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ABSTRACT

Monogenic mutations leading to
hypobetalipoproteinemia are rare. The monogenic
causes of hypobetalipoproteinemia include familial
hypobetalipoproteinemia, abetalipoproteinemia,
chylomicron retention disease, loss of function
mutations in PCSK9, and loss of function mutations
in angiopoietin-like protein 3 (ANGPTL3) (Familiar
Combined Hypolipidemia). This chapter describes
the etiology, pathogenesis, clinical and laboratory
findings, and the treatment of these rare monogenic
disorders.

INTRODUCTION

Monogenic mutations leading to
hypobetalipoproteinemia are rare. The monogenic
causes of hypobetalipoproteinemia include familial
hypobetalipoproteinemia (FHBL),
abetalipoproteinemia (ABL), chylomicron retention
disease (CMRD), loss of function mutations in

PCSK9, and loss of function mutations in
angiopoietin-like protein 3 (ANGPTL3) (Familial
Combined Hypolipidemia, FCH) (1). Increased

understanding of the genetic and the molecular
underpinnings of these disorders has allowed a
focused prioritization of therapeutic targets for drug
development. Table 1 summarizes genetic, lipid, and
clinical features of the major hypobetalipoproteinemia

syndromes and table 2 provides a new classification
of these disorders. Of note the parental lipid profile is
normal in abetalipoproteinemia and chylomicron
retention disease.

It should be recognized that secondary, non-familial,
forms of hypobetalipoproteinemia occur and include
strict vegan diet, malnutrition, malabsorption,
hyperthyroidism, malignancy, and chronic liver
disease. In addition, hypobetalipoproteinemia can
also be due to polymorphisms in multiple genes that
together result in hypobetalipoproteinemia (polygenic
etiology) (2-4). In a study of 111 patients with LDL-C
levels below the fifth percentile 36% had monogenic
hypobetalipoproteinemia, 34% had polygenic
hypobetalipoproteinemia, and 30% had
hypobetalipoproteinemia from an unknown cause (2).
In a study of women with an LDL-C <1st percentile
(50 mg/dL) 15.7% carried mutations causing
monogenic hypocholesterolemia and 49.6% were
genetically predisposed to a low LDL-C on the basis
of an extremely low weighted polygenetic risk score
(4). Of note individuals with monogenic
hypobetalipoproteinemia are more likely to have liver
steatosis than individuals without a monogenic
disorder (2).
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Table 1. Characteristics of the Hypobetalipoproteinemia Syndromes
Inheritance | Effected Prevalence | Lipids Clinical features
gene
FHBL ACD Truncation 1:1000 — Apo B <5th Hepatic steatosis
mutations in | 1:3000 percentile, Mild elevation of
Apo B LDL-C 20- 50 transaminases. Lower
mg/dL prevalence of ASCVD
ABL AR MTTP <1:1,000,000 | Triglycerides < 30 | Hepatic steatosis
mg/dL, Malabsorption,
FHBL AR Apo B Cholesterol < 30 | steatorrhea, diarrhea,
mg/dL), and failure to thrive.
LDL and Apo B Deficiency of fat-
undetectable soluble vitamins.
PCSK9 | ACD Loss of Heterozygous — Normal health;
function mild to moderate | significantly lower
mutations in reduction in LDL- | prevalence of ASCVD
PCSK9 C
Homozygous —
LDL-C ~15 mg/dL
FCH ACD Loss of Very rare Panhypolipidemia | Normal health;
function significantly lower
mutations in prevalence of ASCVD
ANGPTL3
CMRD | AR SAR1B Very rare LDL-C and HDL- | hypocholesterolemia
C -decreased by | associated with failure
50%, to thrive, diarrhea,
Triglycerides - steatorrhea, and
normal abdominal distension

ACD- autosomal co-dominant; AR- autosomal recessive; FHBL- familial hypobetalipoproteinemia; ABL-

abetalipoproteinemia; FCH- Familiar Combined Hypolipidemia; CMRD- chylomicron retention disease, MTTP-

microsomal triglyceride transfer protein; ANGPTL3- angiopoietin-like protein 3; ASCVD- atherosclerotic

cardiovascular disease.

Table 2. Classification of Disorders Causing Familial Hypocholesterolemia

New Name

Common Name

Gene Defect

Class I: Familial hypobetalipoproteinemia due to lipoprotein assembly and secretion defects
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FHBL-SD1 Abetalipoproteinemia

Microsomal Triglyceride Transfer Protein

FHBL-SD2

Familial Hypobetalipoproteinemia

Apolipoprotein B

FHBL-SD3 Chylomicron retention disease

SAR1B

Class II: Familial hypobetalipoproteinemia due to enhanced lipoprotein catabolism

FHBL-EC1

Familial Combined Hypolipidemia

ANGPTL3

FHBL-EC2

PCSK9

Modified from (5).
FAMILIAL HYPOBETALIPOPROTEINEMIA

Familial Hypobetalipoproteinemia (FHBL) is a
relatively common autosomal semi-dominant disorder
most commonly due to truncation mutations in the
gene coding for Apo B (1,6-8). The prevalence of
heterozygous FHBL is estimated to be 1 in 700 to
3000 (1). Variants that lead to truncated proteins that
are 30% in length or shorter have more severe signs
and symptoms than those with longer truncated
proteins (6,7). The truncated forms of Apo B found in
FHBL are generally non-functional (truncation
decreases lipidation and secretion) and are
catabolized quickly, resulting in markedly reduced
levels in the plasma (Apo B <5th percentile and LDL-
C typically between 20- 50 mg/dL) (7,8). Although
there is one normal allele in heterozygous FHBL,
plasma Apo B levels are approximately 25% of
normal rather than the predicted 50% (8). These
lower-than-expected levels result from a lower
secretion rate of VLDL Apo B from the liver,
decreased production of LDL Apo B, increased
catabolism of VLDL, and extremely low secretion of
the truncated Apo B (6-8). Given the reduced
substrate (Apo B) for lipid (predominantly triglyceride)
loading, fatty liver develops in these patients (6,9).
Hepatic steatosis and mild elevation of liver enzymes
are common in heterozygous FHBL (6,9).
Interestingly, individuals with monogenic
hypobetalipoproteinemia had a much greater
prevalence of hepatic dysfunction than individuals
with  polygenic hypobetalipoproteinemia (2). In
contrast to non-alcoholic fatty liver disease, FHBL is

not associated with hepatic or peripheral insulin
resistance (9). This observation, however, does not
imply that hepatic steatosis associated with FHBL is
benign. There are several reports of steatohepatitis,
cirrhosis, and hepatocellular carcinoma in patients
with  FHBL and it is estimated that 5-10% of
individuals with FHBL develop relatively more severe
nonalcoholic steatohepatitis (6). Because of the risk
of developing liver disease liver function tests should
be checked every 1-2 years and a hepatic ultrasound
in those with elevated liver transaminases (6). While
hepatic fat accumulation is the rule, there is generally
sufficient chylomicron production to handle dietary
fat. However, oral fat intolerance and intestinal fat
malabsorption have been reported (6). On the
positive side the decrease in proatherogenic
lipoproteins has been associated with a reduced risk
of cardiovascular disease (10).

Given the association of FHBL and low LDL-C, Apo B
has been an attractive target for drug development.
Indeed, unraveling the genetic and molecular
mechanisms of FHBL provided the motivation to
pharmacologically antagonize Apo B synthesis for
therapeutic gains. This culminated in the production
of mipomersen, a synthetic single strand anti-sense
oligonucleotide to Apo B (11,12). Essentially, anti-
sense oligonucleotides contain approximately ~20
deoxyribonucleic  acid (DNA) base pairs
complementary to a unique messenger ribonucleic
acid (mRNA) sequence. The hybridization of the anti-
sense oligonucleotide to the mRNA of interest leads
to its catabolism via RNase H1, with markedly
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reduced mRNA levels and ultimately reduced target
protein levels. In this case, mipomersen binds to Apo
B mRNA leading to reduced production of the
protein, and mimicking (albeit to a lesser extent)
FHBL. Mipomersen is the first anti-sense
oligonucleotide approved by the United States Food
and Drug Administration (FDA) and was
commercialized in 2013 with a limited indication for
adjunctive LDL-C Ilowering in patients with
homozygous familial hypercholesterolemia (HoFH)
(12). It is an injectable agent administered
subcutaneously once a week. In the clinical trials,
mipomersen was associated with a reduction of LDL-
C by 21% in subjects with HoFH and 33% in subjects
with  heterozygous familial hypercholesterolemia
(HeFH) (12). Interestingly, it was also found to lower
Lp(a) by 21- 23% (12). While it is highly efficacious in
LDL-C lowering, it has side effects, many of which
can be predicted based on the experience with FHBL
(e.g., hepatic steatosis, elevated liver enzymes) (12).
It is also associated with injection site reactions in a
considerable number of subjects (12). In May 2018
sales were discontinued due to safety concerns
related to increased liver transaminases and fatty
liver.

Homozygous hypobetalipoproteinemia (HHBL) is
extremely rare (6). These patients are homozygous
or compound heterozygous for mutations in the Apo
B gene. The clinical manifestations mimic ABL (see
below) (6).

ABETALIPOPROTEINEMIA

Abetalipoproteinemia (ABL) is a rare autosomal
recessive disorder characterized by very low plasma
concentrations of triglyceride and cholesterol (under
30 mg/dL) and undetectable levels of LDL and Apo B
(1,7,13,14). The incidence of ABL is < 1 in 1,000,000.
HDL-C levels are usually normal or modestly

reduced. It is due to mutations in the gene that codes
for microsomal triglyceride transfer protein (MTTP)
(7,13-15). MTTP lipidates nascent Apo B in the
endoplasmic reticulum to produce VLDL and
chylomicrons in the liver and small intestine,
respectively (15,16). Unlipidated Apo B is targeted for
proteasomal degradation leading to the absence of
Apo B containing lipoproteins in the plasma (and thus
markedly reduced levels of LDL-C and triglycerides)
(15,16). Similar to FHBL, VLDL production is
inhibited (14). The reduced triglyceride export from
the liver leads to hepatic steatosis, which rarely may
progress to steatohepatitis, fibrosis, and cirrhosis
(1,9,13). Additionally, lack of MTTP facilitated
lipidation of chylomicrons in the small intestine
results in lipid accumulation in enterocytes with
associated malabsorption, steatorrhea, and diarrhea
(1,7,13). The malabsorption and diarrhea lead to
failure to thrive during infancy (1,7,13). A decrease in
dietary fat can reduce the gastrointestinal symptoms.
Acanthocytosis may encompass 50% of circulating
red blood cells (red blood cells with spiked cell
membranes, due to thorny projections) due to
alterations in the lipid composition and fluidity of red
cell membranes (1,13,14). An additional issue of
importance related to ABL is deficiency of fat-soluble
vitamins (1,13). Early diagnosis of ABL and
homozygous hypobetalipoproteinemia is extremely
important as vitamin E deficiency culminates in
atypical  retinitis  pigmentosa,  spinocerebellar
degeneration with ataxia, vitamin K deficiency can
lead to a significant bleeding diathesis, vitamin A
deficiency can contribute to eye disorders, and
vitamin D deficiency can lead to defects in bone
formation (1,13). High dose supplementation with fat
soluble vitamins early in life can prevent or delay
these devastating complications (Table 3) (7,13).
Additional treatment measures include a low-fat diet
and supplementation with essential fatty acids (Table
3) (7,13).

Table 3. Dietary Recommendations for Abetalipoproteinemia

Fat calories

Less than 10-15% (<15 g/day) of total daily caloric requirement.
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Increase as tolerated.

Essential fatty acids
acid/linoleic acid)

Ensure 2-4% daily caloric intake of EFAs (alpha-linolenic

Medium chain triglycerides

May prevent or treat malnutrition

Vitamin E 100-300 1U/kg/day
Vitamin A 100-400 1U/kg/day
Vitamin D 800-1200 IU/day
Vitamin K 5-35 mg/week

Derived from (1)

Given the very low level of atherogenic lipoproteins
and lipids associated with ABL, there was interest in
inhibiting MTTP therapeutically. Lomitapide is an oral
MTP inhibitor that has been developed over the
course of many years (12,17). In early trials, it was
tested at a relatively high dose and the side effect
profile was prohibitive (nausea, flatulence, and
diarrhea). The more recent clinical trial program
tested lower doses with drug titration in subjects with
Homozygote Familial Hypercholesterolemia (HoFH)
(12,17). On an intention to treat basis, LDL-C was
decreased by 40% and apolipoprotein B by 39% (12).
In patients who were actually taking lomitapide, LDL-
C levels were reduced by 50% (12). In addition to
decreasing LDL-C levels, non-HDL-C levels were
decreased by 50%, Lp(a) by 15%, and triglycerides
by 45% (12). Lomitapide received the same limited
indication as mipomersen for adjunctive treatment of
patients with HoFH (12). Besides the gastrointestinal
issues already alluded to, its side effect profile
includes hepatic steatosis (12). Its long-term safety
has not been established.

PROPROTEIN CONVERTASE SUBTILISIN/KEXIN
TYPE 9 (PCSK9)

Proprotein convertase subtilisin/ kexin type 9
(PCSK9) belongs to the proprotein convertase class
of serine proteases (18-20). After synthesis, PCSK9
undergoes autocatalytic cleavage. This step is
required for secretion, most likely because the

prodomain functions as a chaperone and facilitates
folding (18,19). PCSK9 is associated with LDL
particles and the LDL-receptor (LDLR) (20). In 2003,
Abifadel reported the seminal work that mapped
PCSK9 as the third locus for autosomal dominant
hypercholesterolemia (Familial
Hypercholesterolemia- FH) (21). This finding
revealed a previously unknown actor involved in
cholesterol homeostasis and served to launch a
series of investigations into PCSK9 biology. As it
turns out, PCSK9 functions as a central regulator of
plasma LDL-C concentration (18-20). It binds to the
LDLR and targets it for destruction in the lysosome
(18-20). Overactivity of PCSK9 results in a decrease
in LDLR and an increase in LDL-C levels while
decreased activity of PCSK9 results in an increase in
LDLR and a decrease in LDL-C.

Since the discovery of gain-of-function mutations in
PCSK9 as a cause of FH, investigators have also
uncovered loss of function mutations of PCSKO.
Loss-of-function mutations in PCSK9 are associated
with low LDL-C levels and markedly reduced ASCVD
(18,19). In African Americans 2.6 percent had
nonsense mutations in PCSK9 that resulted in a 28
percent reduction in LDL-C and an 88 percent
reduction in the risk of coronary heart disease (22).
The hypolipidemia is not associated with liver
abnormalities or other disorders. Interestingly, rare
individuals homozygous or compound heterozygotes
for loss of function mutations in PCSK9 have been
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reported with extremely low levels of LDL-C (~15
mg/dL), normal health and reproductive capacity, and
no evidence of neurologic or cognitive dysfunction
(20,23,24). Collectively, these observations served
as further motivation to pursue antagonism of PCSK9
as a therapeutic target. Antagonizing PCSK9 would
prolong the lifespan of LDLR, leading to significant
reductions in plasma LDL-C levels. Two fully human
monoclonal antibodies (alirocumab and evolocumab)
targeting PCSK9 became commercially available in
2015 and inclisiran, a small interfering RNA that
inhibits translation of PCSK9 is also available. Other
approaches to inhibit PCSK9 are under investigation.

FAMILIAL COMBINED HYPOLIPIDEMIA

Familial combined hypolipidemia (FCH) is due to loss
of function mutations in the gene encoding
angiopoietin-like protein 3 (ANGPTL3) (25,26).
ANGPTL3 inhibits various lipases, such as
lipoprotein lipase and endothelial lipase (25,26).
Therefore, loss of function mutations in ANGPTL3
relinquishes this inhibition increasing the activity of
lipases resulting in more efficient metabolism of
VLDL and HDL particles (25,26). In addition, to
increasing VLDL clearance the secretion of VLDL is
also decreased due to a decrease in free fatty acid
flux to the liver (25). LDL clearance is increased but
the mechanism remains to be fully elucidated (25).
Studies have suggested that ANGPTL3 inhibition
lowers LDL-C by limiting LDL particle production due
to ANGPTLS3 inhibition and increased endothelial
lipase activity reducing VLDL-lipid content and size,
generating remnant particles that are efficiently
removed from the circulation rather than being further
metabolized to LDL (27).

Clinically, FCH manifests as panhypolipidemia
(decreased triglycerides, LDL-C, HDL-C, apo B, and
apo A-l) (25,26,28). Interestingly, heterozygotes for
certain nonsense mutations in the first exon of
ANGPTL3 have moderately reduced LDL-C and
triglyceride levels while compound heterozygotes
have significant reductions in HDL-C as well (25,26).
Homozygosity or compound heterozygosity for other

loss-of-function mutations in exon 1 of ANGPTL3
have no detectable ANGPTL3 in plasma and striking
reductions of atherogenic lipoproteins with HDL
particles containing only apo A-l and preR-HDL.
Individuals who are heterozygous for the loss of
function mutations in ANGPTL3 have significantly
reduced LDL-C and triglyceride levels and a reduced
risk of atherosclerosis (25,26,28).

A pooled analysis of cases of familial combined
hypolipidemia was published 2013 (29). One hundred
fifteen individuals carrying 13 different mutations in
the ANGPTL3 gene (14 homozygotes, 8 compound
heterozygotes, and 93 heterozygotes) and 402
controls were evaluated. Homozygotes and
compound heterozygotes (two mutant alleles) had no
measurable ANGPTL3 protein. In heterozygotes,
ANGPTL3 was reduced by 34-88%, according to
genotype. All cases (homozygotes and
heterozygotes) demonstrated significantly lower
concentrations of all plasma lipoproteins (except for
Lp(a)) as compared to controls. Familial combined
hypolipidemia is not associated with any comorbidity.
In fact, the prevalence of fatty liver was the same as
controls. However, ANGPTL3 deficiency is
associated with a reduced risk of cardiovascular
disease (25,30).

Recently, evinacumab, a human monoclonal
antibody against ANGPTL3, was approved for the
treatment of Homozygous Familial
Hypercholesterolemia (12). Evinacumab decreases
LDL-C levels by mechanisms independent of LDL
receptor activity (12).

CHYLOMICRON RETENTION DISEASE

Chylomicron retention disease (CMRD), known also
as Anderson’s disease for the individual who first
described the condition in 1961, is a rare inherited
lipid malabsorption syndrome (31,32). It is due to
mutations in the SAR1B gene which codes for the
protein SAR1b, a small GTPase, involved in
intracellular protein trafficking (31). Mutations in
SAR1b result in the failure of pre-chylomicrons to
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move from the endoplasmic reticulum to the golgi
(31). This disorder usually presents in young infants
with diarrhea, steatorrhea, abdominal distention, and
failure to thrive, which can improve with a low-fat diet
(1,31,32). Patients with CMRD demonstrate a
specific autosomal recessive hypocholesterolemia
that differs from other familial hypocholesterolemias.
CMRD is associated with a 50% reduction in both
plasma LDL-C and HDL-C with normal fasting
triglyceride levels (31,32). Mutations in SAR1B do not
affect VLDL secretion by the liver. The decrease in
HDL-C is postulated to be due to a decrease in Apo
A-l secretion and cholesterol efflux by the small
intestine (31). The mechanism accounting for the
decrease in LDL-C is not clear. The usual increase in
triglycerides and chylomicron levels following a fat
meal is blocked (31). The duodenal mucosa is white

REFERENCES

1. Bredefeld C, Hussain MM, Averna M, Black DD, Brin MF,
Burnett JR, Charriere S, Cuerq C, Davidson NO, Deckelbaum RJ,
Goldberg 1), Granot E, Hegele RA, Ishibashi S, Karmally W, Levy E,
Moulin P, Okazaki H, Poinsot P, Rader DJ, Takahashi M, Tarugi P, Traber
MG, Di Filippo M, Peretti N. Guidance for the diagnosis and treatment
of hypolipidemia disorders. J Clin Lipidol 2022; 16:797-812

2. Rimbert A, Vanhoye X, Coulibaly D, Marrec M, Pichelin M,
Charriere S, Peretti N, Valero R, Wargny M, Carrie A, Lindenbaum P,
Deleuze JF, Genin E, Redon R, Rollat-Farnier PA, Goxe D, Degraef G,
Marmontel O, Divry E, Bigot-Corbel E, Moulin P, Cariou B, Di Filippo M.
Phenotypic  Differences Between Polygenic and Monogenic
Hypobetalipoproteinemia. Arterioscler Thromb Vasc Biol 2021; 41:e63-
e71

3. Blanco-Vaca F, Martin-Campos JM, Beteta-Vicente A,
Canyelles M, Martinez S, Roig R, Farre N, Julve J, Tondo M. Molecular
analysis of APOB, SAR1B, ANGPTL3, and MTTP in patients with primary
hypocholesterolemia in a clinical laboratory setting: Evidence
supporting polygenicity in mutation-negative patients. Atherosclerosis
2019; 283:52-60

4, Balder JW, Rimbert A, Zhang X, Viel M, Kanninga R, van Dijk
F, Lansberg P, Sinke R, Kuivenhoven JA. Genetics, Lifestyle, and Low-
Density Lipoprotein Cholesterol in Young and Apparently Healthy
Women. Circulation 2018; 137:820-831

5. Bredefeld C, Peretti N, Hussain MM, Medical Advisory P. New
Classification and Management of Abetalipoproteinemia and Related
Disorders. Gastroenterology 2021; 160:1912-1916

on endoscopy and intestinal biopsy reveals cytosolic
lipid droplets and lipoprotein-sized particles in
enterocytes (31). As one would expect the absorption
of fat-soluble vitamins (A, D, K, and E) and essential
fatty acids is impaired (31,32). Neurological and eye
manifestations are milder and occur at an older age
compared to abetalipoproteinemia (1). Red blood cell
acanthosis is rare (1). Heterozygotes with mutations
in SAR1B are unaffected.

Treatment for individuals with CMRD is similar to that
described above for individuals with ABL (32).

ACKNOWLEDGEMENTS

This work was supported by grants from the Northern
California Institute for Research and Education.

6. Burnett JR, Hooper AJ, Hegele RA. APOB-Related Familial
Hypobetalipoproteinemia. In: Adam MP, Ardinger HH, Pagon RA,
Wallace SE, Bean LJH, Mirzaa G, Amemiya A, eds. GeneReviews((R)).
Seattle (WA) 2021.

7. Hooper  AJ, Burnett  JR. Update on primary
hypobetalipoproteinemia. Curr Atheroscler Rep 2014; 16:423
8. Hooper AJ, van Bockxmeer FM, Burnett JR. Monogenic

hypocholesterolaemic  lipid disorders and
metabolism. Crit Rev Clin Lab Sci 2005; 42:515-545

apolipoprotein B

9. Welty FK. Hypobetalipoproteinemia and
abetalipoproteinemia: liver disease and cardiovascular disease. Curr
Opin Lipidol 2020; 31:49-55

10. Peloso GM, Nomura A, Khera AV, Chaffin M, Won HH,
Ardissino D, Danesh J, Schunkert H, Wilson JG, Samani N, Erdmann J,
McPherson R, Watkins H, Saleheen D, McCarthy S, Teslovich TM,
Leader JB, Lester Kirchner H, Marrugat J, Nohara A, Kawashiri MA, Tada
H, Dewey FE, Carey DJ, Baras A, Kathiresan S. Rare Protein-Truncating
Variants in APOB, Lower Low-Density Lipoprotein Cholesterol, and
Protection Against Coronary Heart Disease. Circ Genom Precis Med
2019; 12:e002376

11. Crooke ST, Geary RS. Clinical pharmacological properties of
mipomersen (Kynamro), a second generation antisense inhibitor of
apolipoprotein B. Br J Clin Pharmacol 2013; 76:269-276

12. Feingold KR. Cholesterol Lowering Drugs. In: Feingold KR,
Anawalt B, Boyce A, Chrousos G, de Herder WW, Dhatariya K, Dungan
K, Grossman A, Hershman JM, Hofland J, Kalra S, Kaltsas G, Koch C,
Kopp P, Korbonits M, Kovacs CS, Kuohung W, Laferrere B, McGee EA,
Mclachlan R, Morley JE, New M, Purnell J, Sahay R, Singer F, Stratakis
CA, Trence DL, Wilson DP, eds. Endotext. South Dartmouth (MA) 2021.

www.EndoText.org




13. Burnett JR, Hooper AJ, Hegele RA. Abetalipoproteinemia. In:
Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean LIH, Mirzaa G,
Amemiya A, eds. GeneReviews((R)). Seattle (WA)2018.

14. Lee J, Hegele RA. Abetalipoproteinemia and homozygous
hypobetalipoproteinemia: a framework for diagnosis and
management. J Inherit Metab Dis 2014; 37:333-339

15. Wetterau JR, Lin MC, Jamil H. Microsomal triglyceride
transfer protein. Biochim Biophys Acta 1997; 1345:136-150

16. Hussain MM, Shi J, Dreizen P. Microsomal triglyceride
transfer protein and its role in apoB-lipoprotein assembly. J Lipid Res
2003; 44:22-32

17. Cuchel M, Rader DJ. Microsomal transfer protein inhibition in
humans. Curr Opin Lipidol 2013; 24:246-250

18. Debose-Boyd RA, Horton JD. Opening up new fronts in the
fight against cholesterol. Elife 2013; 2:e00663

19. Seidah NG, Awan Z, Chretien M, Mbikay M. PCSK9: a key
modulator of cardiovascular health. Circ Res 2014; 114:1022-1036

20. Shapiro MD, Tavori H, Fazio S. PCSK9: From Basic Science
Discoveries to Clinical Trials. Circ Res 2018; 122:1420-1438

21. Abifadel M, Varret M, Rabes JP, Allard D, Ouguerram K,
Devillers M, Cruaud C, Benjannet S, Wickham L, Erlich D, Derre A,
Villeger L, Farnier M, Beucler I, Bruckert E, Chambaz J, Chanu B, Lecerf
JM, Luc G, Moulin P, Weissenbach J, Prat A, Krempf M, Junien C, Seidah
NG, Boileau C. Mutations in PCSK9 cause autosomal dominant
hypercholesterolemia. Nat Genet 2003; 34:154-156

22. Cohen JC, Boerwinkle E, Mosley TH, Jr., Hobbs HH. Sequence
variations in PCSK9, low LDL, and protection against coronary heart
disease. N Engl J Med 2006; 354:1264-1272

23. Zhao Z, Tuakli-Wosornu Y, Lagace TA, Kinch L, Grishin NV,
Horton JD, Cohen JC, Hobbs HH. Molecular characterization of loss-of-
function mutations in PCSK9 and identification of a compound
heterozygote. Am J Hum Genet 2006; 79:514-523

24. Cariou B, Ouguerram K, Zair Y, Guerois R, Langhi C,
Kourimate S, Benoit |, Le May C, Gayet C, Belabbas K, Dufernez F,
Chetiveaux M, Tarugi P, Krempf M, Benlian P, Costet P. PCSK9
dominant negative mutant results in increased LDL catabolic rate and
familial hypobetalipoproteinemia. Arterioscler Thromb Vasc Biol 2009;
29:2191-2197

25. Arca M, D'Erasmo L, Minicocci |. Familial combined
hypolipidemia: angiopoietin-like protein-3 deficiency. Curr Opin Lipidol
2020; 31:41-48

26. Kersten S. Angiopoietin-like 3 in lipoprotein metabolism. Nat
Rev Endocrinol 2017; 13:731-739

27. Adam RC, Mintah 1J, Alexa-Braun CA, Shihanian LM, Lee JS,
Banerjee P, Hamon SC, Kim HI, Cohen JC, Hobbs HH, Van Hout C,
Gromada J, Murphy AJ, Yancopoulos GD, Sleeman MW, Gusarova V.
Angiopoietin-like protein 3 governs LDL-cholesterol levels through
endothelial lipase-dependent VLDL clearance. J Lipid Res 2020;
61:1271-1286

28. Burnett JR, Hooper AJ, Hegele RA. Familial Combined
Hypolipidemia. In: Adam MP, Feldman J, Mirzaa GM, Pagon RA,
Wallace SE, Bean LH, Gripp KW, Amemiya A, eds. GeneReviews((R)).
Seattle (WA) 2023.

29. Minicocci |, Santini S, Cantisani V, Stitziel N, Kathiresan S,
Arroyo JA, Marti G, Pisciotta L, Noto D, Cefalu AB, Maranghi M,
Labbadia G, Pigna G, Pannozzo F, Ceci F, Ciociola E, Bertolini S,
Calandra S, Tarugi P, Averna M, Arca M. Clinical characteristics and
plasma lipids in subjects with familial combined hypolipidemia: a
pooled analysis. J Lipid Res 2013; 54:3481-3490

30. Dewey FE, Gusarova V, Dunbar RL, O'Dushlaine C, Schurmann
C, Gottesman O, McCarthy S, Van Hout CV, Bruse S, Dansky HM, Leader
JB, Murray MF, Ritchie MD, Kirchner HL, Habegger L, Lopez A, Penn J,
Zhao A, Shao W, Stahl N, Murphy AJ, Hamon S, Bouzelmat A, Zhang R,
Shumel B, Pordy R, Gipe D, Herman GA, Sheu WHH, Lee IT, Liang KW,
Guo X, Rotter JI, Chen YI, Kraus WE, Shah SH, Damrauer S, Small A,
Rader DJ, Wulff AB, Nordestgaard BG, Tybjaerg-Hansen A, van den
Hoek AM, Princen HMG, Ledbetter DH, Carey DJ, Overton JD, Reid JG,
Sasiela WIJ, Banerjee P, Shuldiner AR, Borecki IB, Teslovich TM,
Yancopoulos GD, Mellis SJ, Gromada J, Baras A. Genetic and
Pharmacologic Inactivation of ANGPTL3 and Cardiovascular Disease. N
EnglJ Med 2017; 377:211-221

31. Levy E, Poinsot P, Spahis S. Chylomicron retention disease:
genetics, biochemistry, and clinical spectrum. Curr Opin Lipidol 2019;
30:134-139

32. Sissaoui S, Cochet M, Poinsot P, Bordat C, Collardeau-
Frachon S, Lachaux A, Lacaille F, Peretti N. Lipids Responsible for
Intestinal or Hepatic Disorder: When to Suspect a Familial Intestinal
Hypocholesterolemia? J Pediatr Gastroenterol Nutr 2021; 73:4-8

www.EndoText.org




