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ARTICLE INFO ABSTRACT

Keywords: Hypertriglyceridemia (HTG) is a common dyslipidemia associated with an increased risk of cardiovascular

Sef’ere h¥pertriglyceridemia disease and pancreatitis. It is well stablished that the severe cases of disease often present with an underlying

Englllyclzndffs genetic cause. In this study, we determined the frequency and variation spectrum of genes involved in the tri-
yslipidemia

glyceride metabolism in a series of Brazilian patients with severe HTG. A total of 212 patients with very high
HTG, defined with fasting triglycerides (TG) > 880 mg/ dL, that underwent a multi-gene panel testing were
included in this research. Germline deleterious variants (i.e. Pathogenic/Likely Pathogenic (P/LP) variants) were
identified in 28 out of 212 patients, reflecting an overall diagnostic yield of 13% in our cohort. Variants of
unknown significance (VUS) were identified in 87 patients, and represent 80% of detected variants in this
dataset. We confirm the LPL as the most frequently mutated gene in patients with severe HTG, and we had only
one suspected case of familial chylomicronemia syndrome, caused by a homozygous variant in LMF1, in our
cohort. Notably, we report 16 distinct and novel variants (P/LP and VUS), each of them representing a single
case, not previously reported in any public databases or other studies. Our data expand our knowledge of genetic
variation spectrum in patients with severe HTG in the Brazilian population, often underrepresented in public
genomic databases, being also a valuable clinical resource for genetic counseling and healthcare programs in the
country.
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1. Introduction and may contribute to clustering of certain HTG phenotypes in families

[6,7]. It is relevant to mention though that very rare variants, specif-

Hypertriglyceridemia (HTG) is the most common form of dyslipi-
demia that result in increased plasma triglyceride (TG) levels, being a
complex phenotypic trait with a significant genetic component [1-3]. It
is expected that the disease affects nearly 10% of the adult population
[4]; chronically elevated TG levels are frequently associated with
several metabolic alterations including obesity, diabetes, atherosclerotic
cardiovascular disease, and severe cases often lead to chylomicronemia,
which is an important risk factor for acute pancreatitis. In particular,
severe HTG, defined as fasting TG > 880 mg/ dL [5], has been linked to
multiple variants in genes involved in triglyceride metabolism; such
variants comprise rare, heterozygous, germline deleterious variants (i.e.
Pathogenic/Likely Pathogenic (P/LP) variants) with a large effect size,

ically in five genes (LPL, LMF1, GPIHBP1, APOC2, APOAS5), were iden-
tified as the basis of familial chylomicronemia syndrome, in which
homozygous, compound heterozygous, or double heterozygous loss-of-
function variants of these genes, involved in the lipoprotein lipase
(LPL) pathway, result in a monogenic disease with an autosomal
recessive pattern of inheritance [6,7]. Nonetheless, it is assumed that in
most cases of HTG, the genetic basis is highly polygenic, driven by the
cumulative effect of several common and rare variants with modest to
small effect sizes that could be quantified using a polygenic risk score
[7]. Current genetic testing generally screens for variants by analyzing a
multi-gene panel through next generation sequencing (NGS) technology
and may aid in diagnosis of patients with dyslipidemias [8,9].
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Despite recent advances in genomic medicine that have increased
our knowledge about the genetic causes of dyslipidemia, the clinical
utility of genetic testing to identify deleterious variants as a risk factor in
predicting acute pancreatitis and severe HTG remains limited. In
accordance with the National Lipid Association statement, molecular
investigation is considered primarily for evaluating suspected cases of
familial chylomicronemia syndrome and cascade screening in first-
degree relatives of patients with the monogenic form of the disease
[10]. However, considering the rare heterozygous deleterious variants
that are frequently associated with the vast majority of severe cases of
HTG, their clinical interpretation can pose a significant challenge.
Whereas some variants can be confidently predicted to be pathogenic
because they affect the structure and function of the gene, a great
number of detected variants that result in missense (amino acid sub-
stitutions) with unknown functional consequences. In addition, the
frequency and spectrum of the disease-causing variants vary among
populations and ethnic groups. Although some studies were performed
in different populations to estimate the prevalence of rare variants
related to HTG, in Brazil the landscape of genetic variation in genes
involved in the triglyceride metabolism remains to a great extent un-
recognized. Thus, in this study we aimed to determine the frequency and
spectrum of rare variants detected in Brazilian patients with severe HTG
during routine clinical diagnostics, which could significantly aid in their
diagnostic process. This is the first research in Brazil and provides a
comprehensive analysis of germline variants identified using a multi-
gene panel testing and it is valuable resource for genetic counseling
and healthcare programs in the country.

2. Patients and methods
2.1. Study design

This is a retrospective observational study that compiled clinical and
molecular data from patients investigated routinely in a private labo-
ratory from Brazil (Diagndsticos da América S.A., DASA), between June
2021 and May 2022. A total of 212 patients aged 18 years or older, with
very high hypertriglyceridemia (HTG), defined with fasting triglycerides
(TG) > 880 mg/ dL, as proposed by the European Atherosclerosis Society
[5], were included in our analysis. Patients with severe HTG were
defined as having at least 3 triglycerides (TG) measures, with two dos-
ages above 1000 mg/ dL, and none below 170 mg/ dL. The clinical
features of all patients included in this research, comprising sex, age at
sample collection and levels of TG are shown in Table 1.

2.2. Genetic testing and variant analysis

Genomic DNA samples were extracted from peripheral blood cells
following standard procedures. All patients were subjected to a
comprehensive chylomicronemia multi-gene panel that include the
following genes: ABCA1, AGPAT2, AKT2, APOA5, APOC2, BSCL2, CAV1,
CFTR, CIDEC, CTRC, CYP27A1, GPIHBPI1, LIPA, LIPE, LMF1, LMNA,
LMNB?2, LPL, PLIN1, POLD1, PPARG, PRSS1, PSMBS8, SMPD1, SPINK1,
and ZMPSTE24. The genetic testing was conducted using next generation
sequencing (NGS)-based capture method for detection of single nucle-
otide variants (SNVs), small deletions (InDels), and copy number

Table 1
Clinical characteristcs of the patients with severe hypertriglyceridemia investi-
gated in this study.

Characteristics N (%)
Number of patients 212

Sex

Female 44 (21%)
Male 168 (79%)

Patient age at sample collection, yrs. (Median, range)
Triglycerides, mg/dL (Median, range)

46 (26-79)
1806,5 (1005,0-12,421,0)
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variants (CNVs). DNA enrichment was achieved using the xGen Exome
Research Panel v2 and xGen CNV Backbone Panel kits (IDT DNA, USA)
for target region capture, which encompasses the entire coding se-
quences and splicing sties of the genes. Sequencing was performed either
on Illumina NextSeq or NovaSeq system (Illumina, USA); the targeted
mean vertical coverage was 100x, horizontal coverage >97.5% at 10x
and > 95% at 20x. Sanger sequencing (3500 Series Genetic Analyzers,
Applied Biosystems) was used to validate variants suspected of false
positives, i.e., variants with a vertical coverage <20x or when an allelic
imbalance was observed.

Bioinformatic analysis was carried out using the Dragen Enrichment
and Emedgene platforms from Illumina, USA. Variant call format files
were used for annotation and filtering of genetic variants. Visual veri-
fication of the findings was made using data from the Binary Alignment
Map (BAM) files with Integrative Genomics Viewer. The ClinVar data-
base (www.ncbi.nlm.nih.gov/clinvar/) was used to determine the bio-
logical significance of all reported variants. Detected variants were
classified according to the American College of Medical Genetics and Ge-
nomics (ACMG) guidelines as Pathogenic (P), Likely Pathogenic (LP),
Benign (B), Likely Benign (LB), or Variants of Unknown Significance
(VUS) [11]. The common variants (B/LB), i.e., those frequently reported
in public genomic databases were disregarded from this study. Impor-
tantly, for supporting evidence of pathogenicity of novel variants and
VUS, we used the Alamut™ Visual Plus and SOPHiADDM™ software
(SOPHiA GENETICS, Switzerland) that assesses both the probability of
protein sequence damage, and de novo creation of splice sites, based on
NNSplice and MaxEnt algorithms. Further, to estimate the impact of
novel variants and VUS on protein structure we also specify three evi-
dence categories (population frequency data, variant type and location,
and case-level data) as recommended by Harrison 2019; lastly, to
compare the frequency of detected variants with those in the general
population, we consulted the gnomAD (https://gnomad.broadinstitute.
org/) and AbraOM (https://abraom.ib.usp.br/) public databases.

3. Results

We performed genetic testing in 212 patients with severe hyper-
triglyceridemia over a period of 1 year. The largest proportion of pa-
tients investigated were males (79%), and the median age during sample
collection was 46 years old (age range: 26 to 79 years old). Moreover,
the median level of triglycerides was 1806,5 mg/dL, ranging from
1005,0 to 12,421,0 mg/dL (Table 1). Out of the 212 patients, 97 had a
negative result, and the remaining 115 individuals were either positive
for a clinically relevant variant (P/LP) or VUS in one of the 26 genes that
comprise the multi-gene panel testing. Taking into account only the P/
LP variants, the overall diagnostic yield in our cohort was 13% (Fig. 1A),
with the corresponding frequency of P/LP variants and VUS being 20%
and 80%, respectively (Fig. 1B); particulary, 17% of the investigated
patients had at least two detected variants in the targeted genes (Sup-
plementary Table 1 and 2). Among the 156 detected variants, 36
(23,2%) were present on LPL, which was the most frequently mutated
gene in our cohort. Fig. 1C shows the frequency distribution of each gene
according to the number of detected variants.

As expected, different types of variants were identified in our anal-
ysis, with missense variants being the most common among the P/LP
variants and VUS (Fig. 2A and B). Focusing on the P/LP variants, the
majority are exonic: 32% are missense variants, 13% are stop codons,
10% are frameshift mutations. Additionally, 3% are predicted to either
disrupt splicing or be deletions (intronic or in-frame). The detailed
listing and spectrum of all variants detected in our cohort is presented in
Table 2 and 3. Importantly, the most frequent P/LP variants, found in
three or more unrelated individuals, were LPL ¢.701C > T and CFTR
¢.1210-11 T > G. Five distict and novel presumably disease-causing
variants were detected, each of them representing a single case. Those
novel P/LP variants are highlighted in bold in Table 2. It is relevant to
mention that we detected only one case of familial chylomicronemia
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Fig. 1. An overview of the frequency of germline variants detected in patients with severe hypertriglyceridemia. (A) Diagnostic yield in our cohort, showing the
frequency of negative results, Pathogenic/Likley Pathogenic (P/LP) variants, and Variants of Unknown Signficance (VUS) (46%, 13%, and 41%, respectively). (B)
Frequency of P/LP variants and VUS (20% and 80%, respectively). (C) Frequency distribution of each gene that comprise the multi-gene panel testig, according to the

number of detected variants.

syndrome in our cohort, due to a homozygous variant in the LMF1 gene
(c.895C > T). Regarding VUS, eight frequent variants were observed
among LPL, CFTR, LIPE, GPIHBP1, and CTRC, in which were found in
three or more individuals in our cohort; further, 11 additional novel
variants were also detected, highlighted in bold in Table 3.

4. Discussion

In the present study, we determined the spectrum of frequency and
variation in genes involved in the triglyceride metabolism in a series of
patients with severe HTG following a diagnostic routine in Brazil. This is
the first study in the country using a multi-gene panel testing aiming to
screen for disease-causative variants in selected patients. The overall
diagnostic yield in our cohort was 13%, with 28/212 patients carrying a

P/LP variant and 87/212 carrying a VUS. Among them, 17% (36/212)
had at least two detected variants in the targeted genes, including both
P/LP variants and VUS. For most cases of HTG, it is assumed that the
genetic basis is highly polygenic, resulting from the cumulative effect of
several common and rare variants with modest to small effect sizes that
can be quantified using a polygenic risk score. Even though our analysis
did not allow for a genome-wide association study, the fact that many
patients in our cohort present more than one variant in different genes
supports a polygenic inheritance, as previously demonstrated in the
literature [12-14]. In particular, out of 27 genes included in the multi-
gene panel tested, 23 genes had at least one variant detected. Our data
confirm previous reports that LPL is the most frequently mutated gene in
patients with severe HTG [15-17], accounting for 23,2% (36,/156) of all
detected variants in this dataset. Nonetheless, it is worth mentioning
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Fig. 2. Characteristic of the germline variants detected in patients with severe hypertriglyceridemia. Distribution of the different types of variants among Patho-
genic/Likely Pathogenic (P/LP) variants and Variants of Unknown Signficance (VUS), displayed in the descending order of frequency.

Table 2

Spectrum of all Pathogenic/Likely Pathogenic (P/LP) germline variants detected in patients with severe hypertriglyceridemia.

ID Gene HGVS Nomenclature Protein effect Zygosity  Type of Variant dbSNP Frequency in this Frequency in
variation classification cohort gnomAD
1 LPL NM_000237.3:c.701C > T p.(Pro234Leu) HET missense P 15118204060 0,0189 0,0000424
2 LPL NM_000237.3:c.809G > A p.(Arg270His) HET missense P rs118204062  0,0094 0,0000040
3 LPL NM_000237.3:¢.337 T > C p.Trp113Arg HET missense P 15118204069 0,0047 0,0000319
p-
4 LPL NM_000237.3:¢c.840del (Asn281Metfs*23) HET frameshift LP . . .
5 LPL NM_000237.3:c.808C > T p.(Arg270Cys) HET missense P 15118204077 0,0047 0,0000080
6 LPL NM_000237.3:¢.272G > A p.(Trp91Ter) HET nonsense P 15118204070  0,0047 0,0000071
7 LPL NM_000237.3:c.644G > A p.(Gly215Glu) HET missense P 15118204057 0,0047 0,0001768
8 LPL NM_000237.3:c.755 T > C p.(1le252Thr) HET missense P 1s118204080 0,0047 0,0000199
NM_000492.4:¢.1210-11 T
9 CFTR >G p.(?) HET intronic P 1573715573 0,0142 0,0084950
NM_000492.4: In-frame
10 CFIR ¢.1520_1522delTCT p.(Phe508del) HET deletion P rs113993960  0,0094 0,0071720
11  CFIR NM_000492.4:¢.1558G > A p.(Val520Ile) HET missense LP 1577646904 0,0047 0,0001522
NM_000492.4:¢.3140-26 A
12 CFIR >G p-(® HET intronic P rs76151804 0,0047 0,0000485
NM_000492.4:¢.1210- Intronic
13  CFIR 7_1210-6del p-(? HET deletion P 151805177 0,0047 0,0246900
14 CFTR NM_000492.4:¢.3484C > T p.(Argl162Ter) HET nonsense P 1574767530 0,0047 0,0000567
15 CFIR NM_000492.4:c.14C > T p.(Pro5Leu) HET missense P 1193922501  0,0047 0,0000248
16 SMPDI  NM_000543.5:c.1451C > A  p.(Ala484Glu) HET missense LP 15267607075  0,0047 0,0000040
NM_000543.5:¢.319-1G > splicing
17 SMPD1 C p.-(?) HET region LP
NM_000543.5:
18 SMPDI  ¢.1829.1831del p.(Arg610del) HET deletion P rs120074118  0,0047 0,0002181
19 APOA5 NM_052968.5:¢.379C > T p-(GIn127Ter) HET nonsense P
20 APOA5  NM_052968.5:c.124del p.(Glu42Serfs*15) HET frameshift LP
NM_052968.5:
21  APOA5  ¢.990_993del p.(Asp332Valfs*5) HET frameshift P 15774150500  0,0094 0,0000080
22  LMF1 NM_022773.4:¢.895C > T p.(GIn299Ter) HOM nonsense P 1s554054538 0,0047 0,0000362
23 PPARG  NM_015869.5:c.634C > T p.(Arg212Trp) HET missense LP

HET: heterozygosity; HOM: homozygosity; P: pathogenic; LP: likely pathogenic. Highlighted in bold are the novel variants, not reported in any public genomic
database. Calculated frequency in this cohort, considering the number of individuals with the detected variant in relation to the total number of individuals: 4/212 =

0,0189; 2/212 = 0,0094; 1/212 = 0,0047.

that for the Brazilian population it will be necessary broad genomic
associations studies to evaluate polygenic risk scores for HTG, but the
present data will certainly be a valuable resource in future research.
In our cohort, the most frequent P/LP variant was the ¢.701C > T (p.
Pro234Leu) in the LPL gene, with four unrelated patients carrying it.
This is a well-known deleterious variant with multiple submissions in
the ClinVar database, also seen in different populations and ethnic
groups. Interestingly, the second most frequent P/LP variant was the
¢.1210-11 T > G (p.?) in the CFTR gene. Most publications associate this
variant with cystic fibrosis, yet there also have been multiple associa-
tions with a high risk of pancreatitis [18-21]. Whereas severe HTG has
historically been linked to deleterious variants, in our analysis, missense

represents the most common type of heterozygous variants among the
patients. It is worth mentioning that we had only one suspected case of
familial chylomicronemia syndrome caused by a homozygous nonsense
variant, ¢.895C > T (p. GIn299Ter), in the LMF1. The latter is a recog-
nized gene in which mutations are associated with lipoprotein lipase
deficiency. In its classical form, familial chylomicronemia syndrome
results from monogenic homozygous or compound-heterozygous vari-
ants mainly in five genes (LPL, LMF1, GPIHBP1, APOC2, APOAb5), or its
various modulator cofactors. Studies and case reports related to familial
chylomicronemia syndrome and its genetic predisposition within the
Brazilian population are scarce, with more information available in re-
gions where there is a founder effect [22,23]. Regarding our patient,
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Table 3
Spectrum of all germline Variants of Unknown Significance (VUS) detected in patients with severe hypertriglyceridemia.

Molecular Genetics and Metabolism Reports 40 (2024) 101100

ID Gene HGVS Nomenclature Protein effect Zygosity  Type of Variant dbSNP Frequency in Frequency in
variantion classification this cohort gnomAD or
AbraoM

NM_000237.3:¢.953 A

1 LPL >G p-(Asn318Ser) HET missense Vvus 15268 0,0519 0,01297
NM_000237.3:¢.373G

2 LPL >A p-(Ala125Thr) HET missense Vvus rs199675233 0,0236 0,00004375
NM_000237.3:¢.734 T

3 LPL >C p.(1le245Thr) HET missense vus 15114792062 0,0094 0,00001193
NM_000237.3:¢.998G

4 LPL >A p-(Arg333His) HET missense Vvus 15144466625 0,0094 0,00007075
NM_000237.3:¢c.134C

5 LPL >A p.(Thr45Asn) HET missense Vvus 15143944126 0,0047 0,00007555
NM_000237.3:¢.1420

6 LPL T>C p.(Ser474Pro) HET missense vus 15759923339 0,0047 0,00000398
NM_000237.3:¢.249G

7 LPL >A p.(Thr83=) HET synonymous vus 15544872445 0,0047 0,00009956
NM_000237.3:¢.858 T

8 LPL >A p.(Ser286Arg) HET missense Vus 0
NM_000492.4:

9 CFTR ¢.1727G > C p.(Gly576Ala) HET missense vus rs1800098 0,0142 0,005042
NM_000492.4:

10  CFIR ¢.2002C > T p.(Arg668Cys) HET missense vus rs1800100 0,0142 0,005979
NM_000492.4:

11  CFIR c.3468G > T p.(Leul156Phe) HET missense vus 15139729994 0,0047 0,0001316
NM_000492.4:

12 CFTR c.2991G > C p.(Leu997Phe) HET missense Vvus rs1800111 0,0047 0,002222
NM_000492.4:

13 CFTR c.2057C > A p-(Ser686Tyr) HET missense Vvus 15201444561 0,0047 0,00006779
NM_000492.4:¢.958 T

14  CFIR >G p.(Leu320Val) HET missense vus 15144476686 0,0047 0,0005766
NM_000492.4:¢.1043

15 CFTR T>A p-(Met348Lys) HET missense Vvus 15142920240 0,0047 0,0001274
NM_000492.4:

16  CFIR c.1684G > A p.(Val562Ile) HET missense vus 151800097 0,0047 0,000142
NM_000492.4:

17 CFTR c.2252G > A p.(Arg751His) HET missense VvusS 1s397508357 0,0047 0,00001203
NM_000492.4:

18 CFIR c.4048C > T p.(His1350Tyr) HET missense vus rs955306189 0,0047 0,00001315
NM_000492.4:c.1244

19 CFIR A>C p-(Asn415Thr) HET missense Vus 0
NM_000492.4:¢.850 A

20 CFTR >G p.(Met284Val) HET missense VvUus 0
NM_005357.4:

21 LIPE c.1540G > A p.(Gly514Ser) HET missense Vvus 15201302932 0,0189 0,0001027
NM_005357.4:

22 LIPE ¢.3040G > A p.(Val1014Met) HET missense vus 15193061079 0,0142 0,0007731
NM_005357.4:

23 LIPE c.2813G > A p-(Arg938His) HET missense vus 15776959885 0,0047 0,00002088
NM_005357.4:

24  LIPE c.2888C > G p.(Pro963Arg) HET missense Vus 15137885656 0,0047 0,0004805
NM_005357.4: p-

25 LIPE €.3203_3221del (Val1068Glyfs*102) HET frameshift vus 1s587777699 0,0047 0,0006509
NM_005357.4:¢.956 T

26  LIPE >C p.(I11e319Thr) HET missense vus rs1419855904  0,0047 0,000004089
NM_005357.4:

27  LIPE c.1798C > G p.(Pro600Ala) HET missense Vus 0
NM_000543.5:¢.1550

28 SMPD1 A>T p.(Glu517Vval) HET missense Vvus 15142787001 0,0094 0,002469
NM_000543.5:

29  SMPDI ¢.1022G > C p.(Arg341Pro) HET missense vus 15200242334 0,0047 0,00002785
NM_000543.5:¢.1094

30 SMPD1 T>C p.(1le365Thr) HET missense Vvus 151387046059 0,0047 0,000008033
NM_000543.5:¢.73G

31 SMPD1 >A p-(Ala25Thr) HET missense Vvus 15758894722 0,0047 0
NM_000543.5:¢.1471

32 SMPDI1 A>C p.(Ile491Leu) HET missense vus 151429766647  0,0047 0,000007954
NM_000543.5:

33 SMPD1 c.1474G > A p.(Gly492Ser) HET missense Vvus 15144873307 0,0047 0,0009229
NM_000543.5:¢.631 T

34 SMPDI1 >C p.(Trp211Arg) HET missense Vvus 0
NM_052968.5:¢.607G 0 (gnomAD)

35 APOA5 >T p.(Gly203Trp) HET missense vus 15778493133 0,0094 AbraoM: 0.0016
NM_052968.5:¢.956C

36  APOA5 >T p.(Pro319Leu) HET missense vus rs781438417 0,0047 0,00001061

(continued on next page)
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Table 3 (continued)
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ID  Gene HGVS Nomenclature Protein effect Zygosity  Type of Variant dbSNP Frequency in Frequency in
variantion classification this cohort gnomAD or
AbraoM

NM_052968.5:¢.551C

37  APOA5 >G p.(Thr184Ser) HET missense vus rs201229911 0,0047 0,0001128
NM_052968.5:¢.106G

38 APOA5 >A p.(Gly36Arg) HET missense Vus 15146323308 0,0047 0
NM_052968.5:¢.547C

39 APOA5 >G p.(His183Asp) HET missense vus 15978043764 0,0047 0
NM_022773.4:¢.800C

40 LMF1 >T p.(Thr267Met) HET missense VvusS 15754428234 0,0047 0,00008433
NM_022773.4:c.176C

41 LMF1 >T p.(Ala59val) HET missense Vvus 15759181295 0,0047 0,0002938
NM_022773.4:¢.796G

42 LMF1 >A p.(Glu266Lys) HET missense Vvus 15778529081 0,0047 0,00001665
NM_001352018.2:

43 LMF1 c.67G > A p.(Gly23Arg) HET missense vus 15569261180 0,0047 0,00007969
NM_022773.4:

44  LMF1 c.1138G > A p.(Val380Met) HET missense vuUs 15201734228 0,0047 0,0002259
NM_022773.4:c.145 T

45 LMF1 >G p.(Phe49Vval) HET missense Vvus r$965954981 0,0047 0,00001314
NM_022773.4:¢.1189

46  LMF1 T>A p.(Phe397Ile) HET missense Vvus 0
NM_001354669.2:

47  PPARG c14T>C p.(Ile5Thr) HET missense vus rs1469268585  0,0047 0
NM_015869.5:¢.826G

48 PPARG >A p.(Val276lle) HET missense Vvus 1s147996578 0,0047 0
NM_015869.5:¢.635G

49  PPARG >A p.(Arg212Gln) HET missense vus rs1553647989  0,0047 0
NM_015869.5:c.449 A

50 PPARG >T p.(His150Leu) HET missense VvuUs 0
NM_015869.5:

51  PPARG c.1274G > A p.(Arg425His) HET missense Vus 0
NM_002691.4:

52  POLD1 €.2926G > A p.(Glu976Lys) HET missense vus 15750457028 0,0047 0,00006321
NM_002691.4:

53 POLD1 €.2224G > C p.(Glu742Gln) HET missense Vvus 15752937018 0,0047 0
NM_002691.4:

54  POLD1 ¢.2475C > G p-(Asp825Glu) HET missense vus 15973646375 0,0047 0,000004024
NM_002691.4:¢.353C

55 POLDI1 >T p.(Ser118Phe) HET missense Vvus 15780604625 0,0047 0,00008554
NM_002691.4:

56 POLD1 c.2023G > A p.(Ala675Thr) HET missense Vvus 15753870000 0,0047 0
NM_002691.4: p-

57  POLDI c.3236del (Phe1079Serfs*45) HET deletion vus 0
NM_032737.4:c.11C

58 LMNB2 >T p.(Pro4Leu) HET missense Vvus rs1255813804 0,0047 0,0002907
NM_032737.4:

59 LMNB2 c.1048C > T p.(Arg350Trp) HET missense vus 15780748266 0,0047 0,00001198
NM_032737.4:¢.1821 splicing

60  LMNB2 +4G > A p.(?) HET region vus rs779811801 0,0047 0,00002854
NM_032737.4: in-frame

61 LMNB2 ¢.1432_1434del p.(Glu4a78del) HET deletion Vvus 15775270360 0,0047 0,000004081
NM_032737.4:c.1264

62  LMNB2 A>G p.(Ser422Gly) HET missense vus 1s751986614 0,0047 0,0000045
NM_032737.4:c.35 A

63 LMNB2 >G p.(GIn12Arg) HET missense VvUS 0
NM_005502.4:

64  ABCA1 c.4031G > A p.(Arg1344Gln) HET missense vus rs1188153505 0,0047 0,000003977
NM_005502.4:

65  ABCAl c.4196C > T p.(Thr1399Met) HET missense vus 15199668464 0,0047 0,00001591
NM_005502.4:

66  ABCAIl c.2419G > A p-(Asp807Asn) HET missense Vvus 15563665817 0,0047 0,00004596
NM_005502.4:

67  ABCA1 c.2471C>T p.(Ser824Leu) HET missense vus rs551884479 0,0047 0,00002784
NM_005502.4:

68  ABCAI ¢.4250G > A p.(Argl1417His) HET missense vus 15116034780 0,0047 0,0002192
NM_005502.4:¢.4629

69  ABCAl A>T p-(GIn1543His) HET missense Vvus rs1195526722 0,0047 0
NM_178172.6:¢.523G

70  GPIHBP1 >C p.(Gly175Arg) HET missense vus 15145844329 0,0189 0,0009734
NM_007272.3:c.761G

71 CTRC >A p.(Arg254Gln) HET missense Vvus 15755811899 0,0142 0,00001592
NM_007272.3:¢.640-

72  CIRC 12G > A p.(?) HET intronic vus rs183053579 0,0047 0,0006976
NM_002666.5:¢.97 A

73 PLIN1 >C p.(Thr33Pro) HET missense Vvus rs962003217 0,0047 0

(continued on next page)
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ID  Gene HGVS Nomenclature Protein effect Zygosity  Type of Variant dbSNP Frequency in Frequency in
variantion classification this cohort gnomAD or
AbraoM

NM_002666.5:¢.358 A

74  PLINI >G p.(Ile120Val) HET missense VvuUs 15148785094 0,0047 0,0001289
NM_002666.5:c.644 A

75 PLIN1 >G p.(Lys215Arg) HET missense VvuUs 15150086924 0,0047 0,0001451
NM_000784.4:¢.871G

76  CYP27A1 >A p.(Glu291Lys) HET missense vuUs rs190012697 0,0094 0,00006365
NM_000784.4:¢.1181

77 CYP27A1 T>C p-(Leu394Pro) HET missense VvUs 151406298698 0,0047 0,000003979
NM_005857.5:¢.845C

78 ZMPSTE24 >T p.(Thr282Ile) HET missense Vvus 151232186729 0,0047 0,000003978
NM_005857.5:c.395 T

79  ZMPSTE24 >C p.(Leul32Pro) HET missense Vvus 1s762325459 0,0047 0,000003988
NM_003122.4:¢.101 A

80 SPINK1 >G p-(Asn34Ser) HET missense Vvus rs17107315 0,0094 0,00902800
NM_022094.3:¢.481G

81 CIDEC >A p.(Vall61Met) HET missense vuUs rs145323356 0,0047 0,0005974
NM_022094.3:¢.628C

82  CIDEC >G p.(GIn210Glu) HET missense vus . . 0
NM_000483.5:¢.196G

83 APOC2 >A p.(Ala66Thr) HET missense Vvus 15770092327 0,0047 0,000016
NM_000483.5:¢.8C >

84 APOC2 T p.(Thr3Ile) HET missense VvuUs 15148343756 0,0047 0,0003783
NM_006412.4:¢.598G

85 AGPAT2 >C p.(Val200Leu) HET missense Vvus 1517855341 0,0047 0,00000503
NM_006412.4:¢.359 A

86  AGPAT2 >G p.(Lys120Arg) HET missense vuUs rs114782902 0,0047 0,0004646
NM_148919.4:¢.701 A

87 PSMBS8 >G p.(Tyr234Cys) HET missense VvuUs 1s55853041 0,0047 0,0006152
NM_170707.4:

88 LMNA c.1718C>T p-(Ser573Leu) HET missense Vvus 1560890628 0,0047 0,00014010
NM_000235.4:¢.877 A

89 LIPA >G p.(Met293Val) HET missense vus 15764343762 0,0047 0,00000398
NM_001753.5:¢.172C

90 CAV1 >T p-(His58Tyr) HET missense Vvus 15777929541 0,0047 0,00002388

HET: heterozygosity; VUS: variant of unknown significance. Highlighted in bold are the novel variants, not reported in any public genomic database. Calculated
frequency in this cohort, considering the number of individuals with the detected variant in relation to the total number of individuals: 1/212 = 0,0047; 2/212 =

0,0094; 3/212 = 0,0142; 4/212 = 0,0189; 5/212 = 0,0236; 11/212 = 0,0519.

follow-up was not possible and we were unable to perform segregation
analysis in the family to determine if there was a compound heterozy-
gous alteration. Notably, we identified five novel P/LP variants that
were not found in any public genomic database, each of them repre-
senting a single case. These novel variants were detected in the APOA5,
LPL, PPARG, and SMPD1 genes (see Table 2), and represent different
types of variants resulting either in frameshift, missense, nonsense or
disrupting splicing, each present in an exon expect to affect the
transcript.

A significant number of VUS stands out in our analysis and represent
80% (124/156) of all detected variants in this dataset. A total of 90
unique VUS were identified among the investigated patients, of which
11 were novel, not found in any public genomic database (see Table 3).
The vast majority of VUS were missense variants (68%), with similar
percentages for other variant types. Indeed, missense are the most
common type of variants detected in multi-gene panels. To classify these
variants according to the ACMG criteria, in the absence of well-
established in vivo or in vitro studies, we assigned pathogenicity or
benignity scores using in silico predictors. We employed the REVEL
(Rare Exome Variant Ensemble Learner) metapredictor, which is an
ensemble method for predicting the pathogenicity of missense variants.
It integrates various tools such as MutPred, FATHMM, VEST, PolyPhen,
SIFT, PROVEAN, MutationAssessor, MutationTaster, LRT, GERP, SiPhy,
phyloP, and phastCons [24]. Important to note that the use of multi-gene
panel testing considerably increases the likelihood and number of VUS
per test, as demonstrated by several studies. These variants of uncertain
significance frequently pose significant challenges when determining
their clinical relevance without proper genetic counseling. For that
reason, it is imperative to conduct both pre- and post-test genetic

counseling for patients undergoing genetic testing, underscoring the
importance of vigilance in variant reclassification when a VUS is
encountered. In the context of clinical care, it is important a long term
follow-up of patients with reported VUS considering a potential reclas-
sification. However, it is relevant to mention that the heterogeneity in
the variants observed in this study may reflect the diverse ethnic back-
grounds of the Brazilian population. Also, our population is often un-
derrepresented in public genomic databases, reflecting the necessity of
more investigations and data sharing related to the Brazilian population
to ensure its accurate representation. It is expected that most of these
detected VUS would be reclassified as benign if more individuals in
Brazil would be sequenced and its genomic data available for sharing
and comparison across research as well as diagnostic studies.
Limitations of this study include the inability to assess the clinical
validity and utility of the genetic testing in selected patients with severe
HTG which was beyond the scope of this work. However, studies have
demonstrated that molecular investigation can identify patients with P/
LP variants at higher risk for pancreatitis, who are likely to benefit from
triglyceride-lowering therapies, and not necessarily correspond to the
very rare individuals with the monogenic disease (i.e. the familial chy-
lomicronemia syndrome). In addition, studies conducted in other
countries involving Latin populations and patients with HTG, note-
worthy findings have emerged. An Italian study found that 37.5% of
their subjects with chylomicronemia were classified as having familial
chylomicronemia due to the presence of biallelic, rare mutations, while
59.4% were identified as heterozygous or homozygous for non-
pathogenic variants [25]. In another study, conducted in Spain, with a
cohort of 23,310 subjects exhibiting high levels of HTG (aged 18 to 80
years old), 194 subjects were initially selected as suspected cases of
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primary HTG (1.04%). Among these, 90 individuals (46.4%) met the
inclusion criteria for primary HTG and underwent genetic analysis. The
genes evaluated in this study included LPL, LMF1, APOC2, APOAS5,
APOE, and GPIHBP1. The analysis revealed that 9 out of the 73 subjects
(12.3%) carried 7 disease-causing variants in these genes [26]. In other
populations, such as in the study conducted by Wang et al. in European
individuals, they examined 110 non-diabetic subjects with severe HTG
and observed a rare variant frequency of 10.9% in the LPL, APOA5, and
APOC2 genes [27]. Moreover, important to acknowledge that applying a
multi-gene panel testing strategy in clinical care, it is also possible to
detect heterozygous variants in LPL and APOA5, known to cause familial
combined hyperlipidaemia and type V hyperlipoproteimia, respectively
[28-30].

In summary, our study determined the frequency and variation
spectrum of genes involved in the triglyceride metabolism in a series of
Brazilian patients with severe HTG. This is the first research in Brazil
aiming to screen for disease-causative variants in selected patients and
provides a comprehensive analysis of germline variants identified using
a multi-gene panel testing, being also a valuable resource for genetic
counseling and healthcare programs in the country. Nearly all genes
included in the multi-gene panel presented at least one detected variant,
with some patients having at least two detected variants in the targeted
genes. Such evidence reveals that an NGS-based approach considering
the simultaneous investigation of multiple genes is the ideal alternative
to screening for variants considering a disease that it is expected to have
a polygenic basis.
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