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Abstract

Dyslipidemia is a major risk factor for atherosclerosis and cardiovascular diseases. As genetic testing is increasingly available,
clinicians now have an accessible tool for accurate diagnosis of an underlying disorder in patients suspected to have inherited
dyslipidemia. Evaluation of genetic results facilitates patient-specific counseling, cascade screening, and proactive
interventions to decrease cardiovascular disease risk.

A 51-year-old Caucasian male patient with a family history of heart disease presented with severe dyslipidemia and typical
angina pectoris. ECG and exercise ECG stress test were negative for ischemic changes. Coronary CT angiography revealed
extensive non-obstructive, predominately calcified plaque in the left anterior descending artery with more discrete plaques in
the right coronary artery and left circumflex artery suggestive of premature atherosclerosis. He was started on lipid-lowering
therapy. Due to suspicion for inherited dyslipidemia disorder, genetic testing was performed. Genetic testing reported a rare
APOE mutation with polygenic risk factors for dyslipidemia. Cascade screening in his three daughters showed mixed
hyperlipidemia with the same pathogenic APOE mutation and various polygenic risk factors for dyslipidemia, prompting early
lipid-lowering intervention.
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Introduction

Dyslipidemia is an undisputed major risk factor for atherosclerosis and globally prevalent cardiovascular disease
[1]. Lipid metabolism is regulated by several factors, including apolipoproteins, enzymes, transfer and signaling
proteins, and cell receptors. Any disruption in this efficient process can cause dyslipidemia. Rare large-effect DNA
mutations cause primary or genetic lipid disorders [2]. Monogenic mutation diseases run in families and can follow a
multitude of genetic inheritance patterns, including dominant, recessive, autosomal, or sex-linked. Common small-
effect genetic variants (SNPs) cause dyslipidemia due to polygenic inheritance [3]. The GWAS are used to identify
whether a SNP is associated with a specific disease [4]. The polygenic risk scores that provide an overall estimate of
genetic predisposition to a clinical manifestation at the individual level are derived from GWAS data [3]. Among
patients with comparable lipid levels, monogenic hypercholesterolemia is associated with the greatest risk of
cardiovascular disease, followed by polygenic hypercholesterolemia compared to those without an identified genetic
cause [5]. The clinical signs and symptoms, family history, and pattern of lipid abnormalities are the initial clues

available to clinicians to decipher the possible inherited dyslipidemia. As genetic testing is increasingly available,
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clinicians now have an accessible tool for accurate diagnosis of an underlying disorder in patients suspected to have
inherited dyslipidemia [6]. The use of genetic evidence is not new; previously rare familial genetic diseases or
Mendelian randomization studies have provided a foundation for advances in lipid-lowering pharmacotherapy. Herein,
we present a case series of a family with a rare genetic mutation in APOE compounded by various polygenic risk factors
contributing to severe dyslipidemia and posing a risk for premature heart disease. Cascade screening in three first-
degree relatives led to early diagnosis of dyslipidemia and proactive lipid-lowering intervention in family members to

reduce cardiovascular disease risk.

Methods

Candidates to undergo genetic testing were selected by a clinical lipidologist. Genetic testing was primarily
performed to screen for monogenic inherited dyslipidemias. Pre-testing counselling was provided by an experienced
lipidologist. After the patient’s consent, a genetic test was performed using GBinsight Comprehensive Dyslipidemia
Panel (GB Lifesciences, San Diego, CA, USA). The participant's genomic DNA derived from saliva was sequenced using
next-generation DNA sequencing at the regions targeted by GBinsight Panels on an Illumina HiSeq instrument. This
panel is designed to analyze 127 genes known or suspected to be associated with dyslipidemia. Allele frequencies were
estimated from the 1000 Genomics Phase 3 Database [7]. The polygenic risk score was calculated using a proprietary
algorithm developed by GB HealthWatch. It included both risk-increasing and risk-decreasing variants and calculated
on a relative scale between 1 and 100, with 1 being the lowest genetic risk and 100 being the highest genetic risk
compared to the reference population for patient’s ethnicity. The final genetic analysis report generated shows
pathogenic and likely pathogenic variants with allele frequency, variants of uncertain significance, and variants likely

high-impact to disease risk based on allele frequency, polygenic disease risk, and pharmacogenomic associations.

Case Presentations

Patient-1 (Index patient)

A 51-year-old Caucasian male presented to the lipid clinic with severe dyslipidemia and typical angina pectoris.
ECG and exercise ECG stress test were negative for ischemic changes. Subsequent coronary CT angiography showed
extensive non-obstructive, predominately calcified plaque in the LAD with more discrete plaques in the RCA and LCx
(Figures 1 and 2). His baseline medical history included essential hypertension, prediabetes, metabolic syndrome,
rheumatoid arthritis, and ankylosing spondylitis. He never smoked or used illicit drugs and endorsed drinking alcohol
socially. He has a family history of hypertension, hyperlipidemia, sudden cardiac death at age 56 in his father and a
history of smoking, hyperlipidemia, hypertension, and uncontrolled diabetes mellitus in his mother. Medications
include guanfacine 2mg daily, spironolactone/hydrochlorothiazide 25-25mg daily, methotrexate 7.5mg once a week,
and golimumab injection once a month. Physical exam was unremarkable except for BMI 26 kg/m? (overweight, Ref
18.5-24.9). Laboratory workup showed severe dyslipidemia without evidence of secondary etiologies (normal thyroid
function test, liver function test, and renal function test), as shown in Table 1. Subsequent statin therapy, including
alternate statin, low-dose, and intermittent dosing of statin, caused recurrent severe statin-associated muscle side-
effects leading to discontinuation. Ezetimibe 10mg daily, Colesevelam 6 tablets of 625mg once daily, and patient-
preferred over-the-counter supplements (including red yeast rice and omega-3 fish oil) led to suboptimal dyslipidemia
control. At his age of 57, PCSKogi became available. With the use of subcutaneous injection evolocumab 140mg every
two weeks, his LDL-C improved and to date continues to be maintained below 70 mg/dL, as shown in Table 1. Intensive
lifestyle interventions, including a low carbohydrate diet accompanied by weight loss, improved his TGs. Severe
hyperlipidemia, premature atherosclerosis, and family history of heart disease in his father raised suspicion for

inherited lipid disorder; hence genetic testing was offered. The genetic results revealed a pathogenic mutation in APOE
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compounded by polygenic risk factors for dyslipidemia, as shown in Table 2. Currently, at age 63, his dyslipidemia is
well controlled while being adherent to lipid-lowering therapy (evolocumab and ezetimibe), and he has remained
cardiac event-free for over ten years of follow up. Genetic findings prompted cascade screening in his three daughters

(patient-2 aged 26, patient-3 & 4 are fraternal twins aged 21). Index patient’s wife, who is the biological mother of his

three daughters, is healthy without a history of hyperlipidemia or heart disease.

.

Figure 1. Coronary Computed Tomography Angiography Image of Patient 1. Extensive
calcified plaque in the proximal and mid-left anterior descending artery

Figure 2. Coronary Computed Tomography Angiography Image of Patient 1. *Left circumflex artery: Red arrow showing calcified and non-calcified
plague with minimal stenosis (<30%). #Right Coronary artery: White arrow showing scattered calcified plaques in the mid and distal right coronary
artery with minimal stenosis (<30%).

Patient 2
A 26-year-old Caucasian female underwent screening as a first-degree family member of the index patient. Her
baseline medical history included migraines. She was a never-smoker with no history of alcohol or illicit drug use. She

was not planning pregnancy and using an intrauterine device for contraception. Medications included occasional Botox
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injections for migraines. Physical examination was unremarkable. Laboratory workup showed dyslipidemia without

evidence of secondary etiologies (normal thyroid function test, liver function test, and renal function test), as shown in

Table 1. The genetic results revealed a pathogenic mutation in APOE compounded by polygenic risk factors for

dyslipidemia, as shown in Table 2. Due to severe dyslipidemia, genetic results, and strong family history of heart

disease, she was started on a low-intensity statin, which was up-titrated to a high-intensity statin for better dyslipidemia

control. Currently, at age 30, the patient remains healthy, and her dyslipidemia is well controlled while being adherent

to lipid-lowering therapy (rosuvastatin 20mg once daily).

Table 1. Laboratory workup of patients

TC LDL-C TG HDL-C Non-HDL-C
Ref <200 Ref <100 Ref <150 Ref >40- Ref <130 Other
mg/dL mg/dL mg/dL 50 mg/dL mg/dL
Patient 1 (age 52 years)
e  ApoB 125 (Ref
Baseline (year 2009) <125 mg/dL)
e  BMI 26 kg/m? 288 b 192 b 217 b . N when non-HDL-C
L . (97.5-99" (95-97.5" (75-90" (50-75" 235
e  No lipid-lowering . : . . was 207 mg/dL
S percentile) percentile) | percentile) | percentile)
medications . Lp(a) 9 mg/dl
(Ref <30 mg/dL)
Recent labs (year 2021)
e  BMI 22.96 kg/m2
. Og ezetimibe 10mg once 100 28 142 44 56
daily, evolocumab 140mg
subcutaneous injection
once every 2 weeks
Patient 2 (age 26 years)
Baseline (year 2015) 254 174 174 56
o . N s | (95-97.5M N
e  No lipid-lowering (97.5-99¢ (97.5-99¢ . (25-50¢ 198
S . . percentile) .
medications percentile) percentile) percentile)
Recent labs (year 2021)
e  Onrosuvastatin 20mg 159 79 71 65 94
once daily
Patient 3 (age 21 years)
Baseline (year 2015) 236 172 92 59
. No lipid-lowering (97.5t (>99gth (50-75th (50-75th 177
medications percentile) percentile) | percentile) | percentile)
Recent labs (year 2020)
e No lipid-lowering
medications, started 227 145 95 63 164
rosuvastatin 5mg once
daily after this visit
Patient 4 (age 21 years)
Baseline (year 2015) 240 175 155 45
e  No lipid-lowering (97.5-99th (>99th (95-97.5th (10-25t 195
medications percentile) percentile) | percentile) | percentile)
Recent labs (year 2020)
. On rosuvastatin 5mg once 186 97 105 68 118
daily

normal.

e Age and gender-specific baseline lipid values and percentile of TC, LDL-C, HDL-C, and TG [8].

e All patients' secondary workup for dyslipidemia, including thyroid function test, liver function test, and renal function test, was
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Table 2. Genetic test results of patients. Reference for clinical variants [9]

Patient 1 Patient 2 Patient 3 Patient 4
Pathogenic and Likely Heterozygous APOE Eg4- Heterozygous APOE E4- Heterozygous APOE E4- Heterozygous APOE E4-
Pathogenic Variants (c.137T>C(p.Leugq6Pro)) (c.137T>C(p.Leug6Pro)) (c.137T>C(p.Leug6Pro)) (c.137T>C(p.Leug6Pro))
rs769452 haplotype rs769452 haplotype rs769452 haplotype rs769452 haplotype
Variants of Uncertain -- Heterozygous ABCA7 -- Heterozygous ABCA7 -- Homozygous FTO -- Heterozygous ABCA7
Significance and large (c.2966G>A(p.Argg89His)) (c.2966G>A(p.Arg989His)) (c.46-43098T>C) rs1421085 | (c.2966G>A(p.Argg89His))
effect size variants rs139214131 rs139214131 rs139214131
-- Heterozygous LMF1 -- Heterozygous LMF1 -- Heterozygous LMF1
(c.1052G>A(p.Arg351Gln)) (c.1052G>A(p.Arg351Gln)) (c.1052G>A(p.Arg351Gln))
1192520307 rs192520307 rs192520307
-- Homozygous MC4R -- Heterozygous CREB3L3 -- Homozygous PNPLA3
(g.60183864T>C) rs17782313 (c.700C>G(p.Leu234Val)) (c.444C>G(p.Ile148Met))
rs199855279 rs738409
-- Homozygous FTO
(c.46-43098T>C) rs1421085
Polygenic Disease Risk 92 (High risk) 97 (High risk) 88 (High risk) 92 (High risk)
for Combined
Hyperlipidemias
Polygenic Disease Risk 99 (High risk) 99 (High risk) 92 (High risk) 99 (High risk)
for
Hypercholesterolemia
Polygenic Disease Risk 86 (High risk) 54 (Moderately high risk) 77 (High risk) 80 (High risk)
for Hypertriglyceridemia
Polygenic Disease Risk 31 (Not identified) 14 (Not identified) 1 (Not identified) 2 (Not identified)
for Low HDL levels
Polygenic Disease Risk 12 (Not identified) 22 (Not identified) 30 (Not identified) 17 (Not identified)
for High lipoprotein (a)
levels
Polygenic Disease Risk Not identified Not identified Not identified Not identified
for Defective reverse
cholesterol transport
Pharmacogenomic None None None None
Associations
Patient 3

A 21-year-old Caucasian fraternal-twin female underwent screening as a first-degree family member of the index

patient. Her baseline medical history included treated anorexia nervosa. She was a never-smoker with no history of
alcohol or illicit drug use. She was not planning for pregnancy, using an etonogestrel/Ethinyl estradiol vaginal ring for
contraception. Medications included escitalopram 10omg daily. Physical examination was unremarkable with a normal
BMI. Laboratory workup showed dyslipidemia without evidence of secondary etiologies (normal thyroid function test,
liver function test, and renal function test), as shown in Table 1. The genetic results revealed a pathogenic mutation in
APOE compounded by polygenic risk factors for dyslipidemia, as shown in Table 2. She was monitored with a regular
lipid panel once a year per patient preference. Currently, at age 25, due to persistent hyperlipidemia, genetic results,
and strong family history of heart disease, she was started on a low-intensity statin (rosuvastatin 5mg once daily).
Patient 4

A 21-year-old Caucasian fraternal-twin female underwent screening as a first-degree family member of the index
patient. Her baseline medical history included symptomatic sinus tachycardia. She was a never-smoker with no history
of alcohol or illicit drug use. She was not planning for pregnancy, using an etonogestrel/Ethinyl estradiol vaginal ring
for contraception. Medications included escitalopram 10mg daily, propranolol 20mg twice daily. Physical examination
was unremarkable. Laboratory workup showed dyslipidemia without evidence of secondary etiologies (normal thyroid
function test, liver function test, and renal function test), as shown in Table 1. The genetic results revealed a pathogenic

mutation in APOE compounded by polygenic risk factors for dyslipidemia, as shown in Table 2. She was subsequently
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monitored with a regular lipid panel once a year per patient preference. At age 22, due to persistent hyperlipidemia,
genetic results, and strong family history of heart disease, she was started on a low-intensity statin (rosuvastatin 5mg
once daily). Currently, at age 25, the patient remains healthy, and her dyslipidemia is well controlled while being

adherent to lipid-lowering therapy (rosuvastatin 5mg once daily).

Discussion

In our case series, four first-degree relatives from two subsequent generations show mixed dyslipidemia (elevations
in TG and LDL-C) with genetic testing notable for the same pathogenic mutation in APOE. The index patient marks the
first generation diagnosed in this family (see family pedigree chart shown in Figure 3). While the index patient already
developed symptomatic CAD with extensive atherosclerosis at a young age of 51, his daughters in their early adulthood
were screened and managed before the onset of atherosclerotic cardiovascular disease. The clinical presentation of
mixed dyslipidemia of varying severity in our cohort, premature CAD in the index patient, and family history of fatal
premature CAD in prior generations prompts the differential of FH, FCH, familial dysbetalipoproteinemia, rare
mutations with or without SNPs for dyslipidemia. In our case series, after further understanding of the physiologic and
pathophysiologic role of ApoE, we suspect that the APOE mutation compounded by polygenic risk factors is the likely

etiology for the familial clinical manifestations.

/ Index patient History
(Patient -1} unknown
Patient -3 Patient -4

Patient -2

Figure 3. Pedigree chart of the family
The APOE gene is located on chromosome 19q13.2 [10]. ApoE is a multifunctional protein, primarily produced by

the liver, with a crucial role in lipid metabolism, neurobiology, and neurodegenerative diseases [11]. It is one of the
major apolipoprotein of VLDL, IDL, and a minor apolipoprotein of chylomicrons and HDL [10]. ApoE plays a crucial
role in the clearance of remnant lipoprotein particles (IDL) by serving as a ligand for binding to hepatic LDL and LRP
receptors. There are three major isoforms of ApoE (ApoE2, ApoE3, ApoE4), each encoded by three codominant alleles
with varying properties. The major difference in properties being receptor binding capacity; while ApoE3 and ApoE4
have 100% receptor binding capacity, ApoE2 has <2% [11]. In addition to the common ApoE isoforms, several rare
ApoE variants have been identified. One such variant is ApoE4Freiburg [12]. All the patients in our case series have
heterozygous ApoE4Freiburg variant. This variant occurs due to p.Leuq6Pro sequence change that replaces leucine
with proline at codon 46 of the immature ApoE protein. The structural perturbations due to the mutation interfere with
key folding pathways of the ApoE protein and appear to lead to important functional changes [13]. The mutant protein
can interact with lipids, but the kinetics and final products are altered. ApoE4Freiburg is biochemically more acidic
than ApoE4. According to the gnomAD (largest database for cataloguing genetic variants), this variant is found in nearly

11in 130 people of Finnish European ancestry followed by 1in 300 people of Ashkenazi Jewish ancestry, and in 1 in 400
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people in the general population [14]. The ApoE4Freiburg variant was identified and studied in white subjects residing
in the region surrounding Freiburg in southwestern Germany. One study analyzed three groups with this variant — the
control subject group, patient group, and family study group [12]. The ApoE4Freiburg allele was significantly more
common in the CAD patient group than control (1:137 vs. 1:426; p=0.0004). In this study, the age- and sex-adjusted
OR for CAD was 3.09 (95% CI, 1.20 to 7.97) in carriers of ApoE4Freiburg than non-carriers. Analysis in patients with
angiographic evidence of CAD revealed an allelic frequency similar to all CAD patients [12]. The ApoE4Freiburg variant
was also noted to exert atherogenic properties by modulating the metabolism of TG-rich lipoproteins and HDL with
varying phenotypic presentation [12]. In a study characterizing the genetic background associated with autosomal
dominant hypercholesterolemia (n=120 children and 109 adults), APOE variants were found in four patients (1.7%)
with one patient suffering from mixed hyperlipidemia and three with isolated hypercholesterolemia [15]. In this study,
one patient with the ApoE4Freiburg variant had a severe form of hypercholesterolemia [15]. Another study by Wieland
et al. identified a similar ApoE4 variant in German-Caucasian subjects that was not associated with hyperlipidemia
[16]. The ApoE4Freiburg variant is also implicated in increased risk for late-onset Alzheimer's disease [13].

Clinical genetic testing identified heterozygosity for ApoE4Freiburg haplotype consisting of p.Cys130Arg (E4) and
p.Leugq6Pro genetic variants in the germline be associated with FH [17]. Recently some variants in APOE were observed
to present with clinical features of autosomal dominant FH, prompting interest in screening the APOE gene as a
potential etiology for autosomal dominant FH [18]. Despite not having the common monogenic mutation, FH-
phenotype due to other underlying genetic variants can be a risk for CAD. Patients with FH-phenotype (defined by
untreated LDL-C >230 mg/dL for ages 18-29, >238 mg/dL for ages 30-39, >260 mg/dL for ages 40-49, and >255
mg/dL for >ages 49) have notably increased risk for atherosclerotic cardiovascular disease compared to the
normolipidemic population [19]. Patients younger than 35 years with FH-phenotype have a 16-fold risk for CAD [17].
The polygenic risk factors for dyslipidemia can contribute to polygenic FH or worsen the risk of underlying monogenic
FH [20].

As mentioned, in cases of mixed dyslipidemia and premature CAD, it is prudent to assess for the more commonly
occurring genetic dyslipidemias such as FCH and familial dysbetalipoproteinemia before considering rare variants as
potential etiologies. FCH is the most common autosomal dominant hyperlipidemia in the general population with a
high risk of premature CAD [21]. The underlying pathophysiology is believed to be hepatic overproduction of ApoB-
100 containing lipoprotein particles from the liver, resulting in increased plasma TC, TG, ApoB, small dense LDL, and
low HDL-C [22]. The plasma ApoB level >125 or 130 mg/dL is considered an important diagnostic criterion for
diagnosis of FCH [1,23]. In our family case series, primary hyperlipoproteinemia and familial predisposition do raise
suspicion for the diagnosis of FCH, but the index patient near-normal ApoB level (as shown in Table 1) makes it less
likely. Rare APOE mutations were identified in patients diagnosed with FCH [18]. However, ApoE4Freiburg is not
among the variants found to be associated with FCH, overall making this diagnosis less likely in our cohort.

Type III hyperlipoproteinemia (also known as familial dysbetalipoproteinemia) is another possible etiology of
mixed hyperlipidemia with premature CAD. It occurs due to 2 copies of ApoE2 (one from each parent) with reduced
ability to clear atherogenic remnant lipoprotein particles. Of the individuals with two copies of ApoE2, only 15% develop
significant clinical disease characterized by severe mixed hyperlipidemia, tuberous xanthomas, and premature CAD
[21]. Typically, secondary factors (obesity, insulin resistance) that inhibit remnant clearance by degradation of hepatic
receptors must be present to trigger clinical presentation. In the remaining 80-90% of individuals with two copies of
ApoE2, mixed hyperlipidemia is the most common phenotype. Most commonly, this disorder is autosomal recessive or
polygenic; only in rare 10% of the cases, it is caused by autosomal dominant mutation [24]. Clinically the ratio of non-

HDL-C/ApoB (cut-off > 1.43) is the best predictor and is used as a screening test for diagnosis of familial
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dysbetalipoproteinemia [25]. Our index patient had primary hyperlipoproteinemia, premature CAD, non-HDL-C/ApoB
ratio 1.65 (abnormal), and familial predisposition that would support the diagnosis of familial dysbetalipoproteinemia,
but the absence of obesity, insulin resistance, tuberous xanthomas, or ApoE2 isoforms on genetic analysis makes the
diagnosis less likely.

After a detailed assessment of the clinical information, family history, genetic results, and evaluating differential
diagnosis, we suspect heterozygous ApoE4Freiburg to be the primary driver of the observed phenotypes. The varying
severity of dyslipidemia in the cohort with the same APOE mutation suggests that we cannot attribute the clinical
manifestation solely to APOE mutation. The patient-specific polygenic variants compounding the APOE mutation
might be playing a role in these observed differences. During evaluation for inherited dyslipidemias in our patients,
overlapping clinical features posed a significant diagnostic challenge. Genetic testing played a crucial role in identifying
and ruling out possible etiologies. The accurate diagnosis of underlying disorder facilitated patient-specific counseling,
cascade screening, and proactive intervention to reduce future cardiovascular events. As evidence expands, the
potential classification of this variant as a pathogenic etiology for familial dyslipidemia will have a significant impact
on patient care. However, there are limitations to genetic testing, including high cost, poor availability of the resource,
and in some cases, limited information on specific mutations or variants. As preventive lipidology is evolving, these

challenges are being highlighted and addressed.

Conclusion

Genetic testing for inherited dyslipidemias is an important diagnostic tool that is increasingly available. It
facilitates accurate diagnosis of inherited dyslipidemias, especially when patients have overlapping features, and assists
in identifying polygenic risk factors. Evaluation of genetic results allows patient-specific counseling, cascade screening,
and proactive intervention for cardiovascular disease risk reduction. Our family case series is one of the few reported
with heterozygous ApoE4Freiburg pathogenic variant compounded by polygenic risk factors resulting in familial mixed

dyslipidemia and premature CAD.
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