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HIGHLIGHTS

� Around 40% of LDLR variants are

classified as VUS, posing as the biggest

hurdle to reach a definitive FH diagnosis.

� We optimized and validated a time- and

cost-effective high-throughput cell-

based assay to functionally profile rare

LDLR variants.

� This methodology is a valuable resource

for systematic functional characterization

of LDLR variants, with the potential to

discriminate disruptive rare variants from

silent ones, solving 1 of the major issues

in definitive FH diagnosis.
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SUMMARY
AB B
AND ACRONYM S

ACMG = American College of

Medical Genetics

CHO = Chinese hamster ovary

ClinGen = Clinical Genome

Resource

ER = endoplasmic reticulum

FH = familial

hypercholesterolemia

LDL = low-density lipoprotein
Familial hypercholesterolemia (FH) is the most common inherited life-threatening disorder of lipid metabolism.

Early diagnosis and treatment are the key to reduce the cumulative life-long cardiovascular burden of patients

with FH. The high number of LDLR variants described as variants of unknown significance is the largest obstacle to

achieve a definitive FH diagnosis. This study established a time- and cost-effective high-throughput cell-based

assay to functionally profile LDLR variants, which allowed us to discriminate disruptive rare variants from silent

ones. Thiswork generated a valuable resource for systematic functional characterizationof LDLR variants solving 1

of themajor issues to achieve a definitive FH diagnosis. (J Am Coll Cardiol Basic Trans Science 2023;8:1010–1021)

© 2023 Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

= Variant Curation

rt Panel
VCEP

Expe
VUS = variant of uncertain

significance
F amilial hypercholesterolemia (FH) (OMIM
143890) is a common autosomal semidomi-
nant disorder of lipid metabolism, with a het-

erozygous frequency around 1:250 in most
populations, according to a recent meta-analysis.1

Clinically characterized by high concentration of
plasma cholesterol, premature atherosclerosis, and
coronary heart disease, FH is markedly underdiag-
nosed and undertreated in the general population,
especially in children,2 in which early identification
could lead to the implementation of important stra-
tegies for coronary heart disease prevention in
adulthood. Currently, the genetic diagnosis is
made by finding a causative variant in 1 of the 3
genes known to cause FH (LDLR, APOB, and
PCSK9), with 90% of the cases traced to LDLR.3,4

The role of LDLR in cholesterol metabolism was first
unveiled by Brown and Goldstein, namely its ability
to bind and internalize low-density lipoprotein
(LDL) particles being the key mechanism through
which most cell types uptake cholesterol.5

As next-generation sequencing techniques
became more widely used by diagnostic labora-
tories, the number of variants identified in genes
associated with different disorders is continuously
increasing, with FH being no exception.6 This new
genomic era produces a huge quantity of data,
which needs to be followed by rapid, low-cost,
high-throughput, and validated functional assays.4

So far, >3,500 LDLR variants are listed in the Clin-
Var database (National Center for Biotechnology
Information) with >2,300 unique LDLR variants
detected in patients with FH, with about one-half of
these being missense variants of unknown clinical
significance.7 Despite the high number of variants,
the majority lacks functional evidence to evaluate
their pathogenicity, with <15% of these variants
actually proven to affect LDLR function by func-
tional studies, which is among the highest forms of
evidence for a variant pathogenicity.8 LDLR
variants are functionally divided into 5

categories: class I—no protein synthesis (null vari-
ants); class II—complete (IIa) or partial (IIb) reten-
tion of the protein at the endoplasmic reticulum;
class III—defective binding; class IV—defective
internalization or endocytosis; class V—defective
recycling.9 Variants from classes II-V (except class
IIa) are considered defective variants because the
protein still retains some functionality. Variants
from classes I and IIa produce no functional LDLR
and therefore are considered null variants.

Early diagnosis and treatment are the key to
reducing the cumulative life-long cardiovascular
burden that these patients have.10 The likelihood of
developing coronary artery disease is 3-fold higher in
heterozygous of pathogenic variants compared with
noncarriers for LDL plasma levels >190 mg/dL.11

Moreover, the type of variant and level of LDLR
function impairment have been proven to be an
important modulator of LDL cholesterol levels,11-13

and they can further influence the response of pa-
tients to statin therapy.14,15 These data highlight the
relevance of correct classification of genetic variants
according to their LDLR function for risk evaluation
and treatment optimization, which poses as a unique
opportunity for personalized treatment and disease
management.

With this work our objective was to answer a
fundamental challenge of contemporary genetics,
namely distinguishing disruptive rare variants from
benign ones. With this purpose, we established a
time- and cost-effective high-throughput assay to
functionally profile LDLR variants, which allows us to
discriminate the biological effects and likely disease
relevance of rare LDLR missense variants, contrib-
uting to an improved variant classification, and
consequently to better diagnosis, management, and
prognosis of the patient’s condition.

http://creativecommons.org/licenses/by-nc-nd/4.0/


FIGURE 1 LDLR Variants Location

LDLR protein schematic showing domain and exon location of all characterized variants. Variants from the control set (n ¼ 27) are listed with the correspondent variant

class, whereas the uncharacterized variants, from the test set (n ¼ 19), are in bold. EGF ¼ epidermal growth factor; LDL ¼ low-density lipoprotein; LR ¼ LDL receptor

class A repeats.
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METHODS

LDLR VARIANT SELECTION. Two sets of variants
were characterized in this work, adding up to 46
LDLR variants in total (Figure 1). The control set
(n ¼ 27) (Supplemental Table 1) consisted of previ-
ously functionally characterized variants (n ¼ 22)16-19

and a subset of LDLR variants reaching an American
College of Medical Genetics (ACMG) classification of
likely benign/benign (n ¼ 3) and likely pathogenic/
pathogenic (n ¼ 2) without using the functional
criteria, fulfilling the requirements for a validation
study following the Clinical Genome Resource
(ClinGen) guidelines.20 The variants of the control
group were chosen to cover all 5 classes of LDLR
variants, with 3 class I variants, 5 class II variants, 7
class III variants, 2 class IV variants, 4 class V, and 6
variants shown not to affect LDLR function. The test

https://doi.org/10.1016/j.jacbts.2023.03.013
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set included 19 uncharacterized LDLR variants, all
identified in patients clinically diagnosed with FH
(mean LDL cholesterol 252.2 � 67.9 mg/dL), who were
enrolled in the Portuguese FH study. Initiated in
1999, the Portuguese FH study follows the Simon
Broome criteria: total cholesterol $260 mg/dL
(6.7 mmol/L) or LDL cholesterol $155 mg/dL
(4.0 mmol/L) for children under 16 years old or total
cholesterol $290 mg/dL (7.5 mmol/L) or LDL
cholesterol $190 mg/dL (4.9 mmol/L) for adults, as
well as a family history of hypercholesterolemia or
premature coronary heart disease.21,22 The study
protocol and database have been approved by the
National Institute of Health Ethics Committee and the
National Data Protection Commission, respectively.
All patients gave their informed consent to partici-
pate in the genetic study. Moreover, all uncharac-
terized variants are rare with a minor allele
frequency <0.1% and were absent from a panel of 100
normolipidemic Portuguese control subjects.

ACMG CLASSIFICATION. All uncharacterized vari-
ants were classified according to the ClinGen FH
Variant Curation Expert Panel (VCEP) LDLR specifi-
cations based on ACMG/Association for Molecular
Pathology Variant Interpretation Guidelines,23 with
and without integration of the functional data.

SITE-DIRECTED MUTAGENESIS. The mammalian
expression vector pcDNA3 expressing human LDLR
complementary DNA (NM_000527.4) was the tem-
plate used to introduce all studied variants using
NZYMutagenesis kit (NZYTech) according to the
manufacturer’s instructions. Oligonucleotides used
to generate the different LDLR variants carrying
plasmids were all checked for single-nucleotide
variations using SNPCheck (EMQN and Certus
Technology). The presence of the correct variant
introduced and integrity of the region were confirmed
by direct Sanger sequencing.

CELL CULTURE AND TRANSFECTION. LDLR-defi-
cient Chinese hamster ovary cell line ldlA7 (CHO-
ldlA7) cells (kindly provided by Dr Monty Krieger,
Massachusetts Institute of Technology) were cultured
in F-12 Nut mix (Gibco) medium supplemented with
10% (vol/vol) fetal bovine serum (Invitrogen), 100
units/mL penicillin, and 100 mg/mL streptomycin. For
microscopy assays, cells were seeded in 24-well and
96-well glass bottom plates at a density of 2.5 � 104

cells/well and 2.5 � 103 cells/well, respectively.
Twenty-four hours after seeding, cells were starved
with Opti-MEM (Gibco) medium until transfection.
Plasmids with wild-type or mutant LDLR variants
were transfected using Lipofectamine 2000 reagent
(Invitrogen) following manufacturer’s instructions.
Microscopy assays were performed 24 hours
after transfection.

HIGH-THROUGHPUT MICROSCOPY SCREENING.

Bio log ica l assay . Culture medium was changed 24
hours after transfection start for Opti-MEM medium
with 2.5 mg/mL DiI-LDL (Invitrogen), and internali-
zation was stimulated for 3 hours at 37 �C. Cells were
first briefly washed with imaging medium (Opti-MEM
without phenol red, containing 30 mmol/L N-2-
hydroxyethylpiperazine-N0-2-ethanesulfonic acid
and 0.5 g/L NaHCO3 [pH 7.4])/0.2% bovine serum al-
bumin (Invitrogen) then noninternalized LDL was
removed from plasma membrane with acidic wash
(imaging medium pH 3.5) for 30 seconds. Cells were
then fixed with 4% paraformaldehyde and counter-
stained for LDLR on plasma membrane (Mouse anti-
human-LDLR IgG-C7 [Progen Biotechnik GmbH] and
Alexa Fluor 488-conjugated chicken anti-mouse IgG
[Invitrogen]) for nuclei (Hoechst [Thermo Scientific])
and cell outlines (Draq5 [Biostatus]).
Image acquisition and image data analysis. Images were
acquired on a fully automated widefield Olympus
IX81 microscope, using an UPlanApo 20 � 0.7 NA
objective and ScanR software (version 2.1.0.15,
Olympus Biosciences). For each 24-well plate and 96-
well plate, images were taken with identical baseline
settings from 100 and 36 different subpositions per
well, respectively.

Quality control of experiments was visually per-
formed using Image J24(National Institutes of Health)
to exclude images not fulfilling predefined criteria
(eg, out of focus or too high cell density). Image data
analysis was performed with customized pipelines
based on CellProfiler 2.2 software25 and in-house
developed tool HTM Explorer.

STATISTICAL METHODS. Cell-based functional profiling
allowed us to distinguish functionally normal from
functionally abnormal rare LDLR variants. Scatter
plots depict LDLR activity (y-axis) and LDLR expres-
sion (x-axis), both in arbitrary units. LDLR activity
and expression values were derived from the signal
intensities of total DiI-LDL in endocytic subcellular
compartments and from Alexa Fluor 488 signal,
respectively. Each scatter plot illustrates 1 character-
ized variant (black dots) and the wild-type (red dots)
from 1 experimental replica, where each dot repre-
sents a single cell.

Graph bars portray the mean value of LDLR
expression and activity obtained from 4 experimental
replicas. Error bars represent SD. For each LDLR
variant the expression and activity was normalized



TABLE 1 ACMG/AMP Classification of the Test Set Variant With and Without Functional Data

ClinVar ID

Number of
Carriers

(LDL-C [mg/dL])a

FS Results (%)b ACMG
Classification
Without FS

Criteria Met
Without FS

ACMG
Classification

After FS Level 1c

ACMG
Classification

After FS Level 3dExpression Activity

c.265T>C, (p.Cys89Arg) 251102 3 (260.7 � 39.0) 89/99 74/72 Likely pathogenice PM1, PM2, PM3, PP1, PP3,
PP4, PS4_Supporting

Likely pathogenic Likely pathogenic

c.418G>A, (p.Glu140Lys) 251213 7 (218.2 � 36.4) 114/104 37/42 Pathogenice PP1_Strong, PM1, PM2,
PS4_Supporting, PP3, PP4

Pathogenic Pathogenic

c.473C>G, (p.Ser158Cys) 251245 1 (353) 78/86 49/48 VUS PM1, PM2, PP4, BP4 Likely pathogenic Likely pathogenic

c.589T>C, (p.Cys197Arg) 183091 9 (273.6 � 56.5) 99/101 27/37 Likely pathogenic PM1, PM2, PP3, PP4,
PP1_Moderate,
PS4_Supporting

Pathogenic Likely pathogenic

c.590G>T, (p.Cys197Phe) 251309 3 (290.5 � 13.4) 98/106 31/43 Likely pathogenice PM1, PM2, PP3, PP4,
PP1_Moderate

Pathogenic Likely pathogenic

c.666C>G, (p.Cys222Trp) 251365 2 (196.5 � 14.8) 103/111 31/43 Likely pathogenic PM1, PM2, PP3, PP4 Pathogenic Likely pathogenic

c.691T>G, (p.Cys231Gly) 251397 1 (289) 94/108 29/35 Likely pathogenic PM1, PM2, PP3, PP4,
PS4_Supporting

Pathogenic Likely pathogenic

c.829G>A, (p.Glu277Lys) 183097 6 (194.8 � 52.8) 94/107 86/79 VUS — VUS VUS

c.1027G>A, (p.Gly343Ser) 183106 5 (205.1 � 12.9) 100/104 69/ 64 Pathogenic PP1_Strong, PM2,
PS4_Moderate, PP3, PP4

Pathogenic Pathogenic

c.1088C>A, (p.Thr363Asn) 251656 1 (202) 90/107 95/98 VUS PM2, PP4, BP4 Likely benign Likely benign

c.1325A>G, (p.Tyr442Cys) 251787 1 (224) <10/<1 <10/<10 VUS PM2, PP3, PP4,
PS4_Supporting

Likely pathogenic Likely pathogenic

c.1403T>A, (p.Val468Asp) 251828 1 (143)f 103/100 95/99 VUSe PM2, PP3, PP4 VUS VUS

c.1432G>A, (p.Gly478Arg) 161277 9 (204.0 � 69.5) 33/43 68/66 Pathogenice PP1_Strong, PS4,
PM2, PP3, PP4

Pathogenic Pathogenic

c.1463T>C, (p.Ile488Thr) 251857 8 (224.4 � 43.4) 20/39 63/45 Likely pathogenic PM2, PP1, PP3, PP4,
PS4_Supporting

Pathogenic Likely pathogenic

c.1897C>T, (p.Arg633Cys) 226379 2 (217.7 � 47.5) 95/99 99/107 Likely pathogenic PM2, PP1_Moderate,
PS4_Moderate, PP3, PP4

Likely pathogenic Likely pathogenic

c.1960C>T,
(p.Leu654Phe)

252132 3 (233.7 � 41.5) 79/84 89/108 VUS PM2, PP4, PS4_Supporting VUS VUS

c.1999T>C, (p.Cys667Arg) 252163 1 (273) <10/<10 <10/<10 Likely pathogenic PM1, PM2, PP3, PP4,
PS4_Supporting

Pathogenic Likely pathogenic

c.2146G>A, (p.Glu716Lys) 252241 1 (299)g 94/101 102/93 VUS PM2, PP4, BP4 Likely benign Likely benign

c.2231G>A, (p.Arg744Gln) 68104 1 (253)h 100/117 100/90 Likely benigne BP2, BP4, PS3_Supporting Likely benign Likely benign

Percentages in bold represent values below the 70% cutoff and thus affect LDLR function. aParenthetical values are mean � SD. bPercentages for the 24-well and 96-well assays, on the left and right,
respectively. cClassification with additional PS3 or BS3 point. dClassification with additional PS3_Supporting or BS3_Supporting point. eClassification performed by the ClinGen’s Familial Hypercholesterolemia
Variant Curation Expert Panel. fLDL level achieved under combined therapy of statin and ezetimibe. gIndividual also carrying variant NM_000527.5(LDLR): c.670G>A (p.Asp224Asn). hIndividual also carrying
variant NM_000384.3(APOB): c.10580G>A (p.Arg3527Gln).

ACMG ¼ American College of Medical Genetics; AMP ¼ Association for Molecular Pathology; BP ¼ benign supporting; FS ¼ functional study; BS ¼ benign strong; LDL-C ¼ low-density lipoprotein
cholesterol; PM ¼ pathogenic moderate; PP ¼ pathogenic supporting; PS ¼ pathogenic strong; VUS ¼ variant of uncertain significance.
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against the wild type. Nominal values for each variant
from the control set and test set were indexed in
Supplemental Table 1 and Table 1, respectively.

RESULTS

MICROSCOPE-BASED APPROACH TO FUNCTIONALLY

PROFILE RARE LDLR VARIANTS. Aiming to function-
ally distinguish between variants in LDLR affecting
(abnormal) and not affecting (normal) LDLR function,
we established a quantitative and high-throughput
in vitro assay to functionally profile LDLR variants.
In our approach, we overexpressed wild-type or
mutated LDLR in cultured cells without endogenous
LDLR expression, bypassing an extra silencing step
and avoiding interfering stimulus from basal expres-
sion. LDLR activity (quantified by the amount of LDL
inside the cell) and LDLR expression at cell surface
was quantified by multiparametric analysis from im-
ages acquired by high-content automated micro-
scopy (Figure 2A).

The range of functional phenotypes detected by
this methodology can be divided in 4 variant
groups, according to LDLR cell surface expression
and LDLR activity (LDL binding plus uptake). An
example of the results obtained can be seen in
Figure 2A, which shows images automatically ac-
quired of CHO-ldlA7 cells transiently expressing
wild-type LDLR, variant p.Asp221Tyr or variant
p.Val500Ala. Figure 2B shows an example of each
group: 1) (upper left graph: p.Ile764Thr) variants
with normal expression and activity, associated to
silent variants that do not affect LDLR function and
behave as the wild type; 2) (upper right graph:
p.Val500Ala) variants with reduced expression and
activity, associated to class IIb variants with partial

https://doi.org/10.1016/j.jacbts.2023.03.013


FIGURE 2 Image Acquisition

Cell-based functional profiling distinguishes functionally normal from functionally abnormal rare LDLR variants. (A) Images automatically acquired of Chinese hamster

ovary (CHO)-ldlA7 cells transiently expressing wild-type LDLR, variant p.Asp221Tyr or variant p.Val500Ala. LDLR variants were characterized by monitoring cellular

internalization of fluorescently labeled low-density lipoprotein (LDL) (DiI-LDL; red) and quantifying LDLR expression at cell surface (Alexa Fluor 488; green). Nuclei are

labeled with 40,6-diamidino-2-phenylindole (DAPI) (blue). All images were acquired on a fully automated widefield Olympus IX81 microscope, using an UPlanApo 20 �
0.7 NA objective and ScanR software (version 2.1.0.15, Olympus Biosciences). Bar ¼ 25 mm. (B) Graphs depict relative signal intensities of total DiI-LDL in endocytic

subcellular compartments (y-axis, in arbitrary units) plotted against LDLR expression (x-axis, in arbitrary units). Each individual scatter plot represents a LDLR variant

(black dots) and the wild type (red dots), where each dot corresponds to a single cell. CHO-ldlA7 cells transiently expressing normal variant p.Ile764Thr (upper left),

class II variant Val500Ala (upper right), class III variant p.Asp221Tyr (bottom left), and class I variant p.Arg26* (bottom right).
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ER retention or class V variants (defective recy-
cling); 3) (bottom right graph: p.Arg26*) variants
showing no LDLR expression and activity, related to
class I variants or class IIa variants with total ER
retention (null variants); 4) (bottom left graph:
p.Asp221Tyr) variants with normal expression and
reduced activity, with reduced binding and/or
reduced consequent internalization, related to class
III (defective binding) or class IV (defective inter-
nalization) variants.17

CONTROL SET. Following the ACMG FH VCEP guide-
lines, the thresholds of >90% and <70% of wild-type
activity were used to define variants with normal
functionality and abnormal functionality, respectively.

The 5 control variants—p.Met1Leu, p.Arg26*,
p.Trp87*, p.Ile451Thr, and p.Asp601Val—exhibiting a
null phenotype (ie, lack of cell surface expression and
protein activity) were easily identified both in
the 24-well and 96-well assays (Figure 3A). The
normal LDLR activity control variants—p.Cys27Cys,
Ala391Thr, p.Arg471Arg, His656Asn, p.Thr726Ile, and
p.Ile764Thr—were all correctly assigned in the 24-well
and 96-well assays, with the exception of the
synonymous variant, p.Cys27Cys, which in the 96-well
assay had a activity value (85% � 6%) slightly below
the 90% threshold (Figure 3A). Class III variants, with
affected binding—p.Cys109Phe, p.Cys143Arg, Cys184-
Tyr, p.Gly207_Ser213del, p.Asp221Tyr, p.Glu267Lys,
and p.Cys352Ser—were all correctly identified in
both assays, having normal expression but abnormal
binding and internalization (Figure 3A). Variants
p.Glu626Lys and p.Asn825Lys, both categorized as
LDLR class IV variants, fell in the gray area
between thresholds (70%, 90%) in the 96-well
assay and p.Asn825Lys also in the 24-well assay,
whereas the p.Glu626Lys was correctly identified
as functionally abnormal in the 24-well format
(Figure 3A). The remaining control variants
included variants with partial expression at cell
surface— p.His485Gln, p.Val500Ala, and p.Phe614Ile—
or recycling defects—p.Arg416Trp, p.Thr454Asn,
p.Asp492Asn, and p.Gly592Glu (Figure 3A). Of these,
only variants p.Val500Ala and p.Gly592Glu were
unanimously identified as functionally abnormal
by 24-well and 96 well assays. Variants p.His485Gln,
p.Asp492Asn, and p.Phe614Ile were equally identified
as functionally abnormal, but exclusively in the



FIGURE 3 LDLR Functional Profile

Functional profile of LDLR in CHO)-ldlA7 cells transfected with different LDLR variants. LDLR expression and activity of variants included in the control set (A) and test

set (B). Graph bars represent the expression and overall activity of each sample normalized for wild-type LDLR, in both 24-well and 96-well assays. LDLR expression at

cell surface was quantified by Alexa Fluor 488 signal, and LDLR activity was measured by total DiI-LDL signal in endocytic compartments. The values in bar graphs

represent the mean of 4 experimental replicas. Error bars represent � SD. Abbreviations as in Figures 1 and 2.
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24-well assay, falling into the gray area for the 96-well
assay by borderline values. The 2 remaining variants—
p.Arg416Trp and p.Thr454Asn—both with recycling
defects, exhibited expression and/or activity values
between the 70% and 90% thresholds in the micro-
scopy assays but not with the reference cytometry
assay.
TEST SET. The above-mentioned thresholds for LDLR
variants’ functional classification were applied to the
test set variants. Accordingly, 11 LDLR variants
exhibited abnormal function, 5 normal function, and
3 were inconclusive, in both 24-well and 96-well as-
says (Figure 3B, Table 1). Variants p.Glu140Lys,
p.Ser158Cys, p.Cys197Arg, p.Cys197Phe, p.Cys222Trp,
p.Cys231Gly, and p.Gly343Ser shared a similar
phenotype with normal expression and reduced ac-
tivity. Variants p.Tyr442Cys and p.Cys667Arg
featured no expression or activity, whereas variants
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p.Gly478Arg and p.Ile488Thr had reduced expression
and activity. Variants p.Thr363Asn, p.Val468Asp,
p.Arg633Cys, p.Glu716Lys, and p.Arg744Gln were
unanimously classified as normal variants in 24-well
and 96-well assays. Variants p.Cys89Arg, p.Glu277-
Lys, and p.Leu654Phe had values for expression
and/or activity between thresholds, [70%, 90%], in
both assays (Figure 3B).

ACMG CLASSIFICATION. All test variants (n ¼ 19)
were classified according to newly published ACMG
FH VCEP LDLR specifications (Table 1).23 Prior to
functional characterization, variants were classified
as pathogenic/likely pathogenic (n ¼ 11), variants of
uncertain significance (VUSs) (n ¼ 7), and likely
benign (n ¼ 1). After functional characterization,
independently of considering the functional study
level 1 (PS3) or level 3 (PS3_Supporting), the inclusion
of functional data allowed us to reach a conclusive
AMCG classification for 4 variants previously classi-
fied as VUSs. If level 1 was attributed to this assay, the
classification of 6 variants would be upgraded from
likely pathogenic to pathogenic.

DISCUSSION

The approach for functional characterization of LDLR
variants presented in this work was designed in
compliance with all the specifications required to be
classified as a level 1 functional study according to the
ClinGen FH Expert Panel specifications to the ACMG/
AMP variant interpretation guidelines.23 Briefly, the
whole cycle of LDLR was studied in heterologous
cells, without endogenous LDLR and transfected with
mutant plasmid of interest. The described method
was successfully validated with >2 variants classified
as likely benign/benign, and 2 variants classified as
likely pathogenic/pathogenic without functional evi-
dence as requested by the functional analysis
guideline.20

The functional characterization of LDLR variants
has been performed over the last several decades by
flow cytometry, a well-stablished and accepted level 1
functional study.23 Although this procedure gives an
accurate and reliable characterization of variants, it is
time-consuming and labor-intensive and does not
allow a simple and rapid functional characterization
of putative FH-causing variants, leaving many pa-
tients without a definite diagnosis. The work by
Thormaehlen et al26 showed an approach to profile
missense variants through systematic overexpression
and complementation experiments in HeLa-Kyoto
cells. However, the lack of control variants in these
experiments as specified in ClinGen guidelines for the
establishment and validation of functional assays20
and the use of a human cell line, with normal LDLR
expression, prevents this approach from reaching a
level 1 classification, and it leads to many inconclu-
sive results. This methodology is classified by the
ClinGen guidelines as level 3 functional study.

In the present work, we merged these 2 approaches
to get the best attributes of each one. We successfully
combined the expedited characterization from high-
throughput microscopy and the “clean” biological
system (CHO-ldlA7 cells) used in the cytometry as-
says. In the first phase of the work, all LDLR variants
were characterized in 24-well plates as a proof-of-
concept of the proposed methodology. During the
next phase, all variants were characterized in 96-well
plates to scale up the assay to more high-throughput
characterization methodology. If we take the time
needed to characterize a 20-variant sample with the
cytometry methodology used in recent works18,19 as a
base of comparison, the 24-well and 96-well formats
would take, respectively, one-third and one-sixth of
the time to achieve the same output.

Our control set was chosen to be representative of
the 5 LDLR variant classes and cover all main domains
of the LDLR, namely, the ligand-binding domain, the
epidermal growth factor precursor homology domain,
the O-linked oligosaccharide-rich domain, and the
transmembrane domain.27 With this variability of
control variants and wide spectrum of functional
phenotypes, we could ascertain the reliability and
accuracy of this new approach in the functional
profiling of the different classes of variants. For the
phenotypes at the extremities of the spectrum, null
and normal function variants, the assays had an
excellent performance, correctly identifying all vari-
ants in these 2 groups, in both the 24-well and the 96-
well plate assays. Likewise, all control variants with
binding defects were identified as affecting the
normal function of LDLR.

In the group of control variants with uptake defects
and diminished cell surface expression (partial
endoplasmic reticulum [ER] retention or recycling
defects), it was not possible to reach a functional
classification for 7 of 9 variants, in at least 1 of the
formats used, because the levels of expression and/or
activity fell within the gray zone of thresholds
defined by ACMG guidelines for LDLR variant classi-
fication. For this subset of variants, the 24-well
format had a better performance because it identi-
fied 6 of 9 defective variants. This type of hypomor-
phic variant is usually associated with a milder
phenotype and so a milder reduction of LDLR activ-
ity, which creates difficulties in functional data
interpretation. Indeed, 3 of these variants—
p.Arg416Trp, p.Thr454Asn, and p.Asp492Asn—were
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previously characterized by cytometry as recycling
defective variants, exhibiting expression, binding,
and internalization levels around 60%.17,19 In a
similar way, the control variants with uptake defects,
p.Glu626Lys and p.Asn825Lys, were previously
characterized by cytometry with internalization
levels around 60%.17,19 Finally, control variants
p.His485Gln and p.Phe614Ile, both falling in the gray
area for functional classification in the 96-well assays,
were functionally characterized as having expression,
binding, and internalization levels near 50%.19 For
this group of variants, it was also possible to observe
that activity values exceeded the value of LDLR
expression. Although in a smaller scale, this phe-
nomenon was also observed in cytometry assays, but
in this new assay this effect was possibly enhanced by
specificities of the technique.

To overcome this apparent lack of specificity of this
assay to accurately identify variants with expression
and recycling defects, a conservative approach is
recommended for now, and variants with results be-
tween 70% and 90% in the high-throughput assay
should be reanalyzed by cytometry to fine tune the
LDLR activity.

To improve the method’s sensitivity, in future
work, we will fine-tune the assay to better identify
variants with milder phenotypes. Here we are work-
ing with an overexpression system, which for these
specific variants might hamper the best readout of the
assay and lead to an overestimation of activity for
class IIb and IV variants. To work out this situation,
we could consider adjusting the transfection condi-
tions. Another possibility of adjustment is the time of
cell exposure to LDL. As described for the cytometry
methodology, we stimulated LDL internalization for 3
hours at 37 oC, and this long period of time can
overstimulate these variants and result in an over-
estimation of their function. In subsequent works, the
time can be shortened to 30-minute chase
experiments.

In parallel to the characterization of the control set
used to validate and fine-tune the pipeline, at the
beginning of this project we characterized 19 rare
LDLR variants without level 1 functional studies. In
total, 11 variants displayed abnormal function, 5
normal function, and 3 remained unclassified and
should therefore be reanalyzed by cytometry.

Variants p.Glu140Lys, p.Ser158Cys, p.Cys197Arg,
p.Cys197Phe, p.Cys222Trp, p.Cys231Gly, and
c.1027G>A, (p.Gly343Ser), share a similar functional
profile with normal expression and reduced activity
(Figure 3B). Six of these variants are in exon 4, which
is the exon with the most described variants7 and
most pathogenic variants confirmed by functional
studies. This exon is a fundamental part of the ligand-
binding domain and without surprise several variants
in exon 4 have been functionally characterized as
binding-defective variants.17-19,28 Altogether, the
inability of these variants to internalize LDL and their
location indicate that these point substitutions affect
LDLR-binding ability and can be classified as class III
LDLR variants. Variants p.Tyr442Cys and
p.Cys667Arg have a near complete loss of LDLR
expression at the cell surface and overall activity
(Figure 3B). This functional behavior matches the
profile of class IIa, with total ER retention and are
therefore considered null variants. Besides, other
variants in the same domain, epidermal growth factor
precursor homology domain, have been descried with
similar phenotypes.17-19 The last 2 functionally
abnormal variants are p.Gly478Arg and p.Ile488Thr,
both with reduced expression and activity (Figure 3B).
This phenotype fits class IIb variants with partial ER
retention and class V variants with defective recy-
cling. However, considering the milder phenotype
observed in class V variants,17,19 together with the
behavior of the control variants with recycling de-
fects, these 2 variants, with expression levels be-
tween 20% and 40%, are possibly partially retained at
the ER. Experiments to characterize recycling vari-
ants18,19 can be performed for these variants to
correctly attribute the functional class.

As previously mentioned, variants p.Thr363Asn,
p.Val468Asp, p.Arg633Cys, p.Glu716Lys, and
p.Arg744Gln showed cell surface expression and ac-
tivity similar to wild-type LDLR. Thus, these variants
are considered silent variants that do not affect LDLR
function. Completing the test set, variants
p.Cys89Arg, p.Glu277Lys, and p.Leu654Phe pre-
sented expression and/or activity values between the
70% and 90% thresholds in at least 1 of the performed
assays. For this reason, these variants are neither
classified as normal or abnormal functional LDLR
variants. For these variants, the flow cytometry assay
should be performed to see whether a more sensitive
assay can attribute a final functional phenotype.

In recent years genetic testing has emerged as a key
part of FH diagnosis. Accordingly, several interna-
tional entities have officially recommended genetic
testing for FH.2,10 To meet this end, a correct and
definitive variant classification is essential. In this
work, the addition of new functional data made it
possible to determine 4 of 7 variants of uncertain
significance to reach a clear classification (Table 1) that
are now classified as likely pathogenic (p.Ser158Cys
and p.Tyr442Cys) or likely benign (p.Thr363Asn and
p.Glu716Lys). Currently, around 50% of the described
LDLR missense variants are classified as VUSs,8 for
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which functional data can provide substantial help to
upgrade its status to an actionable classification.8 If
the proportion of solved VUSs in our test set (57%) is
maintained in the remaining LDLR VUSs, it would be a
major step for variant classification, with one-half of
these variants reaching a clear classification and
allowing a definitive diagnosis of FH. This percentage
could be even higher if case level data as informative
cosegregation in 4-5 relatives could be obtained for
these variants because all remaining VUSs would be
upgraded to likely pathogenic with just this additional
information.

Supporting the accuracy of this methodology, we
verified that for 10 of the 11 test variants (91%) with a
definitive classification (prior to functional evidence),
either likely pathogenic/pathogenic or likely benign/
benign, the functional characterization data were
concordant with the variants’ classification. The only
variant that did not show this straight correlation was
variant c.265T>C, (p.Cys89Arg) with values for LDLR
activity of 74% � 5% and 72% � 4% in the 24-well
assays and 96-well assays, respectively.

As a new methodology for functional character-
ization, it is expected that the functional study level
attributed will raise discussion. Although our
approach was designed to meet all requirements to be
considered a level 1 functional study, the FH VCEP
guidelines categorize high-throughput assays as level
3 functional studies.23 However, the guidelines also
mention that after validation of any new assay as
described in the ClinGen guidelines,23 the assay can
be upgraded to level 2 or even to level 1, depending
on the assay specificities. Hopefully the new evidence
provided here for this methodology will be taken into
consideration when this guideline is revised, allowing
this new assay to reach a level 1 functional assay.

STUDY LIMITATIONS. It is important to note that our
methodology did not misclassify any of the control
variants, it was simply unable to determine, accord-
ing to the currently defined cutoffs, whether some
variants affect or do not affect LDLR normal function.
Moreover, independently of the attributed level to
the study, in our test set, functional data had the
power to clarify 57% of the tested VUSs. These hall-
marks make our approach an excellent screening
method to quickly and accurately differentiate
abnormal and normal LDLR variants, decreasing the
number of variants that need to be characterized by
the more time-consuming and laborious reference
method. It thus can be expected that the imple-
mentation of this methodology will allow in the future
several VUSs to reach an improved classification,
either reaching an actionable classification (likely
pathogenic or pathogenic) or highlighting the need to
search for another cause for the unexplained hyper-
cholesterolemia (likely benign and benign variants).

CONCLUSIONS

With this work we established a new high-throughput
cell-based strategy to characterize the biological ef-
fects and likely disease relevance of rare LDLR vari-
ants. As with all methodologies, this new approach
has its strengths and weaknesses. Although at this
time the data output does not allow us to unequivo-
cally distinguish class IIb and class V variants or class
III and class IV variants, it can rapidly and firmly
discriminate silent variants that do not affect LDLR
function from variants that strongly affect LDLR
function. With the results obtained it was possible for
us to validate the cutoffs for this type of high-
throughput assay, allowing the assay to be used to
functionally profile LDLR variants. Moreover, further
work will be necessary to fine-tune the microscopy-
based approach to improve the assays’ specificity for
more finicky variants with milder phenotypes (those
in the gray area). Altogether, our work generates a
valuable resource for systematic functional charac-
terization of LDLR variants, with the potential to
quickly functionally profile a great part of LDLR VUSs,
solving a major issue in definitive FH diagnosis,
which is the clarification of the effect on the LDLR
function of VUSs, improving its classification.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Genetic

testing plays a major role in clinical evaluation and man-

agement of patients with FH and their families; however,

in many cases, the genetic analysis fails to identify a

disease-causing variant. This is in part caused by diffi-

culties in classifying newly detected rare genetic variants

as well as VUSs. Currently, the high number of LDLR

variants described as VUSs is the biggest obstacle to

achieve a definitive FH diagnosis. Here, we present a

time- and cost-effective alternative to the current

methodology used to functionally characterize rare LDLR

variants. Our control set of variants showed that no

variant was misclassified, thereby validating the assay.

Additionally, 19 rare LDLR variants found worldwide were

functionally characterized with this assay: 11 displayed

abnormal function, 5 normal function, and 3 remain un-

classified. This assay will help several patients worldwide

to achieve a definite FH diagnosis allowing for treatment

optimization and improvement in prognosis.

TRANSLATIONAL OUTLOOK: The high-throughput

cell-based methodology described in this work, if used

correctly, is a valuable resource for systematic functional

characterization of LDLR variants. The elucidation of the

effect on the protein level for many VUSs will lead to an

improvement in the classification of such variants

and, most importantly, in the diagnosis of patients with

FH.
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