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1. Abstract
BACKGROUND: Abetalipoproteinemia (ABL) is a rare autosomal recessive disorder caused 
by mutations in the gene coding for microsomal triglyceride transfer protein (MTTP).
AIM: To characterize the genetic basis of ABL in two unrelated patients.
RESULTS: In the first patient, the substitution c.1911C>T in exon 12 of the  MTTP gene, 
resulting in the protein substitution p.P552L, was discovered using mutation screening. The 
parents are heterozygous and the proband is a homozygous carrier of this substitution. Using 
restriction fragment length polymorphism (RFLP), 100 control subjects were analyzed and 
none carried the substitution indicating that it is a novel MTTP mutation.  Sequencing of the 
other ABL patient showed that the proband carried a homozygous single base insertion, at 
position   c.2342IVS16+2-3insT,  located  at  the  donor  splice-site  of  intron  16 resulting  in 
skipping of exon 16 and truncation of the protein. The proband's mother is heterozygous for 
the insertion while the father does not carry the insertion. Multiplex ligation-dependent probe 
amplification (MLPA) did not identify any deletion encompassing exon 16 in the proband, 
father  or  mother.  Nonpaternity  was  excluded  using  polymorphic  markers  from  several 
chromosomes.  Haplotype  analysis  using  markers  spanning  chromosome  4  revealed 
heterodisomy (two homologous chromosomes) of 4p and the distal part of 4q, and isodisomy 
(duplication of one chromosome) of 4q12-4q26. 
CONCLUSION: These data show that the cause of ABL in one of the patients is a missense 
mutation, p.P552L, while the cause of ABL in the other patient is due to uniparental disomy, 
probably resulting from non-disjunction in meiosis I.

Keywords: abetalipoproteinemia, DNA sequencing, multiplex ligation-dependent probe 
amplification, microsomal triglyceride transfer protein, mutation screening, paternity testing, 
restriction fragment length polymorphism, polymorphic markers.

2. List of abbreviations
ABL - Abetalipoproteinemia
AP - Activator protein
CM - Chylomicron
HNF - Hepatocyte nuclear factor
IL – Interleukin
IRE - Insulin response element
LDL – Low-density lipoprotein
LPL - Lipoprotein lipase
LRP – Lipoprotein receptor-related protein
MLPA - Multiplex ligation-dependent probe 
amplification

MTTP - Microsomal triglyceride transfer 
protein
PCR - Polymerase chain reaction
PDI - Protein disulphide isomerase
RFLP - Restriction fragment length 
polymorphism
SNP - Single nucleotide polymorphism
SRE - Sterol response element
SREBP - Sterol response element-binding 
protein
UPD - Uniparental disomy
VLDL - Very low-density lipoproteins

3. Introduction

3.1 Lipid metabolism
The human body uses energy in the form of glucose and fatty acids [1]. When there is an 
excess of dietary intake of glucose and fat, they are converted to lipids through glycolysis and 
lipogenesis,  respectively.  Lipids  are  absorbed  in  the  small  intestine  and  secreted  into 
circulation in the form of chylomicrons (CM) in the exogenous pathway. Lipids stored in the 
liver  can be released from the liver  to  peripheral  tissues in  the form of very low-density 
lipoproteins (VLDL) in the endogenous pathway. The endogenous pathway is activated when 
energy needs to be transported from the liver to other tissues. VLDL are assembled containing 
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triglycerides  and  cholesterol  in  the  core  and  an  outer  surface  containing  phospholipids, 
cholesterol and apoB-100. In the exogenous pathway, dietary fats are emulsified by lipase in 
pancreatic juice secreted into the small intestine. By the help of bile salts, micelles are formed 
that can be absorbed by enterocytes.  In the enterocytes the fatty acids in the micelles are 
esterified to form triglycerides. Triglycerides are assembled together with cholesterol to form 
the core, and phospholipid and cholesterol together with apoB-48 are assembled to form the 
outer surface of CMs. CMs are secreted into lacteals of the lymphatic system and finally enter 
the circulation [1,2,3]. When VLDLs and CMs reach peripheral tissues, mainly adipose tissue 
and skeletal muscles, lipoprotein lipase (LPL) in the capillaries of these tissues hydrolyze the 
triglycerides of VLDLs and CMs to liberate fatty acids. The fatty acids can diffuse to the 
tissues  and  be  used  for  energy  utilization  through  oxidation  or  esterified  for  storage  as 
triglycerides. The remaining particle, the VLDL remnant, is either a substrate for the LDL 
receptor in the liver,  or remain in the circulation and are hydrolyzed by LPL and hepatic 
lipase  until  all  surface  components  are  lost,  the  particle  now  constituting  a  low-density 
lipoprotein (LDL) particle [1-3]. The remainder of the CM, called CM remnant, are ligand for 
the  lipoprotein  receptor-related  protein  (LRP)  in  the  liver  and  are  absorbed  [1,3].  The 
metabolism of fats and glucose is linked, so that one of these sources of energy is primarily 
used. If the plasma levels of glucose rise, the pancreas is stimulated to produce insulin that 
inhibits the hydrolysis of triglycerides. If the plasma levels of insulin on the other hand is low, 
fatty  acids  will  be  oxidized  and  this  will  exert  a  negative  effect  on  glucose  oxidation, 
inhibiting the metabolism of glucose. If glucose is present in excess, glucose can be used as 
the substrate in the synthesis of fatty acids and triglycerides by de novo lipogenesis in the 
liver and adipose tissue, and thereby stored in the tissues[1].

3.2 VLDL and CM assembly
ApoB-containing lipoproteins consists of a triglyceride core surrounded by polar components, 
such  as  phospholipids,  cholesterol  and  proteins  [4].  The  assembly  of  apoB-containing 
lipoproteins starts when apoB is transported to and translated at the endoplasmatic reticulum. 
During  translation  of  apoB  the  addition  of  lipids  begins   with  the  help  of  microsomal 
triglyceride transfer protein (MTTP),  a 97 kDa protein which forms a dimer with protein 
disulphide  isomerase  (PDI)  [4-9].  This  dimer  is  essential  for  the  initiation  of  lipoprotein 
assembly, and although MTTP has been found to be expressed in several tissues, it is mainly 
found in the intestine and liver [10]. The binding of MTTP not only initiates the lipidation but 
it  also stabilizes  apoB and prevents its  degradation  [8,11].  MTTP adds lipids,  cholesterol 
esters and triglycerides by a shuttle mechanism [8,11,12]. Binding sites for apoB to MTTP 
have been proposed to be in  positions 298-603  of MTTP [4,10,13]. After the first step of 
lipidation,  a small  apoB-containing particle is generated.  The particle is transported to the 
golgi apparatus where a second addition of lipids occurs [4]. The lipidation process is not 
fully elucidated in this second step but two theories exist. The first is that the lipids are added 
individually in  an uniform flow to  the small  particle,  and the  second theory is  that  lipid 
droplets can fuse with the small particle [4,10]. The second addition of lipids results in the 
formation of VLDL in hepatocytes and CM in enterocytes, which then can be secreted. VLDL 
is formed by a full-length apoB (apoB-100) and CM by post-transcriptionally edited apoB 
constituting 48 % of full-length apoB (apoB-48) [4,8,11,14,15].  MTTP only participates in 
the first step of lipidation, and hence has a limiting role in the production of VLDL and CM 
[14].
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3.3 Gene structure and regulation 
The  MTTP gene is located on the long arm of chromosome 4q24 and contains 18 exons, 
encompassing 59915 bp (figure 1). The mRNA is 2684 nucleotides in length and the MTTP 
consists of 894 amino acids.

Figure 1. Schematic map of the MTTP gene. Exons are indicated as light grey boxes, UTRs as  
dark grey boxes and introns as black lines.

The transcription of MTTP is regulated by several factors. Gene expression of MTTP has been 
shown to decrease  in  response to  insulin  [7].  An insulin  response element  (IRE) 120 bp 
upstrean  of  transcription  start  site  enable  negative  regulation  of   MTTP expression  by 
insulin[4,7,12,16,17].  In  addition  insulin  regulates  mRNA  processing,  degradation  and 
translation of  MTTP [16].  The promoter  also contains a sterol response element  (SRE), a 
binding site for sterol response element-binding proteins (SREBPs) [17,18]. SREBPs suppress 
expression  of  MTTP [18].  Thus  at  high  levels  of  sterols  the  inhibition  of  MTTP gene 
expression vanishes and the levels of MTTP increase [4,7,12,16,18]. This is achieved by a 
negative feedback loop where SREBPs bind to the SRE if the levels of sterols are low, but 
when the levels of sterols are increased they inhibit the binding of SREBPs to the SRE [18]. 
The  promoter  also  contains  recognition  sites  for  hepatocyte  nuclear  factor-1  (HNF1), 
hepatocyte  nuclear  factor-4  (HNF4)  and  activator  protein-1  (AP1)  [4,16-18].  Sato  [18] 
suggests that HNF-4 is necessary for cell type-specific expression of MTTP. Fatty acids can 
possibly enhance  MTTP expression, as results from Qiu [17] has shown that oleic acid can 
stimulate the gene expression through the SRE. MTTP has a long half-life (4.5 days), why it  
is not considered to be regulated as an acute response protein [7]. Although cytokines such as 
IL-6 and IL-1 can regulate the expression more rapidly [19]. Both of these cytokines decrease 
MTTP expression. In a prolonged exposure, IL-1 was shown to decrease both the translation 
and activity of MTTP in HepG2 cells [19]. In addition the promoter also contains elements 
that is used for cell type-specific expression [16]. 
 
3.4 Abetalipoproteinemia (ABL)
Individuals  lacking  MTTP  develop  abetalipoproteinemia  (ABL),  which  is  a  rare  disease 
inherited in an autosomal recessive fashion with a frequency of <1 in 100,000. The disease 
was first reported in 1950 by Bassen and Kornzweig [20], and is caused by mutations in the 
MTTP gene resulting in dysfunction of MTTP, leading to inability to assemble and produce 
apoB-containing lipoproteins [21,22]. Since then several cases have been reported showing 
mutations  across  the  whole  MTTP (figure  2).  Individuals  heterozygous  for  a  mutation  in 
MTTP have normal lipid levels and no symptoms of disease. The reason for this has been 
suggested to be due to either that MTTP is present in excess in the normal state or that the 
production of MTTP by the normal allele is up-regulated [4,10].
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Figure 2. The reported mutations. Modified picture from Zamel [23].

3.5 Symptoms
The symptoms arise after birth, following the introduction of a fat-rich diet [4]. Severity of the 
symptoms  differ  between  individuals,  and  seems  to  depend  on  the  mutation  causing  the 
disease [4,9,23]. ABL patients lack ordinary apoB-containing lipoproteins (e.g. VLDL and 
CM) in the blood and are hypocholesterolemic [4,9,24]. Abetalipoproteinemia results in lipid 
malabsorption since fat accumulate in the mucosa because of  inhibited absorption from the 
gut [4,9,12]. Lipid droplets are therefore formed in the mucosa of the intestine. Patients can 
present with diarrhea,  steatorrhea,  vomiting and abdominal  swelling [4,24].  Lipid droplets 
also accumulates in the hepatocytes resulting in steatosis. Thus, levels of transaminases can be 
elevated,  but  severe  damage  to  the  liver  is  rare  in  patients  [4].  Acanthocytosis  is  the 
abnormally shaped red blood cells [4,9,12,24], which is probably caused by abnormal lipid 
composition in the membranes of the erythrocytes. Another symptom is the atypical retinitis  
pigmentosa resulting in degeneration of the retina and poor vision and night blindness [4, 
9,12]. Demyelination in an ABL patient was discovered in a necropsy [25]. Since the patients 
have  malabsorption  of  lipids,  fat-soluble  vitamins  cannot  be  taken  up,  which  results  in 
problems to perceive the position of the body (proprioception) and coordinating movement 
(ataxia)  [4,9,12,26]. Other symptoms include nystagmus and loss of deep tendon reflexes, 
touch and vibratory sense [4,20].

Diagnosis at  an early age with concomitant  treatment  can prevent some of the symptoms 
including the neurological complications [4,27]. The treatment consists of a diet poor in lipids 
and replacement of lipid-soluble vitamins through high-dose oral supplementation [4,23].

3.6 Aim of the study
The aim of this study is to characterize the genetic basis of the disease in two Swedish cases 
of abetalipoproteinemia.
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3.7 Preliminary results  

3.7.1 Family 1
In the first family (ABLP4-7) the exons and intron borders of the MTTP gene was sequenced 
in the parents, proband and a healthy sibling to identify the disease-causing mutation in the 
proband. Analysis of the DNA sequences revealed that the parents were heterozygous carriers 
and the proband a homozygous carrier of the mutation c.1911C>T in exon 12 (figure 3). This 
substitution leads to the protein substitution p.P552L, which have not been described before. 
No other mutations were found. The healthy sibling did not carry the mutation. 

Figure 3. Pedigree of the family (ABLP4-7). The proband  (ABLP6) is a homozygous carrier  
of the substitution c.1911C>T in exon 12. The parents (ABLP4-5) are heterozygous carriers,  
and the sibling does not carry the substitution.

3.7.2 Family 2
In the second family (ABLP1-3) a biopsy was taken from the intestine of the proband and 
analysis  of  mRNA  showed  no  alterations  except  when  amplifying  exons  14-17.  This 
fragment, analyzed by agarose gel electrophoresis, showed a fragment shorter in length than 
expected. Sequencing of the cDNA revealed skipping of exon 16, and subsequent analyses of 
genomic DNA including exons and introns showed that the proband carried a homozygous 
insertion c.2342IVS16+2-3insT. The mother is heterozygous for the same insertion while the 
father carry no insertion (figure 4). 
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Figure 4. Pedigree of the family (ABLP1-3). The proband (ABLP3) is a homozygous carrier  
of the insertion c.2342IVS16+2-3insT. The mother is a heterozygous carrier, and the father  
does not carry the insertion.

In  vitro studies  to  examine  if  the  identified  insertion  could  cause  exon  skipping  was 
performed using a vector containing a minigene [28]. Amplified DNA was cloned into an 
intron  between  two  artificial  exons  of  the  vector.  This  vector  was  transfected  into  cells 
followed by analysis of its cDNA. The results showed that a longer fragment was obtained 
when the wild type sequence of intron 16 was used while a shorter fragment was obtained 
when a construct including the insertion of an extra T at position +3 in intron 16 was used. 
These results showed that the identified mutation within intron 16 results in exon skipping 
which in turn gives rise to a truncated protein of 739 aa instead of the full-length MTTP that 
contains 894 aa. 

4. Materials and methods

4.1 Subjects
Subjects are patients  from Norrland University Hospital  with diagnosed ABL. They come 
from  two  families,  one  consisting  of  father  (ABLP1),  mother  (ABLP2)  and  proband 
(ABLP3). The other consists of father (ABLP4), mother (ABLP5), proband (ABLP6) and 
healthy sibling (ABLP7) . Participants gave their informed consent, and the analyses are part 
of  the  clinical  investigation  of  the  patients.  Control  DNA  was  obtained  from  a  cohort 
consisting of healthy 50-year-old Caucasian subjects.

4.2 Mutation analyses

4.2.1 Genotyping of the mutation in exon 12 in MTTP
In a 25 µL mixture 50 ng DNA was amplified by mixing 1x Dream Taq Buffer (Fermentas), 
1.5 mM MgCl2 (Fermentas), 0.4 mM dNTP, 1 U DreamTaq polymerase (Fermentas) and 0.2 
µM of primers 4 and 5 (table 1). The thermocycler (Tetrad 2, BIO-RAD) was preheated to 
95 ºC before starting the polymerase chain reaction (PCR). The amplification started with 
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denaturation 95 ºC for 5 min followed by 36 cycles of denaturation 95 ºC for 45 s, annealing 
56 ºC for 30 s and elongation 72 ºC for 30 s, ending with elongation 72 ºC for 5 min before 10 
ºC in end temperature. In a 10  µL mixture 5 µL of the PCR products were digested with 0.04  
x NEBuffer, 0.28 x BSA and 2 U BccI (New England BioLabs), and incubated at 37 ºC for 1 
h. The fragments were separated on a 1.5 % agarose gel, with GeneRulerTM 100 bp Plus DNA 
Ladder (Fermentas).

4.2.2 Sequencing of exon 16 in MTTP
Sequencing  was  performed  in  a  100  µL mixture  of  1x  Colorless  GoTaq® Flexi  Buffer 
(Promega), 1.5 mM MgCl2, 0.4 nM dNTP, 1 u GoTaq® DNA Polymerase (Promega), 0.3 
µM of primers 1a and 1b (table 1), and 370-560 ng DNA. The thermocycler (Tetrad 2, BIO-
RAD) was pre-heated to 95 ºC, and the amplification started with denaturation 95 ºC for 5 
min followed by 36 cycles  of denaturation 95 ºC for 45 s, annealing 56 ºC for 30 s and  
elongation 72 ºC for 30 s, followed by elongation 72 ºC for 5 min and ending with 10 ºC. The 
PCR products were purified using GeneJET™ PCR Purification Kit (Fermentas), using  25 
µL of each PCR product, mixed with 25 µL Binding Buffer. This was transferred to a column 
and centrifuged two times for 60 s at 12000 g, and the flow-through was discarded in between 
to get rid of everything except the wanted PCR amplicons. The column was transferred to a 
clean microcentrifuge tube and two times 20 µL of Elution Buffer preheated to 50 ºC was 
added,  followed  by centrifugation  for  60  s  at  12000 g  to  isolate  the  purified  product  of 
interest.  The  concentrations  of  the  purified  products  were  determined  using  nanodrop 
(Nanodrop 1000, Thermo scientific, USA). For sequencing the primers (2a-c) (table 1) was 
diluted to 2 pmol/µL in a total volume of 20 µL and the DNA to 5 ng/µL in a total volume of 
15 µL. These solutions were sent to Eurofins MWG Operon for sequencing.

4.2.3  Amplification of intron 16
Amplification  of  intron  16 was performed using 50 ng DNA in a   25 µL mixture  of 1x 
DreamTaqTM Buffer (Fermentas), 1.5  mM  MgCl2  (Fermentas), 0.4 mM dNTP, 1 u Taq DNA 
Polymerase (Fermentas), 0.2  µM primer 1a and 3 (table 1). The thermocycler was pre-heated 
to 95ºC before adding the samples. The amplification started with denaturation 95 ºC for 5 
min followed by 35 cycles of denaturation 95 ºC for 45 s, annealing 60 ºC for 1 min and 
elongation 72 ºC for 3 min, followed by elongation 72 ºC for 10 min and ending with 10 ºC 
forever. 10 µL of PCR product were analyzed on  2.5 % (gel I) and  1.5% (gel II) agarose gel 
with both GeneRulerTM 100 bp DNA Ladder (Fermentas)  and GeneRulerTM 1 kb DNA 
Ladder (Fermentas).

4.2.4 Sequencing to exclude SNPs in the primer sequences
The new primer sites were investigated for SNPs using the tool available at NCBI [29] and 
conserved regions using ECR browser [3]. Genotyping was performed with 20 ng DNA in a 
25 µL mixture of 1 x Taq Buffer (Fermentas, with (NH4)2SO4), 1.5 mM  MgCl2 (Fermentas), 
0.4 mM dNTP, 1 u Taq DNA Polymerase (Fermentas), 0.2  µM primer 2a and 2b (table 1). 
The thermocycler (Tetrad 2, BIO-RAD) was pre-heated to 95 ºC before adding the samples, 
and the amplification started with denaturation 95 ºC for 5 min followed by 36 cycles  of 
denaturation 95 ºC for 45 s, annealing 60 ºC for 1 min and elongation 72 ºC for 2.5 min, 
followed by elongation 72 ºC for 5 min and ending with 10 ºC forever. The PCR products 
were purified using GeneJET™ PCR Purification Kit (Fermentas).  25 µL of PCR product 
was mixed with 25 µL Binding Buffer, transferred to a column and centrifuged at 12000 g for  
60 s. The flow-through was discarded and an additional 60 s of centrifuging at 12000 g was 
carried out. The column was transferred to a clean microcentrifuge and 20 µL of Elution 
Buffer (50 ºC) added, and centrifuged 60 s at 12000 g. Additional 20 µL of Elution Buffer 
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was  added  to  the  microcentrifuge  which  was  again  centrifuged  60  s  at  12000  g.  The 
concentrations  of the purified products  were determined using nanodrop (Nanodrop 1000, 
Thermo  scientific,  USA).  For  sequencing  the  primers  (2a-c)  (table  1)  was  diluted  to  2 
pmol/µL in a total volume of 20 µL and the DNA to 5 ng/µL in a total volume of 15 µL. 
These solutions were sent to Eurofins MWG Operon for sequencing.

Table 1. Primers used in the analyses. The manufacturers are indicated as follows: 1Thermo 
Scientific and 2Proligo.

Primer IDmanufacturer Sequence (5’→3’) Direction

1a2 TATCTACAGCAGGAGGTCAAA Forward

1b2 ATCCTGTCTATGTATGTCTTTA Reverse

2a1 ACTTCAGTTACAATCTGGACTAAAAGC Forward

2b1 CATGCAAACTAAGAATGGGTACTGAG Reverse

2c1 GAAAGATGACTGATTATGTGGGAAGC Reverse

31 TAGTCATTAGATTTTTTTTTGGTAT Reverse

42 CACTCACTATTCCTGCTATTC Forward

52 GACCACATCATTATTATTAGC Reverse

4.2.5 In silico analysis of sequences
The sequences obtained from the previously performed DNA sequencing were compared with 
sequences found at NCBI using the BLAST tool [31], and discrepancies of nucleotides were 
identified.  Both strands were analyzed  and only nucleotide  discrepancies  present  on both 
strands were considered for further investigations.

4.2.6 Deletion analysis by multiplex ligation-dependent probe amplification (MLPA)
Flanking  universal  primer  sequences  for  the  5'  and  3'  half  probes  were 
GGGTTCCCTAAGGGTTGGA  and  TCTAGATTGGATCTTGCTGGCAC,  respectively, 
labelled with fluorescein (FAM). The primers (table 2) were diluted to 4 nM before starting 
the reaction. The EK1 SALSA MLPA reagent kit were used, and the reaction was performed 
according to manufacturer's instructions. 100 ng DNA was denaturated 5 min at 98 ºC in a 
thermocycler. In a new tube a mastermix was made (within 1 h of use) containing 1.5 µL 
SALSA MLPA buffer  and 1.5 µL of probemix. The DNA was cooled down to 25 ºC before 
mixing the DNA with 3 µL of the mastermix in the thermocycler, and incubating 1 min at 95 
ºC and 16-18 h at 60 ºC. A ligase buffer mix was made, directly before use, by adding 3 µL of 
ligase-65 buffer A and 3 µL Ligase-65 buffer B to 25 µL milliQ water. This was vortexed and 
1 µL of ligase-65 added. The thermocycler was cooled down to 54 ºC and 32 µL ligase buffer 
mix added and mixed with each sample. The mix was incubated 15 min at 54 ºC and another 
5 min at 98 ºC, and cooled down to 4 ºC on hold. A PCR buffer mix containing 4 µL SALSA 
PCR buffer and 26 µL milliQ water was mixed in 10 µL of the ligation product from the 
thermocycler and placed in the thermocycler heated to 60 ºC. On ice, the PCR master mix 
containing 2 µL SALSA FAM PCR Primers, 2 µL SALSA Enzyme dilution buffer and 5,5 
µL milliQ water  and 0,5 µL SALSA Polymerase was made and added to the mix in the 
thermocycler. The following PCR program was programmed to 35 cycles of 95 ºC 30 s, 60 ºC 
30 s, and 60 ºC 60 s, followed by 72 ºC 20 min and finishing with 8 ºC forever. In a 96-well  
plate,  1 µL of PCR product was mixed with 8,5 µL formamide (Sigma-Aldrich, Germany) 
and 0,5 µL ladder ROX GS-400 HD (Applied Biosystems), and incubated at 80 ºC for 2 min 
and at 4 ºC for 5 min. Fragment analysis was performed in the ABI-3730 DNA Analyzer 96 
capillaries (Applied Biosystems, 36 cm capillaries, POP-7 polymer, 60ºC run temperature, 10 
kV  run  voltage  and  2000  s  run  time).  Data  were  analyzed  using  the  GeneMapper  v4.0 
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software  (Applied  Biosystems).  The  data  were  then  analyzed  in  Excel  2003  (Microsoft). 
Normalization  was  performed  according  to  manufacturer's  instructions  [32],  and  by 
calculation peak area. Intra-sample normalization was performed by expression of peak area 
of  each  as  part  of  all  probes  taken  together.  Then,  this  normalization  was  compared  to 
reference  samples  in  inter-sample  normalization.  Peak  areas  below 0.8  and  above  1.2  is 
indicative of heterozygous deletion and duplication.

Table 2. 5' and 3' half probes used in the MLPA (Sigma-Aldrich).
Primer ID Sequence (5’→3’)

Exon 1 5' half probe CTCCCTCACTGGCTGCCATTGAAAGAGTCCACT

3' half probe TCTCAGTGACTCCTAGCTGGGCACTGGATGCAG

Exon 2 5' half probe CTCATTAAATAATGACCGGCTGTACAAGCTCACGTACTCCAC

3' half probe TGAAGTTCTTCTTGATCGGGGCAAAGGAAAACTGCAAGACAG

Exon 6 5' half probe GTGTCAGTTCAAAAGCTACATCTGTCACCACCTATAA

3' half probe GATAGAAGACAGCTTTGTTATAGCTGTGCTTGCTGAAG

Exon 7 5' half probe GTCTGGAAAGCAGGCTGCAGCCATAATCAAAGCA

3' half probe GTTGATTCAAAGTACACGGCCATTCCCATTGTGGG

Exon 9 5' half probe GCAGCATTATCCTCCAGGAGAGGTTTCTCT

3' half probe ATGCCTGTGGATTTGCTTCTCATCCCAATG

Exon 10 5' half probe GGTTCTATTGGTAGCAGTGACATCA

3' half probe GAGAAACTGTTATGATCATCACTGGG

Exon 12 5' half probe GACGTCAAGAACATCCTGCTGTCT

3' half probe ATTGGGGAGCTTCCCCAAGAAATG

Exon 14 5' half probe GTAGTCCCCGTTCGGCATCTACTTACA

3' half probe GCCTAGACATTCTCTACTCGGGTTCTG

Exon 15 5' half probe GACTCCTATGCTGGTATGTCAGCCATCCTCTTTGATGTTCA

3' half probe GCTCAGACCTGTCACCTTTTTCAACGGATACAGTGATTTG

Exon 16 5' half probe GGTGGTCTAGCTATTGATATTTCAGGTGCAATGGAG

3' half probe TTTAGCTTGTGGTATCGTGAGTCTAAAACCCGAGTG

Exon 17 5' half probe CTGTGGTAATAACCACTGACATCACAGTGGACTCCTCTT

3' half probe TTGTGAAAGCTGGCCTGGAAACCAGTACAGAAACAGAAG

Exon 18 5' half probe GAATTCCCGCTCCATCAAGAGAACTCAGAGATGTGCAAAGTGGTG

3' half probe TTTGCCCCTCAGCCGGATAGTACTTCCAGCGGATGGTTTTGAAAC

4.2.7 Analysis of microsatellite markers
The markers were amplified in separate reactions according to the manufacturer’s instructions 
(Applied  Biosystems)  using  PCR.  60  ng  genomic  DNA was  added  to  a  15  μL  mixture 
containing 1 x PCR buffer II (Applied Biosystems), 2.5 mM MgCl2  (Applied Biosystems), 
0.25 mM  dNTPs (Larova Biochemie GmbH), 0.6 U AmpliTaq Gold®  polymerase  (Applied 
Biosystems)  and  1μL of  each  primer pair  (Linkage Mapping Set, version 2.5, Applied 
Biosystems). PCR amplification was performed at 95 °C for 12 min followed by 10 cycles at 
94 °C for 15 s, 55 °C for 15 s, 72 °C for 30 s followed by 20 cycles at 89 °C for 15 s, 55 °C 
for 15 s, 72 °C for 30 s and a final extension step at 72 °C for 4 min. All amplifications were 
performed in a Tetrad®2 Peltier Thermal Cycler (Bio-Rad Laboratories AB). 1.5 µL of the 
PCR products were mixed with 12 µL HiDi Formamide (Applied Biosystems) and 0.5 µL size 
ladder (Applied Biosystems) and separated using an ABI genetic analyzer 3130xl (Applied 
Biosystems),  according  to  the  manufacturer’s  recommendations.  The  alleles  from  the 
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chromatograms were detected  and analyzed  using the software GeneMapper  4.1 (Applied 
Biosystems). 

4.2.8 Paternity testing
DNA from father (ABLP1), mother (ABLP2) and proband (ABLP3) of the first family were 
analyzed for paternity.

Table 2. The microsatellite markers on chromosomes 13, 18, 21 and X and Y analyzed for  
paternity testing.
Microsatellite  markers 
chromosome 13

Microsatellite markers 
chromosome 18

Microsatellite markers 
chromosome 21 

Microsatellite markers 
chromosome X and Y

D13S742 D18S391 D21S1435 AMEL
D13S634 D18S978 D21S11 DXS1187
D13S628 D18S386 D21S1411 DXS996
D13S305 D18S499 D21S1270 P39

D18S535 X22
DXS981
SRY
XHPRT
DXS1283E
DYS448

4.2.9 Uniparental disomy (UPD)
The  analyzed  markers  are  all  located  on  chromosome  4.  Markers  D4S1534,  D4S414, 
D4S1572, D4S406, D4S402, D4S1575,  D4S424 and D4S413,  located close to  the  MTTP 
gene, were analysed in the first step.  MTTP is located between D4S1534 and D4S414. The 
rest of the available markers were analyzed in a follow up study: D4S412, D4S2935, D4S403, 
D4S419,  D4S391,  D4S405,  D4S1592,  D4S392,  D4S2964,  D4S1597,  D4S1539,  D4S415, 
D4S1535 and D4S426.

5. Results

5.1 Family 1

5.1.1 Mutation analysis
The study of family 1 started with in silico analysis of obtained MTTP sequences compared 
with  reference  sequences  [33].  No  putative  mutation  other  than  the  already  identified, 
g.44781C>T, was identified. 

5.1.2 Genotyping of the genetic variant in exon 12
In order to investigate if the amino acid substitution at position 552 in MTTP is a mutation or 
not, 100 control individuals were genotyped for this substitution using restriction fragment 
length polymorphism (RFLP) analysis with the restriction enzyme  BccI. DNA from control 
subjects and one parent from the family were amplified and cleaved. The restriction enzyme 
BccI recognizes 5'-CCATC(N)4 which is present in subjects carrying the native MTTP, while 
not present in individuals carrying the mutation. The results showed that none of the healthy 
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control  subjects  carried  the  substitution  c.1911C>T,  thus  this  is  not  a  single  nucleotide 
polymorphism (SNP) but a mutation (figure 6). 

Figure 6.  Genotyping of the mutation in exon 12 using RFLP analysis with the restriction  
enzyme BccI in control subjects. Top row: The marker, L, denotes a  100 bp ladder shown  
both at the top and bottom of the lanes. C indicates control subjects homozygous for the CC  
genotype. B shown below is the blank that serve as a negative control, and P shows the TC  
genotype that indicates heterozygosity for the mutation. BccI cuts C but not T. Samples were  
analyzed on a 1.5 % gel red-stained agarose gel. 

5.2 Family 2

5.2.1 Amplification of intron 16
DNA from proband, mother and father (ABLP1-3) was amplified using primer-pair 1a and 3 
(figure  7,  table  1),  and  analyzed  by agarose  gel  electrophoresis.  The  obtained  fragments 
corresponded to the full-size intron 16 in proband, mother and father (figure 8). No shorter 
fragment, equivalent to an intron with a large deletion, was detected.

5.2.2 Sequencing to exclude SNPs in the primer sequences
To rule out the existence of a SNP in the target primer sequence or a deletion of intron 16 that  
might result in an inability of the primer to anneal and amplify more than one allele from the 
father, alternative primers were used. These primers were designed to anneal to sequences 
located in exons 16 and 17 and to a conserved region in the intron (figure 7, table 1). In 
addition, this analysis allowed that more of the intron than just the exon-intron junctions could 
be  investigated,  which  made  it  possible  to  identify  a  mutation  not  detected  in  the  initial 
analysis. DNA from proband, mother and father were amplified using primer-pair 2a and 2b, 
sequenced and analyzed. The results were identical to previous findings. Thus, the proband is 
homozygous for the insertion  c.2342IVS16+2-3insT, the mother heterozygous and the father 
does not carry the insertion (figure 4). No other mutations were found.
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Figure 7. Schematic map of the exons 15, 16 and 17 of the MTTP gene where the positions  
and directions of the primers are indicated by arrows.

Figure 8. Agarose gel electrophoresis of PCR fragments of intron 16 in ABLP1-3. The red  
box indicates  the fragment  of approximately  2550 bp encompassing exon 15 to  exon 17,  
including intron 16 with  length of 1950 bp. Father, mother and proband all display the 2550  
bp fragment. Ladders used are 1 kb and 100 bp (GeneRulerTM, Fermentas).

5.2.3 In silico analysis of sequences
Nucleotide sequences obtained from direct DNA sequencing of exons and adjacent  splice 
junctions were compared with reference sequences available from [33]. No  dissimilarities 
that could cause ABL other the one already identified, c.2342IVS16+2-3insT, were detected. 

5.2.4  Investigation  of  deletion  by  multiplex  ligation-dependent  probe  amplification 
(MLPA)

To  exclude  that  a  large  deletion  encompassing  exon  16  in  the  DNA  from  the  proband 
(ABLP3)  or  the  father  (ABLP1)  exists  multiplex  ligation-dependent  probe  amplification 
(MLPA)  was  performed.  In  MLPA  the  number  of  alleles  is  investigated.  The  DNA  is 
denaturated and two half-probes, corresponding to the 5' and 3' end of a target sequence, are 
hybridized to target sequences and ligated to each other.  Only half-probes that match the 
target sequence are hybridized and could thus be ligated. Each half-probe contains a PCR 
primer sequence as a tag, so that all probes can be amplified in the same PCR reaction using 
the same primer-pairs for amplification. The locations of the primers are shown in figure 9. 
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Figure 9. Schematic map of the MTTP gene. Exons are indicated as light grey boxes, UTRs as  
dark  grey  boxes  and  introns  as  black  lines.  The  arrows  beneath  the  exons  indicate  the  
positions of the primers used in the MLPA assay.

If a region of a chromosome is deleted resulting in the existence of only one allele that the 
half-probes can anneal to, the MLPA will result in a lower signal in the fragment analysis 
compared with a sample that contains two alleles. Similarly, duplication will result in a higher 
signal in the fragment analysis compared with a sample that contains two alleles.

The results of the MLPA analysis are presented as the ratios of the areas obtained from signal 
from the mother, father and proband in relation to a healthy subject (figure 10). The limit for a 
deletion was set to 0.8 and duplication to 1.2. All family members carry two alleles in all the 
exons analyzed. No indications of deletions or duplications were found.
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Figure  10.  MLPA  analysis  of  family  1   (ABLP1-3)  with  abetalipoproteinemia.  (A)  
Electropherograms  of  father,  mother  and  proband  as  indicated.  Numbers  above  each  
fluorescence signal shown in blue indicate the exon probes. Circumscribed in red is exon 16  
in the father, mother and proband. (B) Peak area histograms shown in black for ABLP1,  
white for ABLP2 and grey for ABLP3, respectively, normalized with a control sample. Exon  
dosage is reported on the y axis (normal values spanning from 0.8 to 1.2 are indicated with  
solid lines).  None of the peaks are of shorter height or smaller area in any of the family  
members, indicating that no deletion is present. 
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5.2.5 Paternity testing
Considering that ABL is an autosomal recessive disorder and neither MLPA nor sequencing 
could  explain why the proband is homozygous for the insertion c.2342IVS16+2-3insT while 
the father does not carry the insertion, a paternity test was performed. Microsatellite markers 
on  chromosomes  13,  18,  21  and  sex  chromosomes  were  analyzed  in  mother,  father  and 
proband (ABLP1-3). Microsatellite markers are regions in the genome that contain repetitive 
sequences that are polymorphic and are thus very informative. The markers are chosen based 
on their heterogeneity which means that these markers have several alleles with high allele 
frequency. The number of repetitions vary between individuals and are inherited, one from 
each parent. The paternity test showed that the proband and the presumed father shared all 
alleles tested. Thus, the proband has inherited one allele from the mother and one allele from 
the father, respectively. This result excludes nonpaternity.

5.2.6 Uniparental disomy (UPD)
An alternative explanation for the absence of the insertion c.2342IVS16+2-3insT in the DNA 
from the father while the proband is homozygous for this insertion, is uniparental  disomy 
(UPD).  In  UPD  the  proband  inherits  both  chromosomes  or  a  part  of  a  chromosome 
exclusively  from  one  parent.  Either  both  chromosomes,  heterodisomy,  or  the  same 
chromosome  from one  parent,  isodisomy,  are  inherited.  UPD  was  investigated  by  using 
microsatellite markers containing variable number of repetitive sequences, on chromosome 4. 
To study whether UPD exists in the family PCR and fragment analysis of the microsatellite 
markers were used. In figure 11 the results of the UPD analysis reveal maternal  heterodisomy 
(two homologous chromosomes) of 4p and the distal part of 4q, and isodisomy (duplication of 
one chromosome) of 4q12-4q26. 
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Figure 11. The microsatellite markers on chromosome 4 used for uniparental disomy testing,  
and the size of the markers obtained from the fragment analysis. Also, the conclusions of the  
analysis  are  listed  in  the  table.  The  conclusions  marked  with  red  indicate  the  markers  
showing the breakpoints for the crossing over. Modified picture from Spena [42].
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6. Discussion
In one of the patients, a homozygous mutation in exon 12 (c.1911C>T) was detected. This 
mutation results in a substitution of a  proline to leucine  at amino acid position 552. Both 
parents  are  heterozygous  carriers  of  the  mutation  while  a  sibling  does  not  carry  this 
substitution. The substitution is concluded to be a mutation since none of the tested control 
subjects  were  carriers,  hence  the  frequency  is  less  than  1%.  The  mutation  has  not  been 
reported before, and is therefore considered to be a new mutation. This exon of MTTP is well 
conserved between species [34]. Missense mutations,  like p.P552L, may encode a protein 
with some intact functionality that is still able to transfer lipids but to a much smaller extent 
than intact MTTP [9].  MTTP is predicted to contain three major domains, an amino-terminal 
β-barrel at positions 22-297 aiding the interaction with apoB, an α-helix at positions 298-603 
interacting with PDI and apoB, and a carboxyl-terminal domain at positions 604-894 aiding 
the binding of lipids and the transfer activity [13]. The identified mutation p.P552L resides in 
the region which is of importance for interactions with PDI and apoB. Previously published 
reports of ABL patients with mutations in exon 12 have shown that the interaction between 
MTTP and PDI was abolished, but that the symptoms of the patients were relatively mild 
[35,36]. Unfortunately no information is available regarding the phenotype of the patients in 
this study and it remains thus to be examined.

The other patient was shown to carry an insertion c.2342IVS16+2-3insT in a donor splice site 
in intron 16 that results in skipping of exon 16 and truncation of the protein. The proband's 
mother was a heterozygous carrier of the insertion while the father did not carry the insertion.  
No  other  mutations,  deletions  or  non-paternity  could  explain  why  the  proband  is  a 
homozygous carrier of the insertion. Analysis using microsatellite markers of chromosome 4 
revealed  heterodisomy (two homologous chromosomes) of 4p and the distal part of 4q, and 
isodisomy (duplication of one chromosome) of 4q12-4q26. These data show that the cause of 
ABL is due to UPD. UPD is a rare condition and to this date only ~1100 cases have been 
reported worldwide [37]. UPD can occur during meiosis I, meiosis II or at the first mitosis  
after  fertilization.  UPD  usually  arise  through  one  of  the  following  three  alternative 
mechanisms, monosomic rescue i.e. duplication of monosomatic cell, trisomic rescue i.e. loss 
of  one  chromosome  in  an  aneuploidic  cell,  or  fertilization  of  a  nullisomic  gamete  by  a 
disomatic  gamete.  A  possible  explanation  of  the  chromosomal  pattern  observed  in  the 
proband is that a crossing over occurred before the first meiotic event followed by a non-
disjunction in meiosis I. After the fertilization, trisomic rescue took place (figure 12). 
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Figure 12. The possible origin of UPD in the proband (ABLP3). Crossing over occurs before  
the first meiotic division, followed by a non-disjunction in meiosis I. The oocyte is fertilized,  
and trisomic rescue takes place in the  aneuploidic cell.  The result  is a cell  carrying two  
chromosomes from the mother, where one of the chromosomes carries a segment from the  
crossing over identical to the other chromosome (isodisomy).

UPD,  especially  isodisomy,  will  increase  the  risk  of  inheriting  recessive  alleles  or  the 
occurrence of an imprinted disease [38]. In imprinted disorders preferentially expression of 
either  the maternal  or the paternal  allele  exists  most  often due to silencing of one of the 
parental genes while the other is selectively expressed [39,40]. The epigenetic marking of the 
gene is sustained in the cells, but the methylation pattern may change during development 
[40,41]. Only a few cases of UPD involving chromosome 4 have been reported but they all 
show relatively mild  phenotypes  [38,42,43].  One of the patients  suffered from depressive 
disorder and interestingly chromosome 4 has in genome linkage scans been associated with 
emotional processing and bipolar disorder [38]. Other cases of UPD involving chromosome 4 
include afibrinogenaemia, Ellis-van Creveld syndrome, and Wolfram syndrome [42,44,45]. 
No major differences in transcription of chromosome 4 genes have been detected in patients 
with UPD involving chromosome 4, suggesting that it is unlikely that important imprinted 
genes  is  located  on  this  chromosome  [42].  Although,  no  cases  of  paternal  isodisomy on 
chromosome  4  exists,  which  has  led  to  theories  that  some  regions  of  chromosome  4  is 
paternally inactivated or contains no genes where paternal  imprinting is  essential  [42-44]. 
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Similarly,  the  mouse  homologue  chromosome  4,  chromosome  3,  is  not  believed  to  be 
involved in imprinting [43]. 

The identified splice site mutation results in a frameshift and a premature stop codon. This 
truncation of 156 amino acids might therefore result in a more severe phenotype [9]. The 
truncated MTTP is 739 aa in length and will presumably affect the lipid binding and transfer 
activity. A substitution in the carboxyl-terminal domain have been described to have reduced 
triglyceride transfer activity compared to native MTTP using an expression vector [13]. Also, 
a 30 aa truncation of MTTP was reported to disrupt association of MTTP with PDI, lowering 
its solubility [46]. Of note, our patient with an insertion in splice site seems to produce a small 
amount of full-length MTTP as shown by the results from the analysis of the intestinal biopsy 
and from the functional analysis using a minigene construct. Sakamoto [47] has speculated 
that  splice  site  mutations  might  occasionally  create  a  normal  transcript  at  low  levels, 
recovering some function. Thus, the patient with the exon skipping (ABLP3) might therefore 
not be as sick as the patient with the protein substitution (ABLP6). Considering that only two 
cases have been reported regarding a mutation in exon 16 and no genetic aberrations in intron 
16 has previously been found [23], shows that the insertion constitutes a novel mutation and it 
restricts the ability to speculate round the consequent phenotypes. 

Furthermore, the difference in outcome can in part be due to age of diagnosis and onset of 
treatment, but it has also been proposed that the APOE genotype influences the outcome of 
ABL [23]. Wang&Hegele [9] observed an ABL patient with the APO E4/2 genotype with 
severe symptoms resulting in death, while an ABL patient with the APO E3/3 genotype had 
milder  symptoms.  This might be one clue to the explanation of heterogenous phenotypes. 
Most heterozygous individuals carrying a mutation in MTTP do not show any signs of ABL , 
as can be observed for the parents in our families[4]. The reasons for this could be that MTTP 
is produced in an abundance in healthy individuals or is upregulated in heterozgyous subjects 
[4]. 

In conclusion, this study shows that the genetic basis of the disease in two Swedish cases of 
abetalipoproteinemia  is  a  missense  mutation  in  exon  12,  p.P552L, and  an  insertion 
c.2342IVS16+2-3insT in a donor splice site in intron 16, respectively.

The next step will be to perform a thorough investigation of the phenotypes of the patients. 
This includes characterization of lipid parameters, eyes and vision, and neurological signs. 
Since MTTP is expressed in the heart,  and cardiomyocytes  secrete lipoproteins [48,49], it 
would also be interesting to perform detailed analysis of the cardiac function in these patients. 
Knock out of  MTTP in the heart  of mice has shown to increase the triglyceride stores in 
myocytes  [49].  Elevated  levels  of lipids  in  the heart  can possibly affect  the formation of 
reactive  oxygen species   and cause cardiac  dysfunction [50-53].  Bartels  [50] showed that 
failure to upregulate MTTP expression resulted in increased triglyceride stores in the heart. In 
the light of these findings, it would be interesting to investigate the effect of absence of MTTP 
in relation to cardiac function in ABL patients. MTTP is also considered to be involved in 
lipid antigen presentation by CD1d to NKT cells [54], but the effect of ABL on this antigen 
presentation has not been investigated.  Investigation of the effect of absence of MTTP in 
human immune defence could elucidate the role of MTTP in lipid antigen presentation and 
the consequence of absence of activation of NKT cells by CD1d. Also, studies of medical 
history  of  ABL  patients  could  give  information  about  the  role  of  MTTP  in  antigen 
presentation.
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Already in the initial studies of patients with ABL and the link to  MTTP, inhibition of the 
gene was considered to be a putative drug target in order to lower plasma levels of lipids [55]. 
A problem encountered in some studies, both human and mouse, is the development of liver 
steatosis  or  susceptibility  to  liver  injury but  the  results  are  inconclusive  [23,56,57].  Both 
genetic and environmental factors might influence the risk of developing liver injuries during 
MTTP inhibition [9,55].

One problem that can arise in MLPA is high variability of the signal from the smallest probe 
in  the  fragment  analysis.  This  problem was  circumvented  by the  use  of  a  control  probe 
designed to have the smallest size of the fragments in the analysis.

I have had problems to amplify DNA stored with oil on top of the samples. None of these  
DNA  samples  could  be  amplified  by  PCR  and  no  PCR-fragments  were  generated.  My 
thoughts about this are that the polymerase used might not function in the presence of oil, and 
that the oil might inhibit the reaction. Another explanation can be the chemical conditions in 
the samples, if the storage affect a chemical parameter such as the pH.
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