loss in flexibility of blades 33 and
B4 in the B-propeller of LDLR-R410S at pH 5 supports the
herein proposed model where, at acidic pH, LDL binds stronger
to and is retained longer by the LDLR-R410S as compared with
LDLR-WT (Fig. 9, B and C).

Discussion

In the 1980s, the advent of statins, which inhibit the synthesis
of cholesterol, has significantly reduced mortality and events
associated with cardiovascular complications. FH is a dominant
genetic disease mostly caused by LOF variants in the LDLR gene
(6). Pathogenic changes in LDLR result in lower levels of active
hepatic LDLR protein and hence in impaired clearance and
increased levels of circulating LDLc. Although >1700 LDLR
mutations have been identified, <10% have been mechanisti-
cally validated in cells (5). The discovery of PCSK9 (13) and its
implication in LDLR metabolism (14, 15) have revolutionized
the field of regulation of LDLc. Circulating PCSK9, which
mainly originates from liver hepatocytes (44), enhances the
degradation of the LDLR in endosomes/lysosomes and hence
reduces the clearance rate of plasma LDLc (45).
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Clearance of circulating LDLc is mostly afforded by the
hepatic LDLR. LDL particles bind LDLR at the cell surface, and
the LDLR-LDLc complex is endocytosed into clathrin-coated
vesicles. Fusion of these vesicles with early endosomes (EEA1-
positive) is followed by acidification to pH ~6, which leads to a
change in LDLR conformation from “open to closed” and trig-
gers the dissociation of LDL from the LDLR (46). Subsequently,
LDL is delivered to lysosomes where it is hydrolyzed, and cho-
lesterol is redistributed within the cell. In turn, the LDLR is
either recycled back to the cell surface for re-use (~100-200
times each day), or it is sorted to late endosomes/lysosomes for
degradation (47). The latter pathway is favored when PCSK9
binds the cell surface LDLR (18) and is more efficacious with
PCSK9 GOF mutants such as D374Y and L108R (36, 45). The
main binding interface (~1000 A?) occurs between the catalytic
domain of PCSK9 and the EGFA domain of the LDLR (Fig. 1C)
(12, 20, 21). Additionally, in the prodomain of PCSK9, Leu'®®
makes a hydrophobic contact with Leu®"” in the B-propeller
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domain of the LDLR, thereby creating a second minor interface
(~70 A% (21).

The underlying mechanisms favoring the LDLR recycling
pathway as opposed to its sorting to endosomes/lysosomes for
degradation in the presence of PCSK9 are unknown. It has been
proposed that, in the absence of PCSK9, specific protein bind-
ers to the cytosolic tail of the LDLR or an intermediate protein
may regulate the LDLR recycling pathway (48). It has also been
established that the C-terminal domain of PCSK9 (CHRD; Fig.
1A) is critical for the sorting of the LDLR-PCSK9 complex to
endosomes/lysosomes (49 —52). Possibly, a protein “X” would
bind the LDLR-PCSK9 complex at the cell surface and sort it to
degradation compartments (45, 49, 53, 54), likely in competi-
tion with the recycling pathway. The involvement of a similar or
different protein X may also be applicable to the intracellular
pathway that occurs following exit of the complex from the
trans-Golgi network, and where the recycling pathway is
absent. This hypothesis would predict that specific LDLR
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mutations may affect differently the intracellular versus the
extracellular pathway.

Herein, we undertook an extensive characterization of two
LDLR mutations, R410S and G592E, found in an FH patient of
Italian origin. Based on our studies, neither of these mutations
resulted in a complete loss of LDLR function. Therefore, it was
not surprising that the 10.2 mmol/liter LDLc levels of our FH
patient (Table 2) were lower than the ~16.2 mmol/liter value
reported for an 8-year-old FH patient presenting two LDLR
mutations, R410S on one allele and a complete LOF on the
other allele (26). The novel combination of R410S and G592E in
our patient resulted in a doubling of the LDLc levels observed in
single mutants (Table 2), suggesting the mutations are additive,
with each providing similar contributions to the FH phenotype.
In addition, the retention in the ER of LDLR-G592E (Fig. 3B)
and of other LDLR mutants at this position, such as G592D,
G592R, and G592A (data not shown), reflects the importance of
the conserved Gly>* for the correct LDLR folding. Finally, in
line with the lower levels of LDLR-G592E reaching the cell sur-
face, Dil-LDL internalization was found to be 5-fold lower in
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HepG2 cells overexpressing this mutant versus LDLR-WT
(data not shown).

Notably internalization of ***I-LDL in HEK293 cells express-
ing either the LDLR-WT or -R410S is similar at early time
points (up to 40 min; Fig. 8B), when LDL internalization is
mostly a function of the endocytic rate of the LDLR-LDL com-
plex, as we also observed by immunocytochemistry on Dil-LDL
accumulated in EEAl-positive endosomes (Fig. 94, upper
panel). In contrast, at later times the LDLR-R410S-expressing
cells accumulate ~40% less '*’I-LDL than those expressing
LDLR-WT (Fig. 8B), as also observed in Lamp1-positive organ-
elles (Fig. 94, lower panel). At later times (>40 min) the amount
of cellular accumulation of LDL is a balance between endocy-
tosis, retro-endocytosis, and degradation.

Our collective data revealed that the R410S mutation has a
dramatic impact on the LDLR activity (Figs. 8 and 9) and on the
structural dynamics of the B-propeller domain at both pH 7 and
5 (Fig. 10 and supplemental Movie 1), namely relative to LDLR-
WT, LDLR-R410S bound LDL tighter at acidic pH, displayed a
reduced LDL delivery to late endosomes/lysosomes, and an
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increased release in the medium of the bound/internalized LDL
(Fig. 9D). This suggests that some (estimated at ~50%) of the
LDLR-R410S recycles together with its LDL-cargo. Regurgita-
tion or retro-endocytosis of up to 10% of the internalized LDL
has been reported for the native LDL receptor (41). Although
the R410S mutation did not affect the PCSK9 binding to the cell
surface LDLR (Fig. 5), it prevented the extracellular PCSK9-
induced LDLR degradation in endosomes/lysosomes (Fig. 4,
C—-E). This result explains the resistance of the FH patient to the
PCSK9-mAb treatment (Fig. 24), leading us to probe ways to
bypass the resistance of LDLR-R410S to extracellular PCSKO9.
Thus, we hypothesized that the R410S mutation could reduce
the stabilizing secondary interaction between Leu'°® in the
prodomain of PCSK9 and Leu®*” in the 86-blade of the LDLR
B-propeller domain (Fig. 1C) (21). Indeed, upon overnight
incubations, the PCSK9 GOF mutation L108R partially re-
versed the resistance to PCSK9-induced degradation of the
LDLR-R410S (Fig. 6), as did the GOF PCSK9-D374Y that
strengthens the PCSK9 interaction with the LDLR-EGFA
domain (Fig. 7D) (18). Because Arg*'° is highly conserved in
most mammalian LDLRs, we mutated this residue to Lys, Ala,
and Glu. The R410A and R410K mutants behaved similarly to
R410S in all our tests (Fig. 7). However, LDLR-R410E was
largely retained in the ER and consequently displayed a reduced
Dil-LDL uptake (Fig. 7, E and F), likely emphasizing that a neg-
ative charge is not tolerated at this position.

Unexpectedly, the LDLR-R410S and LDLR-WT were equally
sensitive to PCSK9-induced degradation when co-expressed in
HEK293 cells (Fig. 4, A and B) and in mouse primary hepato-
cytes (data not shown), in contrast to cells incubated with extra-
cellular PCSK9 (see above). This clearly emphasizes a major
difference in the trafficking regulation of the LDLR-PCSK9
complex in the intracellular versus the extracellular pathway
(33). R410S is the first example of an LDLR natural mutation
that can differentiate between the two pathways. Presently, the
only known trafficking difference between the intracellular ver-
sus extracellular pathway is the implication of clathrin light
chain versus clathrin heavy chain in vesicular budding from the
trans-Golgi network or cell surface, respectively (33). There-
fore, the LDLR-R410S could provide a unique tool for the dis-
covery of specific regulators of the LDLR-PCSK9 complex in
each pathway.

Presently, LDLR LOF mutations are grouped in seven differ-
ent classes depending on the pathway affected and the observed
receptor defect (Table 1). We propose that the G592E mutation
best belongs to class 2b, as it only partially reaches the cell
surface, rather than its original classification as a class 5 muta-
tion, which pertains to recycling defective alleles (7). Based on
its functional phenotype, the R410S mutation failed to fit in any
of the proposed LDLR mutant classes. We therefore suggest a
novel 8th class defined as an LDLR that is “defective in LDL
delivery to lysosomes and resistant to extracellular PCSK9-in-
duced degradation” (Table 1). It is a matter of speculation
whether some of the other natural FH-causing mutations (>50)
reported around Arg*'° in the 81-blade, but not characterized
functionally, would also fit in this classification. Interestingly,
the B1-blade mutant LDLR-R416W was suggested to be a recy-
cling-defective class 5 receptor (10).

1584 JOURNAL OF BIOLOGICAL CHEMISTRY

It is interesting that the levels of circulating PCSK9 in our
double heterozygote FH patient were similar to those of his
family members and are in the normal range (Table 2). It should
be noted that the average circulating levels of PCSK9 in 20
untreated heterozygote FH patients was reported to be ~1.5-
fold higher than in non-FH controls, with three of them exhib-
iting values close to normal (55).

This raises the question of the presence in some FH patients
of clearance receptor(s) of circulating PCSK9 other than the
LDLR. Indeed, studies in LDLR KO mice revealed a slower
clearance rate of plasma PCSK9 (56), but the lack of LDLR also
up-regulates the levels of other PCSKO targets in liver, e.g. LRP1
(54) and VLDL receptor (57, 58). Thus, in our patient the partial
contribution of LDLR-G592E and LDLR-R410S to the clear-
ance of PCSK9 and the possible presence of compensatory
mechanisms may be responsible for the observed relatively nor-
mal levels of circulating PCSK9.

The limited response of our FH patient to a maximal dose of
rosuvastatin and ezetimibe (Fig. 24) can now be rationalized by
a major LOF of R410S and G592E. Although statins, as inhibi-
tors of HMG-CoA reductase, should increase the mRNA, and
hence protein levels of these mutants, their limited functional-
ity would not be enough to effectively reduce LDLc. A treat-
ment option would be the drug lomitapide recently approved
for the treatment of homozygous FH patients (59). This inhib-
itor of microsomal triglyceride transport protein reduces the
levels of apoB in circulation by inhibiting its lipidation in
the ER. Alternatively, the patient could be treated with mipom-
ersen, a modified single-strand antisense oligonucleotide
designed to degrade apoB-100 by specifically binding to its
mRNA (59). Nevertheless, increased hepatic fat and long term
hepatic safety are the major issues for both lomitapide and
mipomersen, and therefore patients treated with these drugs
should be closely monitored (59).

In conclusion, our study defined the mechanism underlying
the FH phenotype observed in a patient with high LDLc despite
maximal treatments with lipid-lowering drugs and provided
evidence for the existence of a new class 8 LDLR LOF mutation.
The approach used combined clinical profiling data, genetics,
cell biology, and MD simulations to unravel the molecular
details of disease-causing mutations. Application of these
approaches to other LDLR mutations can help the advancement
toward more effective personalized treatments aimed at lowering
LDLc and the incidence of cardiovascular complications.

Experimental Procedures

Case Study at the IRCM Clinic—Clinical studies were con-
ducted at the IRCM lipid clinic and were approved by the Insti-
tutional Review Board. All subjects provided written informed
consent.

DNA Analysis from Human Subjects—DNA was extracted
from white blood cells with the QIAmp blood maxi kit (Qia-
gen). The LDLR exon was sequenced using the VariantSeqr
approach (Thermo Fisher Scientific), a system involving PCR
sequencing of exons (and the 5" upstream region). Briefly, PCRs
were carried out with 10 ng/ul genomic DNA. Sanger sequenc-
ing was performed, and fragments were subjected to capillary
electrophoresis on a 3130xl genetic analyzer with POP-7.
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Results were analyzed with the ViiA 7 software version 1.2.2
(AB Applied Biosystems, Life Technologies, Inc.).

Lipid and Lipoprotein Determination—Plasma was collected
in EDTA tubes following an overnight 12-h fast. Total choles-
terol, triglyceride, and HDLc concentrations were assayed on
an automated analyzer (Abbott Biochromatic Analyzer model
100). LDLc was calculated using the Friedwald formula. Plasma
PCSK9 concentrations were measured using an in-house
ELISA as described previously (60).

¢DNAs, Cell Culture, and Transfections—The cDNAs encod-
ing for human LDLR and its mutants were cloned in pIRES-
EGFP (where IRES is internal ribosome entry site and EGFP is
enhanced green fluorescent protein) vector containing a C-ter-
minal V5 tag. Point mutations of the LDL receptor were created
by site-directed mutagenesis, and the identity of each mutant
was confirmed by DNA sequencing. Full-length human PCSK9
was cloned in pmCherry-N1, a mammalian expression vector
(Clontech) designed to express a protein of interest fused to the
N terminus of mCherry (mCherry is a mutant fluorescent pro-
tein derived from the tetrameric Discosoma sp. red fluorescent
protein). The constructions containing the human PCSK9, WT
or D374Y, cloned in pIRES-EGFP were previously described
(16). HEK293 (human embryonic kidney-derived epithelial)
and HepG2 (human hepatocellular carcinoma) cells (American
Type Culture Collection, Manassas, VA) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (HEK293 cells) or in
Eagle’s minimal essential medium (HepG2 cells) supplemented
with 10% (v/v) fetal bovine serum (Invitrogen) and were main-
tained at 37 °C under 5% CO,. HEK293 cells were seeded in
poly-L-lysine (50 png/ml)-coated 12-well plates (3 X 10> cells/
well) or 24-well plates (1.5 X 10° cells/well) and the following
day were transfected using jetPRIME (PolyPlus) and a total of
0.5 ug of cDNA or 0.25 ug of cDNA, respectively. 24 h post-
transfection, the culturing medium was changed to serum-free,
and the cells were treated according to each experiment. Alter-
natively, for immunofluorescence experiments, HepG2 cells
(0.5 X 10° cells/well) were plated on poly-L-lysine-coated round
microscope coverslips that were placed in a 24-well cell culture
plate and 24 h later were transfected with 0.25 ug of cDNA
using FUGENE® HD (Promega). Transfected HepG2 cells were
maintained in culture during 48 h, including last 24 h in serum-
free medium, to achieve maximal expression of the receptor.

Sources of Human PCSK9—For all experiments that required
addition of extracellular PCSK9 at a single fixed concentration,
PCSK9 was obtained from 24-h serum-free conditioned media
of HEK293 cells overexpressing stably, non-tagged, or
V5-tagged PCSK9 (WT or D374Y) or transiently PCSK9-
mCherry. The PCSK9 concentrations in the conditioned media
were measured using an in-house ELISA as described previ-
ously (60). For the experiment that required PCSKO titration to
the HEK293 cells transiently expressing LDLR, purified recom-
binant human PCSK9-His was obtained from ACRO Biosys-
tems (PC9-H5223).

Isolation, Culture, and Transfection of Mouse Primary
Hepatocytes—Mouse primary hepatocytes were isolated from
livers of 8 —10-week-old male mice lacking both PCSK9 and
LDLR (34) by a two-step collagen perfusion method, as
described previously (61). Cells were seeded in 12-well plates
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(CellBind, 3337; Corning) in Williams’ medium E supple-
mented with 10% (v/v) FBS at a density of 2.5 X 10° cells/well.
After 2 h, the medium was replaced with hepatozyme medium
(Invitrogen) for 12 h prior to transfection. Transfections were
performed with Effectene (Qiagen) using 3 ug of cDNA/well,
following the manufacturer’s instructions (transfection effi-
ciencies 10 -15%). 24 h post-transfection, the cells were washed
once and incubated for an additional 18 h with conditioned
media from naive HEK293 cells (control) or overexpressing
either WT or D374Y human PCSK9 (1.8 pg/ml).

Enzymatic Digestion of Glycosyl Moieties—Proteins (30 ug)
from cell lysates were incubated with endoglycosidase H (New
England Biolabs) for 90 min at 37 °C. Products were separated
on 8% Tris glycine SDS-polyacrylamide gels and transferred to
a polyvinylidene difluoride (PVDF) membrane (0.45 um;
PerkinElmer Life Sciences), and LDLR protein was revealed by
WB (see below).

Western Blotting—Following the incubation times and treat-
ments specific to each experiment, cultured cells were washed
twice with ice-cold PBS and lysed for 40 min on ice in radioim-
munoprecipitation assay (RIPA) buffer in the presence of a mix-
ture of protease inhibitors (Roche Applied Science). Cell lysates
were cleared by centrifuging for 12 min at 15,000 X g at 4 °C,
and the total protein content was measured using the DC Pro-
tein assay (Bio-Rad). Thirty to 50 ug of protein were separated
on 8% Tris glycine SDS-polyacrylamide gels and transferred
to a PVDF membrane. Western blotting was performed for
human LDLR-V5 (goat anti-human LDLR, 1:1000, AF2148,
R&D Systems or anti-V5-HRP, 1:5000, R96125, Invitrogen),
B-actin (rabbit anti- 3-actin, 1:5000, A2066, Sigma), or GAPDH
(rabbit anti-GAPDH, 1:2500; ab9485; Abcam), and human
PCSKO (rabbit anti-human PCSK9, 1:2500; in-house antibody).
After incubation with the appropriate secondary antibodies, if
required, the membranes were revealed using Clarity Western
ECL Substrate (Bio-Rad) and imaged with a GelDoc XR™
instrument (Bio-Rad), and the bands of interest were quantified
using ImageLab 5.2.1 software (Bio-Rad).

Fluorescence-activated Cell Sorting (FACS) Analysis of LDL
Receptor Expression, LDL Binding and Release, and PCSK9
Binding—Flow cytometry was performed using a CyAn ADP
flow cytometer (DAKO; Beckman Coulter), and collected data
were analyzed using Summit software (Summit Software Inc.).

LDLR Cell Surface Expression by FACS—Transfected
HEK293 cells grown for 24 h and treated according to each
experimental design were placed on ice, detached by gentle up
and down pipetting, washed with PBS, 0.5% BSA, 1 g/liter glu-
cose (wash buffer), incubated for 10 min at 4 °C with a mouse
anti-human LDLR antibody (1:250; MAB2148; R&D Systems),
washed again, and finally incubated for 5 min at 4 °C with sec-
ondary antibody Alexa Fluor 647-conjugated goat anti-mouse
IgG (1:500; A21235; Molecular Probes). After staining, cells
were washed once more and resuspended in wash buffer con-
taining 1.67 ug/ml propidium iodide (P4864; Sigma). For each
sample, Alexa Fluor 647 fluorescence of 5000 high EGFP and
live events (propidium iodide negative) was acquired for data
analysis. All measurements were performed at least in triplicate.

LDL Binding and Release—HEK293 cells overexpressing
LDLR-WT or LDLR-R410S and grown for 24 h were placed on
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ice, detached, washed as above, and incubated with 15 ug/ml
Dil-LDL (J65330; Alfa Aesar) for 1 h at 4 °C in pH 7.4 buffer
(RPMI 1640 + L-glutamine serum-free medium, 1.5 mm CaCl,,
where RPMI is Roswell Park Memorial Institute medium). To
test for low pH-induced LDL ligand release, following two
washes the cells were shifted to pH 5.3 by replacing the pH 7.4
buffer with RPMI 1640 + L-glutamine serum-free medium, 25
mM succinate, 1.5 mm CaCl,, pH 5.3, for 1 additional hour at
4. °C. For each sample, Dil-LDL fluorescence of 5000 high EGFP
events was acquired for data analysis.

PCSK9 Binding to the Cell Surface LDLR—HEK293 cells
transfected with LDLR-WT or LDLR-R410S and grown for 24 h
were placed on ice, washed once with ice-cold PBS, and incu-
bated for 4 h at 4°C with conditioned media from naive
HEK293 cells (control) or HEK293 cells overexpressing either
WT or D374Y human PCSK9 (1.3 ug/ml). Following one wash,
cells were processed for FACS as described above, except that
the staining was performed with a rabbit anti-human PCSK9
antibody (1:250; in-house antibody) and a secondary antibody
Alexa Fluor 647-conjugated goat anti-rabbit IgG (1:500;
A21245; Molecular Probes). For each sample, Alexa Fluor 647
fluorescence of 2000 live events was acquired for analysis.

Confocal Laser Scanning Microscopy Analysis of LDL Recep-
tor Expression and Localization and Dil-LDL Binding and
Internalization in HepG2 Cells—Samples were visualized using
a Plan-Apochromat 63 X 1.4 oil objective of an LSM-710 con-
focal laser-scanning microscope (Carl Zeiss) with sequential
excitation and capture image acquisition with a digital camera.
Images were processed with ZEN software. Image analysis to
quantify the fluorescence intensities and co-localization was
accomplished using Imaris X64 8.2.0.

Cell Surface LDLR Expression Analysis—48 h post-transfec-
tion, the cells were washed twice with PBS and fixed with PBS,
4% paraformaldehyde (10 min). After blocking with PBS, 2%
BSA (1 h), samples were incubated at 4 °C overnight with goat
anti-human LDLR polyclonal antibody (1:200; AF2148; R&D
Systems), washed with PBS, and incubated with the appropriate
fluorescent secondary antibody for 1 h at room temperature.
Nuclei were stained by incubating the samples with PBS, 1
png/ml Hoechst for 2 min. Coverslips were mounted on a glass
slide with Mowiol (Sigma). To analyze LDLR total expression,
the same protocol was followed, except after the blocking step
and prior to incubation with primary antibody, cells were per-
meabilized with PBS, 0.2% Triton X-100 for 5 min.

LDL Binding—Transfected HepG2 cells grown for 48 h were
washed twice with cold PBS and then incubated with Dil-LDL
(5 ng/ml) for 4 h at 4 °C. Next, the samples were fixed and nuclei
were stained as described above. To analyze LDL internaliza-
tion, 48 h post-transfection the cells were washed twice with
PBS and incubated with Dil-LDL (5 ug/ml in fresh serum-free
media) for 4 h at 37 °C. The samples were then processed as
described above.

Dil-LDL Co-localization with Early Endosomal and Late
Endosomal/Lysosomal Compartments—Cells were labeled under
permeabilizing conditions with antibodies against EEA1 (goat
anti-EEA1, 1:200, sc-6415, Santa Cruz Biotechnology) and
Lamp1 (mouse anti-Lamp1, 1:200, BD555798, PharmingenTM),
respectively.
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Fluorescence Spectroscopy Analysis of PCSK9-mCherry
Binding—HEK293 cells overexpressing WT or mutant LDLR
and grown for 24 h in 24-well plates were placed on ice, washed
with ice-cold PBS, and incubated with ice-cold PCSK9-
mCherry conditioned media (~1 ug/ml) for 4 h at 4 °C. After
three washes with PBS, the cells were fixed with PBS, 4% form-
aldehyde,1 wg/ml Hoechst 33258 (300 ul/well) for 20 min at
room temperature, followed by three final PBS washes and fluo-
rescence scanning (bottom read) on a SpectraMax i3 plate
reader (Molecular Devices). Bound PCSK9-mCherry was mea-
sured in each well as the average fluorescence intensity (587 nm
excitation/612 nm emission) of 32 points equally distributed in
a fill pattern.

PCSK9 Binding to HEK293 Cells Overexpressing WT and
R410S LDL Receptor—HEK293 cells overexpressing LDLR-W'T
or LDLR-R410S and grown for 24 h in 6-well plates were placed
on ice, washed with ice-cold PBS, and then incubated for 4 h at
4°C with increasing concentrations of pre-cooled purified
recombinant human PCSK9 (ACRO Biosystems), in DMEM
serum-free media (0.9 ml/well). Subsequently, the cells were
washed four times with ice-cold PBS (+Ca, + Mg) and lysed on
ice in 0.5 ml/well of pre-cooled, non-denaturing cell lysis buffer
(20 mm Tris-HCI, pH 8, 137 mm NaCl, 2 mm Na,EDTA, 1%
Nonidet P-40, 10% glycerol) in the presence 4% protease inhib-
itor mixture without EDTA (Roche Applied Science) for 40 min
with gentle rotation. Cell lysates were cleared by centrifuging
for 12 min at 15,000 X gat 4 °C. The supernatants correspond-
ing to the non-denatured cell lysates were subjected to measure-
ment of cell-bound PCSK9 levels (in-house ELISA) (60), total
human LDLR protein levels (human LDLR DuoSet ELISA
development kit, DY218; R&D Systems; see below), and total
protein (Bio-Rad DC Protein assay). PCSK9 binding to cells
overexpressing the two receptors was estimated from the plot
of nanograms of PCSK9 bound/ng of LDLR versus PCSK9
ligand concentration (ug/ml) and by fitting the data to a one-
site binding equation (rectangular hyperbola) in SigmaPlot ver-
sion 11 (Systat Software Inc.).

125[_LDL Binding, Uptake and Degradation Assays—LDL was
prepared from fresh human plasma by sequential ultracentrif-
ugation at a density range of 1.006 —1.063 g/ml and was dialyzed
and diluted to 3 mg/ml with saline (0.9% sodium chloride).
Radioiodination of LDL was performed as described (62). The
specific activity of the '*’I-LDL was between 200 and 800
cpm/pg of protein, and more than 97% of the radioactivity was
bound to protein as demonstrated by tricarboxylic acid (TCA)
precipitation.

2°I-LDL Binding Assay—Prior to the binding assay, HEK293
cells, seeded in 24-well plates and transfected as described
above, were incubated for 24 h in DMEM serum-free media,
washed once with 1 ml/well sample medium (DMEM, 25 mMm
HEPES, 2 mg/ml BSA, pH 7.45), and then incubated in 1
ml/well of the same medium for 10 min at 37 °C. Next, cells
were placed on ice, pre-chilled for 15 min, and incubated for 1 h
with increasing concentrations of precooled '*’I-LDL (in
0.5-ml sample medium/well). Nonspecific binding was deter-
mined in the presence of a 50-fold excess of unlabeled LDL.
Subsequently, the cells were washed four times with ice-cold
PBS, 2 mg/ml BSA (1 ml/well), solubilized in 0.1 N NaOH (0.5
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ml/well), and placed on a shaker for 1 h. In each well, the
amount of ligand bound was determined by measuring the
radioactivity of 0.250 ml of the solution in a Gamma counter
(PerkinElmer Life Sciences catalog no. 2470). Specific '**I-LDL
binding was calculated as total binding minus nonspecific bind-
ing. Protein content of each well was determined by the bicin-
choninic acid protein assay (Pierce). Bound '*°I-LDL was
reported as kepm/mg protein.

Internalization Assay—Cells were incubated continuously
with 2 ng of '*’I-LDL (in 0.5 ml of sample medium/well) at
37 °C for different times as follows: 15, 30, 45, 60, and 120 min.
Next, cells were processed as for the binding assay. For each
time point, internalized '*’I-LDL was expressed as kcpm/mg
protein.

Degradation Assay—The experiment was set up as described
for the internalization assay, except with different time points
as follows: 1-4, 6, and 8 h. At the end of each time point, the
amount of degraded ***I-LDL was measured as the soluble **°I
in the medium after protein precipitation with equal volumes of
TCA. The TCA-precipitated proteins were centrifuged at
13,000 rpm for 5 min, and the radioactivity of 250 ul of the
supernatant (TCA-soluble) was measured. The cells were pro-
cessed as for the binding assay, and protein content of each well
was determined by the bicinchoninic acid protein assay
(Pierce). For each time point, degraded '**I-LDL was reported
as kepm/mg protein.

Fluorescence Spectroscopy Analysis of Dil-LDL Release into
Media—HEK293 cells overexpressing LDLR-WT or LDLR-
R410S and grown for 24 h in 24-well plates were placed on ice,
washed with ice-cold PBS, and incubated with ice-cold Dil-LDL
(6 mg/ml in 0.3 ml/well of fresh serum-free media) for 1 h at
4 °C. For each receptor, a control was incubated with a serum-
free media void of Dil-LDL and used for background correction
of each sample. After two washes with cold PBS, the Dil-LDL
fluorescence in the last wash was similar to that of the back-
ground control, demonstrating that that all excess labeled LDL
was washed off. Fresh pre-warmed serum-free medium was
then added (0.3 ml/well), and the cells were incubated at 37 °C
for different times as follows: 0, 10, 60, 120, and 240 min. For
each time point, the media were collected and centrifuged at
2000 X g to remove any cell debris, and the Dil-LDL fluores-
cence intensity (520 nm excitation/575 nm emission) of the
supernatant was measured on a SpectraMax i3 plate reader
(Molecular Devices). Dil-LDL bound to the cells overexpress-
ing either receptor was calculated from the difference between
the fluorescence intensity of the Dil-LDL media before and
after 1 h of incubation at 4 °C. Dil-LDL release into media was
expressed relative to Dil-LDL bound at time 0.

Human LDLR ELISA in Cell Lysates—Following the treat-
ments specific to each experiment, HEK293 cells were washed
twice with ice-cold PBS and lysed on ice with ice-cold non-
denaturing cell lysis buffer (20 mm Tris-HCI, pH 8, 137 mm
NaCl, 2 mm Na,EDTA, 1% Nonidet P-40, 10% glycerol, 4% pro-
tease inhibitor mixture without EDTA) for 40 min with gentle
rotation. Cell lysates were cleared by centrifuging for 12 min at
15,000 X gat 4 °C. The supernatants corresponding to the non-
denatured cell lysates were saved and subjected to measure-
ment of total human LDLR protein levels (human LDLR Duo-
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Set ELISA development kit, DY218; R&D Systems) and of total
protein (Bio-Rad DC Protein assay), following the manufactur-
ers’ protocol. The optical densities of the colored products were
determined using a SpectraMax i3 plate reader (Molecular
Devices). All measured LDLR concentrations (picograms/ml)
were corrected for total protein concentration (micrograms/ml).

Statistical Analysis—Quantifications are defined as aver-
ages = S.D. The statistical significance was evaluated by
Student’s ¢ test, and probability values (p) of <0.05 were con-
sidered significant. Data were analyzed, and graphics were gen-
erated with SigmaPlot version 11 (Systat Software Inc.).

In Silico MD Simulation—MD simulation was run under the
GROMACS package (63). All atoms were considered, making
hydrogen atoms explicit. To characterize interactions between
atoms in these systems, it has been shown that the force field
AMBER99SB-ILDN (64) used in the simulations is perfectly
appropriate. The initial configurations for the WT B-propeller
and its mutant were extracted from the Protein Data Bank
(PDB). The six blades of the B-propeller are interlocked via
through-space interactions such that the whole system looks
like a stable cylinder. Several PCSK9-LDLR crystals (PDB codes
3P5B and 3M0C) give incomplete coordinates for the B-propel-
ler, particularly for an external loop that protrudes from the
blade B2 surface (residues 457—464). In contrast, a crystal of the
LDLR alone grown at acidic pH (PDB code 1N7D) could be
used to prepare the input files as follows. The sequence 398 —
660 was numerically extracted from the PDB file, and it was
N-capped as an acetamide. The C end was treated as a carbox-
ylate. From that first WT input geometry, the mutant R410S
was built with non-clashing. Finally, coordinates correspond-
ing to the two pH 5 input files were generated by protonating
the His residues (His to Hip). The polypeptides were then putin
a box with periodic boundary conditions. Explicit water mole-
cules following the TIP3P model (65) have been added. More-
over, Na™ or Cl~ ions were also inserted to keep the charge of
the whole system neutral. A typical simulation box contains
48,000 atoms and shows a volume of 474,552 (783) A,

The resulting systems were minimized using the robust steep
descent algorithm with a 1000.0 kJ/mol/nm maximum force
tolerance. Energies as a function of minimization steps were
plotted to ensure that a minimal energy configuration was
reached. Concerning the subsequent steps, the leap-frog inte-
grator was employed to integrate Newton’s equation of motion
with a time step of 2 fs. The cutoff for the non-bond interactions
was set to 1.0 nm. Long range electrostatics interactions were
computed with the Particle Mesh Ewald (PME) algorithm (66).
A first 100-ps MD run was carried out at 22 °C in the statistical
microcanonical (NVT) ensemble, in which the number of par-
ticles, volume, and temperature are kept constant. It was veri-
fied that such duration is sufficient to reach a thermal equilib-
rium by plotting the temperature versus time. Berendsen
thermostat was employed to tune the atom velocities in agree-
ment with the appropriate Maxwell distribution (67). A 1-ns
MD in the NPT ensemble was then run by keeping the number
of particles, the pressure, and the temperature constant. The
pressure was considered equilibrated at 1.0 bar. The isotropic
Parrinello-Rahman barostat implemented into the GROMACS
package was employed to ensure the specified pressure with the
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isothermal compressibility of water (68). Temperature and
pressure as function of time were plotted to certify the equili-
bration of those properties. The system was then considered to
be in equilibrium making possible data acquisition. MDs were
run in the NPT for 30 ns at a temperature of 300 K (27 °C). The
acid environment has also been considered. For this, the above
procedure was repeated with the protonated histidine. Analysis
of the backbone motion was achieved through the computation
of the root mean squared fluctuations (RMSF) (standard devi-
ation), defined by Equation 1,

RMSF = {(x — 0

The positions’ fluctuations for the a-carbons were calculated
with respect to the average configuration. Mean values were
computed for each residue. A higher RMSF indicates a greater
displacement of the atoms with time, and thus a higher mobility
of the segments (69). Therefore, mobility of all the residues can
be isolated, unveiling the contribution of each segment to the
whole mobility of the molecule. To ease visualization, B-factors
were calculated from the RMSF values using Equation 2.

(Eq. 1)

8
B-factor = §7T2RMSF2 )
The relationship between the RMSF and B-factors is thor-
oughly described in the literature (70).Once the RMSF values
were converted to temperature factors, all atom coordinates
were written in a PDB file with their respective B-factor for

future visualization. All this procedure was done using the
RMSF code within GROMACS package (71).
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