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Context: The p.Leu167del mutation in the APOE gene has been associated with hyperlipidemia.

Objectives: Our objective was to determine the frequency of p.Leu167del mutation in APOE gene
in subjects with autosomal dominant hypercholesterolemia (ADH) in whom LDLR, APOB, and
PCSK9 mutations had been excluded and to identify the mechanisms by which this mutant apo E
causes hypercholesterolemia.

Design: The APOE gene was analyzed in a case-control study.

Setting: The study was conducted at a University Hospital Lipid Clinic.

Patients or Other Participants: Two groups (ADH, 288 patients; control, 220 normolipidemic sub-
jects) were included.

Intervention: We performed sequencing of APOE gene and proteomic and cellular experiments.

Main Outcome Measure: To determine the frequency of the p.Leu167del mutation and the mech-
anism by which it causes hypercholesterolemia.

Results: In the ADH group, nine subjects (3.1%) were carriers of the APOE c.500_502delTCC,
p.Leu167del mutation, cosegregating with hypercholesterolemia in studied families. Proteomic
quantification of wild-type and mutant apo E in very low-density lipoprotein (VLDL) from carrier
subjects revealed that apo E3 is almost a 5-fold increase compared to mutant apo E. Cultured cell
studies revealed that VLDL from mutation carriers had a significantly higher uptake by HepG2 and
THP-1 cells compared to VLDL from subjects with E3/E3 or E2/E2 genotypes. Transcriptional down-
regulation of LDLR was also confirmed.

Conclusions: p.Leu167del mutation in APOE gene is the cause of hypercholesterolemia in the 3.1%
of our ADH subjects without LDLR, APOB, and PCSK9 mutations. The mechanism by which this
mutation is associated to ADH is that VLDL carrying the mutant apo E produces LDLR down-
regulation, thereby raising plasma low-density lipoprotein cholesterol levels. (J Clin Endocrinol
Metab 101: 2113–2121, 2016)
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Autosomal dominant hypercholesterolemia (ADH) is a
disorder of lipid metabolism characterized by high

levels of low-density lipoprotein (LDL) cholesterol, verti-
cal transmission of the hyperlipidemic phenotype within
the family, and high risk of premature cardiovascular dis-
ease. The most frequent genetic basis of ADH is a mutation
in the LDLR gene, coding for the LDL receptor, resulting
in the familial hypercholesterolemia (FH) phenotype (1).
Two other genes different from LDLR have been found to
cause a phenotype similar to FH, namely the APOB and
PCSK9 genes. Mutations in these genes give rise to ADH,
with a lower frequency than mutations in LDLR gene, but
with a phenotype clinically indistinguishable from FH,
although familial defective APOB is milder than heterozy-
gous FH. Mutations in the LDLRAP1 gene cause the rare
autosomal recessive hypercholesterolemia, with a milder
phenotype than homozygous FH and with recessive in-
heritance, with requirement for both LDLRAP1 alleles to
be defective to develop hypercholesterolemia (2). How-
ever, approximately 20% of European subjects with
ADH, ranging from 12% to 48% depending on the study,
do not have any mutation in these genes, suggesting that
the etiology of ADH is heterogeneous (3–5). In studies
from America and Canada, these percentages range from
35% to the 66% reported in a large US city with a mul-
tiethnic patient cohort (6, 7). Consistent with this, we have
previously reported a new locus for ADH, in chromosome
8, 8q24.22, which confirms the genetic heterogeneity of
this entity (8). More recently, Fouchier et al have also
reported that mutations in STAP1 are associated with
ADH (9). Moreover, Talmud et al have recently described
that a high percentage of uncharacterized ADH subjects
do not have a single monogenic mutation, but actually
have accumulated a high number of single nucleotide poly-
morphisms that each have a small effect on LDL choles-
terol, with the result that the subjects appear to have FH,
at least based on very high cholesterol levels whose basis
is polygenic rather than monogenic (10).

Apolipoprotein (apo) E is an important protein in the
lipoprotein metabolism, being necessary for lipoprotein
remnant clearance. Apo E interacts with several members
of the LDLR family on the surface of cells (11). The LDLR
family includes more than 10 different receptors partici-
pating in receptor-mediated endocytosis and cellular sig-
naling. In addition to the LDLR, the family includes LRP/
LRP1, megalin/LRP2, VLDLR, ApoER2/LRP8, SORLA-
1/LR11, LRP4, LRP5, LRP6, and LRP1B (12). Apo E is a
polymorphic protein, with the major isoforms being apo
E2, apo E3, and apo E4. The apo E2/E2 phenotype has
been associated with type III hyperlipoproteinemia, a re-
cessive form of mixed hyperlipidemia resulting in high
total cholesterol and triglyceride (TG) levels. Apo E2 is

characterized by the substitution of Cys for Arg in amino
acid 158, which is associated with reduced catabolism of
apo E–containing lipoproteins, and results in the accu-
mulation of lipoprotein remnants in plasma (13). Several
rare mutations have been described associated with a
dominant mode of inheritance of type III hyperlipopro-
teinemia, with the degree of penetrance being dependent
on the type of mutation (14–16).

While studying the APOE gene in subjects with a di-
agnosis of familial combined hyperlipidemia, we pub-
lished that a mutation in APOE gene, p.Leu167del, for-
merly called �L149, was associated with this phenotype
without increasing remnant particles (17). Interestingly,
when studying all available family members of familial
combined hyperlipidemia subjects carrying the
p.Leu167del mutation, we identified several p.Leu167del
carrier subjects with high LDL cholesterol and normal TG
levels. Consistent with this, Marduel et al described a large
family in which carriers of p.Leu167del mutation pre-
sented an ADH phenotype (18). Awan et al also identified
the p.Leu167del mutation in one subject with ADH (19).

To investigate if the p.Leu167del mutation in APOE
gene is a cause of ADH, we designed this study with the
objectives of: 1) determining the frequency of the
p.Leu167del mutation in APOE gene in unrelated subjects
with ADH, in whom LDLR, APOB, and PCSK9 muta-
tions had been excluded; 2) analyze its segregation within
affected families; and 3) identify the mechanisms by which
this mutant apo E causes the hypercholesterolemic phe-
notype, by proteomic and cultured cell experiments with
wild-type and p.Leu167del mutant apo E.

Materials and Methods

See Supplemental Methods for a detailed description of study
subjects and methods used.

Results

Clinical, anthropometric and lipid characteristics of the
study subjects are shown in Table 1. In the ADH group,
subjects were older and smoked more, and had a higher
body mass index (BMI) and a higher frequency of cardio-
vascular disease than control group. As expected, by in-
clusion criteria, lipid variables were significantly higher in
ADH group compared to control group, as all probands
had a probable or definitive FH diagnosis.

After sequencing the entire APOE gene in all studied
subjects in the ADH and control groups, we found the
APOE genotypic frequencies shown in Table 2. The dis-
tribution of APOE genotypes between ADH and control
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groups was statistically different (P � .001). The �4 allele
was more frequent in the ADH group, and the �2 allele less
frequent than in the control group. No cases of �2/�2 ge-
notype were found in any of the studied groups. Interest-
ingly, in the group of 288 subjects with ADH, in whom we
have excluded LDLR, APOB, and PCSK9 mutations by
Lipochip, nine (3.1%) unrelated subjects were found to
carry the c.500_502delTCC, p.Leu167del mutation in the
APOE gene. No subject with the p.Leu167del mutation
was found in the control group. This mutation was not
found in the 1000 Genomes or the Exome Variant Server
databases, which supplements our genotyping of 220
controls.

All available family members of probands with
p.Leu167del mutation in APOE, 30 subjects from eight
pedigrees, were studied for clinical, biochemical, and ge-

netic characteristics. There was a clear cosegregation of
the mutations with hypercholesterolemia, identifying 10
family members carrying the mutation (Supplemental Fig-
ure 1). In addition to nine probands, six of 10 family mem-
bers with the p.Leu167del mutation showed isolated hy-
percholesterolemia and three of 10 family member carriers
of the p.Leu167del mutation presented mixed hyperlip-
idemia. Only one female, subject 5 in family G of Supple-
mental Figure 1, had total cholesterol below the 90th per-
centile, but she is a young female, 32 years of age, with a
BMI of 19.5 and participating in a very low-fat diet. It
would be possible that, as it occurs in FH, some other
unknown factor, possibly genetic, could justify the ab-
sence of hypercholesterolemia in this case.

Lipid levels of carriers and noncarriers of the APOE
mutation of studied families are shown in Supplemental
Table 2. Carriers presented total cholesterol, LDL choles-
terol, non-high-density lipoprotein (HDL) cholesterol,
and apo B concentrations significantly higher than non-
carriers, P � .001; TG levels were also slightly higher in
carriers, P � .021; the rest of analyzed variables, age, BMI,
HDL cholesterol, lipoprotein (a), and apo AI did not show
differences between both groups of subjects.

To investigate if the presence of p.Leu167del mutation
in apo E could affect the apolipoprotein composition of
different lipoproteins, quantification of apo AI, AII, CII,
CIII, B, and E was carried out by Luminex technology, in
lipoprotein fractions isolated by ultracentrifugation from
p.Leu167del carriers and E3/E3 sex- and age-matched
normolipemic controls. Supplemental Table 3 shows the
lipid and apo composition of isolated fractions. Subjects

Table 2. APOE Genotypic Frequencies in the Study
Groups

ADH- Control P

No. of subjects 288 220
APOE genotype

�2/�2, n (%) 0 0 .001
�2/�3, n (%) 9 (3.1) 19 (8.6)
�2/�4, n (%) 1 (0.3) 3 (1.4)
�3/�3, n (%) 186 (64.6) 160 (72.7)
�3/�4, n (%) 72 (25.0) 34 (15.5)
�4/�4, n (%) 11 (3.8) 4 (1.8)
p.Leu167del/�3, n (%) 9 (3.1) 0

Abbreviation: ADH-, ADH without LDLR, APOB, and PCSK9 mutations.

Data are presented as number and percentage. Differences in
genotype distribution between groups were compared using the �2

test.

Table 1. Clinical, Anthropometric, and Lipid Characteristics of Study Subjects

ADH- Control P

No. of subjects 288 220
Age, y 47.9 � 11.5 44.8 � 16.0 .012
Male, % 48.6 46.8 NS
Smoking

Never, % 48.1 60.0 .027
Current, % 22.5 18.6
Former, % 29.5 21.4

Cardiovascular disease, % 8.7 0 �.001
BMI, kg/m2 25.8 � 3.8 24.9 � 3.9 .014
Total cholesterol, mg/dl 302 � 44.8 201 � 36.5 �.001
Triglycerides, mg/dl 110 (84–140) 71 (50–103) �.001
HDL cholesterol, mg/dl 55 (46–67) 52 (44–62) .003
LDL cholesterol, mg/dl 221 � 42.0 132 � 30.0 �.001
Non-HDL cholesterol, mg/dL 244 � 42.7 145 � 38.4 �.001
Lipoprotein(a), mg/dl 32.1 (13.8–67.6) 15.5 (7.2–36.3) �.001
Apolipoprotein AI, mg/dl 154 (137–178) 145 (129–165) .001
Apolipoprotein B, mg/dl 154 � 29.2 103 � 25.6 �.001

Abbreviation: ADH-, ADH without LDLR, APOB, and PCSK9 mutations.

Data are presented as mean � SD for variables with normal distribution, or median (interquartile ranges) for variables with skewed distribution, and
as percentage for categorical variables. Student’s t test or Mann-Whitney test, as appropriate, were used to evaluate the statistical significance of
the differences between groups. Categorical variables were compared using the �2 test.
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carrying the p.Leu167del mutation showed higher total
plasma cholesterol and LDL cholesterol compared to
E3/E3 subjects. Plasma PCSK9 levels from mutation car-
riers were also higher, although within normal ranges,
than those of E3/E3 subjects, as expected by previous
work that has reported a positive correlation between
plasma PCSK9 and LDL cholesterol levels (20). Also, the
apo B and apo E content in LDL fraction and apo AI
content in HDL fraction were significantly higher in
p.Leu167del carriers. The apo E very low-density lipo-
protein (VLDL)/apo B VLDL and apo E-LDL/apo B-LDL
ratios were significantly lower in p.Leu167del carriers
compared to E3/E3 control subjects. There were no dif-
ferences in VLDL cholesterol/TG ratios between both
groups, being 0.12 for both, indicating that dysbetalipo-
proteinemia was not a relevant abnormality, because the
diagnostic ratio for dysbetalipoproteinemia is VLDL cho-
lesterol/TG higher than 0.3.

To know the distribution of wild-type apo E3 and mu-
tant p.Leu167del apo E in VLDL from carrier subjects, we
implemented a liquid chromatography tandem mass spec-
tometry analysis by selected reaction monitoring. As de-
scribed in Materials and Methods, two peptides of apo E
were used for selected reaction monitoring analysis: LL-

RDADDLQK for wild-type and LRDADDLQK for mu-
tant. We carried out these experiments of relative quan-
tification of wild-type apo E to mutant p.Leu167del apo E
with VLDL isolated from seven subjects carrying the
p.Leu167del mutation in heterozygosity. In Supplemental
Table 4, the results of these experiments in all analyzed
subjects are shown. In all of them, the ratio of apo E3 to
mutant apo E was increased. This ratio ranged from 2.4 to
8.8 (mean �SD, 4.8 � 1.95), which indicates that in VLDL
from mutant carrier subjects, wild-type E3 is almost a
5-fold increase compared to mutant p.Leu167del apo E.

With the aim to investigate the effect of the p.Leu167del
mutation in the VLDL and intermediate-density lipopro-
tein (IDL) uptake, we carried out the quantification of
lipoprotein uptake by flow cytometry in THP-1 macro-
phages and HepG2 cells. Therefore, VLDL and IDL were
isolated from E3/E3, E2/E2, and p.Leu167del mutation
carrying subjects and labeled with fluorescein isothiocya-
nate (FITC) to determine lipoprotein internalization by
fluorescence-activated cell sorting (FACS) in flow cytom-
etry. Cells were incubated with FITC-labeled lipoproteins
for 4 hours and lipoprotein uptake was determined as
described in Materials and Methods. As shown in Figure
1, the VLDL isolated from a subject carrying the

Figure 1. VLDL and IDL uptake in THP-1 macrophages and HepG2. A, VLDL uptake in HepG2; B, VLDL uptake in THP-1 macrophages; C, IDL
uptake in HepG2 and, D, IDL uptake in THP-1 macrophages. Lipoproteins were isolated from donors E3/E3, E2/E2, or p.Leu167del/E3 and labeled
with FITC. Lipoproteins were incubated with cells for 4 hours at 37 C to determine lipoprotein internalization. 10 000 cells were acquired in a
FACSCalibur and values of VLDL or IDL uptake were calculated as described. G.M.F.I. (a.u.), geometric mean fluorescence intensity (arbitrary units).
Levels of significance were determined by a two-tailed Student’s t test, and a confidence level of greater than 95% (P � .05) was used to establish
statistical significance. The values represent the mean of triplicate determinations (n � 3); error bars represent � SD. *P � .01 compared to E3/E3.
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p.Leu167del mutation had a significantly higher uptake
by HepG2 and by THP-1 cells compared to VLDL isolated
from subjects with E3/E3 or E2/E2 APOE genotypes, be-
ing the absolute data obtained in HepG2: 23.7 � 2.7 AU
for E3/E3; 14.7 � 7.0 for E2/E2, and 56.5 � 1.8 for
p.Leu167del. In THP-1 cells, the VLDL uptake was:
12.4 � 0.58 for E3/E3; 12.3 � 4.18 for E2/E2; and 24.9 �
3.1 for p.Leu167del. In both cell types, the p.Leu167del
VLDL uptake was significantly increased compared to
VLDL from E3/E3 controls, P � .01). However, the in-
cubation of HepG2 and THP-1 cells with IDL from the
same subjects did not show differences in IDL uptake.

We determined next if the increased uptake of
p.Leu167del carrying VLDL could affect the transcrip-
tional regulation of the LDLR. Accordingly, HepG2 cells
were incubated for different times (0, 2, 6, and 18 hours)
with LDL (5 �g/ml), E3/E3 VLDL (5 �g/ml), or with
VLDL carrying p.Leu167del mutation (5 �g/ml) and the
expression of LDL receptor at cellular surface was deter-
mined by FACS. In Figure 2, LDL receptor expression in
HepG2 cells at different incubation times with LDL or
VLDL isolated from subjects with E3/E3 APOE genotype
or carriers of the p.Leu167del mutation is shown. As ex-
pected, when increasing incubation times of HepG2 cells
with LDL, the LDL receptor expression in the membrane
surface diminished in a time dependent manner. The same
LDL receptor expression pattern occurred when incubat-
ing cells with VLDL carrying the apo E p.Leu167del.

However, when incubating with
VLDL isolated from E3/E3 subjects,
there was no change in the expres-
sion of LDL receptor.

To confirm the observed LDLR
down-regulation induced by LDL or
VLDL carrying the p.Leu167del mu-
tation, LDL uptake was determined
in HepG2 cells previously incubated
during 18 hours with LDL (5 �g/ml),
E3/E3 VLDL (5 �g/ml) or with
VLDL carrying the p.Leu167del mu-
tation (5 �g/ml). As shown in Figure
3A, the preincubation of HepG2
cells with both LDL and VLDL from
p.Leu167del mutation carrier sub-
jects diminished the LDL uptake sig-
nificantly compared to control
HepG2 cells (nonpreincubated with
LDL). On the other hand, when pre-
incubating HepG2 cells with VLDL
from E3/E3 subjects, LDL uptake re-
sulted similar to that of control. LDL
uptake diminished respect to non
LDL-pretreated control: 44.0 � 2.7

for pretreatment with LDL; 15.8 � 4.7 for pretreatment
with VLDL E3/E3, and 46.7 � 7.3 for pretreatment with
VLDL p.Leu167del; the inhibition of LDL uptake when
cells were preincubated with LDL or with p.Leu167del
VLDL was significantly different with respect to non-LDL
pretreated cells, P � .01. Transcriptional down-regulation
of the LDLR was also confirmed by quantitative RT-PCR,
as shown in Figure 3B. Preincubation of HepG2 cells dur-
ing 18 hours with LDL (5 �g/ml) or VLDL carrying
p.Leu167del mutation (5 �g/ml) diminished LDLR
mRNA levels approximately 40%. Pretreatment during
18 hours of HepG2 cells with VLDL E3/E3 resulted in
similar LDLR mRNA levels compared to control cells
(without lipoprotein addition).

To better understand the mechanism of the enhanced
uptake of the VLDL carrying the p.Leu167del mutation,
we performed a competition assay in which VLDL uptake
was determined in presence of different LDL concentra-
tions. Therefore, both LDL (20, 40, or 80 �g/ml) and
FITC-VLDL (5 �g/ml) were added to HepG2 cells at the
same time. FITC-VLDL uptake was determined after 4
hours’ incubation by FACS as described previously. As an
internal control of the assay, an uptake of 5 �g/ml FITC-
LDL was determined in the presence of 20, 40, or 80 �g/ml
LDL added simultaneously. As shown in Figure 4, uptake
of FITC-VLDL from E3/E3 subjects was significantly di-
minished in the presence of saturating LDL concentration

Figure 2. p.Leu167del induced down-regulation of LDLR expression in HepG2 at different
incubation times. Expression of LDL receptor in HepG2 cells was determined by flow cytometry
after incubating the cells for different times (0, 2, 6, and 18 hours) with LDL, or VLDL isolated
from subjects with E3/E3 APOE genotype, or with VLDL isolated from carriers of the p.Leu167del
mutation. After incubation with the different lipoproteins, cells were washed and LDL receptor
expression at membrane was determined by FACS. A total of 10 000 cells were acquired in a
FACSCalibur and values of LDL receptor expression were calculated as described. The values
represent the mean of triplicate determinations (n � 3); error bars represent � SD. *P � .01
compared to 0 hours.
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and, as expected, the effect was directly dependent on the
LDL concentration used for the competition (approxi-
mately 10–20% FITC-VLDL and FITC-LDL uptake in
the presence of 80 �g/ml LDL, respectively). On the other
hand, when incubating p.Leu167del FITC-VLDL with
LDL at different concentrations, VLDL uptake resulted
diminished around 40–45% in the range of LDL concen-
tration used. This enhanced uptake of p.Leu167del FITC-
VLDL suggests that this lipoprotein would have much
higher affinity by the LDL receptor than LDL and E3/E3
VLDL or that another receptor would be involved in the
p.Leu167del VLDL uptake.

Discussion

The p.Leu167del mutation, formerly called �L149, is a
3-bp in-frame deletion that results in the loss of a leucine
at position 167 of the receptor-binding region of apo E.
Our results confirm the association of this mutation with
high LDL or non-HDL cholesterol, establish the frequency
in subjects with ADH of unknown origin, and explain the
mechanism of high LDL cholesterol in subjects carrying
the mutation. This genetic defect was first associated with
splenomegaly and thrombocytopenia in two unrelated
probands of French Canadian ancestry with mild hyper-
triglyceridemia that worsened after splenectomy (21), in
two members from a French family (22), and in one subject
of Japanese and British ancestry (23). Okorodudu et al
reviewed 3405 patients from a lipid clinic database and

Figure 3. VLDL carrying p.Leu167del apoE diminishes LDL uptake in
HepG2. A, Effect of preincubation of HepG2 cells with lipoproteins on
LDL uptake. B, LDLR mRNA expression in HepG2 cells incubated during
18 hours with LDL (40 and 5 �g/ml), E3/E3 VLDL (5 �g/ml), or with
VLDL carrying p.Leu167del mutation (5 �g/ml). A, HepG2 cells were
preincubated during 18 hours with LDL (5 �g/ml), E3/E3 VLDL (5 �g/
ml), or with VLDL carrying p.Leu167del mutation (5 �g/ml). Control
was incubated without LDL during the same period. Then, HepG2 cells
were washed in fresh medium and incubated for additional 4 hours
with LDL to determine LDL uptake by flow cytometry. A total of
10 000 cells were acquired in a FACSCalibur and values of LDL uptake
were calculated. B, relative LDLR mRNA was determined by
quantitative RT-PCR (normalized to glyceraldehyde 3-phosphate
dehydrogenase). HepG2 cells were incubated during 18 hours with
lipoproteins, then, RNA was isolated and quantitative RT-PCR was
performed in triplicate. Data represent the mean of triplicate
determinations (n � 3); error bars represent � SD. Level of significance
was determined by a two-tailed Student’s t test, and a confidence level
of greater than 95% (P � .05) was used to establish statistical
significance. *P � .01 compared to control (no preincubated with
lipoproteins).

Figure 4. Uptake of VLDL carrying p.Leu167del apo E is not impaired
by competition with high concentrations of LDL. HepG2 cells were
incubated simultaneously during 4 hours with LDL (80, 40, or 20 �g/
ml) and FITC-LDL (5 �g/ml), or FITC-E3/E3 VLDL (5 �g/ml), or FITC-
VLDL carrying p.Leu167del mutation (5 �g/ml). FITC-labeled
lipoprotein uptake was determined by flow cytometry. A total of
10 000 cells were acquired in a FACSCalibur. Data represent the mean
of triplicate determinations (n � 3); error bars represent � SD. Levels
of significance were determined by a two-tailed Student’s t test, and a
confidence level of greater than 95% (P � .05) was used to establish
statistical significance. *P � .01 compared to control (no preincubated
with lipoproteins).
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they identified four patients with dyslipidemia and spleno-
megaly, one of whom had the APOE p.Leu167del muta-
tion (24). Splenomegaly had been explained by an in-
creased uptake of mutant p.Leu167del apo E-containing
lipoproteins by macrophages (21), but probably would
require some other unknown defect to develop. More re-
cently, our group has identified several cases of hypercho-
lesterolemic subjects carrying the APOE p.Leu167del mu-
tation without splenomegaly and thrombocytopenia (17);
this observation has been confirmed by others (18, 19). To
date, 38 cases have been described with this genetic variant
in APOE. Of these 38 individuals, only seven had spleno-
megaly. The other 29 carriers have a phenotype consistent
with familial hyperlipidemias: familial combined hyper-
lipidemia or ADH, two largely overlapping entities. From
19 subjects, probands and family members, in our study
carrying the APOE p.Leu167del mutation, 18 presented
with LDL cholesterol above the 90th percentile of our
population, three associated with mild hypertriglyceride-
mia, but none of them with isolated hypertriglyceridemia.
Therefore, our study supports the involvement of APOE
p.Leu167del in ADH, even with some variability of LDL
or non-HDL cholesterol levels in carriers, and the presence
of hypertriglyceridemia in some carriers could be ex-
plained by a concomitant polygenic defect (17), or envi-
ronmental influences. Therefore, APOE gene could be
considered a candidate locus along with LDLR, APOB,
and PCSK9 to be investigated in the genetic diagnosis of
ADH or FH. According to our results, the phenotype of
APOE p.Leu167del ADH is milder than FH produced by
LDLR mutations. The LDL cholesterol concentration is
approximately 50 mg/dl lower in p.Leu167del carriers
than the reported for heterozygous FH in our population;
this milder hypercholesterolemia was accompanied with
absence of tendon xanthomas in our patients and lower
prevalence of cardiovascular disease, only one of 19 car-
riers. The frequency of the p.Leu167del mutation in our
group of unrelated ADH subjects is as high as 3.1% among
those without LDLR, APOB, and PCSK9 mutations.
Considering that ADH subjects without LDLR, APOB,
and PCSK9 mutations represent 32% of total ADH in our
area, the p.Leu167del mutation in APOE gene is probably
responsible of 1% of total ADH in our population. This
prevalence of mutation carriers, although much lower
than LDLR mutations, is higher than that observed for
PCSK9, and similar to the APOB mutations causing FH in
our country. Given this high prevalence, we can not ex-
clude the possibility of a founder effect for this mutation
in Spain. All the studied families came from northeast
Spain, although no known relationship exists among
them. It would be possible that there is some more distant
common ancestral linkage between these apparently un-

related Spanish patients, which could account for the rel-
atively high frequency of this mutation in Spain. This prev-
alence does not necessarily apply to other populations
with a different genetic background. Consistent with this,
Futema et al did not found any occurrence of p.Leu167del
mutation in 125 ADH patients of European background
without mutations in LDLR, APOB, or PCSK9 by exome
sequencing (25).

Causality of p.Leu167del with hypercholesterolemia
could be demonstrated in our study by virtue of segrega-
tion in family members, lipoprotein composition, and in
vitro analysis. The mutation cosegregated with high LDL
or non-HDL cholesterol levels in the studied families and
was not found in 440 alleles from 220 normolipemic con-
trols with the same genetic background. The lipoprotein
composition showed that apo E content was reduced in the
VLDL fraction in subjects carrying the p.Leu167del mu-
tation, but with normal VLDL particle number as deter-
mined by the content of apo B in VLDL. Hence, the apo
E-VLDL/apo B-VLDL ratio was significantly lower in sub-
jects carrying the p.Leu167del mutation. This would sug-
gest that each VLDL particle from mutation carrier sub-
jects would have a lower content of apo E molecules per
particle. In contrast to Marduel et al, who found a higher
proportion of apo E in HDL (18), we have not found this
difference between carriers and noncarriers. These differ-
ent results can be possibly caused by the fact that they only
studied two patients, including one undergoing lipid low-
ering therapy, whereas we have made the analysis in seven
p.Leu167del carriers and in seven sex- and age-matched
E3/E3 control subjects.

VLDL contains multiple copies of apo E, which bind to
LDL receptors with up to 20-fold higher affinity than
LDL, which contains only one copy of apo B-100 (26). The
in vitro cultured cell studies demonstrate that the VLDL
carrying apo E with the p.Leu167del mutation, and car-
rying also wild-type apo E, as they were isolated from
heterozygous subjects, have a higher uptake by HepG2
and by THP-1 cells and, subsequently, LDL receptor ex-
pression is repressed. The decrease of LDL receptor ex-
pression in surface membrane of hepatocytes would result
in a decrease of LDL internalization, and therefore in an
increase of LDL particles circulating in plasma and an
increase in LDL cholesterol levels. By quantitative pro-
teomic techniques, we have demonstrated that in VLDL
from mutant heterozygous subjects, wild-type E3 is almost
a 5-fold increase compared to mutant p.Leu167del apo E.
These results are consistent with a higher uptake of the
lipoproteins carrying the mutant apo E by HepG2 cells,
and also with the lower total apo E content observed in
VLDL and LDL from carriers. Taken together, our results
suggest that p.Leu167del mutation is a gain-of-function
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mutation for the lipoprotein uptake by the LDL receptor
or other members of the LDLR family, involved in VLDL
catabolism, unlike what occurs with the binding-defective
apoE2, resulting in increased plasma cholesterol and TGs
as the consequence of impaired clearance of chylomicrons,
VLDL and IDL, and their direct accumulation in plasma.

It is broadly accepted that the LDLR-binding region of
apo E is with the fourth helix, although additional residues
have been reported as important for binding (27). The Leu
in 167 position of apo E is not a conserved amino acid, but
it is the fourth residue in a six-amino-acid motif well con-
served. The elimination of the Leu 167 interrupts one
�-helix in a group of four helices stabilized by a leucine
zipper. Therefore, disruption of one helix in the group
would alter the interaction with the three others. Recent
studies have demonstrated, by performing surface plas-
mon resonance and nuclear magnetic resonance spectros-
copy experiments, that �-VLDL particles use more than
one copy of apo E in order to bind simultaneously to the
fifth LR repeat of LDLR (LR5) and additional repeats of
LDLR, that is, that the binding of �-VLDL by LDLR is
multivalent (28). It would be possible that, as VLDL car-
rying the mutant apo E has a lower apo E/apo B ratio, these
variant apo Es would accommodate more accessibly in the
VLDL surface to bind faster to LR5 and additional repeats
of LDLR, being the cellular uptake faster than with wild-
type apo E.

Another issue to take into account is that the routing of
apo E-containing remnant lipoproteins may be dependent
upon the apo E content of the lipoprotein. Smaller
�-VLDL particles are routed to the perinuclear region of
the mouse macrophage, whereas larger �-VLDL particles
were closer to the plasma membrane (29). Therefore, as
�-VLDL with mutant apo E should have a different size
with respect to �-VLDL with wild-type apo E, it would
have a different routing, and also, a different recycling of
mutant apo E could be expected. Apo E follows pathways
of secretion and internalization that maximize its ability to
impact on cellular functions, as lipoprotein assembly or
cholesterol efflux. A portion of the apo E of the internal-
ized lipoprotein is spared degradation and routed through
a secretory pathway to recycle to the cell surface. This
recycling is linked to cholesterol efflux and maintenance of
intracellular cholesterol levels. The retention time of apo
E inside the cell has been observed to be dependent of the
isoform, with E4 being able to escape degradation once
internalized by neuronal cells (30). Consistent with this, it
is possible that the p.Leu167del apo E would have a dif-
ferent recycling rate compared to wild-type apo E, influ-
encing lipoprotein assembly, cholesterol efflux or capture
of new remnants (31).

In conclusion, the p.Leu167del mutation in APOE gene
is the cause of hypercholesterolemia in the 3.1% of our
ADH subjects without LDLR, APOB, and PCSK9 muta-
tions. The mechanism by which this mutation is associated
with ADH appears to be a down-regulation of the LDL
receptor by VLDL carrying the variant apo E, resulting in
higher plasma LDL cholesterol levels. Further studies are
needed to investigate the role of the p.Leu167del apo E in
terms of their impact on VLDL size, intracellular distri-
bution, and recycling.
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