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Abstract: Mutations in the lecithin-cholesterol acyltransferase (LCAT) gene, which catalyzes the esterification of cholesterol, result in
two types of autosomal recessive disorders: Familial LCAT deficiency (FLD) and Fish Eye Disease (FED). While both phenotypes are
characterized by corneal opacities and different forms of dyslipidemia, such as low levels of high-density lipoprotein-cholesterol
(HDL-C), FLD exhibits more severe clinical manifestations like splenomegaly, anemia, and renal failure. We describe the first
clinically and genetically confirmed case of FLD in Colombia which corresponds to a 46-year-old woman with corneal opacity,
hypothyroidism, and dyslipidemia, who does not have any manifestations of renal failure, with two pathogenic heterozygous missense
variants in the LCAT gene: LCAT (NM_000229.2):¢.803G>A (p.Arg268His) and LCAT (NM_000229.2):¢.368G>C (p.Argl23Pro). In
silico analysis of the mutations predicted the physicochemical properties of the mutated protein, causing instability and potentially
decreased LCAT function. These compound mutations highlight the clinical heterogeneity of the phenotypes associated with LCAT
gene mutations.
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Introduction

Familial LCAT deficiency (FLD; MIM 245900) and Fish Eye Disease (FED; MIM 136120) are two autosomal recessive
disorders caused by mutations in the lecithin-cholesterol acyltransferase (LCAT) gene which is located in the q22.1
region of chromosome 16 and is made up of 6 exons that code for a 440 amino acid residue glycoprotein. LCAT is
expressed mainly in the liver, although it is also found in smaller amounts in the brain, testicles and plasma.’

LCAT catalyzes the esterification of unesterified cholesterol (UC) in plasma, the maturation of high-density lipopro-
teins (HDL) and is essential for the reverse cholesterol transport from peripheral tissues to the liver.” The enzyme
reversibly binds to lipoproteins and is responsible for transferring the acyl chain from the second position of lecithin to
the hydroxyl group of UC housed within plasma lipoproteins, thus generating esterified cholesterol (EC) and
lysolecithin.® Since EC is significantly more hydrophobic than UC in plasma, the molecule moves into the core of
lipoproteins allowing their maturation.'

The prevalence of mutations in the LCAT gene is estimated to be below 1/1,000,000 and of the population with
extremely low HDL levels, approximately 2-9% is related to some level of LCAT deficiency.*” Decreased LCAT
enzymatic activity is characterized clinically by bilateral corneal opacity due to the accumulation of cholesterol deposits
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in the corneal stroma and decreased levels of cholesterol housed in HDL in an esterified form known as high-density
lipoprotein-cholesterol (HDL-C), which is the result of the decrease in the maturation of HDL and the low capacity of
LCAT to esterify UC inside lipoproteins.®

LCAT enzymatic activity is classified into two groups: alpha LCAT and beta LCAT enzymatic activity. Alpha LCAT
activity esterifies the UC in HDL, whereas beta LCAT activity catalyzes the reaction in low-density lipoproteins (LDL)
and very low-density lipoproteins (VLDL).>* Patients that retain only de beta LCAT enzymatic activity will present low
levels of HDL-C and milder clinical manifestations because beta LCAT is still active on VLDL and LDL: the
characteristic bilateral corneal opacity, low HDL-C levels, high LDL-C and TG levels, and normal to elevated plasma
EC levels.® However, if both groups of enzymatic activity are affected, cholesterol esterification will be almost null in
lipoproteins and will lead to familial LCAT deficiency (FLD, MIM: 25900) which is a severe pathology with clinical
manifestations such as low HDL-C levels, corneal opacities, elevated plasma TG levels, hemolytic anemia, splenome-
galy, proteinuria and progressive renal failure lead by the accumulation of UC in tissues like the glomeruli and
erythrocytes’ membrane.’

Here we describe the first clinically and genetically confirmed case of FLD in Colombia, which corresponds to a 46-
year-old woman with corneal opacity, hypothyroidism, dyslipidemia, and episodes of anemia, with no splenomegaly and
no manifestations of renal failure, with two compound heterozygous variants in the LCAT gene: LCAT (NM_000229.2):
c.803G>A (p.Arg268His) and LCAT (NM_000229.2):c.368G>C (p.Argl23Pro). This research contributes to enriching
the spectrum of variants of this rare disease, as well as highlighting the clinical heterogeneity of this phenotype.

Experimental Procedures

Sample Processing
Blood samples were collected in 4mL EDTA tubes and genomic DNA extraction was performed using the QIAamp DNA
Mini Kit (QIAGEN, Germany) following the manufacturer’s protocol. The concentration and purity (260/280 and 260/
230 ratios) of the nucleic acids were evaluated using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
USA). Long PCR was performed using the Promega GoTag®™ Long PCR Master Mix with the primers 5'-
GGTTGCCCGTTGATTCTGTTG-3" and 3'-ACTGAACTAACTCGGGTCCT-5", generating a 6336 bp amplicon cover-
ing all the exons of the LCAT gene. The PCR conditions were as follows: an initial denaturation at 94°C for 2 minutes,
followed by 40 cycles of denaturation at 93°C for 30 seconds, annealing at 60.5°C for 45 seconds, and extension at 72°C
for 6 minutes, with a final extension step at 72°C for 5 minutes. To ensure proper amplification, PCR products were
separated by gel electrophoresis with 1% agarose at 100V for 40 minutes, stained with ethidium bromide, and visualized
using UV light. Since non-specific amplifications were obtained, it was necessary to perform amplicon purification by
band excision using the E.Z.N.A.® Cycle Pure Kit (Omega bio-tek, USA).

Purified amplicons were used for single-stranded Sanger sequencing of all the exons of the LCAT gene using the
BigDye Terminator v.3.1 (Applied Biosystems, Foster City, USA) following the manufacturer’s instructions. The primers
used for each exon sequencing are described in Table 1. The Sanger sequencing products were purified with the BigDye™

Table | Sequencing Primers

Type Primer Exon
Forward 5’- CCCACTCCCACACCAGATAA-3’ |
Forward 5-GTGTAAGCAGGGGAGGGTAA-3 2-3
Forward 5'-CACCCTAGCCCCAACACG-3’ 3
Forward 5'-GAGTACCTGGACAGCAGCA-3’ 4-5
Forward 5'-ACAGCTCCACCCAACAGA-3’ 6
Reverse 5-CCACGCCGTAAAGACAGT-3' 6
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Xterminator™ Purification Kit (Applied Biosystems, Thermo Fisher Scientific, USA) and loaded in the 3500 Genetic
Analyzer (Thermo Fisher Scientific, USA). Sequence data were analyzed using MEGA X software’ and the GenBank
reference sequence of the LCAT gene (NG_009778.1).

Mutation Analysis

In order to predict the potential impact of a gene variant in protein structure or function, in silico bioinformatic tools that
analyze the stability and functionality of the mutated protein were used: SIFT predictor (https://sift.bii.a-star.edu.sg/) which
uses sequence homology to predict whether an amino acid substitution will affect protein function;® PolyPhen-2 (http://

genetics.bwh.harvard.edu/pph2/) which uses annotated UniProt entries to predict whether the protein variation occurs within

an important structural or functional site of the protein based mainly on a well annotated crystal structure o modeled protein;’
I-mutant 2.0 (https:/folding.biofold.org/i-mutant/i-mutant2.0.html) which from an experimental thermodynamic database

predicts changes in protein stability based on changes in free energy'® and CADD (https:/cadd.gs.washington.edu/) which
11

analyzes multiple parameters built through other predictors and databases and integrates them into a single global score.
Finally, to review the impact that the change of amino acids has from the physical-chemical point of view on the interactions
and functionality of the protein, the HOPE platform (www.cmbi.umcn.nl/hope) was used, which based on the properties of the

wild-type amino acid contrasted with the mutant, predicts the changes and alterations that could occur.'?

Case Presentation
A 46-year-old Colombian woman, daughter of non-consanguineous parents, was referred to the genetic area due to
a differential diagnosis between LCAT deficiency phenotypes and Tangier disease because of corneal opacity without visual
acuity alteration, but with progressive deterioration of night vision, since the age of 10 years. The patient appeared
phenotypically healthy, except for the corneal opacity (Figure 1). At the time of consultation, the patient did not present
hepatomegaly or splenomegaly, proteinuria, anemia or other clinical characteristics. However, the patient had presented
anemia episodes in 2018 and 2019. Electrolytes information revealed hypercalciuria and a significant hypercalcemia,
31.86 mg/dL and 10.30 mg/dL, respectively. The patient had no symptoms of coronary atherosclerosis. The results of the
tests of liver and renal function were normal. Hemogram without evidence of leukocytosis, leukopenia, or any white cellular
abnormality. No evidence of relevant alteration in hemoglobin levels. Platelets in adequate ranges without evidence of
thrombocytosis or thrombocytopenia. Vitamin D, serum and urine creatinine, ferritin and phosphorus levels in serum are
within the standard parameters.

The patient was diagnosed with primary hypothyroidism at the age of 30 years (TSH 9.09mUI/mL). Throughout her
life she presented with chronic dyslipidemia characterized by persistently low HDL-C levels stood out, even down to
2.8 mg/dL (Figure 2), high levels of triglycerides (216 mg/dL) and low levels of Apo-Al (34.6 mg/dL). Total cholesterol

Figure | Patient’s corneal opacity.
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Figure 2 Temporal record of the patient’s HDL-C levels. Red line corresponds to the minimum value of the clinical reference.

of 95.0 mg/dL and non-HDL cholesterol of 92.2 mg/dL are within the standard population. VLDL levels have been
above the reference value (30 mg/dL) and LDL-C levels have been continuously low, 43 mg/dL and 38.80mg/dL,
respectively.

At the age of 39 years, lipoprotein electrophoresis revealed hypoalphalipoproteinemia (14.4% of total band signal)
and a consequent increase of beta fraction (78.6% of total band signal), indicating that, even though the LDL-C values
are low but among the reference levels (0—150 mg/dL), most of the circulating cholesterol was in beta migrating particles
(LDL). The esterified cholesterol levels were very low: 6% of total cholesterol (reference value 60-80%). In addition,
two of her three brothers have had recurrently low levels of HDL-C throughout their lives (down to 15-16 mg/dL).

The 6 exons in the LCAT gene of the proband were analyzed using the Sanger method to identify the mutations
responsible for the pathology. Two missense variants were found: ¢.368G>C (p.Argl23Pro) classified as pathogenic
(criteria: PM2, PM5, PP3, PP2, PP5 according to the American College of Medical Genetics and Genomics, ACMG)13
and c.803G>A (p.Arg268His) classified as pathogenic (criteria: PS3, PP3, PM2, PM5, PP5, according to the ACMG)
located in exons 3 and 6 of the LCAT gene, respectively (Figure 3). Once the mutations were confirmed, carrier analysis
was performed on the parents and three siblings, which determined that the proband inherited the variant Argl23Pro from
her mother and the mutation Arg268His from her father. In addition to the patient, two of her male siblings are carriers of
the variant located in exon 6 (Arg268His) (Figure 3).
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Figure 3 Pedigree information of the patient and Sanger sequencing electropherogram of both patient and her family.

Analysis of ¢.368G>C (p.Argl23Pro)

This mutation was classified as pathogenic according to the criteria of the ACMG. This variant has been described in the
literature in a homozygous 44-year-old Spanish woman,'* although there is no functional information on its impact on
the function of the protein. This variant is classified in this category because of other known mutations in the same codon
and its Genome Aggregation Database (gnomAD) allelic frequency of 0.00000398. Variant rs199717050 (Argl23His),
the mutation in the same codon reported in our patient, was associated with decreased ( = —0.72) HDL-C levels (P
discovery = 5.9x107'°, P conditional = 2.5x10"'?) in the Finnish population.'”

Using in silico prediction tools it was possible to determine that the region of the mutation corresponds to an LCAT
conserved region (Figure 4) and SIFT predicts that the residue change has a deleterious effect on the function of the
protein (0.018). This variant has a score of 1.0 (maximum score) on the PolyPhen-2 predictor and according to I-mutant
2.0 this change decreases, in silico, the stability of the new mutated protein (AG= —1.60). The mutation also obtained
a high score in the CADD predictor (26.5). Finally, according to HOPE, the amino acid change corresponds to a smaller
one with a neutral charge, possibly altering the physicochemical characteristics of the protein.

Analysis of c.803G>A (p.Arg268His)

The effects of this variant are quite similar. The mutation was analyzed with the PolyPhen-2 and SIFT predictors that
gave a score of 1.0 and 0.0 respectively, being the maximum values for predictions of deleterious effects of a mutation.

The Application of Clinical Genetics 2024:17 hetps: 27

Dove:


https://www.dovepress.com
https://www.dovepress.com

Ciro Acosta et al Dove

Figure 4 Visualization through PyMOL of the crystal structure of the human Lecithin-Cholesterol Acyltransferase (4X96 Protein Data Bank) reported by Glukhova et al
2015."¢ Protein Data Bank accession number 4X96. Arginine residue 123 is visualized in blue and the purple residue corresponds to Arginine 268.

I-mutant 2.0 classified it as a variant that decreases protein stability in silico (AG= —1.05) and it obtained a CADD score
of 28.5. HOPE predicts physicochemical changes in the protein and loss of internal and external interactions, since the
amino acid change differs in size and charge with the new one (Figure 4). The allelic frequency of this variant in
gnomAD is 0.000036 and according to the ACMG classification the mutation corresponds to a pathogenic variant with

known cases of this mutation related to LCAT deficiency.'” "

Discussion

This is the first clinically and genetically diagnosed case of FLD in Colombia and the first report of a compound
heterozygous patient with the LCAT variants Argl123Pro and Arg268His. Mutations in codon 123 of the LCAT gene have
been described previously. Blanco-vaca et al described a Spanish woman homozygous for the Argl23Cys variant who was
diagnosed with FED based on the appearance of corneal opacities at the age of approximately 54 years and vanishingly low
plasma concentrations of cholesteryl esters.”’ However, our patient’s corneal opacity and progressive deterioration of night
vision started since the age of 10 years, a rather soon manifestation when compared to the initiation of ocular symptoms in
most of FED cases. In addition, Bérard et al described a compound heterozygous case with the same mutation as the Spanish
patient.?! This compound heterozygous case, harboring one of our patient’s mutations, sheds some light on the possibility of
our patient being a FLD case. The patient’s plasma LCAT concentrations and alpha LCAT enzymatic activity were
significantly reduced, indicating a virtual absence of LCAT. Furthermore, Argl23 is a conserved residue in the human,
rabbit, rodent, C. albicans and yeast LCAT genes, suggesting a role in LCAT function or stability.”? Although there is no
information about the specific alpha or beta LCAT enzymatic activity of mutation Argl23Pro, LCAT enzymatic activity was
15.2 nmol/mL/hour (reference range, 81+12 mL/min/hour) in a homozygous patient.?

Splenomegaly, anemia, and renal failure are some differential conditions that most FLD patients share, in contrast to most
FED cases. Although important contrasting symptoms, the appearance and progression of renal failure are variable among
FLD cases, and it is likely related to the biochemical phenotype rather than to the inherited mutation.® Clinical and
biochemical heterogeneity is a challenging characteristic regarding the diagnosis of LCAT phenotypes. However, on the
basis of the clinical and biochemical features of our case, the anemia episodes, and that both of our patient’s mutations and

variants in the same codons have been described in FLD patients,'*'%

we diagnosed our compound heterozygous patient as
an FLD case who had not developed renal failure, proteinuria, or splenomegaly, pointing to the possibility that additional
genetic or environmental factors may have contributed to the apparently benign course of the patient’s disease.

Likely due to the complexity of the LCAT biochemical reaction and despite the availability of a 3D model enzyme, it
is impossible to predict the phenotype associated with the mutations.>* The dyslipidemia profile is indistinguishable
between subjects classified as FLD or FED. The differential diagnosis between these two phenotypes is limited to
alternatives that are not available in clinical laboratories in Colombia, such as the measurement of the ability of
individual plasma to esterify cholesterol in endogenous lipoproteins (alpha LCAT with beta LCAT enzymatic activity)

and in a standardized exogenous HDL (alpha LCAT activity only), both of which are null in FLD cases but low or normal
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in FED.*>** Other useful alternatives to distinguish between these conditions are the CE/TC ratio in plasma, which is
always reduced in FLD but not in FED; and through the expression of LCAT mutants in cultured cells, and subsequent
measurement of LCAT concentration and activities in cell media.® Nevertheless, we were unable to calculate this ratio as
well as performing these experiments.

An association with increased risk of cardiovascular disease has been described in LCAT phenotypes by preserving
the esterification of cholesterol in atherogenic lipoproteins such as LDL. Nevertheless, at the time of the patient’s
approach, no calcified atherosclerotic plaques were documented by coronary computed tomography (calcium score 0
Agatston units). Cardiovascular disease in LCAT diseases has been described with a median age at presentation of 56
years, meaning that the patient is still at risk of developing such condition.***

Despite FLD being a recessive disorder, the two siblings of the proband are carriers of the Arg268His mutation who have
HDL-C levels that are persistently below normal. Authors have described the behavior of lipoproteins in carriers of LCAT gene
mutations who don’t have clinical manifestations as severe as a homozygous or compound heterozygous patient, but whose
HDL-C levels are persistently below the values of non-carrier subjects, meaning they express an intermediate phenotype.**°

Of the compound heterozygous mutations in the patient, Argl123Pro was found in a 44-year-old woman in Spain.'* The
patient was homozygous for this LCAT gene variant and had corneal dystrophy, anemia and an altered lipid profile resembling
our patient: HDL-C levels down to 6.6 mg/dL, triglycerides up to 173 mg/dL, LDL-C 131 mg/dL, VLDL 45 mg/dL and Apo-
Al 62 mg/dL. However, unlike our patient, the Spanish LCAT patient had proteinuria and the histology study from the renal
biopsy confirmed segmental hyaline lesions, irregular mesangial enlargement, and parietal thickening of the glomerular
capillary walls. Despite having the same mutation, our patient didn’t have any sign of renal compromise or proteinuria.

According to the in silico predictors, this variant is classified as a destabilizing and deleterious mutation, and
according to the ACMG criteria it is classified as pathogenic. The Argl23Pro mutation is predicted to generate changes
in the stability and functionality of the protein because of the difference in size and charge from the original residue as it
is smaller and has a neutral charge, as well as being more hydrophobic than arginine.

The mutated residue is found in the membrane binding region, a region enriched with hydrophobic residues
responsible for anchoring HDL to membranes to initiate the cholesterol esterification process (Figure 4).>” Variations
in the physicochemical properties of the new residue affect the formation of chemical bonds with other residues and
could cause a loss of external interactions, which interferes in the function of the protein.'?

The Arg268His variant was previously reported as a cause of LCAT enzyme activity deficiency, specifically of FLD in
compound heterozygous patients.'? This mutation is found in the Cap domain of the protein, specifically a part of the lid region
(residues 257-271), which opens and closes the access through a hydrophobic tunnel that leads to the catalytic site of the
enzyme. This tunnel is made up of hydrophobic residues whose function is also to protect these residues from interaction with
water.'®?® In addition, this residue forms salt bridges with Asp 359 and Glu 265, which keep the lid in a closed conformation;
but when they are broken the lid changes to an open conformation.”” This variant corresponds to a substitution of a polar
amino acid for a smaller one with a neutral charge, unlike arginine, which has a positive charge that allows it to form salt and
hydrogen bonds with two leucines at positions 247 and 309, interactions that will be affected by this mutation.'?

It is believed that the Cap domain interacts with Apo-Al (major HDL apolipoprotein) and is essential for the activation of
the LCAT enzyme, the interaction involves a conformational change in the lid to an open state for a better binding with the
substrate.’>>" In this case, the Arg268His mutation could interfere with the interaction of HDL with Apo-Al and the
activation and the conformational change of the lid, causing poor cholesterol esterification specifically in HDL. In addition,
Holleboom et al concluded that this residue is important for the expression and function of the enzyme based on the severe
reduction of its expression in an in vivo study in the case of a mutation in the same codon (Arg268Cys).*>

Our study has some limitations. We were unable to obtain specific data of the siblings’ corneal photographs, renal
function, and specific blood data. In addition, limited to our research and clinical resources, we could not perform any of
the assays that would clearly differentiate FLD from FED, such as the measurement of alpha and beta LCAT enzymatic
activity. Also, we were not able to contact the patient for further ophthalmologic information such as intraocular pressure.
Finally, we were not able to perform a molecular characterization of the variants, which would have required expression
of the variants in cell systems and evaluation of their ability to promote alpha and beta LCAT enzymatic activity.
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Conclusion

This is the first clinically and genetically confirmed report of FLD in Colombia. Moreover, this is the first case of a compound
heterozygous patient with the LCAT (NM_000229.2):c.803G>A (p.Arg268His) and LCAT (NM_000229.2):¢.368G>C (p.
Argl123Pro) mutations. The in silico analysis of the mutations determined the affect of the physicochemical properties of the
protein, mainly by altering the interaction of residues in their own domains or external interactions with other proteins, possibly
causing instability and decreased function of the LCAT enzyme. This case highlights the clinical heterogeneity caused by LCAT
mutations, demonstrating the possibility of other factors that may contribute to these phenotypes. The high risk of developing
accelerated atherosclerotic disease as previously described may be an indicator for pharmacological (statin) and non-
pharmacological interventions for its prevention in this patient. The description of these two variants will allow a better
characterization of FLD and LCAT phenotype patients and support the identification of other individuals in heterozygosity
and their appropriate clinical approach, as well as highlight the necessity to further evaluate the prevalence and clinical
presentation of LCAT deficiency syndromes in Latin American countries.
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