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A common synonymous single nucleotide polymorphism in exon 12 of the low-density lipoprotein receptor
(LDLR) gene, rs688, has been associated with increased plasma total and LDL cholesterol in several popula-
tions. Using immortalized lymphoblastoid cell lines from a healthy study population, we confirmed an earlier
report that the minor allele of rs688 is associated with increased exon 12 alternative splicing (P < 0.05) and
showed that this triggered nonsense-mediated decay (NMD) of the alternatively spliced LDLR mRNA.
However, since synonymous single nucleotide polymorphisms may influence structure and function of the
encoded proteins by co-translational effects, we sought to test whether rs688 was also functional in the
full-length mRNA. In HepG2 cells expressing LDLR cDNA constructs engineered to contain the major or
minor allele of rs688, the latter was associated with a smaller amount of LDLR protein at the cell surface
(221.8+++++0.6%, P 5 0.012), a higher amount in the lysosome fraction (125.7+++++0.3%, P 5 0.037) and reduced
uptake of fluorescently labeled LDL (224.3+++++0.7%, P < 0.01). Moreover, in the presence of exogenous propro-
tein convertase subtilisin/kexin type 9 (PCSK9), a protein that reduces cellular LDL uptake by promoting lyso-
somal degradation of LDLR, the minor allele resulted in reduced capacity of a PCSK9 monoclonal antibody to
increase LDL uptake. These findings are consistent with the hypothesis that rs688, which is located in the
b-propeller region of LDLR, has effects on LDLR activity beyond its role in alternative splicing due to impair-
ment of LDLR endosomal recycling and/or PCSK9 binding, processes in which the b-propeller is critically
involved.

INTRODUCTION

The low-density lipoprotein receptor (LDLR), a cell surface
glycoprotein, is responsible for the binding and uptake of
plasma LDL particles and plays a critical role in maintaining
cellular cholesterol homeostasis (1). Mutations in the LDLR
gene can lead to elevated plasma LDL levels, resulting in an
increased risk for atherosclerosis and coronary heart disease
(2). Recent genome-wide association studies have identified
several common single nucleotide polymorphisms (SNPs) at
the LDLR locus that contribute to inter-individual variation
in serum lipid concentrations (3). Among these, the minor
variant of rs688 (Asn591 ACC�ACT), a synonymous SNP
located within exon 12, has been reported to be associated
with a 4–10% increase in plasma cholesterol levels in
several independent populations (3–7). Although a number
of SNPs within LDLR (e.g. rs12983082, rs2738446,
rs1799898, rs9789302, rs5925) are in linkage disequilibrium
(LD) with rs688, r2 . 0.8 (Supplementary Material,

Fig. S1), none are as strongly associated with plasma lipids,
suggesting that rs688 is the causative underlying polymorph-
ism. Indeed, the minor ‘T’ allele of rs688 has been found
to disrupt a SRp40 exonic splicing enhancer in exon 12,
causing a modest (,10%) reduction in splicing efficiency
that results in the generation of an LDLR transcript lacking
exon 12, designated LDLR12(2) (7). It was hypothesized
that LDLR12(2) encodes a soluble LDL ‘receptor’ that acts
in a dominant negative fashion by binding plasma LDL, thus
inhibiting its uptake by the full length or classical form of
the receptor (7). However, since no LDLR isoform consistent
with the translation of the LDLR12(2) transcript has been
identified, the functional consequences of LDLR exon 12 skip-
ping remain unknown.

Exon 12 skipping generates a premature termination codon
downstream of the splicing event (7,8). Premature termination
codons are known to trigger nonsense-mediated decay
(NMD), a widespread post-transcriptional regulatory mechanism
whereby alternative splicing has been shown to down-regulate
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gene expression (9,10). Thus, it is possible that the
LDLR12(2) transcript is subject to NMD and is not translated
into a protein; however, it has not yet been shown if
LDLR12(2) is an NMD target.

Although rs688 directly affects exon 12 alternative splicing,
this exon would be expected to be retained in nearly 90% of
LDLR transcripts of T/T homozygotes, in whom exon 12 skip-
ping is greatest (7). Whereas rs688 is a synonymous SNP,
recent studies have shown that synonymous SNPs can alter
protein conformation by transforming frequent codons into
rare codons, thus reducing translational efficiency and disrupt-
ing the process of co-translational protein folding (11–16).
For example, a synonymous SNP in the multidrug resistance
1 (MDR1) gene was reported to change substrate specificity
of the resulting protein by impacting its conformation, pre-
sumably through changes in translational efficiency (15).
Since the majority of LDLR transcripts containing the rs688
minor allele are predicted to be protein coding, we were inter-
ested in determining whether rs688 had functional effects
beyond its impact on exon 12 alternative splicing. rs688
is located in the epidermal growth factor-like repeat (EGF)-
b-propeller region of LDLR, a region that is crucial for dis-
placing bound LDL particles and regulating LDLR recycling
between endosomes and the cell surface (17,18). Proprotein
convertase subtilisin/kexin type 9 (PCSK9), a protein that
directs LDLR to lysosomes for degradation, binds specifically
to the EGF-A domain, adjacent to the b-propeller region (18).
Hence, we hypothesized that rs688 might impact PCSK9 regu-
lation of LDLR.

In the present study, we systematically tested the functional
impact of rs688 on several aspects of LDLR regulation. First
we determined whether LDLR12(2) undergoes NMD. Next,
to assess the effect of rs688 on LDLR regulation independent-
ly of its effects on alternative splicing, we generated the ex-
pression of constructs containing LDLR12(+) cDNA with
the rs688 ‘C’ or ‘T’ allele to test the impact of the SNP on
LDLR localization, activity and regulation by PCSK9.

RESULTS

rs688 promotes LDLR exon 12 alternative splicing

To validate the relationship between rs688 and LDLR exon
12 alternative splicing, we quantified LDLR12(+) and
LDLR12(2) transcript levels in 173 immortalized lympho-
blastoid cell lines derived from participants of the Cholesterol
and Pharmacogenetics (CAP) clinical trial. Consistent with
previous reports, T/T homozygotes had a 6% reduction in
exon 12 splicing efficiency compared with either the C/C or
C/T cell lines (P , 0.05, Supplementary Material, Fig. S2A).
Although there were no statistically significant differences in
total LDLR mRNA levels between C and T, there was a
trend for T/T homozygotes to have lower LDLR total mRNA
levels compared with either the C/C or C/T cell lines (Supple-
mentary Material, Fig. S2B).

LDLR12(2) is subject to nonsense-mediated decay

Exon 12 skipping disrupts the open reading frame and intro-
duces a premature stop codon, an effect that usually triggers

the NMD response (19). To determine whether the
LDLR12(2) transcript is subject to NMD, CAP LCLs (n ¼
12) were incubated with cycloheximide, a protein synthesis
inhibitor that represses NMD. Compared with LDLR12(+),
LDLR12(2) transcripts were significantly increased after 1 h
of cycloheximide treatment, and remained elevated for an
additional 2 h (Fig. 1A). There were no statistically significant
differences in change of LDLR 12(+) levels between C/C and
T/T homozygotes after cycloheximide treatment (data not
shown). To verify the splice variant-specific differences in
mRNA decay rates, HepG2 cells were incubated with 1 mg/
ml actinomycin D to inhibit mRNA synthesis. LDLR12(2)
had a dramatically shorter half-life than LDLR 12(+),
1.64+ 0.03 versus 3.66+ 0.39 h, respectively, P ¼ 0.0007,
n ¼ 12 (Fig. 1B). These results strongly suggest that
LDLR12(2) is subject to NMD.

The rs688 ‘T’ allele increases accumulation of LDLR
in lysosomes and reduces LDL uptake

Given the possibility that a synonymous SNP can affect struc-
ture of the translated LDLR protein, and the critical role of the
EGF-b-propeller domain in determining whether LDLR
recycles between endosomes and the cell surface or is
shunted to the lysosome for degradation, we next tested
whether rs688 alters cellular LDLR distribution. Using
western blot analysis, we quantified LDLR protein in total
cell lysates, at the cell surface, and in the lysosome fractions
of HepG2 cells transiently transfected with a plasmid
containing LDLR12(+) with either the rs688 ‘C’ or ‘T’
alleles. Endogenous LDLR was inhibited by incubation with
25-hydroxycholesterol (1 mg/ml) and was not detectable
(data not shown). As shown in Figure 2A and B, while there
was no significant allelic difference in the amount of LDLR
protein in the total cell lysates, there was greater LDLR
protein in the lysosome fraction (25.7+ 0.3%, P ¼ 0.037)
and less at the cell surface (21.8+ 0.6%, P ¼ 0.0012) in
HepG2 cells transfected with the ‘T’ allele expression con-
struct compared with those expressing the ‘C’ allele construct.
Changes in intracellular localization were verified by immuno-
fluoresence imaging, which demonstrated that LDLR was
more densely concentrated in the lysosomes of HepG2 cells
transfected with the rs688 ‘T’ allele than in those expressing
the ‘C’ allele (Fig. 2C and D). Co-localization coefficients,
used to assess the degree of co-localization between LDLR
and lysosome signals, were significantly different for the
two alleles (r2 ¼ 0.01 for the ‘C’ containing construct versus
r2 ¼ 0.61 for the ‘T’ containing construct) (Supplementary
Material, Fig. S3A and B). Lastly, we found that DiI-LDL
uptake was reduced 24.3+ 0.7% in ‘T’ versus ‘C’ allele car-
riers (n ¼ 8, P , 0.05, Fig. 2E), whereas there was no statis-
tically significant difference in DiI-acetyl-LDL uptake
between the genotypes (Fig. 2F), indicating that the reduced
LDL uptake is LDLR mediated. Our findings of reduced cell
surface LDLR protein and LDL uptake between the ‘T’ and
‘C’ alleles are consistent with in vivo observations that the
‘T’ allele is associated with a higher plasma LDL cholesterol
level and suggest that the rs688-induced change in LDLR
distribution has a functional impact on LDLR activity.
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rs688 impacts PCSK9 regulation of LDLR protein

PCSK9 binds the EGF-A domain of LDLR at the cell surface
and directs it to the lysosome for degradation (20). Given the
impact of rs688 on LDLR intracellular localization, we next
tested for an effect of rs688 on PCSK9 regulation of LDLR.
We measured DiI-LDL uptake in HepG2 cells transiently
transfected with the LDLR overexpression plasmid containing
either the rs688 ‘C’ or ‘T’ allele, after incubation with varying
concentrations of exogenous PCSK9 protein (0, 2, 20 mg/ml).
The lower concentration of PCSK9 attenuated the difference
in DiI-LDL uptake observed between the ‘C’ versus ‘T’
allele, whereas the higher concentration completely abolished
this difference (Fig. 3A), indicative of an allelic difference in
LDL uptake in response to exogenous PCSK9. We then
assessed the effects of further incubation with 1B20, a
PCSK9 monoclonal antibody directed against the catalytic
domain of PCSK9 that disrupts PCSK9 binding to LDLR.
For these experiments, cells were incubated with 2 mg/ml of
PCSK9 protein in order to achieve a reduction in DiI-LDL
uptake while maintaining the differential effects of the rs688
alleles. There was a striking resistance of the rs688 ‘T’
allele to the PCSK9 antibody mediated increase in LDL
uptake, with an IC50 of �5.25 versus �0.026 pM for the
‘C’ allele (P , 0.001, n ¼ 8, Fig. 3B). Taken together, these
results strongly suggest that the rs688 ‘T’ allele reduces
LDL uptake in response to the PCSK9 monoclonal antibody
1B20.

For comparison, we carried out similar incubations in
HepG2 cells that transiently expressed allelic variants of a syn-
onymous coding SNP in exon 1 of the LDLR gene (rs2228671
Cys27 TGC�TGT), for which the minor ‘T’ allele has been
associated with decreased LDL-C (21,22). This SNP, which
is located in the ligand-binding domain of the LDLR, is
outside of the LD block containing rs688 (Supplementary Ma-
terial, Fig. S1) and is not predicted to interact with PCSK9.
Consistent with in vivo observations, the ‘T’ allele of
rs2228671 was significantly associated with an increase in
DiI-LDL uptake (Supplementary Material, Fig. S4A).
However, in contrast to rs688, the magnitude of difference
between the two alleles was similar at all PCSK9 protein

concentrations. Moreover, there was no significant allelic dif-
ference in the effect of incubation with the PCSK9 antibody on
DiI-LDL uptake (IC50 of �0.37 pM for ‘T’ versus �0.21 pM

for ‘C’, P . 0.5, n ¼ 8) (Supplementary Material, Fig. S4B).

DISCUSSION

Although several common LDLR SNPs have been found to be
strongly associated with plasma LDL cholesterol (3), the
effects of these SNPs on LDLR function and/or regulation
are not well understood. The minor allele of rs688, a coding
synonymous SNP in exon 12 of LDLR, has been asso-
ciated with increased plasma LDL cholesterol levels in
several independent populations and has been reported to
modestly decrease the splicing efficiency of LDLR exon 12
(7). However, the present results indicate that rs688 has func-
tional effects on LDLR activity beyond regulation of alterna-
tive splicing, namely alteration of both LDLR intracellular
localization and PCSK9 regulation.

LDLR exon 12 skipping introduces a premature termination
codon +400 bp downstream of the site of alternative splicing,
which led us to hypothesize that LDLR12(2) is a subject of
NMD. Here, we report LDLR12(2) undergoes NMD in
LCLs and HepG2 cells, which is consistent with the trend of
reduced total LDLR transcript observed in rs688 homozygotes
carriers. Coupling alternative splicing and NMD could account
at least in part for the rs688 association with plasma total and
LDL cholesterol levels. The non-sense mutation S78X in
LDLR exon 3, which was found in Norwegian familial hyper-
cholesterolemia patients, was recently found to induce NMD
(23), further supporting the functional significance of NMD
in the regulation of LDLR.

Although rs688 clearly impacts LDLR through alternative
splicing, the majority of LDLR transcripts retain exon 12
even in minor allele homozygotes. There has been increasing
evidence that synonymous SNPs are involved in mechanisms
of human diseases by interfering with mRNA structure,
codon usage and/or conformation of the encoded protein,
thereby possibly altering protein function (24). Bartoszewski
et al. recently reported that a synonymous SNP in the

Figure 1. LDLR12(2) is subject to nonsense-mediated mRNA decay (NMD). (A) LCLs were treated with 1 mg/ml cycloheximide for 4 h (n ¼ 12), and har-
vested over 240 min, after which LDLR12(2) and LDLR12(+) were quantified by qPCR. (B) HepG2 cells (n ¼ 12) were incubated with 1 mg/ml actinomycin
D and collected over 6 h. LDLR12(2) and LDLR12(+) were quantified by qPCR. Time points represent means of mRNA levels relative to the 0 time point,
which was made equal to 1. The inset at the top-right corner shows the half-life of LDLR12(2) and LDLR12(+). P-values were calculated with paired two-tailed
t-tests. Values plotted are mean+SEM.
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Figure 2. Effects of rs688 on LDLR localization and activity. (A) HepG2 cells were transfected with the LDLR constructs (pCMV-LDLR) containing rs688 ‘C’
or ‘T’ for 48 h, and total cell lysates, cell surface protein and lysosomal protein were isolated and subject to western blot analysis using an anti-LDLR and
anti-neomycin phosphotransferase (NPTII) antibody. NPTII is a selection marker included in the pCMV-LDLR plasmid. One representative western blot is
shown. (B) Quantification of band intensity of LDLR normalized to NPTII. (C and D) Colocalization of LDLR protein and lysosomes in transiently transfected
cells expressing human LDLR containing either rs688 ‘C’ or ‘T’, respectively. Shown for each image set of the immunofluoresence staining are: nuclei (blue),
LDLR (green) and lysosome (red). Yellow indicates colocalization between LDLR and lysosome in the merged image. The arrowheads point to examples of
LDLR protein that are not colocalized with lysosomes. The arrows indicate examples of colocalization of LDLR protein and lysosomes. The scale bar in
the top-right corner represents 10 mm. Immunohistochemistry imaging at ×63 magnification of cells was observed by confocal microscopy on a Zeiss LSM
710 confocal inverted microscope. (E and F) Transiently transfected HepG2 cells (n ¼ 8) were incubated with varying concentrations of DiI-LDL or DiI-Ac
LDL and quantified as previously described (29). P-values were calculated with the two-tailed unpaired t-test and values plotted are average + SEM. ∗MFI,
mean fluorescence intensity.
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coding region of the human cystic fibrosis transmembrane
conductance regulator (CFTR) gene alters mRNA structure
and reduces translation rate and expression of CFTR protein
compared with wild-type (25). Co-translational folding can
be hindered by synonymous SNPs that transform frequent
codons into rare codons (26). Moreover, it has been shown
that the amount of cognate tRNA is directly proportional to
the frequency of codon usage (27). Using the Codon Usage
Database (http://kazusa.or.jp/codon/), rs688 was found to
convert a common codon ACC (36% usage) to a less common-
ly used codon, ACT (25% usage).

The potential effects of synonymous coding SNPs raise the
possibility that by altering the dynamics of protein folding,
rs688 may affect LDLR protein structure and function. Here,
we demonstrate that the ‘T’ allele of rs688 reduces LDLR at
the cell surface, increases localization to the lysosome and
decreases PCSK9 effects on LDLR activity. Since the
b-propeller region of LDLR is located downstream of the
EGF-A, the PCSK9-binding domain, and has been shown to
be critical to both LDLR recycling from the endosome to
the cell surface and to PCSK9-mediated lysosomal LDLR deg-
radation (28), these findings raise the possibility that rs688
alters protein conformation in a manner that affects the EGF
region. Our observation that overexpression of LDLR
protein containing the rs688 ‘T’ allele results in reduced
DiI-LDL uptake compared with overexpression with the ‘C’
allele supports a functional effect of this mechanism on
LDL metabolism. It has been reported that the minimal level
of secreted PCSK9 in HepG2 cells has little impact on cell
surface LDLR protein (29), suggesting that rs688 may alter
cellular LDLR recycling independently of PCSK9 in this
cell line. However, the addition of exogenous PCSK9 to
HepG2 cells revealed that the rs688 ‘T’ allele hinders
PCSK9 regulation of LDLR protein. Therefore, these results
suggest that rs688 regulates LDLR protein in both
PCSK9-dependent and -independent manners. Further investi-
gation is required to directly determine whether rs688 alters
LDLR b-propeller conformation and/or PCSK9 binding.

The ‘T’ allele of the LDLR SNP rs2228671 has previously
been reported to be associated with significant lower plasma

LDL cholesterol levels in European populations (21,22). To
date, no functional effect of this SNP has been identified.
Interestingly, like rs688, rs2228671 is a synonymous SNP.
There are no significant differences in predicted mRNA sec-
ondary structure and minimum free energy between major
and minor alleles of either rs688 and rs2228671 using
several software programs (Genebee, mfold and RNAfold,
data not shown). However, both polymorphisms result in
changes from frequent to rare codons that could affect
co-translational folding and hence LDLR functionality. The
present findings indicate that the putative effect of rs2228671
on LDLR function is distinct from that of rs688 in that it
does not alter the effects of the inhibitory PCSK9 antibody
on LDL uptake in HepG2 cells.

It should be noted that overexpression of LDLR may alter
its intracellular distribution and cause cholesterol and choles-
teryl ester aggregate in cells. Heeren et al. (30) demonstrated
that overexpression of LDLR under the Rous sarcoma virus
long-terminal repeat promoter causes pathological intracellu-
lar lipid accumulation and the formation of cholesterol and
cholesteryl ester crystals in vitro. In our study system, no
such crystals were found. We used 25-hydroxycholesterol to
inhibit endogenous LDLR and tested much lower DiI-LDL
concentrations (5�20 mg/ml) than that used by Heeren et al.
(50 mg/ml). Moreover, we observed relatively modest
(�30%) increases in DiI-LDL uptake in our transiently trans-
fected cells compared with those without 25-hydroxycholes-
terol treatment (data not shown).

In summary, we have found that rs688 has two distinct
mechanisms for regulating LDLR post-transcriptionally.
First, the minor allele stimulates exon 12 alternative splicing
to generate an LDLR transcript that is targeted to NMD. Sec-
ondly, in the majority of transcripts containing exon 12, the
minor allele reduces LDLR cell surface protein and alters
LDLR intracellular distribution, presumably by altering
LDLR protein conformation. This effect also appears to
inhibit PCSK9-mediated reduction in LDL uptake as manifest
by a reduced response to a PCSK9 monoclonal antibody.
There has been recent evidence for the efficacy of PCSK9
monoclonal antibodies in reducing plasma LDL levels

Figure 3. Effects of rs688 on PCSK9 regulation of LDLR protein. (A) Transiently transfected HepG2 cells (n ¼ 8) expressing LDLR containing either rs688 ‘C’
or ‘T’ were incubated with DiI-LDL (10 mg/ml) mixed with purified PCSK9 protein (0, 2, 20 mg/ml) for 5 h. DiI-LDL uptake was determined as previously
described (29). (B) Exogenous PCSK9 protein (2 mg/ml) was pre-incubated with varying concentrations of IB20, a PCSK9-antibody and subsequently mixed
with DiI-LDL (10 mg/ml). The rate of DiI uptake was quantified in transiently transfected HepG2 cells (n ¼ 8) as described in (A). ∗MFI, mean fluorescence
intensity.
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(31,32), and our findings raise the possibility that rs688 may
influence the magnitude of the therapeutic response.

MATERIALS AND METHODS

LCL culture conditions

Lymphocytes were isolated from each CAP subject using
IsoPrep TM (Robbins Scientific Corporation) and transformed
by Epstein-Barr Virus (33). Cell lines were grown at 378C, 5%
CO2 in RPMI Medium 1640 (Invitrogen) supplemented with
10% fetal bovine serum (Hyclone), 500 units/ml Penicillin/
Streptomycin and 2 nM GlutaMax (Invitrogen).

LDLR mRNA quantitation

Total RNA was isolated using the RNAeasy mini kit (Qiagen).
cDNA was synthesized from 1 mg of total RNA with the High-
Capacity cDNA Archive Kit (Life Technologies). LDLR12(+)
and LDLR12(2) transcripts were quantified with two SYBR-
Green qPCR assays spanning exon 10 to 12 and exon 10 to 13,
respectively, via pre-quantitated serially diluted standards
using the following primers: LDLR12(+): ATCACCCTA
GATCTCCTCAGTG and GCACTGAAAATGGCTTCGTT;
LDLR12(2):GGCATCACCCTAGGACAAAGT and GGG
TGAGGTTGTGGAAGAGAA. Total LDLR mRNA was calcu-
lated by adding LDLR12(+) and LDLR12(2) transcripts. LDLR
exon 12 splicing efficiency was calculated as follows:
LDLR12(+)/total LDLR. Each qPCR reaction was performed
in triplicate on the ABI PRISM 7900 Sequence Detection
System with standard reagents and protocols (Applied Biosys-
tems). CLPTM1 was quantified and used for data normalization
as previously described (34).

Studies of nonsense-mediated decay

LCLs (n ¼ 12) were treated with 1 mg/ml cycloheximide and
harvested after 0, 40, 60, 90, 120 and 240 min. HepG2 cells
(n ¼ 12) were incubated with 1 mg/ml actinomycin D and col-
lected after 0, 0.5, 1, 2, 4, 6, 24 and 48 h. LDLR12(+) and
LDLR12(2) transcripts were quantified as described earlier.
mRNA quantity values were log transformed and plotted
versus time. Linear regression was used to calculate the
slope of the resulting line, and mRNA half-life was calculated
as: t1/2 (h) ¼ ln2/(22.303 × slope). Transcript half-life was
calculated using only time points consistent with first-order
decay kinetics (35). P-values were calculated with paired
two-tailed t-tests.

LDLR overexpression studies

pCMV6-LDLR-FLAG plasmid (Origene), a mammalian
expression vector that contains the entire LDLR cDNA with
a FLAG tag (also known as MYC-DDK tag) fused to the 3′

end was used for overexpressing LDLR protein. Site-directed
mutagenesis was performed using the GeneTailorTM Site-
Directed Mutagenesis System kit (Life Technologies) to intro-
duce the rs688 ‘T’ allele or rs2228671 ‘T’ allele. Plasmid
sequences were confirmed by Sanger sequencing. Primers

used for rs688 were: CTATGACACCGTCATCAGCAGAG
ACATCCAGGC and CTGCTGATGACGGTGTCACTTAGG
AAGAGACGC.

Primers used for rs2228671 were: ACTGCAGTGGGCGA
CAGATGCGAAAGAAACGA and CATCT GTCGCCCACT
GCAGTCCCCGCCGCG.

HepG2 cells were plated at a density of 3–5 × 104 cells/
cm2 in a six-well dish and transiently transfected with 3 mg
of each of the LDLR expression plasmids described earlier
(pCMV-LDLR-FLAG, pCMV-LDLR-FLAG-rs688) using the
GenJetTM In Vitro DNA Transfection Reagent (Signagen).
25-hydroxycholesterol (1 mg/ml) was added to the cell
culture medium to suppress the endogenous LDLR synthesis.
Transfection efficiency was evaluated by western blot analysis
using both anti-LDLR (Fitzgerald) and anti-FLAG (Origene)
monoclonal antibodies for LDLR and anti- neomycin phos-
photransferase (NPTII) (Millipore).

Western blot analyses

The Cell Surface Protein Isolation Kit (Pierce) and the Lyso-
some Isolation Kit (Sigma-Aldrich) were used to purify pro-
teins from the cell surface and lysosome fractions of the
HepG2 transfected cells following manufacturer’s instruc-
tions. Briefly, HepG2 cells were transfected with the LDLR
constructs (pCMV-LDLR) containing rs688 ‘C’ or ‘T’ for
48 h, then half of cells were processed for total cell lysates
and cell surface protein isolation and the other half of cells
were processed for lysosome protein isolation. The protein
concentrations were determined by the Bradford assay
(Bio-Rad) and used to normalize each sample. Transfection ef-
ficiency was monitored by analysis using an anti-neomycin
phosphotransferase (NPTII) antibody (Millipore), which is
included in the pCMV-LDLR as a selection marker for trans-
fection. Total cell lysates, isolated cell surface proteins, and
lysosome proteins were analyzed by western blotting using
anti-LDLR polyclonal antibody (Fitzgerald). Bands were
quantified using an Alpha Imager and normalized to the trans-
fection efficiency control NPTII. Two-tailed unpaired t-tests
were used to identify statistically significant differences in
LDLR signal intensity between rs688 ‘C’ and ‘T’. All experi-
ments were performed in triplicate.

Immunofluoresence

Transiently expressing LDLR HepG2 cells were grown on
cover slips and stained with 50 nM of LysoTrackerw Red
DND-99 (Invitrogen) under growth conditions for 30 min
with the LysoTrackerw, fixed with 4% paraformaldehyde
and permeabilized with 0.25% Triton X-100. To detect the
LDLR-FLAG fusion proteins, fixed cells were incubated
with an anti-FLAG monoclonal primary antibody, and an
Alexa-488 (green) conjugated secondary antibody (Invitro-
gen). Nuclei (blue) were counterstained with DAPI (Invitro-
gen). Stained cells were mounted in Slow FadeTM Light
antifade solution (Molecular Probes) and the fluorescence
was observed under DIC optics 63 × oil by confocal micros-
copy on a Zeiss LSM 710 confocal inverted microscope.
Potential cross-reaction of the various staining procedures
was assessed by incubating cells with each stain alone. The
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results of fluorescence colocalization were represented graph-
ically in a scatter plot where the intensity of green (LDLR)
was plotted against the intensity of red (lysosome) for each
pixel and colocalization analysis and the coefficients of deter-
mination were determined by the Zeiss ZEN software.

DiI-LDL or DiI-Acetyl-LDL uptake

HepG2 cells transfected with either LDLR expression con-
structs (rs688 ‘C’ or ‘T’) were incubated with varying concen-
trations (0–20 mg/ml) of DiI-LDL (Biomedical Technologies)
or DiI-acetyl-LDL (0–20 mg/ml Kalen Biomedical, LLC)
in the MEM medium supplemented with 10% lipoprotein-
deficient serum (LPDS) and 25-hydroxycholesterol (1 mg/ml)
for 5 h. Levels of DiI-LDL or DiI-acetyl-LDL uptake were
quantified by Victor Fluorescence Plate Reader at excitation/
emission at 530/580 nm and normalized by cell lysates
protein concentrations measured by the Bradford Assay
(Bio-Rad) using the Molecular Devices Spectramax 340 VIS
Plate Reader. Background fluorescence values were measured
from transfected cells incubated with unlabeled LDL or
acetyl-LDL. Two-tailed unpaired t-tests were used to identify
statistically significant differences in DiI-LDL or DiI-acetyl-
LDL uptake. All experiments were performed eight times.

Exogenous PCSK9 and anti-PCSK9 antibody 1B20
treatments in HepG2 cells

Transiently transfected HepG2 cells were incubated with puri-
fied PCSK9 proteins (provided by Merck) at varying concen-
trations (0, 2, 20 mg/ml) mixed with 10 mg/ml DiI-LDL for 5 h
in the MEM medium containing 1 mg/ml of 25-hydroxycho-
lesterol and 10% LPDS. DiI-LDL uptake was measured as pre-
viously described (36). 1B20, a PCSK9 antibody also obtained
as a gift from Merck, was serially diluted (0–20 nM), com-
bined with media-containing PCSK9 protein (2 mg/ml) for
20 min at room temperature and added to the transfected
cells. The IC50 values were determined using the sigmoidal
dose–response curve-fitting program in GraphPad 5.0. Two-
tailed t-tests were used to identify statistically significant dif-
ferences in DiI-LDL uptake in response to PCSK9 and IC50
values for the1B20 treatment. All experiments were performed
eight times.

Statistical analysis

For gene expression quantification by qPCR, the Grubb’s test
for outliers was calculated for each three triplicate measure-
ment. All statistical analyses were performed using either
JMP 7.0.1 (SAS Institute) or GraphPad Prism 5.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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