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Genetic variation in apolipoprotein A-V
in hypertriglyceridemia
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Purpose of review

While biallelic rare APOAS pathogenic loss-offunction (LOF) variants cause familial chylomicronemia
syndrome, heterozygosity for such variants is associated with highly variable triglyceride phenotypes
ranging from normal to severe hypertriglyceridemia, often in the same individual at different time points.
Here we provide an updated overview of rare APOA5 variants in hypertriglyceridemia.

Recent findings

Currently, most variants in APOAS that are considered to be pathogenic according to guidelines of the
American College of Medical Genetics and Genomics are those resulting in premature termination codons.
There are minimal high quality functional data on the impact of most rare APOAS5 missense variants; many
are considered as variants of unknown or uncertain significance. Furthermore, particular common
polymorphisms of APOAS5, such as p.Ser19Trp and p.Gly185Cys in Caucasian and Asian populations,
respectively, are statistically overrepresented in hypertriglyceridemia cohorts and are sometimes misattributed
as being causal for chylomicronemia, when they are merely risk alleles for hypertriglyceridemia.

Summary

Both biallelic and monoallelic LOF variants in APOA5 are associated with severe hypertriglyceridemia,
although the biochemical phenotype in the monoallelic state is highly variable and is often exacerbated by
secondary factors. Currently, with few exceptions, the principal definitive mechanism for APOAS
pathogenicity is through premature truncation. The pathogenic mechanisms of most missense variants in
APOAS5 remain unclear and require additional functional experiments or family studies.
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Apolipoprotein (apo) A-V is a key regulator of
plasma triglyceride (TG) levels [1]. Biallelic loss-of-
function (LOF) variants in the APOAS5 gene are a
well-documented cause of familial chylomicrone-
mia syndrome (FCS) [2], which is characterized by
severely compromised plasma lipolysis resulting in
pathogenic elevation predominantly of intestinally-
derived chylomicrons, refractory hypertriglyceride-
mia (HTG), characteristic physical findings, abdomi-
nal pain with failure to thrive, and high lifetime risk
of pancreatitis. The consequences of heterozygosity
— that is, a monoallelic pathogenic variant of APOAS
— isless well appreciated. We recently found that the
phenotype associated with monoallelic variants in
APOAS is highly variable both within and between
patients over time, associated with normal TG, mild-
to-moderate and severe HTG phenotypes, with sec-
ondary factors playing an important modulatory
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role [3"]. This was perhaps counterintuitive to pre-
conceived assumptions that heterozygosity for LOF
variants in APOAS would be associated with an
intermediate HTG phenotype, following an incor-
rect analogy with familial hypercholesterolemia.
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KEY POINTS

e The primary mechanism of APOAS5 loss-of-function is from
premature stop codons leading to truncated protein.

e Both biallelic and monoallelic APOAS loss-of-function
variants are associated with severe
hypertriglyceridemia (HTG), although the phenotype in
the heterozygous state is highly variable.

e The clinical consequences of most APOAS missense
variants is unclear, given minimal available
functional evidence.

o Common polymorphisms in APOA5 are not sufficient in
isolation to induce HTG but instead increase the risk of
developing HTG in concert with multiple other factors
ranging from polygenic predisposition to secondary
factors such as age, obesity and diabetes.

Here, we synthesize this new understanding with
previous information to provide an up-to-date char-
acterization of APOAS variants in HTG.

Apo A-V is one of the first human proteins identified
using a primordial artificial intelligence approach
leveraging comparative DNA sequence analysis [4].
It was initially determined to be expressed almost
exclusively in the liver and secreted with TG-rich
lipoproteins, primarily very-low density lipoprotein
(VLDL) [4]. Subsequently, expression of apo A-V in
the small intestine was detected [5]. Intestine-
derived apo A-V is presumed to circulate in plasma
with lipoproteins of intestinal origin, i.e., chylomi-
crons. Interestingly, apo A-V of hepatic origin is
also found in the bile, technically making it an exo-
crine secretion that may reach the intestinal lumen to
possible exert effects there [6]. Despite its very low
absolute plasma concentration relative to other apo-
lipoproteins (i.e. <1 ng/ml) [7], apo A-V is a potent
regulator of plasma TG concentrations [8].

Apo A-V reduces plasma TG concentrations via
multiple mechanisms. First, apo A-V plays an intra-
cellular role whereby it interferes with hepatic syn-
thesis of VLDL particles, averting their secretion into
the circulation, by associating with cellular mem-
brane components and various lipid species within
hepatocytes [9-11]. Second, apo A-V is bound to TG-
rich lipoproteins (TGRLs) in plasma [7] and directly
enhances the activity of lipoprotein lipase (LPL) to
clear TG from circulation, although this also depends
on the concurrent presence of apo C-1I [7,11,12] and
glycosylphosphatidylinositol anchored high density
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lipoprotein binding protein 1 (GPIHBP1) [13-15].
Specifically, this function of apo A-V is most likely
due to its ability to bind to and/or interact with
heparan sulfate proteoglycans (HSPGs) [13] and
GPIHBP1 [14,15] on endothelial cell surfaces, which
enhance the association of apo A-V-containing lip-
oproteins with endothelial cell surface features asso-
ciated with LPL. GPIHBP1 is a major capillary lumen
binding site and anchor for LPL [16] and is also the
platform upon which LPL-mediated lipolysis occurs
[17,18]. Third, there is some evidence that apo A-V
mediates hepatic uptake of TRL remnants through
interaction with members of the low-density lipo-
protein (LDL) receptor family [19].

Recently, a novel role for apo A-V was described by
which it indirectly enhances LPL activity by compet-
ing with LPL for binding to a unique inhibitory epitope
present in the ANGPTL3/8 complex, thereby suppress-
ing the LPL-inhibitory effects of the complex [20,21™].
Additionally, this function of apo A-V plays a role in
regulating selective tissue uptake of circulating TG in
the fed versus fasted state [20,21"*,22-26]. Specifically,
in the fed state, increased insulin signaling induces the
expression of ANGPTLS in liver and adipose tissue
while downregulating hepatic apo A-V production
and adipose ANGPTL4 expression. The net effect is
an increase in circulating ANGPTL3/8 complex unin-
hibited by apo A-V, which suppresses LPL activity in
oxidative tissues such as skeletal muscle. TG hydrolysis
in adipose tissue in turn increases because ANGPTLS
expressed in adipose tissue complexes with ANGPTL4,
and the ANGPTL4/8 complex has reduced LPL-inhib-
itory activity compared to ANGPTL4 alone. Addition-
ally, binding of the ANGPTL4/8 complex to adipose
tissue LPL blocks interaction with circulating
ANGPTL3/8 and ANGPTL4, which results in most
circulating TG in the fed state being hydrolyzed in
adipose tissue, where adipocytes take up the released
fatty acids and store them for energy. The opposite
occurs in the fasted state. Finally, recent tantalizing
experimental data suggest that the modulating influ-
ence of ANGPTL4/8 includes effects that link the
coagulation system with lipolysis [27"], an interaction
that requires further exploration. These functions are
summarized in Table 1.

Thus, integrating the above multiple effects sug-
gests that apo A-V promotes lipolysis and thus its
plasma levels should be inversely related to TG levels.
However, it has long been appreciated that there is a
somewhat counterintuitive positive correlation
between plasma levels of apo A-V and TG [28]. This
is the same direction of correlation seen between TG
and apo C-III, an inhibitor of LPL activity that counter-
acts the effect of apo A-V [29]. One possible explanation
for this direct correlation is that apo A-V circulates on
TGRL and thus within the macro-biochemical context,
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Table 1. Known and putative roles of apolipoprotein A-V in regulating plasma triglyceride levels

Location of action Description

Intracellular, within hepatocytes

Interferes with hepatic synthesis of very low-density lipoprotein (VLDL) particles, averting their

secretion into circulation. May also lead to hepatic lipid accumulation

Plasma, bound fo circulating
triglyceride-rich lipoproteins

Directly enhances the activity of lipoprotein lipase (LPL) to clear triglycerides from circulation by
strengthening the association of apo A-V-containing lipoproteins with endothelial cell surface
features associated with LPL

Mediates hepatic uptake of triglyceride-rich lipoprotein remnants via interaction with members of
the low-density lipoprotein (LDL) receptor family

Indirectly enhances LPL activity by competing with LPL for binding to a unique LPL-inhibitory
epitope present in the angiopoietin-like protein 3/8 (ANGPTL3/8) complex. This functionality
also plays a role in fed versus fasted state selective tissue uptake of circulating triglycerides

is positively correlated with TG levels. However, at the
micro-biochemical regional level in close proximity to
LPL, such as the endothelial cell or adipocyte, apo A-V
enhances lipolysis, eventually resulting in TG reduc-
tion, but not at an immediate or sufficiently large scale
as to be reflected in total plasma TG concentration,
whose decline would be delayed and reactive, adhering
to a slower time course.

After cleavage of the 23 amino acid signal peptide,
the mature apo A-V protein consists of an ~39 kDa
protein composed of 343 amino acids [4,30]. It is
secreted as a component of high density lipoprotein
(HDL), VLDL and chylomicrons [4,9,30]. Apo A-V
has two coiled-coil domains and a large «-helical
content with most recent predictions of structure,
indicating an a-helical content ~35% in the lipid-
free state and increasing to ~45% upon association
with lipid, corresponding to elongation and stabi-
lization of a-helix segments [31].

Apo A-V has several main functional domains.
First, the N-terminal region spanning residues 1 to
146 of the mature protein is the likely hydrophilic
domain of the protein with the a-helices in this region
adopting a water-soluble helix bundle configuration
[31]. Second, the C-terminal region spanning residues
295-343 of mature apo A-V is highly hydrophobic
[10,30,31] and has lipid binding properties [30-33].
Finally, the central intervening region between the
terminal regions spanning residues 147-294 con-
tains a string of residues associated with enhance-
ment of LPL activity by interacting with GPIHBP1.
Specifically, a positively charged region spanning
residues 186-227 is involved in binding to HSPG
[13], LDL receptor family members [19] and
GPIHBP1 [18]. There is strong evidence that this
positively charged region on apo A-V and the acidic
domain of GPIHBP1 are both required for interaction
(14], which likely facilitates the LPL-enhancing
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function. Thus, enhancement of efficient LPL-medi-
ated lipolysis of TGRLs requires coordination between
GPIHBP1, apo A-V and LPL [30]. Another region of
note within the central intervening region of apo A-V
is the hydrophobic region spanning residues 161 to
181 preceding the positively charged region; this
region has been implicated in enabling apo A-V to
bind to the surface of intracellular lipid droplets [34].
This may explain the function of apo A-V to reduce
hepatic VLDL secretion, although this may also result
in concurrent hepatic lipid accumulation [30].
Currently, the exact region of apo A-V associated
with its ability to bind the ANGPTL3/8 complex is
unknown [20,21""], although some inferences might
be drawn based on properties of the apo A-V-interact-
ing epitope of the ANGPTL3/8 complex. Specifically, it
seems that the apo A-V-interacting epitope is a hydro-
philic leucine zipper-like motif [21**]. Thus, apo A-V
might interact with this motif either through its N-
terminal domain, which is hydrophilic [31], or via
residuesin the intervening region between its terminal
domains [32], since the C-terminal region of apo A-V is
highly hydrophobic [10,31] and might thus be
unlikely to be involved directly in this interaction.

The gene encoding apo A-V in humans, namely
APOAS, is located on chromosome 11g23.3 within
the apolipoprotein gene cluster that also includes
APOA1, APOC3, and APOA4 [2,4]. The APOAS gene
is composed of four exons and three introns span-
ning roughly 3.05 kb on the reverse strand. As men-
tioned above, the gene is expressed primarily in the
liver and secondarily in the small intestine.

APOAS is one of the five canonical genes in which
presence of biallelic LOF variants underlies an
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extremely rare — prevalence of ~1-10 in a million
[35] - condition known as familial chylomicrone-
mia syndrome (FCS) [36]. FCS is characterized by
sustained, refractory severe HTG due to essentially
complete loss of LPL-mediated lipolysis of TGRLs,
leading to excessive accumulation of chylomicrons
in circulation [37]. Clinically, this manifests as
severe HTG that is resistant to treatment, potentially
resulting in several other systemic manifestations
such as lipemia retinalis, eruptive xanthomatosis,
hepatosplenomegaly, abdominal and acute pan-
creatitis, which can be fatal [1,36].

Loss of LPL-mediated lipolytic activity is caused
primarily by biallelic LOF variants (i.e. homozygous
or compound heterozygous) in one of the following
genes; LPL in 70-80% of all cases, with the remain-
ing 20-30% of cases caused by variants in APOAS,
APOC2, GPIHBP1 or LMF1 genes [1,2,36]. These
genes comprise those encoding lipoprotein lipase
(LPL gene), and its four essential co-factors, apo A-V
(APOAS gene), apo C-11 (APOC2 gene), glycosylphos-
phatidylinositol anchored high density lipoprotein
binding protein 1 (GPIHBP1 gene), and lipase matu-
ration factor 1 (LMF1 gene), respectively. Occasional
FCS cases are digenic, with affected individuals hav-
ing single heterozygous variants in two of these
genes. In depth discussion of the diagnosis and
management of FCS is beyond the scope of this
review, and is covered elsewhere [1,37].

The phenotype associated with biallelic LOF var-
iantsin the FCS genes is well understood. However,
despite being much more common, the phenotype
associated with monoallelic or heterozygous LOF
variants in these genes is less well appreciated. We
previously showed that ~3-4% of the general pop-
ulation with a normal lipid profile are heterozy-
gous for rare pathogenic variants in one of the five
FCS genes [38]. Furthermore, heterozygosity for
rare variants in these genes is statistically over-
represented in mild-to-moderate and severe HTG
cohorts, at three- and fivefold enrichment respec-
tively [38,39]. However, the heterozygous state is
not 100% causal for HTG - it merely predisposes to
increased risk of HTG. In addition, we recently
showed that heterozygosity for rare LOF variants
in both LPL and APOAS is associated with highly
variable TG levels both within and between
patients over time, associated at times with normal
TG, mild-to-moderate and severe HTG phenotypes
[3%,407].
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With respect to definite or likely disease-causing
variants of APOAS, to the best of our knowledge,
there are currently at least 118 unique rare variants
reported in the literature and/or databases as being
associated or with suggestive evidence of possible
associations with phenotypes such as FCS and HTG,
but also with atherosclerotic cardiovascular disease
(ASCVD). We have summarized the coding
sequence variants resulting in amino acid changes
alongside the relative positions of the major func-
tional domains of apo A-V in Fig. 1. We have also
summarized outlined the nucleic acid changes for
noncoding region variants in Fig. 2. Finally, we have
curated and annotated some details of these variants
in Table 2. Full details and notes related to molecular
defect (where applicable) and exact citations are in
Table 1, Supplemental Digital Content, http://links.
Iww.com/COL/A28.

We obtained this list of variants by first compiling
APOAS variants listed in three databases as disease-
causing or associated variants, namely the Human
Gene Mutation Database (HGMD) [41], ClinVar [42],
and Leiden Open Variation Database 3.0 (LOVD3)
[43] and then double-checking their reporting in the
literature when possible. We independently assessed
the pathogenicity of these variants using our labo-
ratory pipeline as we have previously reported
[3%,40%,44] using the Franklin by Genoox tool
(https://franklin.genoox.com) paired with manual
curation, to determine the pathogenicity classifica-
tions of these variants according to the American
College of Medical Genetics and Genomics (ACMG)
guidelines [45]. We also included variants found in
our own clinical testing at the Lipid Genetics Clinic,
London, Ontario, Canada, if they were considered
pathogenic or likely pathogenic under the ACMG
guidelines. We note that eight variants reported
in ClinVar, namely p.Arg40Trpfs«16, p.Glu52Ter,
p-Glul56Ter, p.Vall66Argfs«102, p.Arg259Ter,
p-Thr266Leufs+«31, p.GIn283Ter, and p.Trp348Ter,
nine reported in LOVD3, namely p.Gly26Glufs*37,
p-GIln46Hisfsx11, p.Glul02del, p.Argl26Gln,
p-Gln161Arg, p.GInl6lLeu, p.Thr184Asnfs«84,
p-Ala219Profs«79, and p.Gln229Ter, and the two
novel variants found in our clinic, p.Ala20Profs«37
and p.Asp37Thrfs+20, have been included without
any prior literature citations associated with them.
At the time of writing, these variants have only been
reported as clinical testing results. However, we feel
thatincluding these variants is warranted given that
most predict premature stop codons (Table 2) in a
gene for which LOF due to premature protein trun-
cation is an accepted mechanism of disease [2].
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APOAS5 Coding Variants
p.Gly26Alafs*31
p.Gly26Glufs*37
p.Asp37Thrfs*20
p.Arg40Trpfs*16
p.Gln46Hisfs*11

p.Glu52Ter
p.Leu71Trpfs*4
p.GIng5Ter
p.GIn97Ter
p.GluggTer
p.Tyr110Leufs*158'
p.Glu116Ter
p.GIn139Ter
p.Arg143Alafs*57
p.GIn148Ter
p.Glu149Aspfs*50
p.Glu149Aspfs*52
p.Glu156Ter
p.Val166Argfs*102

OLe
1

p.Ala6_Ala13del
p.Ala20Profs*37|

p.Thr184Asnfs*84
p.Tyr194Glyfs'69

p.Leu198Argfs*65

VUS ® Benign/Likely Benign ® Pathogenic/Likely Pathogenic

p.Ala219Profs'78
p.Ala219Profs*79
p.GIn229Ter
p.Ser232_Leu235del
p.Leu242Cysfs*55
p.Leu253Pro
p.Arg259Ter
p.Thr266Leufs*31
p.GIn275Ter
p.GIn283Ter
p.GIn295Ter
p.lle296Metfs*42

p.Glu327Valfs*19

p.GIn305Ter p.Asp332Valfs's
p.GIn313Ter p.Sera33Argfs's
p.Trp348Ter

[ T T
7 2y 769

p.Arg40Met
p.Val153Met

o]

—
78

3,
p.Pro215Leu p.His321Leu
p.Glu255Gly p.Gly334Val

O Positively-charged GPIHBP 1-interacting Domain O C-terminal Domain Hydrophobic Domain (Lipid Binding Domain)

M Signal Sequence B N-terminal Hydrophilic Domain B Lipid Droplet Binding Domain

Map of reported APOA5 coding sequence variants. Boxes represent functional domains of the apo A-V peptide:
Black represents the signal peptide, purple represents the N-terminal hydrophilic domain, magenta represents the lipid droplet
binding domain, orange represents the positively charged GPIHBP1-interacting domain, and the yellow represents the C-
terminal hydrophobic domain (lipid binding domain). Axis numbering represents the amino acid residue number in the
primary structure of the newly synthesized apo AV peptide and the specific residues indicated represent the first and last
residues of the domains they share color with. All variants are color-coded according to pathogenicity classification according
to ACMG guidelines: red indicates pathogenic or likely pathogenic, orange indicates a variant of uncertain significance

(VUS), and green indicates benign or likely benign.

Interestingly, our curation indicates that only
46 of the 118 variants in our compiled list are
considered pathogenic or likely pathogenic accord-
ing to the ACMG guidelines. This is because of a lack
of functional research demonstrating the pathoge-
nicity of most of these variants. To the best of our
knowledge, nonsense-mediated mRNA decay is not
a prevalent mechanism by which LOF occurs with
regards to APOAS variants. It has been previously
shown that even severely prematurely truncated
APOAS variants are synthesized and secreted [46].
Premature truncation leads to disruption and/or
elimination of key functional domains and misfold-
ing of the truncated peptide. These deficits in the
homozygous and compound heterozygous states
lead to severe loss of apo A-V mass and activity in
plasma [47], resulting in FCS, as discussed above.
Indeed, as mentioned above, premature protein
truncation is the primary mechanism by which
LOF occurs in APOAS.

Currently, 47 of 50 variants classified as patho-
genic predict premature protein truncations of vary-
ing severities (Figs. 1 and 2). Even small truncations
eliminating small portions of the protein are
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deleterious as the lipid binding properties of apo
A-V are enabled by the C-terminal lipid binding
domain [30-33]. The remaining three pathogenic
LOF variants in APOAS are also inferred to have
marked functional compromise. These are namely:
(i) APOAS p.Ala6_Alal3del, which codes for a gross
deletion of eight amino acids from the signal
sequence resulting in missorting and impaired secre-
tion [48]; (i) APOAS p.Ser232_Leu235del, which
codes for a deletion of 4 amino acids from the
GPIHBP1-interacting domain [14,18,49]; and (iii)
APOAS p.Leu253Pro, a missense variant that results
in decreased liposome binding and loss of binding to
sortilin, which is thought to affect both VLDL secre-
tion and LPL activity [49,50].

However, the picture is less clear regarding the
monoallelic LOF condition. As discussed earlier [3"],
previous descriptions of heterozygous carriers of
LOF variants in APOAS found considerable variabil-
ity in baseline TG levels, ranging from normal TG
[12,51] to mild-to-moderate HTG [12,52] to severe
HTG [46,49,52-54]. This is consistent with our
recent findings of extensive baseline and longitudi-
nal TG level variability [3"]. Taken together,
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APOA5 Non-Coding Variants

C.49+1G>A
€.49+5G>C

c.-33+1G>A

VUS @ Benign/Likely Benign ® Pathogenic/Likely Pathogenic
.50-1G>A c.161+3G>C *158T>C
c.-1131T>C ‘ ‘ c.-3A>G ‘ ¢ c.161+5G>C
5'UTR
5 Y 3
2 3 4

B Untranslated Regions O Signal Sequence B Coding Sequence

3'UTR

Map of reported APOA5 noncoding variants. Gene map of APOAS annotated with variants discovered in the
regulatory regions [5’ and 3’ untranslated regions (UTRs), promoter region, efc.], splice donor and acceptor sites, and introns.
Numbering underneath boxes indicates exons. Major structural features are color-coded. Black boxes indicate untranslated
sequences, blue boxes indicate sequences coding for the apo A-V signal peptide, and green boxes indicate sequences coding
for the mature protein. Variants are presented using nucleic acid changes. All variants are color-coded according to
pathogenicity classification according to ACMG guidelines: Red indicates pathogenic or likely pathogenic, orange indicates a
variant of uncertain significance (VUS), and green indicates benign or likely benign.

alongside findings of young, healthy heterozygous
carriers of APOAS LOF variants [51], this suggests
that secondary factors, such as increased age and
body mass index (BMI), are likely needed to force
expression of clinical HTG in APOAS5 LOF variant
carrying heterozygotes. However, the exact molec-
ular mechanism by which the heterozygous state for
a pathogenic variant predisposes to HTG is unclear.
In the monoallelic state, the wild-type allele should
theoretically provide sufficient compensation
capacity to offset the LOF due to the variant allele.
This is consistent with the findings of normolipi-
demic heterozygous carriers of APOAS LOF variants
[51] and suggests that haploinsufficiency, where
two healthy alleles are required to express a com-
pletely normal phenotype, is not a likely mecha-
nism for HTG related to monoallelic APOAS LOF
variants. Rather, indirect evidence suggests that
APOAS variants exert a dominant-negative effect,
where the variant protein interferes with the normal
functionality of the wild-type protein. Specifically,
preliminary evidence suggests that certain trun-
cated apo A-V proteins are expressed and can inter-
fere with the ability of wild-type apo A-V protein to
associate with lipoprotein particles during their for-
mation in cells [46]. Given that normolipidemic
carriers of APOAS LOF variants are prevalent in
the population [38,39,51], this dominant-negative

0957-9672 Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

effect of truncated apo A-V variants and the non-
functional variant protein alone are insufficient to
induce phenotypic HTG. But perhaps the heterozy-
gous state compromises the homeostatic capacity of
the lipolytic cascade such that it is more easily
saturated in the presence of secondary TG-elevating
risk factors, such as elevated age, increased BMI,
polygenic risk accumulation, excessive calorie
intake, etc. [55]. A more easily saturated lipolytic
capacity would more readily precipitate HTG, and
even severe HTG if the secondary stresses were large
enough. However, this explanation is just specula-
tive at this time and the actual mechanistic picture
underlying this dominant-negative interaction
requires additional study.

The majority of reported APOAS variants are
missense variants that have been previously associ-
ated with HTG or related comorbidities [49],
although according to the ACMG guidelines, many
variants lack sufficient functional evidence to be
considered pathogenic. Compared to the obvious
molecular lesions caused by premature stop codons,
the consequences of most missense variants in
APOAS are less obvious. Dedicated functional, struc-
tural, and/or family studies of the protein produced
by missense variants are needed to determine the
pathogenicity of these variants and the specific
molecular defects they may induce.
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Table 2. APOA5 variants reported in literature and/or clinical testing

Variant type Nucleotide change Amino acid change®® ACMG classification®
Regulatory c.-1464T7>C N/A VUS

Regulatory c-1131T>C N/A Benign

Splicing c-33+1G>A N/A Likely pathogenic
Regulatory c.-3A>G N/A Benign

Gross deletion c.16_39del p.Alaé_Alal3del Likely pathogenic
Splicing c.49+1G>A N/A Likely pathogenic
Splicing c.494+5G>C N/A Likely pathogenic
Splicing c.50-1G>A N/A Likely Pathogenic
Missense c.56C>G p.Ser19Trp VUS

Small deletion c.58delG p.Ala20Profs«37 Likely pathogenic
Small duplication c.73_76dup p.Gly26Glufs«37 Likely pathogenic
Missense c.77G>T p.Gly26Val VUS

Small deletion c.77delG p.Gly26Alafs+31 Likely pathogenic
Missense c.104G>A p-Ser35Asn VUS

Small deletion c.109delG p.Asp37Thrfs+20 Likely pathogenic
Small deletion c.117_120del p.Arg40Trpfs«16 Likely pathogenic
Missense c.119G>T p.Arg40Met Likely benign
Small deletion c.138del p.GlIn46Hisfs11 Likely pathogenic
Missense c.154G>A p.Glu52lys VUS

Nonsense c.154G>T p.Glu52Ter Likely pathogenic
Splicing c.1614+3G>C N/A Likely pathogenic
Splicing c.161+5G>C N/A Likely pathogenic
Splicing c.162-43A>G N/A VUS

Missense c.197A>G p-Asn66Ser VUS

Small deletion c.211delC p.Leu7 1Trpfs«4 Likely pathogenic
Missense c.278G>A p.Arg93GIn VUS

Missense c.280C>T p.Arg94Trp VUS

Nonsense c.283C>T p.GIn95Ter Likely pathogenic
Nonsense c.289C>T p.GIn97Ter Likely pathogenic
Nonsense c.292G>T p.Glu98Ter Likely pathogenic
Missense c.295G>A p.Clu99Lys VUS

Small deletion c.295 297delGAG p.Glu99del VUS

Small deletion ¢.305_307del p.Glu102del VUS

Missense c.313G>T p.Ala105Ser VUS

Small insertion ¢.326_327insC p.Tyr110Leufsx158 Likely pathogenic
Missense c.331A>G p-Met111Val VUS

Missense ¢.346G>C p.Glu116GlIn VUS

Nonsense c.346G>T p.Glul116Ter Likely pathogenic
Missense c.352G>A p.Vall18Met VUS

Missense c.377G>A p.Arg126GIn VUS

Missense c.398C>G p.Thr133Arg VUS

Nonsense c.415C>T p.GIn139Ter Likely pathogenic
Small deletion c.427delC p.Arg143Alafsx57 Likely pathogenic
Missense c.434A>G p-Gln145Arg VUS

Missense c.436G>A p.Clu146lys VUS
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Table 2 (Continued)

Variant type Nucleotide change Amino acid change®® ACMG classification®
Nonsense c.442C>T p.Gln148Ter Likely pathogenic
Small deletion c.447 _450delGCAG p-Glu149Aspfs+50 Likely pathogenic
Small insertion-deletion c.447delGinsCTC p.Glu149Aspfs+52 Likely pathogenic
Missense c.457G>A p.Val153Met Benign
Nonsense c.466G>T p.Clu156Ter Likely pathogenic
Missense c.473C>T p-Thr158lle VUS

Missense c.482A>G p-Gln161Arg VUS

Missense c.482A>T p.Gln161Leu VUS

Missense c.494G>A p.Cly165Asp VUS

Missense c.494G>C p.Gly165Ala VUS

Small duplication c.494dup p.Val166Argfs«102 Likely pathogenic
Missense c.518T>C p-Leu173Pro VUS

Small duplication ¢.550dup p.Thr184Asnfs«84 Likely pathogenic
Missense c.551C>G p.Thr184Ser VUS

Missense c.553G>T p.Gly185Cys VUS

Missense c.563A>G p.lys188Arg VUS

Missense c.578C>T p.Pro193leu VUS

Small deletion c.579_592del14 p.Tyr194Glyfsx69 Likely pathogenic
Missense c.589A>G p.Ser197Gly VUS

Small deletion ¢.593_606del14 p.Leu198Argfsx65 Likely pathogenic
Missense c.610C>T p.Arg204Cys VUS

Small deletion c.614_624del11 p.His205Profs+59 Likely pathogenic
Missense c.640G>C p.Ala214Pro VUS

Missense c.644C>T p.Pro215Lleu Likely benign
Small duplication c.653_654dup p.Ala219Profs+79 Likely pathogenic
Small deletion c.654delC p.Ala219Profs+78 Likely pathogenic
Missense c.655G>C p.Ala219Pro VUS

Missense c.659G>T p.Ser220lle VUS

Missense c.665C>T p.Ala222Val VUS

Missense c.667C>T p.Arg223Cys VUS

Nonsense c.685C>T p.GIn229Ter Likely pathogenic
Missense c.6947>C p.Ser232Pro VUS

Small deletion c.694_705del12 p.Ser232_Leu235del Likely pathogenic
Missense c.697C>T p.Arg233Trp VUS

Small deletion c.724delC p.Leu242Cysfs«55 Likely pathogenic
Missense c.725T>C p.Leu242Pro VUS

Missense c.733C>T p.Arg245Cys VUS

Missense c.756G>C p.GIn252His VUS

Missense c.758T>C p.Leu253Pro Likely pathogenic
Missense c.763G>A p.Glu255Llys VUS

Missense c.764A>G p.Glu255Cly Benign
Nonsense c.775A>T p-Arg259Ter Likely pathogenic
Small deletion c.795del p.Thr266Leufs=31 Likely pathogenic
Missense c.811G>T p.Gly271Cys VUS

Missense c.815C>A p.Pro272GIn VUS
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www.co-lipidology.com 73



Genetics & molecular biology

Table 2 (Continued)

Variant type Nucleotide change Amino acid change®® ACMG classification®
Nonsense c.823C>T p.GIn275Ter Likely pathogenic
Missense c.830T>C p.Leu277Pro VUS

Missense c.844C>A p.Arg282Ser VUS

Missense c.844C>T p-Arg282Cys VUS

Nonsense c.847C>T p.GIn283Ter Likely pathogenic
Missense c.875C>T p-Thr292lle VUS

Nonsense c.883C>T p.GIn295Ter Likely pathogenic
Missense c.887T>G p.lle296Arg VUS

Small deletion c.888delA p.lle296Metfsx<42 Likely pathogenic
Missense c.902G>C p-Arg301Pro VUS

Nonsense c.913C>T p.GIn305Ter Likely pathogenic
Small deletion c.926 928delAGG p.Glu309del VUS

Nonsense c.937C>T p.GIn313Ter Likely pathogenic
Missense c.9417>G p.Leu314Arg VUS

Missense c.944C>T p.Ala315Val VUS

Missense c.956C>T p.Pro319Lleu VUS

Missense c.Q62A>T p.His321leu Benign

Missense c.972C>G p.Phe324leu VUS

Small deletion
Small deletion
Small deletion

Gross insertion

c.980_981delAG

¢.990_993delAACA
€.995_998delACAG
c.999insGGCAAGG

TIGTGAGCAAGCT

GCAGGCCC
Missense c.1001G>T
Missense c.1027C>T
Missense c.1036G>C
Nonsense c.1044G>A
Missense c.1088T>A
Regulafory c.x158C>T

p.Glu327Valfs«19
p.Asp332Valfs«5
p.Asp332Valfs«5
p.Ser333Argfs«5

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic

p.Gly334Val Likely benign
p.Arg343Cys VUS
p-Asp346His VUS
p.Trp348Ter Likely pathogenic
p.Leu363GlIn VUS

N/A Benign

“For frameshift variants resulting in premature stop codon, the notation ‘fs«(number)” indicates that the frameshift variant results in stop codon at the position

(number) residues downstream of the variant site.
EN/A, not applicable.
°VUS, variant of uncertain significance.

Currently, perhaps the only missense variant that
can be definitively labeled as a pathogenic LOF var-
iantis APOAS p.Leu253Pro. This variant was observed
in the homozygous state in a pediatric female patient
at age five years, with severe HTG with no other TG-
elevating variants [49]. Functional analysis [49]
revealed three consequences of this variant: (i) the
secreted abnormal apo A-V had impaired liposome
binding ability; (ii) the abnormal apo A-V had com-
plete loss of sortilin and SorLA/LR11 binding ability,
which are thought to mediate the ability of apo A-V to
reduce hepatic VLDL synthesis and secretion; and
finally, (iii) the secreted apo A-V variant potently
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inhibited LPL activity rather than enhancing it. In
silico modeling suggested that the deleterious impact
of this variant is because the leucine at residue 253 in
wild-type apo A-V interfaces between two a-helices
via hydrogen bonding interactions [49]. Therefore,
given the high a-helical content of mature apo A-V
and the functional importance of these structures
[30], it is likely that a missense variant that disrupts
the formation and/or interaction of these a-helices
would be pathogenic. However, specific functional
studies are needed to confirm variant pathogenicity.
In summary, while most missense variants in APOAS
are considered variants of uncertain significance
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(VUS), it is likely that at least some are in
fact pathogenic variants and one of the potential
mechanisms may be via disruption of key a-helical
structures.

Many studies on APOAS genetics have highlighted
the TG-elevating effects of several common poly-
morphisms, as previously summarized [56]. With
respect to HTG, the APOAS promoter polymorphism
c.-1131T>C [57-39], c.-3A>G [60], c.56C>G, also
known as p.Ser19Trp [2,28,58,61], c.553G>T, also
known as p.Glyl85Cys [2,62,63], c.725C>G,
also known as p.Leu242Val [56,64], IVS3 +
476G>A (also known as ¢.162-43G>A) [56,65,66]
and ¢.x158T>C [67] polymorphisms have been asso-
ciated with elevated TG in numerous small case-
control association studies, and more recently as
small effect signals for slight deviations in TG levels
in genome-wide association studies.

These common APOAS polymorphisms, espe-
cially p.Ser19Trp and p.Gly185Cys, are often inter-
preted as being major contributors to the large
variability in HTG severity observed in heterozy-
gotes for true rare APOAS LOF variants, such as
truncating variants. They are even sometimes erro-
neously reported as being causal for FCS on clinical
genetic reports of next-generation sequencing anal-
ysis. In reality, these are merely risk alleles that raise
the probability or odds of developing HTG if the
metabolic context allows. But they are not directly
causal or pathogenic, as evidenced by their high
frequency of 5 to 15% in normolipidemic popula-
tions [68]. Furthermore, they are actually compo-
nents of polygenic risk scores for HTG [69], and
contribute to the burden of TG-raising polymor-
phisms in patients with both mild-to-moderate
and severe HTG [38,39]. We suggest that these poly-
morphisms should be excluded from any experi-
mental analysis of true LOF pathogenic rare
variants of APOAS.

Apo A-V is an important regulator of TG metabolism
despite its relatively low plasma concentration and
near exclusive expression in hepatic tissue. Here, we
have summarized current understanding of the
physiological roles of apo A-V related to TG metab-
olism and have provided a very comprehensive
overview of APOAS genetic variants. Apo A-V has
a wide range of functions related to lowering HTG.
Thus, LOF variants in APOAS represent an important

0957-9672 Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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genetic contributor and sometimes direct cause of
HTG. Our recent study [3"] clarified the TG pheno-
type associated with heterozygosity for APOAS LOF
variants and highlighted the highly variable TG
phenotypes both between and within patients over
time. Our analysis indicates that the primary mode
of APOAS LOF pathogenicity is through premature
stop codons. Furthermore, we have also highlighted
a need for improved understanding of the role of
missense variants in APOAS-associated disease. Cur-
rently, minimal in vitro or in vivo functional studies
have been conducted to evaluate dysfunction of
APOAS missense variants. Therefore, future studies
using high throughout functional analytic plat-
forms should aim to uncover the molecular and
biochemical defects associated with APOAS. Greater
understanding of the biochemistry underlying these
variants may lead to new and better diagnosis and
treatment for HTG.
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