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A.bsúract

Carnitine Palmitoyltransferase 1 (CPTI) controls the transfer of long chain fatfy acids

(LCFAs) across the outer mitochondrial membrane. Carnitine Palmitoyltransferase 2

(CPT2) facilitates passage of LCFAs across the inner mitochondrial membrane for

subsequent B-oxidation. Any deficiency in the activify of CPTI may result in an

inability to metabolize LCFAs, and lowered energy production, resulting in low blood

sugar, liver, muscle, and/or brain damage.

A neonate with transient hypoglycemia was tested for fatty acid oxidation disorders,

and was found to have absent CPT1A enzyme activity in fibroblasts, homozygosity

for a mutation in CPT1A (P479L), and normal CPT2 activity. The child was

diagnosed with CPT1A deficiency. Second and third children of this kindred have

had episodes of hypoketotic hypoglycemia, are homozygousforP4TSL, have near

zero CPTIA activity, and are homozygous for a mutation in CPT2 (F352C). A fourth

child is also homozygous for both mutations with no discemable phenotype at this

time. The P479L mutation was found at a high frequency in extended family

members, with numerous unafFected homozygotes. Two affected individuals in

unrelated families, one from an Inuit family and one from a First Nations family, have

also been found to be homozygous forP479L. Neither of these individuals are

homozygous for F352C in CPT2, therefore this mutation does not appear to be a

major contributing factor to the phenotype.

Haployfyping showed a 0.38MB region of homozygosity around the CPT1A gene in

the two Inuit kindreds participating in this study, but not in the First Nations kindred.

This suggests that the mutation is either very ancient and recombinations have

vil



occtrrred since the divergence of the two cultures from their ancestral Asian origins or

that the mutation has arisen more than once. However, mitochondrial DNA analysis

has shown that the Inuit and First Nations kindreds share a maternal lineage. This

would suggest that the mutation originated in an ancient maternal common ancestor.

The high frequency of the mutation without apparent expression of CPT1 deficiency

in most P479L homozygous kindred members brings the validity of the P479L

mutation into question. However, a theory describing an adaptive advantage for the

mutation has been devised, based on the high fat, low carbohydrate diet and feast-

famine lifestyle of ancient Aboriginal populations, which may help explain the

differential expression of the disease in these kindreds.

vlll
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Section l: lntnoduction

1. I Carnitine Falmitoyltransferase Biochemical Pathway

Long chain fatty acids (LCFAs) are introduced into the body through diet or are

synthesized in the cytoplasm from acetyl-CoA. When these fatty acids are to be

oxidized, they are acylated with Coenzyme A through the action of the acyl-CoA

synthetase at the plasma membrane of liver cells. Once the acyl-CoA is formed it

moves to the mitochondria, however the acyl-CoA cannot move across the outer and

inner mitochondrial membranes in its present form (Figure 1). To facilitate transport

to the mitochondrial matrix, it forms acylcarnitine with free carnitine at Carnitine

Palmitoyltransferase 1 (CPTl), located in the outer mitochondrial membrane (OMM)

(Murthy et a1.,1987; Kolodziej et a1.,1990)). The fatfy acid, in the form of

acylcarnitine, is now able to pass through the OMM. This is considered the rate

limiting step in fatty acid oxidation, since the action of CPT1 dictates whether or not

the LCFA continues on for F-oxidation (McGarry et al.,1977;McGarry and Foster,

1980). The acylcarnitine moves across the inner mitochondrial membrane through

the Carnitine-Acylcarnitine translocase (CACT), which is embedded in the inner

membrane. The long chain fatry acyl-CoA and carnitine are then reconstituted by

Camitine Palmitoyltransferase 2 (CPT2), which is loosely attached to the inner

mitochondrial membrane. The acyl-CoA is further metabolized by p-oxidation and

the camitine moves freely through the mitochondrial membranes back to the cytosol.
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Figure 1: cPT Biochemical Pathway (adapted from van der Leij, et al., 2000)
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1.2 Carnitine Falmitoyltransferase I

The 88 kD CPTI protein exists in three forms. CPTIA, also referred to as the

liver isoform , is 773 amino acids (aa) long (Britto n et al. , 1995) and is expressed

predominantly in the liver, kidney, pancreas, ovary, leukocytes, and fibroblasts. The

CPTIA gene is located on chromosome 11ql3.1-ql3.5 (Britton et al., 1997), and

consists of 18 exons and 2 alternate non-coding exons la and lb. It also has 2

promoters and the whole gene spans approximately 60 kilobases (kb) of genomic

DNA (Gobin et aL.,2002). CPT1B is referred to as the muscie isoform. It is encoded

by a gene on chromo some 22q13.3+er (Britt on et al., 1997), and also consists of 18

exons and non-coding exons la and lb. However, it only spans 10kb of genomic

DNA and the last exon (exon 20) is non-coding (Yamazaki et a\.,1997). It is

expressed primarily in the heart, skeletal muscle, white adipose tissue and testis. The

approximately 50kb size difference in the amount of genomic DNA spanned by
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CPTIAandCPTIB isduetodifferencesinintronsizes(Gobinetal.,2002). Itisnot

known what effect the absence of exon 20 in CPTIB causes in regard to CPTIB

enzyme activity or 3 dimensional structure. In both isoforms, the C and N termini

protrude into the cytosol from the OMM resulting in two transmembrane regions

(Fraser et ø1.,1997). The third isoform, referred to as the brain isoform, is CPTlC.

Described by Price et al. (2002), it is found in the brain and llke CPTIA and CPTIB,

the gene consists of 18 coding exons and2 non-coding exons. CPTIC is found on

chromosome 19q13.33 and spans 23.2kb.

CPT1 is first synthesized in the cytosol and is then targeted to the mitochondria

through an internal signal found within aa residues 123-147. Communication

between this internal signal and outer mitochondrial receptors results in proper

integration of cPTl in the oMM (cohen et a\.,200r). This integration is

temperature and time dependent (Cohen et aL.,1993). Both the N terminus (aa I-a7)

and c terminus (aa123-773) protrude into the cytosol, while 2 u-helicar

transmembrane regions (Hl and H2 or TMl and TM2) traverse the oMM. TMl

corresponds to aa 48-75, while TM2 corresponds to aa 103-122. Therc are two

models for CPT1 integration into the OMM at the present time. The first is called a

"step by step model", in whìch one transmembrane domain is inserted into the OMM

at a time. The second model, the "single concerted step model", involves the

integration of TMl and TM2 at the same time. TM2 is thought to be a stop transfer

sequence, halting the movement of CPT1 through the oMM (Cohen et a1.,200i).

The activity of CPT1 is inhibited by the action of malonyl-CoA at the malonyl-

CoA binding site. Malonyl-CoA is an intermediate in the production of LCFAs, thus



when LCFA synthesis is underway malonyl-CoA acts to inhibit the breakdown of

these fats. The catalytic and malonyl-CoA binding sites are both located on the

cytosolic side of the oMM. The N terminar of cprl is important for proper

inhibition by malonyl-CoA, as well as proper protein conformati on (Cohen et al.,

1998). Within the C terminal exists a tightly folded core suffounded by N terminal

residues (Cohen et al-,200I). 'When 
this core is unfolded, enzyme activity decreases

significantly and malonyl-CoA sensitivity is abolished (Cohen et a1.,199g). It has

also been found that changes in the interaction between residues of the N and C

termini' and thus the conformation of CPTlA, alter sensitivity to malonyl-CoA (Faye

et al',2005). According to a putative model of CPTI, the catalytic core corresponds

to aa 368-567 in the c terminal, and consists of 6 u,-helices and,4 B-sheets. The

cafalytic site is believed to be His473. The DNA sequence corresponding to the C

terminal of CPTIA, the catalytic core in particular, is found at high identity in other

members of the acylcarnitine transferase family of proteins (Cohen et al., l99g). This

includes cPTlB, cPT2, carnitine octanoyltransferase (cor), and camitine

acetyltransferase (CAT).

tr.3 Carnitine Palmitoyltransferase 2

cPT2 is coded for on chromosome lp32-pr1 and is the product of one gene

(Finocchiaro et aL.,1991). It consists of 5 exons and spans approximately 20kb. The

5 exons range in size from 81 to 1305bp, while the four intronic sequences range

from 1.5 to 8kb fferderio et a\.,1995). The protein is 658 aalongand is ubiquitously

expressed in all tissues (Finocchiaro et al.,1gg1). As opposed to cprl, cprzis not



sensitive to malonyl-CoA (McGarry et aL.,1978), but is easily dissociated from the

inner mitochondrial membrane when treated with detergents, signifuing a loosely

bound protein (V/oeltje et aL.,1987).

1.4 Carnitine Paknitoyltransferase tr Deficiency

CPT1 deficiency is an autosomal recessive disorder first described in 1981 by

Bougneres (Bougneres et a1.,1981). To date 25 mutations in CPTIAhave been found

to result in CPT1 deficiency (Figure 2) (Bonnefont et aL.,2004; Stoler et aL.,2004).

0100x
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Figure 2:25 mufations located within the CPTIA gene. 1a and lb are non-coding
exons, exons 2to 19 are coding exons (adapted from Gobin et aL.,2002).
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A single base pair substitution of a cytosine for tþmine at nt 1436 (c.1436C-T)

is believed to cause CPT1 deficiency in the kindreds of this study. This results in a

change of proline (P) to leucine (L) at aa 479. TheP479L mutation is located in a

region opposite to the binding domain of palmitoyl-CoA. As well, this could be the

site or region of malonyl-CoA binding, due to decreased malonyl-CoA sensitivity in
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transfected COS cells when this mutation is present (Brown et a\.,200T; Morillas ¿r

a1.,2007).

CPT1 deficiency can lead to clinical disease when glucose stores have been

depleted and LCFAs are called upon for energy production. This is usually due to

illness, stress, or fasting. If LCFAs cannot pass through the mitochondrial membrane,

B-oxidation of these fatty acids cannot occur. Hypoketotic hypoglycemia, followed

by damage to muscle tissue and organs such as the liver and brain, will subsequently

occur. In the most serious cases, death results.

To date, CPTI deficiency has been found in fewer than 30 families worldwide,

making it arare metabolic disease (Gobin et aL,2002).

1.5 Carnitine Palmitoyltransferase 2 Ðeficiency

There are 3 variants of CPT2 deficiency - neonatal, infantile, and adult onset.

The neonatal form of CPT2 deficiency manifests between birth and 4 days of age. It

is the most severe of the three, usually resulting in death. Infantile CPT} deficiency

is seen between 6 months and2 years of age, while onset of the adult form normally

varies from 6 to 20 years of age. However, it has been observed earlier than 6 years

old and can first manifest as late as 60 years of age. The adult form is the most

coÍtmon of the 3 variants and symptoms are usually observed after fasting, prolonged

exercise, or stress. It first presents as muscle cramping and weakness, progressing to

rhabdomyolysis, and in some cases, renal failure. This form of CPT2 is highly

variable in phenotype, with members of the same family and with the same

mutation(s) displaying the disorder to differing degrees.



The CPT2 mutation found in members of this study is F352C, in which a thymine

is changed to a guanine at nt 1571. Itwas previously observed only in the Japanese

population. Wataya et al. (1998) carried out in vitro studies using double and triple

mutants for various CPT2 mutations, including the F352C mutation, in transfected

COS cells. There was not a considerable change in CPT2 enzyme activity when the

F352c mutation was present, thus through expression studies and clinical

observations it was concluded to be a benign polymorphism that does not confer

CPT2 deficiency in those carrying the mutation (Wataya et a1.,1998).

1.6 Clinical features of probands or affected individuals in participating
kindreds

A 34 week old Inuit baby girl from Arviat, Nunavut was born to a mother with

Acute Fatty Liver of Pregnancy (AFLP) (Innes et o1,2000), a waming sign that the

child may be affected with a fatty acid oxidation disorder (FAOD). Thus, the neonate

was tested for various FAODs soon after birth. Whole blood palmitate oxidation

(WBPO) was low (12o/o of controls), CPTIA enryme activity in fibroblasts was

virtually absent (0.01 nmol/minlmg),andcPT2 activity was normal (18.7

nmol/min/mg). She had transient hypoglycemia soon after birth, however this is not

unusual for a premature baby of her size and gestational age. The CPT1A gene was

sequenced, the baby was determined to be homozygous for aP479L mutation, and the

child was diagnosed with CPTIA deficiency. The child's mother has had 3 more

children. second and third children have had one episode of hypoketotic

hypoglycemiaeach, are homozygous for P479L, and have near zero cpTlA enzyme



activity (0.01 nmollmrn/mg) Low CPT2 enzyme activity was observed in the second

child (5.25 nmol/min/mg), and along with the third child, he was determined to be a

homozygote for the F352C mutation in CPT2. A fourth child, healthy to date, is also

homozygous for both mutations.

A young Inuit girl from Tuktoyaktuk, Northwest Territories was referred to Dr.

Cheryl Greenberg by Drs. Alicia Chan and Fiona Bamforth, of the Department of

Medical Genetics at the University of Alberta. The child, now 9 years of age, first

came to the attention of physicians when she was hospitalized for hypoketotic

hypoglycaemia. The child was found to have ldiopathic Pulmonary Hemosiderosis

(now stable), bronchopulmonary dysplasia with mild to moderate pulmonary

hypertension, mild aortic valve stenosis (with bicuspid aortic valve), an atrial septal

defect (which closed spontaneously), and microcephaly. She also presented with

small stature and delayed bone age. She displayed mild developmental delay, being

approximately 6 months behind her peers. She showed no dysmorphic features, had

normal muscle power, and no hepatomegaly. Her family also had a history of

'malignant hyperthermia'. The CPTIA gene was sequenced and she was found to be

homozygous for the CPT1A P479L mutation. Interestingly, this child has an identical

twin with none of the medical problems mentioned above. This sibling also has not

displayed any symptoms of CPT1A deficiency, despite having the same P479L

mutation.

A third kindred came to the attention of Dr. Greenberg through a colleague, Dr.

Patrick Macleod from Victoria, British Columbia. A First Nations male in his mid-

thirties f,rrst presented with muscle cramping that resolved itself in one day. The



episode was precipitated by a day of logging combined with alcohol consumption.

Six years later, he experienced severe muscle cramping and vomiting requiring

hospitalization. Over the course of the next five years, this man was hospitalized 85

times for muscle cramping, including two episodes in which he lost consciousness

due to delayed treatment and dehydration. Each episode was treated with intravenous

fluids, narcotics, and antiemetics. These symptoms suggested CPT2 deficiency,

however CPT2 enzyme activity in cultured fibroblasts was normal. CPT1 enzqe

activity however was found to be 2l .6%o of that seen in normal controls. Sequencing

of the CPT1A gene determined homozygosity for the P479L mutation. Despite the

presence of the mutation, he has not suffered from hypoketotic hypoglycemia, the

major symptom of CPTIA deficiency (Brown et a1.,200I). No other family

members have displayed the symptoms described above. A female sibling has

consented to participate in this study as well.

1.7 The Aboriginal Environment - Nutrition, Activity, Lifestyle

The Aboriginals settled in Canada can be divided into 3 goups - First Nations,

Metis, and Inuit. First Nations and Metis communities can be found predominantly

throughout the warmer regions of Canada, while most Inuit communities are located

in the northern regions. The 3 kindreds participating in this study derive from the

traditional cultures of the First Nations and Inuit - those that live off the resources of

their natural surroundings. However the western lifestyle of modern conveniences,

fast food, and excessive consumption is being adopted at an increasing rate by these

cultures. The geographical and climatic isolation of the Artic slows the encroachment

9



of change in lnuit communities somewhat, but despite this their diet and habits are

being altered to that resembling the North American lifestyle. The traditional diet of

these cultures consists largely of moose, caribou, whitefish, char, trout, and seal

(Kuhnlein et aL.,2004). This is a diet high in fat, low in carbohydrate, and very low

in protein (approximately 20Yo of calorie intake). In fact, the fatty portions of the

animal and fish were preferentially consumed by members of traditional Aboriginal

communities and the lean meat was given to their dogs (Phinney,2004).

A study carried out by Kuhnlein et al. onthe nutritional habits of 58,500

Aboriginals (including7,000 Yukon First Nations, 18,000 Dené/lvletis ,24,000

Nunalut Inuit, 5,000 NWT lnuvualuit, and 4,000 Labrador Inuit) determined that

traditional foods were consumed most frequently by those 61 years and over in all

Aboriginal communities. The least amount of traditional foods was consumed by

those 20 to 40 years of age. Important to note is the absence of any data for those

under 20 years old. The study also found that traditional foods only account for 10 to

36 percent of energy as derived from the diet, with Inuit men and women aged 4l to

60 at the higher end of this range. Also important to note is that a decreased need to

obtain food by hunting results in decreased activity levels and a more sedentary

lifestyle. Thus a diet high in calories and salt and low in fat-burning, will result in

poorer health and obesity. As determined by the study undertaken by Kuhnlein et al.,

obesity (defined as a Body Mass Index (BMÐ >30; BMl:weight in kglheight in

metres2) was most prevalent in lnuit communities, ranging from 16 to 44 percent of

the population. lnuit women in particular displayed an obesity frequency higher than

the national average for females, which is 12 percent. ln the Inuit communities
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studied, 23 percentof 20 to 40year olds,38 percent of 41-60 yearolds, and44

percent of those 61 and older were determined to be obese. Sixteen percent of Inuit

men 20 to 40 years of age, 21 percent of Inuit men 41 to 60 years old, and 23 percent

of Inuit men over 61 were deemed obese. High frequencies of obesity were also

observed in Yukon First Nations females 4l and older, and in Yukon First Nations

males 60 and older.

1.8 Microsatellite Haplotyping Strategy

Haplotyping is a protocol often used in the search for unknown disease genes.

The basic principle of haplotyping is that aregion of DNA surrounding a disease-

causing mutation will show identical alleles in all affected individuals from an inbred

population. one of the most easily exploited DNA phenomena are polymorphic

microsatellites, tandemly repeating segments of di, tri, tetr4 and pentanucleotides that

differ from population to population by repeat number. These polymorphic

microsatellites can be genotyped in individuals of a kindred and arranged into phase

either manually, which requires at least 2 generations to monitor pattems of

inheritance for each allele from parent to child, or using software, which does not

require a parental generation. This can be done for polymorphic microsatellites

throughout the entire genome and is commonly referred to as a genome scan. The

locations of linkage disequilibrium, in which alleles segregate with each other due to

close physical proximily, are areas in which genes of interest may lie.

If the location of a gene is known, microsatellite haplotyping can be used to

investigate the genetic information surrounding said gene for modifiers of its
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expression, such as enhancers, silencers or other genes. Regions of DNA that are

homozygous in related individuals with the same disease mutation could be areas that

contain information that is important in the expression of the disease and further

explain its pathogenesis.

Another use of haplotyping is to determine a common ancestor between kindreds

or populations. ln a study of two or more populations, it is possible to compare the

DNA surrounding a disease gene between individuals of these groups to establish the

presence of a common ancestor. Again, a region of homozygosity shared by all

individuals of the population, or all individuals with the same disease mutation,

would suggest that this mutation has been inherited from one individual in the distant

or not so distant past. This can also illustrate a connection or relatedness between

groups that was not previously known or believed to exist.

Methods of visualizing microsatellite repeats are inexpensive and relatively rapid.

Polymerase chain reaction (PCR) amplification of these repeats, followed by

visualization on polyacrylamide gel can resolve differences in allele size by 1 or 2bp,

and the format of large polyacrylamide sequencing gels allows for the study of many

samples at one time (Bruford and'Wayne, 1993).

1.9 Evolutionary nelationships befween the First Nations and Xnuit Populations

North America's aboriginal population consists of 3 major linguistic groups - the

Amerind, Eskimo-Aleut, andNa-Dené. Those of Amerind descent, the Amerindian,

are situated throughout North, Central, and South America. The Eskimo-Aleut are

found in the northemmost region of North America (Alaska, Northwest Territories,
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Nunavut), while the Na-Dené are settled in the northwestem region of North America

(Alaska, Yukon, Northern British Columbia, Northwest Territories).

These f,rrst inhabitants of the New World are believed to have arrived from

Northeast Asia in three separate migrations (Greenberg et al.,1986). The first of

these migrations is believed to have occurred during the Last Glacial Maximum

(25,000-13,050 years ago), when Earth's temperatures reached its lowest levels of the

Upper Pleistocene era. The northernmost region of North America was covered in ice

sheets, making migration from Siberia to North America over the Bering Strait Bridge

(Beringia) only possible on the coastal region of the continent. Accurate dating of

migrations is still underway presently, however it is believed that the first migration

occurred approximately 20,000 to 15,000 years ago, resulting in the Amerindian

people (Schurr et aL.,2004). A second migration is thought to have brought the

ancestors of today's Na-Dené to North America when the glacial sheets began to

melt, forming an inner corridor for movement, approximately 12,500 years ago

(Greenberg et al., 1986). Schurr et aL. (2004) suggest that this corridor instead

allowed Amerindian populations to spread across North America, and both the Na-

Dené and Eskimo-Aleut arose from the third migration from Siberi4 approximately

9,000 years ago.

These migrational time frames were determined using mitochondrial DNA and Y

chromosome analysis, as well as anthropological and archaeological findings.

Mitochondrial DNA is contained within the mitochondrion, a cellular organelle which

produces power for cell function. This circular, double-stranded DNA is inherited

maternally and does not undergo recombination. It encodes the genes for 2 rRNAs,
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22 tRNAs, and 13 proteins (Anderson et aL.,1981). However, mtDNA also contains a

triple-stranded non-coding region. This region is called the displacement (D) loop or

Control Region (CR) (Kasamatsu et aL.,I971). V/ithin this non-coding region are

two 'hypervariable regions' (HVRI, HVR2), which have an estimated mutation rate

of up to 1 mutation per bp per 106 years (Howell et a\.,2003).

Despite high levels of variability, nucleotide substitutions in mtDNA are

conserved within matemal lineages. In the coding region of mtDNA, nucleotide

substitutions conserved within lineages can be used to differentiate global populations

by "haplogroup". Such nucleotide substitutions can result in restriction endonuclease

(REN) cut sites being created or abolished. Populations can be segregated according

to their REN profile, determining ancestral origin (Brown et a1.,1980; Johnson et al.,

1e83).

The aboriginals of North America are of the A, B, C, D, and X haplogroups.

Most Amerindians in this region encompass all of these haplogroups, including X

which signifies admixture with Caucasian populations. The Na-Dené in North

America are mainly haplogroup A, with the rare instance of haplogroup D (Torroru et

aL.,1993). Eskimo-Aleut are mainly haplogroup A and D (Merriwether et aL.,1995;

Starikovskaya et aL.,1998; Rubicz et aL.,2003).

The three kindreds involved in this study descend from the aboriginals of the third

migration, as described by Schun et al. The family from British Columbia is of Na-

Dené linguistic descent, while the 2 Inuit families are of the Eskimo-Aleut linguistic

group.
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Section 2: Sbjectives and R.aúionale

The objectives of this Master's thesis are to determine if:

1) The presence of both theP479L mutation in CPTIA and the F352C mutation in

CPT2 results in s¡irnptomatic CPTIA deficiency in these three Aboriginal families.

2) The two Inuit kindreds share a coÍrmon haplotype with the First Nations kindred in

the region of CPTIA, thus sharing a common ancestor.

The rationale behind investigating the first question is the presence of both

mutations in the symptomatic children of the Arviat kindred. The rarity of CPTI

deficiency, coupled with a previously published polymorphism in the Cpr2 gene,

suggests a possible modifring property for CPT2 in the expression of CPTIA P479L,

brought about by the F352C mutation.

The second question was raised upon learning the cultural origins of the families

found with the P479L mutation in CPTIA. It is generally believed that all Aboriginal

peoples of North America migrated to the New World from Asia, specif,rcally Siberia.

Thus the presence of a common haplotype would mean that the P479L mutation

originated in Asia before migration and divergence of the cultures. If no common

haplotype can be observed between the three kindreds, one would have to assume that

theP479L mutation arose independently in the Inuit and First Nations cultures or that

the mutation is so ancient that many recombination events have occurred since the

mutation first arose, and thus a coÍìmon haplotype is too small to be observed using

traditional techniques.
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Section 3: Materials

Blood samples were obtained from the23 participating members of the Arviat

kindred by Dr. Cheryl R. Greenberg during a visit to Arviat, Nunavut. Samples were

obtained for DNA extraction in Dr. Cheryl R. Greenberg's laboratory, and for

biochemical analysis in the laboratory of Dr. Lorne Seargeant.

DNA from the proband of the Northwest Territories kindred and identical sibling was

obtained from Drs. Alicia Chan and Fiona Bamforth, and blood samples from their

parents and siblings were sent to Dr. CherylR. Greenberg's laboratory for DNA

extraction later in the study.

Blood samples were obtained from the 2 members of the First Nations kindred by Dr.

Patrick Macleod and sent to Dr. Cheryl R. Greenberg's laboratory for DNA

extraction.

All blood and DNA samples were obtained from participants with fi.rll written consent

(Appendix E) for the purposes of this study.

Patient files of all participating individuals from the Arviat kindred were reviewed by

Dr. Cheryl R. Greenberg, and all pertinent medical information was recorded.

All reagents are molecular biology grade and were obtained from companies as cited

in the Methods section. All water used was reagent grade. Solution recipes may be
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found in Appendix A. Primer sequences for CPTIA and CPT2 genotyping,

haplotyping, and mitochondrial haplogrouping are listed in Appendices B, C, and D

respectively.
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Section 4: Methods

4.1 IINA Extraction from \ffhole Blood

Blood samples were transferred from glass collection tubes into 50 millilitre (mL)

conical tubes. Red cell lysis buffer (0.i55 M NH+CI, 0.17 MTris pH 7.65) was added

to each tube in an amount 5 times the volume of blood. Tubes were gently inverted,

incubated at37"c for 5 minutes (mins), and then centrifuged at2000 rpm in a

Beckman J2HS centrifuge with aJAIT rotor for 10 mins. Most of the supernatant

was aspirated using a plastic pipette. Any supernatant remaining was used to

resuspend the cell pellet. Twenty millilitres of saline (0.S5% NaCl) was added to the

tube to aid in resuspension which consisted of gently flicking the bottom of the tube.

The resuspended pellet was centrifuge at 2000 rpm for 10 mins and the supernatant

poured off. Two millilitres of High TE (1 M Tris pH 8.0, 500 mM EDTA pH 8.0)

was added to the pellet at the bottom of each tube, and the pellet resuspended. Two

millilitres of white blood cell lysis buffer (1 M Tris pH 8.0, 500 mM EDTA pH 8.0,

10% SDS, 5 M NaCl) was added immediately with a syringe. Three sterile 15 mL

corning tubes were labelled with sample number, step number (1,2 or 3), and the

date. A volume of buffer-saturated phenol (Invitrogen) equal to the volume in each

50 mL conical tube was added, followed by gentle inversion of the tubes for 10 mins.

Tubes were centrifuged for 5 mins at2000 rpm, followed by transfer of the aqueous

phase and whitish-grey interphase to a 15 mL Corning tube labelled accordingly for

step 1. A volume of buffer-saturated phenol equal to the volume in the tube for step I

was added to each tube, followed by gentle inversion for 10 mins. Again, tubes were
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centrifuged for 5 mins at2000 rpm, and the aqueous phase was transferred to a tube

labelled accordingly for step 2. A volume of chloroform:isoamyl (24:1) equal to the

volume transferred to the new tube was added to each tube. Tubes were gently

inverted for 5 mins and then centrifuged at2000 rpm for 5 mins. The resulting

aqueous layer was aspirated into a tube labelled accordingly for step 3. A volume of

4 M ammonium acetate one-tenth of that present in the tube for step 3 was added to

each tube to salt out the DNA. A volume of absolute isopropanol (100% isopropanol)

equal to that in each tube was added, followed by gentle inversion until DNA

precipitated. A small amount of 70Yo isopropanol was added to each tube, followed

by gentle inversion, and then decanted. A small amount of absolute isopropanol was

then added to condense the precipitated DNA, and decanted, making sure that the

DNA was not removed as well. The precipitated DNA was removed from the tube

with the tip of a plastic pipette and transferred to a 1.5 mL eppendorf tube to dry.

Once dry, approximately 200 prl, of Low TE (1 M Tris pH 8.0, 500 mM EDTA pH

8.0) was added to each eppendorf tube, which was then stored af 4"C.

4.2 Genotyping the P479L mutafion in CFTIA

Samples available for genotyping, including all participating kindred members

and a negative control, were genotyped using Polymerase Chain Reaction (PCR) of

the CPT1A gene, followed by restriction en4me digestion in which a PvuI (5'

CGAT^CG 3') cut site is abolished in those with the P479L mutation, and

visualization of PCR fragments on8%o polyacrylamide gel (2.7 mL 30o/o 29:I

acrylamide, 7.3 mL 10X mTBE, 120 ¡tL 25yo APS, 1 I to 13 pL TEMED). Each PCR
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reaction contained 76 ¡tL of H20, 10 pL of 10X PCR buffer (1 M Tris-HCl, 1 M KCl,

1 M MgCl2,2Yo gelatin, HzO), 8 or 10 ¡tL of 2.5 mM 10X dNTPs (S pL was used

originally, then the amount was increased to 10 pL to make the amounts of dNTPs

and the 10X buffer the same), 2 ¡rL of the 25 pM forward primer (which also

contained a24mer at the 5' end), 2 p"L of the25 ¡t}{ reverse primer, 0.5 pL of High

Fidelity Platinum Zag DNA polymerase (Invitrogen), and 1 pL of template DNA

(-100ng/ml). The 24mer attached to the 5' end of the primer was for use in another

P479L genotyping strategy and serves no purpose in this protocol. DNA was

amplified in a Perkin Elmer Cetus thermocycler using the following PCR

amplification cycle: Three mins of initial heating at95"C, 35 cycles of 1 min at

94"C, primer annealing for 1 min at 55'C, elongation for 2 mins at72"C, and a final

elongation for 10 mins at 72"C. Amplification of the proper segment of DNA was

confirmed by running PCR fragments on 8%o polyacrylamide gel (2.7 mL 30Yo

acrylamide, 7.3 mL 10X modified TBE (mTBE), 120 ¡L 25yo APS, I 1 to 13 pL

TEMED) using a Mini-Protean II (Biorad). Four microlitres of loading dye was

added to 10 pL of each PCR sample. Each sample was loaded into a well of a 12-

well gel. Each polyacrylamide gel was run at maximum voltage (approximately 270

volts (V)) until the dye front reached the bottom of the gel. Gels were stained with 5

¡rL of ethidium bromide (EtBr) (10 pg/ml) in lX TBE and photographed manually

using an Alpha Imager 2200 (Alpha Innotech Corporation). If the PCR fragment was

ampiified as expected, restriction digest of PCR fragments was carried oúwith PvuI.

Originally, a master mix of 0.5 ¡tL of PvuI,5 pL of NEBuffer 3 to ensure optimal

digest conditions, and 19.5 ¡:.LH20, was added to 20 ¡L of each remaining PCR
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sample, and then incubated at37'C ovemight. The next day, each digest was boosted

with 0.5 ¡tL of PvuI. This protocol stopped working reliably and changes were made

to make the reaction less dilute. In the new protocol, 15 pL of PCR product was

combined with 0.5 ¡tLof PvuI and incubatedat3T"C overnight. Digest fragments

were visualized on anSVo polyacrylamide gel as described above. Individuals were

typed either: no mutation present, heterozygous P479L, or homozygous P479L 'No

mutation' was observed as a band at 240bp and a band at 109 bp, this is because the

PvuI site was recognised and cleavage occurred. If the individual was heterozygous

for the mutation, three bands would be seen (240bp,109 bp, and349 bp). If an

individual was homozygous for P479L, only one band, the uncut 349 bp PCR

fragment, would be observed. The DNA sequence amplified, primer annealing

regions, and PvuI recognition site, are displayed in Figure 3.

1 gtgattcagtgtcctgtttgtactltcaccctcactccac agagacglag
5 1 tgtctgctca ctqttagag g gacagglgca aaglga.atta gtccatccag
I 0 I gatgaa gc ag agagglgc aa t gtctcctc a ttttt gc c tc fttaaacact
1 5 1 taagttc cac acatgfgJ,gl ttcacgtag g tggfrtgaca aglcgltcac
201 gfttgfrgtc ttcaaaaacg ggaagatggg cctcaacgct gaacacfcct
2 5 T gggc agat gc gc c gatc gt g gc ccac cttt g g ga g gtgag ftttcacact
3 0 1 tttcactt ga atglggaa;gl tgcfttt gaa aatccaaacc tggccaggcg
3 5 I caglggcgca cacctgûaat cccagcactt

Figure 3: DNA sequence in region of interest in CPT1A gene. Forward and reverse
primers are underlined. PvuI recognition sequence (cut site) appears in blue. The
location of the P479L mutation inCPTIA appears bolded (c---+t)

4.3 Genotyping the F352C mutation in CFTZ

The DNA of participating kindred members was genotyped for theF352C

mutation in CPT2 in a similar manner as the genotyping of the P479L mutation in
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CPTIA. However, in this case mismatches introduced by both the forward and

reverse primers create one Tsp4SI (5' ^GTSAC 3', S : G or C) cleavage site in the

PCR fragment if the mutation is not present and2 cleavage sites if the mutation is

present (Figure 4). Thus, if the individual does not carry the mutation, a band of 191

bp,17 bp smaller than the 208 bp PCR product will be observed. If the individual is

heterozygous for the mutation, the 191 bp fragment will be observed, as well as a

band at 168 bp representing the mutant allele. If the individual is homozygous for the

F352C mutation, a single band of 168 bp will be observed.

I aglacaftctctcagacagc agccccgcccccgagtttcccctggcatag
5 1 ctgaccaeltg agaaccgaga catctgggca gagctcaggc agaagctgat

mismatch: gtga c
1 0 1 gagtagt ggc aatgaggaga gcctgaggaa aglggactc g gcagtgttct
1 5 1 gtctctg cct agatgacttc cccaftaagg accttglcca cttgtcccac
20 I aatatgctgc atggggatgg c ac aaacc gc tg gttt g ata aztcctttaa

mutation: tgglilgata
mismatch: tggtgtg4çA

251 cclcaftatc

Figure 4: DNA sequence in region of interest in CPT2 gene. Forward and reverse
primers are underlined. The cut site containing the mismatch in the forward primer
appears in red, while the cut site containing the mismatch in the reverse primer
appears in blue. The nucleotide that is substituted in those with the F352C mutation
in CPT2 is bolded (t-g).

Amplification of DNA for genotyping the F352C mutation was almost identical to

that for genotyping theP479L mutation. Changes to the protocol were as follows:

the first step of the 35 amplification cycles occurred at95"C for I min, and primer

annealing occurred at 50"C for 1 min. Quality of PCR fragments were observed on

9Yo polyacrylamide gel as described previously. Restriction digest of the PCR

products was carried out as follows: 15 pL of PCR product, 0.5 pL of Tsp45I, and 1.5
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pL ofNEBuffer 1 (to ensure optimal digest conditions for l00o/o cleavage) incubated

at 65'C for 2-3 hours or overnight. The restriction digest pattem for each sample was

visualized on an 8o/o polyacrylamide gel as described in section 4.2.

4.4 Quantitation of genomic ÐN,4,

DNA was quantitated first using a spectrophotometer (Ultrospec 3100pro,

Amersham Biosciences). Five microlitres of genomic DNA was added to 45 pL of

Low TE in a 200 ¡rL eppendorf tube. This was transferred to a quartz cuvette, which

was placed in the spectrophotometer. A dilution factor of 10 was inputted into the

machine and the concentration in nanograms per millilitre (ng/ml) was calculated

using wavelengths 260 and 280 nm. At 260nm UV light is mainly absorbed by DNA,

and at 280nm UV light is mainly absorbed by protein. In a DNA sampie with protein

present, the ratio of the two absorbance values is a measure of the purity of the

sample. If the ratio nears 1.8 it is considered to be pure DNA and an absorbance of

1.0 at260 nm represents 50 WdmL DNA concentration. A portion of each DNA

sample was diluted with Low TE to a concentration approximating 100 nglml (as per

spectrophotometer results) and then visualized on 1%o agarose gel (0.5 g agarose, 50

mL mTBE). Two microlitres of each DNA sample was combined with 7 ¡rL of Low

TE, and 1 pL of bromophenol blue, and loaded into each well of the gel. A control

representing 100 nglmL and a 100 bp ladder was run in each row of the gel. The gel

was run for 30 mins at 100 V and visualized as described for the 8Yo polyacrylamide

gels. Desired DNA concentration was 100 ng/ml, and each DNA sample was diluted

with Low TE or concentrated using the original DNA sample as necessary.

23



4.5 Haplotyping polymorphic microsatellite markers surroun ding CFT 1A

Four microlitres of each 20 pM forward primer was labelled with 2.2 ¡:,L of y-32P

ATP (10 pci/¡tL,ICN Biomedical) by the action of 2.2 pL of T4 kinase (10 u/ul,

Invitrogen). Also included in the labelling process was24 pL H2O and 8 pL 5X

forwa¡d buffer (Invitrogen) which contains 2-mercaptoethanol, a reducing agent

which ensures proper labelling of the primer with "¡-32P ATP. The total volume of the

primer labelling mixture was 40.4 ¡rL. The reaction was incubated at 37"C for 30

mins, placed at65"C for 5 mins, and then immediately cooled on ice until ready for

use. During the incubation period, the PCR reaction was prepared. The master mix

was composed of: 233 ¡ú of H2O, 35 ¡rL of 10X PCR buffer, 35 ¡rL of 2.5 mM 10X

dNTP, 4 pL of reverse primer (20 ¡tM),3 pL native Taq Polymerase ( 5IJ/¡uL,

Invitrogen). When the labelling process was completed, 40 pL of radiolabelled

forward primer was added to the master mix, bringing the total volume to 350 ¡rL.

Thin-walled PCR tubes (0.2 mL) were labelled with the date and sample number

corresponding to each participating kindred members and four CEPH controls (1331-

01, 133I-02,1347-01, T347-02). Twelve microlitres of the PCR master mix was

added to each 0.2 mL thin-walled PCR tube, along with 3 prl, of 100 nglml DNA.

One drop of mineral oil was added to each tube, which were then placed in a

thermocycler (PTC-100, MJ Research or a Touchgene, Techne) for amplification.

PCR amplification occurred to the following specifications: initial denaturation at

95"C for 3 mins, 35 cycles of 95"C for 1 min, Tn' (as determined for each marker,

Appendix B) for 1 min, 72"C for 2 mins, and then a final extension at72"C for 10

mins. Once the amplification process was completedT.5 ¡rL of stop solution
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(formamide, 0.5 M EDTA, bromophenol blue) was added to each tube. They were

then placed in a boiling waterbath for 5 mins and immediately cooled on ice.

Samples were kept at4"C until ready to use. A6% polyacrylamide sequencing gel

was prepared earlier by the following protocol: 21 g of urea was measured into a 125

mL side arm flask, along with 10 mL of 19:1 sequencing acrylamide (30%) and 5 mL

10X mTBE. Approximately 45 mL of HzO was added and the mixture was placed in

a 65" C waterbath or incubator until all the urea dissolved. Once the urea went into

solution the volume was brought up to 50 mL with HzO. The solution was then

deaerated using a vacuum. Once the solution began to bubble, 333 ¡tL of 10% APS

artd22 pL of TEMED was added. Moving quickly due to the fast polymerization of

the acrylamide, the solution was poured between 2 glass plates that had been

previously f,rt with 0.4 mm spacers, and a 52 gel casting boot (Bethesda Research

Laboratories, BRL). Two 24-well 0.4 mm shark tooth combs (BRL) were inserted

teeth out and the well end of the glass plates were secured with clamps. The gel was

left to polymerize for at least t hour (ln). Once gel polymeizationwas complete, the

clamps and boot were removed, the edges covered in cellophane to keep the gel from

drying out before use, and then stored at4"C until it was ready to use. Once the

samples were ready to run, the 60/o polyacrylamide gel was removed from

refrigeration. The outside of the glass plates were cleaned of precipitated urea and the

combs removed. The large well space was cleared of precipitated urea with lX

mTBE buffer. The gel was placed in a model 52 sequencing apparatus (BRL), lX

mTBE buffer was poured into the top and bottom reservoirs, and the gel was

prewarmed for at least 1 fu at 69 watts (W). 'When the gel was wafin, the wells were
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rinsed out once again, and the 2 combs previously inserted were reinserted, this time

teeth down, to form individual wells for loading. Samples were removed from

refrigeration and placed in a boiling waterbath for 5 mins, and then cooled rapidly on

ice. Three to 4 microlitres of each sample was loaded into each well. The gel was

run at 69 W for 65 to 210 mins, as determined by the size of each marker (Appendix

B). Once the run was completed, the gel was transferred to 0.34 mm chromatography

paper (Whatman), covered with a sheet of cellophane, and placed on a gel dryer

(SGD5040, Savant) for t hr and20 mins at 80"C under vacuum power (GPl10 gel

pump, Savant). Once dry, the gel was exposed to Kodak MR-l autoradiography film

for I to 72 hours at room temperature and developed manually. Marker alleles

observed for each individual were genotyped visually and sized by comparison to the

CEPH controls. Genotype results were confirmed by a second individual to eliminate

incorrect allele sizing, and results were recorded.

4.6 Mitochondrial DNA Analysis

Two kindred samples, MI:C001 from the Awiat Inuit kindred and LA:D001 from

the First Nations kindred, as well as CEPH control 1347-1, were used to investigate

the possibility of a shared maternal lineage between the Inuit and First Nations

kindreds. Five restriction enzymes cut sites in mtDNA, HaeIII (663), HincII (13259),

AluI (5176), DdeI (10294), arñ HaeIII (16517),were exploited for haplogrouping

these individuals. Primers flanking restriction sites for each restriction enzyme

(Appendix C) were used for each PCR reaction. Each25 pL PCR reaction contained

17 ¡L of H20, 2.5 ¡tL of iOX PCR buffer,2.5 ¡tL of 2.5 mM 10X dNTPs, 0.5 pL each
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of the forward and reverse primer (20 ¡rM), 1 ¡rL of template DNA, and 1 ¡rL of pfu.

PCR amplification occurred as follows: initial heating at 95'C for 3 mins, 30 cycles of

95"c for 30 secs, 55'c (T,n) for 45 secs,72'c for 45 secs, and 5 mins of final

elongation at72"C. Samples were held in the PCR machine at4"C if necessary. The

resulting PCR products were resolved on I5o/o polyacrylamide gel (4 mL H2o, 5 mL

30%;o acrylarnide, 1 mL 10X mTBE,250 ¡tL 10% APS, 12 ¡L TEMED) using a Mini-

Protean 3 (Biorad). Three microlitres of loading dye was added to each sample and

25 pl from each tube was loaded into one well each. The gel was flln for 45 mins at

70 amperes (A) and then stained for i5 mins in distilled water with 3 ¡rL EtBr.

Destaining occurred for 5 mins and each gel was photographed using an Alpha

Imager 2200 (Alpha Innotech Co¡poration). Restriction enz¡'rne digests were carried

out as follows for HaeIII (663), AluI, DdeI, and HaeIII (16517):11.5 ¡tLH2o,2.5 ¡tL

l0X digest buffer (as packaged with enzyme), 10 pL PCR product,l ¡tL of enzyme

(10,000 U/mL). HincII rcquired the addition of 10X bovine serum albumin (BSA),

and thus the restriction digest for this enzyme was as follows: 9 ¡tLH2o,2.5 pL 10X

digest buffer 3,2.5 pL 10X BSA, 10 ¡rL DNA, | ¡tL HíncII (10,000 U/mL). Each

reaction was incubated in a 1000 pL eppendorf tube at37"C for 4 to 6 hrs or

overnight. Three microlitres of bromophenol blue loading dye was added to each

sample and 10 pL (Figure shown in results only, otherwise 25 pL) of this was loaded

into one well each of a l5%o polyacrylamide gel þrepared as previously described).

The gel was run for 45 mins at 70 A, and photographed as described above.
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Section 5: Resulús

5.1 Fedigrees for Three Aboriginal Kindreds

Consultation with the Inuit family from Arviat, Nunavut resulted in the 4

generation pedigree in Figure 5. A similar consultation with the lnuit family from

Tuktoyaktuk, Northwest Territories resulted in the 2 generation pedigree in Figure 6.

lA:Bml lA:8002

TA.C002 TACooI

ÐM

TA:m

IA:À,[æ MtD@

DM

Tfttþ02

DM

lA Y001

M

M:0m2

DM

MJ.DOOl

Figure 5: Four generation pedigree of the Inuit Arviat kindred. Squares indicate male
family members, while circles indicate female family members. Diamonds indicate
unknown gender. SB indicates a stillbirth, while a diagonal slash through a circle,
square, or diamond indicates a deceased kindred member. Individuals participating in
this project by volunteering a blood sample for DNA studies are labelled. The
proband is indicated with an aro\ry.

M

ulD008

OM 
¿DM ffi

0COg M:0010

DM

1,9:D0C3

MIDM INÀIONÀ

TAEOZ1 TtrE{M TAE@g
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LO:X001

LO:E001 LO:E002 LO:EOÛ3 LO:E004 LO:E008 LO:E0t6 Lü:E007

Figure 6: Two generation pedigree of the Inuit Northwest Territories kindred.
Squares indicate male family members, while circles indicate female family
members. All individuals in this kindred are participating in this study and have
volunteered blood samples for DNA studies. The proband is indicated with arì ¿uîow.

LO:D0t1

5.2 Genotyping Results for Three Aboriginal Kindreds

Upon discovery of the P479L mutation in 3 apparently unrelated Aboriginal

families, this study to determine the pathogenicity of the P479L mutation in these

kindreds and the possibility of a shared common ancestor was undertaken. Twenty-

three members of the Arviat family agreed to participate in the study, as did all 9

immediate family members of the Northwest Territories kindred. The sister of the

First Nations man from the northernmost tip of Vancouver Island, B.C. also agreed to

participate. A total of 34 individuals were genotyped for theP479L mutation in

CPTIA (Figure 7) arñ the F352C mutarion in CPT2 (Figure 8).

Including the proband of the Arviat kindred and her 3 siblings, l8 of the 23

kindred members participating \À/ere genotyped as homozygous for P479L. Four of

these, including the 2 symptomatic children, were also genotyped as homozygous for

F352C. Of the remaining 14homozygous for theP479L mutation inCPTIA,g are
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heterozygous for the F352C mutation in CPT2, while 5 do not carry the mutation at

all. The 5 kindred members not homozygous for P479L in CPTLA carry one copy of

the mutation. The CPT2 status of these individuals varies. Of kindred members

heterozygous for P479L,1 is homozygous for F352C,2 are heterozygous for F352C,

and 1 does not carry the F352C mutation in CPT2. These results are shown in Table

1 and in pedigree format in Figure 9.

Genotyping results of the Northwest Territories kindred are shown in Table 1. All

9 immediate family members are homozygous for theP479L mutation in CPTIA and

are homozygous notmal for the F352C mutation in CPT2 (Figure 10).

The First Nations man was genotyped as homozygous for P479L in CPTIA and

heterozygous for F352C in CPT2, while his sister is homozygous for both the P479L

mutation and the F352C mutation.

CPT1A genotyping results were confirmed using an allele specific method similar

to that used by Greenberg et al. (2002).
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349bp :
1

Figure 7: Representative gel of CPTLA genotyping . A PvuI rcstriction cut site is
present in those that do not carry theP479L mutation, and is abolished in those with
the mutation. Thus after amplification, a349bp fragment is digested wtth PvuI and
the electrophoretic pattern observed can be interpreted for mutation status. In those
that do not have theP479L mutation, PvuI will cleave the PCR fragment in two and
two bands will be observed, one at 109bp and the other at 240bp (lane 6). A
heterozygous individual (lanes I and2) will show three bands (109bp, 240bp, and,
3a9bp) because one PCR fragment was cleaved and the other was not. A p47gL
homozgygote will show an uncut band (lanes 3 and 4) due the absence of the PvuI cut
site. Lane 7 is the uncut PCR fragment.
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å

208bn
19lbi)
16sbþ

Figure 8: Representative gel of CPT2 genotyping. A 208bp fragment is amplified
with a mismatched forward primer, which creates a Tsp45I cleavage site. A
mismatch is also included in the reverse primer, resulting in a cut site in those that
carry the F352C mutation. In those without the mutation (lanes 1 and 3), Tsp45I cuts
the original PCR fragment (208bp) to form a 191bp fragment and a 17bp fragment
that elutes offthe end of the gel. If an individual is heterozygous for F352C (lane 4),
the enzyme cuts to form a 191bp fragment representing the normal allele and a 168bp
fragment representing the mutant allele. In those homozygous for the mutation (lanes
2 and 5), a 168bp fragment is formed by the cleavage at the Tsp45I sites present in the
forward and reverse primers. Lane 6 is an uncut PCR fragment of CPTIA (208bp).
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Table 1: Status of each kindred member with regard to CPT1A P4TgLmutation and
CPT2F352C mutation, arranged by kindred.

Kindred

Arviat

Arvial

Arviat

Arviat

Kindred Member

A¡viat

Arviat

TA:C001

Arviat

TA:Y001

Arviat

TA:X002

Arviat

TA:D002

A¡viat

TA:D003

Arviat

TA:D004

Sex

Arviaf

Female

TA:D005

Arviat

TA:D006

Male

Arviat

TA:D007

Male

A¡viat

Female

MI:C001

CPT1A Status

Arviat

MI:YOAl

Female

Arviat

Homozygous

Female

MI:Y0Bl

Arviat

Homozygous

MI:D002

Male

Arviat

Homozygous

Female

MI:D003

Arviat

Homozygous

Female

MI:D004

A¡viat

Homorygous

MI:D005

Male

Arviat

Homozygous

Female

MI:D008

CPT2 Status

Arviat

Homorygous

Female

MI:D009

No Mutation

NWT

Homozygous

Female

MI:D010

Heterozygous

NWT

Homozygous

TA:8026

Male

No Mutation

NWT

Heterozygous

TA:8027

Male

No Mutation

NWT

Homozygous

TA:E028

Male

Heterozygous

NWT

Homozygous

Female

TA:8029

No Mutation

NWT

Homozygous

Female

LO:D001

Heterozygous

NWT

Homozygous

LO:X001

Male

Heterozygous

NWT

Heterozygous

Female

LO:E001

Heterozygous

NWT

Heterozygous

LO:E002

Male

Heterozygous

Homozygous

BC

LO:8003

Male

No Mutation

Heterozygous

BC

Female

LO:E004

Heterozygous

Heterozygous

LO:E005

Male

Heterozygous

Homozygous

Female

LO:E006

Heterorygous

Homozygous

LO:E007

Male

No Mutation

Homozygous

Female

LA:D001

Homozygous

Homorygous

Female

LA:D002

Homozygous

Homozygous

Female

Heterozygous

Homozygous

Female

No Mutation

Homorygous

Female

Heterorygous

Homozygous

Female

Homorygous

Homozygous

Male

Homozygous

Homozygous

Female

Homozygous

Homozygous

No Mutation

Homozygous

No Mutation

Homorygous

No Mutation

Homozygous

No Mutation

Homozygous

No Mutation

No Mutation

No Mutation

No Mutation

No Mutation

Heterozygous

Homozygous

aa
JJ



TA:8001 TA:8002

TA:C002 TAC001

TA:M002 Ml:l'4002

DNA

01TA:Y00

Figure 9: Genotyping results for Inuit kindred from Arviat, Nunavut. All individuals labelled "DNA" participated in this study. The
proband is indicated with an affow. Individuals considered symptomatic and diagnosed with CPT1A deficiency are TA:8027 and
TA:E028.
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LO:X001

LO :E0 01 LO :80 02 LO:E 003 LO :E0 04 LO:E005 L0:E0 0Ë LO :E0 û7

Figure 10: Genotyping results for lnuit kindred from Tuktoyakfuk, Northwest
Territories. Proband with symptomatic hypoglycemia is indicated with an ¿uïow.

LO:D001
CPTlA Homozygousf
CPï2 No Mutation
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5.3 Microsatellite Haplotyping for Three Aboriginal Kindred Members

The 10 microsatellite markers described in Appendix B were genotyped inthe23

participating members of the Arviat kindred, 9 NV/T kindred members, 2 BC kindred

members, and 4 CEPH controls (Figure 1 1) and then manually arranged into

haplotypes (Figures 12to I4).

Figure 11: Representative genotyping result for generation of haplotypes in the 3

Aboriginal kindreds. The above is derived from a gel for marker Dl151368. The
first 17 samples are study members, while the last four are CEPH controls with
known fragment sizes for accurately sizing the kindred member results.

No single haplotype arrangement for the 17.4 megabase (MB) region surrounding

CPTIAis common between all 3 kindreds. The only region of similarity between

kindreds is that including the CPTIA gene and dinucleotide marker DI154178 inthe

two Inuit kindreds. The First Nations kindred does not share a coÍìmon region with

the 2 lnuit kindreds, as determined by the 10 markers studied. In particular, the

Arviat and Northwest Territories kindreds are both homozygous for the DI154178

252bp allele, while both in the First Nations kindred areheterozygous for the

DL154178 250bp and256bp alleles.

The proband of the Arviat kindred, TA.F;026, and her symptomatic sibling

TA:E028, have inherited the same paternal and maternal alleles in the region studied.
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TA:8026 and her other symptomatic brother, TA.E027,have inherited the same

paternal alleles in the 17.4M8 region. The youngest sibling of the fow, TA:E029,

shares the same maternal alleles as her symptomatic elder brother, TA:E028. Also of

interest, the 2 symptomatic brothers have inherited the same maternal chromosome,

but have different paternal chromosomes. With respect to the elder generation of

these siblings, the chromosomes inherited by the symptomatic children are also

distributed among their asymptomatic aunts and uncles. Two possible recombination

events are observed in kindred member MI:D008, one in each chromosome. As well,

a possible recombination event is observed in the patemal chromosome inherited by

TA:8029.

The chromosomal arrangements observed in the Northwest Territories kindred

follow the trends seen in the Arviat kindred. The proband, the youngest of the

siblings and a monozygotic twin, has inherited the same matemal and paternal

chromosomes as her asymptomatic eldest sibling. Since the 2 youngest children of

this kindred are identical twins, it would also follow that the asymptomatic twin also

shares these alleles. A recombination has occurred in the maternal chromosome

between the CPT1A gene and microsatellite marker DI ISI975. This recombination

is seen in LO:D002, LO:D003, and LO:D005.

Since no parental generation can be studied in the First Nations kindred from

British Columbia, the alleles observed for each microsatellite marker cannot be

manually arranged into phase. Thus, no determination of recombination events can

be made. However, as mentioned above, the 2 siblings have unique alleles for marker

DI154178 when compared with the Arviat and Northwest Territories kindreds.
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Figure 12: Haplotyping of microsatellite markers for members of the Arviat kindred. Different colours represent different chromosomes, as
determined by inheritance of marker alleles from parental generation to subsequent generations. Paternalþ inherited chromosomes are shown
on the left, maternal on the right. CPT1A genotype statuses are shown for each kindred member as well. îhe proband is indicated by an
¿rlrow, and symptomatic individuals by an asterisk. The 380 kilobase region of homozygosity upstream of the bpf tn gene is shadeá in üght
blue.
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Figure 13: Haplotyping of microsatellite markers for members of the Northwest Territories kindred. Different colours
represent different chromosomes, as determined by inheritance of marker alleles from parental generation to subsequent
generations. CPT1A genotype statuses are shown for each kindred member as well. The 380 kilobase region of homozygosity
upstream of the CPT1A gene is shaded in light blue.
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Figure 14: Haplotyping of microsatellite markers for members of the First Nations
kindred. Phase cannot be determined due to the absence of information for the
parental generation. CPTIA genotype statuses are shown for each kindred member as
well. The proband is indicated by an arrow.
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5.4 Mitochondrial DNA Analysis

As carried out by a summer student, Ame Sutherland, the electrophoretic pattems

of the amplified DNA samples for MI:c001, LA:D001 and control sample cEpH

1347-01, separately digested with five restriction enzymes (HaeIII (663), HincII,

AluI, DdeI, and HaeIII (I65 I7)), are shown in Figures l5 to 19. Complete digestion

was seen in all samples with all enz¡rmes except there was no digestion with HaeIII

(663) inthe CEPH control (Figure 15)

2

435bp

4

279bp

157bp

6

M

Figure 15: HaeIII (663) restriction digest for determination of mitochondrial DNA
haplogroup. Lanes 1, 3, and 5 contain samples MI:c001, LA;D001, and cEpH 1347-
01, respectively. Lanes 2,4, and 6 contain MI:C001, LA:D001, and CEpH L347-0I
digested with HaeIII. Lane 7 contains pcDNA, and lane 8 contains pcDNA digested
with HaeIII. Before digestion with HaeIII, each PCR fragment is 435bp. After
digestion, the PCR fragments for MI:C001 and LA:D001 are cleaved into 157bp and
278bp fragments. The control (1347-01) does not contain the HaeIII cleavage site
and thus is not cut by the enzyme.
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2 3 4 5

338bp
282bp

6 v I

56bp

Figure 16: AluI restnction digest for determination of mitochondrial DNA
haplogroup. Lanes 1, 3, and 5 contain samples MI:C001, LA;D001, and CEPH 1347-
01, respectively. Lanes 2,4, and 6 contain MI:C001, LA:D001, and CEPH 1347-01
digested with AluI. Lane 7 contains pcDNA, and lane 8 pcDNA digested with AluI.
Before digestion wthAluI, each PCR fragment is 338bp. After digestion, the PCR
fragments for MI:COOI, LA:D001, and the CEPH control are cleaved into 56bp and
282bp fragments.
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a?åbp
339bp

Eabp

Figure 17: HincII restriction digest for determination of mitochondrial DNA
haplogroup. Lanes 1,3, and 5 contain samples MI:C001, LA;D001, and CEPH 1347-

01, respectively. Lanes 2,4, and 6 contain MI:C001, LA:D001, and CEPH 1347-0I
digested with HincII.LaneT contains pcDNA, and lane 8 pcDNA digested with
HíncII. Before digestion wtth HincII, each PCR fragment is 423bp. After digestion,

the PCR fragments for MI:C001, LA:D001, and the CEPH control are cleaved into
84bp and 339bp fragments.
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3e1b

6

34nb

7 I

Figure 18: DdeI restriction digest for determination of mitochondrial DNA
haplogroup. Lanes 1, 3, and 5 contain samples MI:C001, LA;D001, and CEPH L347-
01, respectively. Lanes 2,4, and 6 contain MI:C001, LA:D001, and CEPH 1347-01
digested vnth DdeI. Lane 7 contains pcDNA, and lane I pcDNA digested with DdeI.
Before digestion with DdeI, each PCR fragment is 381bp. After digestion, the PCR
fragments for MI:C001, LA:D001, the CEPH control are cleaved into 40bp and
34lbp fragments.
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684bp

377bp
307hp

684bp

377bp
307bp

Figure 19 Haelll (T6517) restriction digest for determination of mitochonch'ial DNA
haplogroup. Lanes 1,3, and 5 contain samples MI:C001, LA;D001, and CEPH 1347-
01, respectively. Lanes 2,4, and 6 contain MI:C001, LA:D001, and CEPH 1347-0I
digestecl vnth HaeIII. I-ane 7 contains pcDNA, and lane B pcDNA dìgested with
HaeIII. Before ciigestion wtth HaeIII, each PCR fi'agment is 684bp. AÍïer digestion,
the PCR fragments for MI:C001, LA:D001, and the CEPFI control are cleaved into
307bp and 377bp fi agments.
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Section 6: lliscussion

6.1 Unexpected [Iigh Frequency of P479L Homozygotes in Two trnuit Kindreds

Genotyping of the 23 Arviat kindred members and 9 Northwest Territories family

members for the P479L mutation in CPTIA unexpectedly yielded a majority of

homozygous individuals. Eighteen out of the 23 Arviatand all 9 Northwest

Territories family members were determined to be homozygous for theP479L

mutation in CPTIA. The remaining 5 Arviat individuals arehetercrygous for P479L.

This means that all kindred members carry at least one copy of the P479L mutation.

However, only 2 male children in the Arviat kindred, TA:8027 and TA:E028, have to

our knowledge experienced symptoms associated with the autosomal recessive

disorder, CPT1 Deficiency. As described in the Clinical section of the Introduction,

these 2 boys each had one episode of hypoketotic hypoglycemia requiring

hospitalization and treatment with intravenous glucose and a formula enriched with

medium chain triglycerides. The situation is similar in the Northwest Territories

kindred. In this case, a female child is the sole symptomatic individual in the family

of P479L homozygotes.

These unexpected observations raise the question as to whether theP479L

mutation in CPTIA is the disease-causing mutation or a mere polymorphism. The

answer to this question is most likely more complex than either of those choices.

Possible explanations will be introduced in this section and discussed in more detail

in subsequent sections.

The high frequency of the mutation, yet variable expression of the disease, may be

due to decreased penetrance by action of a modifier. An example of this is non-
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syndromic deafüess caused by a mutation in DFNB26 on chromosome 4, in which the

presence of a modif,rer, DFNMI on chromosome 1, protects against expression of the

disorder (Riazuddin et a1.,2000). At the initial stage of this study, it appeared that

those symptomatic for CPT1 deficiency were also homozygous for the F352C

mutation in the CPT 2 gene. Thus, one likely candidate for a modifying gene was

CPT2. A discussion of its role in the variability of CPT1 deficiency expression may

be found in section 6.2.

Another possible explanation for the variability of disease expression is that those

unaffected have not experienced an illness serious enough to require the metabolism

of LCFAs as the sole energy source. The argument that the 30 asymptomatic

individuals in the tluee kindreds studied, ranging in age from 3 to 72, did not

experience even a bout with hypoglycemia seems quite unlikely. In fact, as

documented in patient files, various family members of the Arviat kindred have

reported many illnesses that are potentially debilitating and can result in a catabolic

state. Environmental factors such as diet,lifestyle, and geographical setting may also

have a role in disease expression. These ideas will be discussed in section 6.4.

Another reason for the variability of expression is that theP479L mutation may

not completely abolish activity of CPTIA, but merely result in inhibited activity.

This decreased enzyme activity may be due to a misfolded protein that causes

inefficient binding of LCFAs at the catal¡ic domain and thus decreased movement of

these LCFAs across the OMM. As will be further described in section 6.7, avariable

threshold may exist in which asymptomatic individuals are able to tolerate the low
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level of enzyme activity while those who are symptomatic cannot due to the effects of

other genes, gene products or environmental factors.

Also possible is that another mutation exists in intronic regions or in the 3' UTR

or 5' UTR of the CPT1A gene. A variation of this idea is that the causative mutation

is actually in CPTI B, the muscle form of CPT1. There are no mutations or

def,rciencies described as yet, in relation to the CPT1B gene.

6.2 Carnitine Falmitoyltransferase 2 as Genetic Modifier in Expression of
Carnitine Palmitoyltransferase I Defïciency

As initially observed in the Arviat kindred, the symptomatic children were

homozygous for the P479L mutation in CPTIA and the F352C mutation inCPT2,

while their asymptomatic parents and sibling were homozygous for the P479L

mutation, but heterozygous for the F352C mutation. This led to the hypothesis that

the mutationin CPT2 has an enhancing effect on the P479L mutation.

As discussed in the Introduction, the F352C mutation in CPT2 has previously

been published as a harmless polymorphism in the Japanese population (Wataya et

al.,1998). This is the first instance of the mutation in another cultural population;

however there is a possible evolutionary relationship between the Japanese and the

Aboriginal of North America and thus this may be a very ancient

polymorphism/mutation. The observance that F352C confers no disease state in the

Japanese does not oblige this to be the case in this population. This phenomenon

would be considered a modif,iing effect in which a single gene mutation has differing

effects on different genetic backgrounds (l.tradeau,200l). Genetic change through
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evolution and change in environmental background may alter the relevance of a

polymorphism at the gene and/or protein level and thus result in a differing phenotype

with respect to that allelic alteration.

However, once genotyping of the extended family members of the Arviat kindred

and the Northwest Territories kindred was completed, it was apparent that the

presence of the F352C mutation did not have an impact on expression of CPT1

deficiency in these kindreds. The first observed evidence against the CPT2 modifier

hypothesis was the genotyping result of TA:8029, the youngest sibling of the Arviat

proband. Homozygous for bofh P479L and F352C, this child has not expressed

symptoms of CPT1 deficiency. It could be argued that the child has not yet

experienced the required trigger, i.e. has not yet required long chain fats as sole

energy source, and thus the true phenotypic status of this child is not yet known.

However, through the course of genotyping the extended family members, an

asymptomatic aunt of the proband was found to be homozygous for both P479L and

F352C. The proband, parents, and siblings of the Northwest Territories kindred were

subsequently genotyped for the F352C mutation in CPT2 and all were found not to

carry even one copy of the mutation. The male kindred member of the B.C. kindred

was determined to be heterozygous for the mutationin CPT2. Thus, the 4

symptomatic individuals have differing genotype statuses for the mutations in CPTIA

and CPT2,2homorygous for both, t homozygous only for the mutation in CPTIA,

and t homozygous for the mutation in CPTIA but heterozygous for the mutation in

CPT2- These differing CPT2 genotypes as well as the presence of similar

CPTIA/CPT2 genotype combinations in asymptomatic family members suggests that
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the F352C mutation in CPT2 does not confer a modifring effect on the expression of

CPTI deficiency.

6.3 Analysis of whole blood palmitate oxidation and CPTl.d enzyme activity in
kindred members and the genetic implications

At the same time that blood samples were taken from extended members of the

Arviat kindred for DNA isolation pu4)oses, an additional sample was collected for

determination of WBPO in the laboratory of Dr. Lorne Seargeant. This biochemical

test measures the rate of palmitate oxidation in whole blood. The study

participants'and simultaneously run control results are normalized for the

white blood cell count prior to the study participants results' being expressed as a

percentage of the control (Seargeant et al,200l). Measurements for 22 Arviat

kindred members (an additional sample was not collected for MI:D005) are displayed

in Table 2. It is important to note that WBPO as compared to the Arviat control was

calculated in relation to a control individual in the community. However this

individual (TA:X002) was found to be homozygous for the P479L mutation, and thus

the WBPO results in column three of Table 2 is not considered a valid result. As

well, the HSC control was handled identically to the Arviat control (blood drawn the

day before and kept at room temperature).

Average WBPO measurements for each unique set of CPTIA/CPT2 genotypes

were calculated and are shown in Table 3. Those homozygous for the P479L

mutation n CPTIA, regardless of CPT2 status, show a mean WBPO level below 45%

of the normal controls. Those heterozygous for the CPT1A P479L mutation have
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WBPO levels at about 80% of normal controls, which can be considered to represent

normal palmitate oxidation. Thus, it can be concluded that those homozygous for the

P479L mutation in CPTIA, both symptomatic and asymptomatic, display lower than

normal levels of LCFA oxidation.

Whole blood palmitate oxidation measurements in twenty-two
g Arviat kindred members, expressed as a percentage of normal

Hg:""íî,!| ffL"Jf,:J, , ' ó"r, *ou,, , ' lcprz n"*,rt

40 ; 106 , Homozygg.us Hglgrozygous,
6i
GB 6'! Hömðiysoüs _Ho¡öäysgus

s4 l¿1 Homoþgouó Normal- Va 'tz.s t-tomoz¡1gous Hetèioåygous

50 '. f39 , llgJg¡gzygous r Heterozygous

?? - i 91 : Hom-g4ysous--- I Hglgrozyggus40 106 Homozygous Heterozygous
67 182 Heferozvoorrs . Nnmal

', _31 , i 82 Hónìo¡ygous , =tt*ormaf'- - 45- '-"'-i - ar4 ^ 'l .. Èãmoivãoirl I .'Hãr"r."..
3_1 82 n-gmorltoug Normair 31 , 82 ' Homgzygou_s.. .-.,. . l¡orr"l --,-- às- ì- -7i r Hömõri;sS,,ê - 

¡è1e_p;ysôuJ35 sq nómoiyloug neterõzygous_

Table 3: Mean whole-blood palmitate oxidation measurements in 23 pafücipating
Arviat kindred members. Measurements are displayed as a percentage of normal
controls collected at the Health Sciences Centre (HSC) prior to testing.

,ffi:f, , Mrrtution Status (P47sL/F3s2C)
- 4 Homozygóus/Flomozygous

g Homorygous/Heieiözygons
1 HeterozygousÆIomozygous
2 Heterozygous/Fleterozyggl.s
5 Homozygous/l.,lormal
2 HeterizygousÆrtrormal

i:F*y]:ií:¡:;*

Mean WBPO (% of control)

45.0

3i9,t

Not Determined

40.8
81.0
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In collaborating laboratories, CPT1A enzqe activity in cultured fibroblasts was

determined for 6 members of the 3 kindreds. Specifically, the CPT1A activity of the

proband of the Arviat kindred and her symptomatic siblings, the proband of the NWT

kindred and her monozygotic twin, and the proband of the BC kindred was

determined. As seen in Table 4, all five children have nearly absent CPT1A activity

in fibroblasts, while the adult male from BC has 2I.6% activity. This may be due to

differences in the procedure used by the two laboratories, or there may be another

unknown cause. CPT2 enzyme activity was also measured in these individuals and

those without the mutation or heterozygous had normal levels of activity, while

F352C homozygotes showed a decrease in CPT2 activity. These results illustrate that

a decrease in activity is occurring in cultured fibroblasts of both symptomatic and

asymptomatic individuals with theP479L mutation, as measured in an in vitro

system.
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Table 4: CPTIA and CPT2 enzyme activity in cultured fibroblasts in the proband and/or
symptomatic individuals of the 3 Aboriginal kindreds. LO:8007 is the asymptomatic
twin of the symptomatic proband in the Northwest Territories Inuit kindred. Enzyme
activity assays for TA:8026,TA:8027, TA:E028, Lo:E006, and Lo:E007 were done in
the laboratory of Dr. Ronald Wanders, while the enzyme activities of CPTIA and CPT2
in LA:D001 were carried out in the laboratory of Dr. Michael Bennett and published in
Brown et al. (2001).

Kindred

TA:F,026, HomozygousÆIeterozygous

TA:8027:Ho*orygous/Flomozygous ' ^ 9?t-- :, r a -------J o- --- , Control: 0.55+0.2 i

TA:E028,Ho*orygousÆIomozygous, 

"*o"lT1rr*0.,

Mutation Status

-^---Àr-rrrr' ; 0.04LO:E006 : HomozygousA{o Mutation 
Control: 0.55 + 0.20

l-''^.i0.05Lo:E00] 
, 

Homozygousa{o Mutation 
, control: 0,55 !0.20

LA:D001 r HomozygousÆIeterozygous i -- 9,'290 ." Mean Control:1.34

CPT1A Enzyme

0.01

Control: 0.55+0.2

6.4 Environmental aspects may have an effect on expression of Carnitine
Falmitoyltransferase I deficiency caused by the P47gL mutation

The occurrence of symptomatic CPTI deficiency in one monozygotic twin and

not the other may be due to both the complications experienced by the proband and a

strong environmental influence on the expression of the disease. However, the

proband twin displayed the first symptoms of CPT1 deficiency (hyptoketotic

hypoglycemia) when living in Tuktoyakruk, Northwest Territories. Following this

first attack of hypoglycemia, she was placed in care in Edmonton, Alberta and put on

a special diet low in long-chain fats, including cornstarch (glucose pollrner) before

bed, to provide slow release of glucose during fasting while asleep. Despite these

$ç!yitv,(r"'g_Vgi{-e)
CPT2Enzyme

18.7

Control: 15.8+4.2
5.2s

Contro-l; 15.8t4.2
7.03

Control: 15.8X4.2
10.4

Control: 15.8 + 4.6
15.0

Control: 15.8 + 4.6

Mean
0.544

Control: 0.709
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preventative actions, the child has experienced subsequent bouts ofhypoketotic

hypoglycemia requiring hospital attention either due to unexplained factors or when

the cornstarch treatment has been missed. Thus, the locale of the Northwest

Territories and the current cultural practices and traditional diet coÍtmon to Inuit

communities of the area, does not seem to be a factor in instigating expression of the

disease. The reverse however, that a change to a more modern diet and adoption of

western culture, could explain the differential expression of CPT1 deficiency in these

populations.

A possible environmental explanation for the observation that most kindred

members who are homozygous for the CPTI mutation are asymptomatic for CPT1

deficiency is that the mutation causing the disease affords some protective quality in

these populations. A hypothesis explaining the rise in Aboriginal people with

atherosclerosis, diabetes, and hypertension is the "Thrifty Gene Hypothesis", first put

forth by Neel (1962) to describe the high prevalence of diabetes in the general

population. V/ith respect to Aboriginal populations, this theory is based upon the

'feast or famine" component of the ancient hunter-gatherer lifestyle. It is believed

that the nucleotide sequence of certain genes (as evolved from primates and/or ancient

man) were such that ingested calories were utilized at a high effrciency, as was

storage of any excess as fat, and subsequent use of the excess triglycerides (Sharma,

1998). When ancient cultures lived wholly off the land, there were spans of time in

which food was abundant (the feast phase). During this phase, excess fats were

stored as triglycerides in adipose tissue for energy consumption at a later time. When

a famine phase occurred, the stored triglycerides were converted to fatty acids for
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energy production. Through evolution of the species, these sequences were altered in

favow of a decrease in efficiency (Sharma 1998). In populations that were adopting

a more modern lifestyle these variants were not deleterious, while in populations that

still carried on traditions of the ancient cultures the presence of these variants might

be detrimental to survival. Thus in aboriginal communities that continued to live

primarily off the land, the original genetic sequences as evolved from primates and./or

ancient hunter-gatherer ancestors \ilere conserved. The correlation to the increase in

diabetes cases in these populations is observed in the dietary and activity changes

undertaken by these communities in recent years. The need for efficient storage of

fats is no longer required due to the constant presence of food and the encroachment

of a non-traditional, westernized diet high in calories and salt. As well, the

modernized lifestyle is more sedentary than the traditional. Thus obesþ, a factor in

the development of atherosclerosis and diabetes, is being seen more often in First

Nations populations (Hegele, 1999). The possibility of similar health changes in Inuit

populations is also of concern. In these cases, it is the absence of variance and a

change in dietary practices and exercise regimes that explains the occurrence of

disease, rather than the presence of a polymorphism (Sharma 199S). How does this

relate to the P479L mutation? The assumption is that the P4TgLmutation is a

polymorphism. However, it is possible that P479L is a component of the original

sequence and that the sequence as recorded in databases such as NCBI is the variant.

A similar situation was observed in a study of the underlying genetic cause of

hypertension. The study done by Jeunemaitre et al. originally determined that the

angiotensinogen gene contained the mutation M235T nhypertensive individuals.

55



Through population studies involving African and Japanese communities, which are

much older than European populations, the high frequency of threonine at aa235 in

these populations caused investigators to alter their manner of deduction (Hata et al.,

1994; Rotimi et aL.,1994; Rotimi et o1.,1996). Thus, they realized that threonine is

the original amino acid at the235 position and methionine is the variant. This meant

that what had been considered by previous investigators to be the wild type allele was

actually a polymorphism, and the supposed mutation was actually the allele inherited

from ancient ancestors. Also revealed by the population studies, was the strong

influence of environment (diet, lifestyle) on the expression of hypertension. The

1996 study by Rotimi et al. could not find a correlation between the presence of

threonine ataa235 and hypertension in African populations. They concluded that

other factors must play a role in the expression of hypertension in individuals with the

T235 polymorphism. Contradicting this theory in the case of P479L, is the putative

sequence of CPTIA in the chimpanzee, which shows a proline at aa 479 rather than a

leucine. As well, other organisms such as mouse and rat have a proline at aa479

(Figure 20). This means that ancient human populations of the Asian continents may

have adapted to the feast and famine lifestyle, while populations migrating to the west

and what would become Europe did not adapt as such. Precipitating such adaptation

in the Asian populations would be the harsher, colder climate found in the northem

regions of the continent, including the Bering Bridge which was a required crossing

to enter North America.
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Figure 20: Protein sequence alignment of seven different species in the region of
amino acid479 (in red) for Camitine Palmitoyltransferase 14. (+ putative CPT1A
protein sequence, * conserved, : conserved substitution, . semi-conserved
substitution)

Homo sapien CPTLA
Pan troglodytes CPTI"A+
Mus musculus CPT1A
Rattus norvegicus CPT1A
Mesocricetus auratus CPT1A
Equus cabal-l-us CPT1A
Gal-l-us qal-l-us CPTlA

Key in the adaptation to the feast or famine lifestyle may be the decreased

sensitivity to malonyl-CoA observed in transfected COS cells with theP479L

mutation (Brown et aL.,2001). As stated in the introduction, malonyl-CoA binds to

CPTIA, inhibiting its activity and thus the transfer of LCFAs across the OMM. If the

sensitivity to malonyl-CoA is decreased, the transfer of LCFAs will still occur in the

presence of malonyl-CoA, albeit at a lower rate than when the inhibitor is not present.

This low level of LCFA metabolism, even in the presence of malonyl-CoA, would be

beneficial in those with a high fat diet, as observed in inhabitants of northern

climates. TheP479L mutation however, appears to result in a decrease in CPTIA

activity. Thus at all times a low level of LCFA metabolism is occurring. In times of

feast, when consumption of fats is high, this low level of fatty acid oxidation (FAO)

would result in the storage of excess fats as lipid droplets within adipocytes

(Lehninger et aL.,1993; Sharma, 1998). When food sources were limited during a

time of famine, these fat stores could be called upon for FAO. During FAO in a

famine or starvation phase, acetyl-CoA would be metabolized into ketone bodies

within the mitochondria for use as energy in skeletal, heart muscle and the renal

SFTFWFKNGKMGLNAEHSWADAPIVAHLWEYVMSTDSLQLGYAEDGHCK 5 O 5
S FTFWFKNGKMGLNAEHSWADAPIVAHLV,TEYVMSTDSLQIGYAEDGHCK 1 O O O

SI TFVVFKNSKIGÏNAEHSWADAPTVGHLVIEYVMATDVEQLGYSEDGHCK 5 O 5
SITFVVFKNSKIGINAEHSI.IADAPIVGHLWEYVMATDVFQLGYSEDGHCK 505
-LTF'WFKNSKIGMNAEHSWADAPTVGHLWEYVMATDT FQLGYAEDGHCK 4 9

SETFf VFKNGKMGMNAEHSWADAPWGHLWEYVMSTDCFQLGYAEDGHCK 5 O 5
TFTLVVFKNGKMGLNAEHSWADAPlVGHL!ÍENVMATEYLELGYLEDGHCK 5 O 5
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cortex. Evidence of sustained ketogenesis in the cultural practices of the Aboriginal

is observed in their protein intake which did not exceed 20o/o of duly calories. As

mentioned in the lntroduction, traditional Aboriginal practice was to feed the lean

meat to their dogs, saving the fatfy meats for themselves, and only resorting to

consuming lean meat when no other food was available (Phinney, 2004). A constant

state of ketogenesis would be benef,rcial, in that during the starvation phase stored

fatty acids could be used to form ketone bodies which could then be used for energy

production in the brain. Thus energy production and brain function suffrcient for

continued survival could occur even in the famine phase.

The lowered levels of CPT1A activity seen in the participants of this study may

also be correlated to elevated body temperature as it occurs during an illness that may

trigger the disease. Work done by Dr. Simon Olpin on cultured fibroblasts of

additional Na-Dené kindreds from Vancouver who have P479L symptomatic family

members, shows B-oxidation of palmitic acid in those with theP479L mutation to be

markedly lower at47"C than at 37"C. In fact, the metabolism of palmitate at37"C

occurred at arate at least 50olo of controls. When the assay temperature was increased

to 41"C the rate of B-oxidation did not exceed 40% (5. Olpin, personal

communication). This means that temperature sensitivity of the CPT1A protein may

contribute to a decreased enzyme activity in those fasting due to an illness that results

in fever. This, combined with a non-traditional diet and lack of exercise, may explain

the differential expression of the disease in these kindreds.

These observations suggest that the low levels of CPT1A enryme activity and

decreased malonyl-CoA sensitivity would balance the physiological efflects that
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normally occur when a population moves from feast to famine phase. Furthermore,

the encroachment of modern lifestyles - high fat, high salt, decreased activity - may

now cause the protective, balancing effect of the polymorphism to act in a negative

manner when illness and/or fasting occurs in these Aboriginal populations.

6.5Ilaplotyping of polymorphic microsatellite alleles within 17.4M8 region
surrounding C ar nit in e P a lmitoy ltr ansfe r as e I A

Alleles observed in the 3 Aboriginal kindreds for the 10 microsatellite markers

studied and their frequencies in the CEPH population and in each kindred are

summarized in Table 5. Of particular interest is marker DLI541Z8. The most

commonly observed allele for marker DL154178 inthe CEPH population is allele252

(51.8%). This is also the only allele observed in the 2 Inuit kindreds, the families

from Arviat and the Northwest Territories. The First Nations family displays alleles

250 (1.8%) and256 (5.4%). Identical allele composition at marker DI154178

between the Inuit families and the explicit difference in alleles at this marker between

the same 2 families and the First Nations family show that a region of homology

exists 0.38M8 fuom CPTIA inthe 2 Inuit families from Arviat and Northwest

Territories but not in the First Nations family. Thus, if theP479L mutation occurred

once in a cofirmon ancestor of all 3 kindreds, it would have to have occurred lono

before the 2 cultures diverged and would be considered an ancient mutation. An

alternate theory is that the mutation occurred more than once on different genetic

backgrounds. The lack of a larger region of homology within families, suggesting

that no region of homology actually exists, supports this idea. If one is to then
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believe that this region is a mutational hotspot, we would expect to see this mutation

in other populations. However,theP4TSL mutation has not been observed in any

other cultural groups. Unfortunately, there is not enough evidence to determine

which of these two theories correctly explains the origins of the P479L mutation.
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Table 5: Microsatellite marker allele sizes, and corresponding frequencies in the CEPH
population, Arviat, Northwest Territories, and British Columbia kindreds for alleles
observed in these 3 Aboriginal families. Allele sizes are expressed in kilobases (kb)
and frequencies are expressed as a fraction of 1.0.

Microsatellite
Marker

D11S44s9

Allele
(kb)

Frequency in
CEPH

Population

D1154953

246

249
252

258

0.517857

D11S1368

0.r07t43

r64

Frequency in
Arviat

Population
fN:46)

176

0.25

180

0.089286

D11S1883

0.ss5556

178
182

0.037037

0.608696

186

0.018519

0.611111

Frequency in
NWT

Population
fN:18)

D11S913

190

0.021739

0.04

250

0.1 30435

Dl1S4178

254

0.3

0.19s6s2

0.48

256

0.434783

0.722222

0.16

221

0.303s71

0.369s6s

D11S197s

Frequency in
B.C.

Population
N--4)

223

0.392857

0.021739

0.277778
0.0

250

0.017857

0.13043s

D11S1369

2s2

0.535714

0.804348

0.277778

2s6

0

0.357143

0.043478

0.722222

r04

0.017857

0.608696

108

0.s178s7

1.0

0.391304

0.0

D1152371

0.0

0.053571

2

0.277778
0.0

0.0

0.s95238

0.543478

0.0

a
-t

0.722222

0.0

0.388889

0.4s6522

4

0.5

Unknown

189

0.0

D1154458

Unknown

0.5

t93

0.0

1.0

201

0.0

Unknown

1.0

0.0

209

Unknown

0.5

0.0

0.782609

0.0

213

0.0

0.071429

0.217391

0.5

0.5

0.482143

138

0.695652

0.5

0.0

t41

0.089286

0.239t30

0.0

0.0

0.017857

ts3

0.0652t7

1.0

0.5

0.428s71

0.0

0_5

0.464286

0.021739
0.0

0.5

0.5

0.107143

0.913043

0.5

0.5

0.388889
0.5

0.5

0.06s277
0.0

0.111 111

0.0

0.217391

0.5

0.63043s

0.0

0.5

0.152174

0.888889
0.0

0.5

0.111111

0.5

0.5

0.0

0.0

0.5

0.5

0.5

0.0

0.0

0.5
0.0

0.0

0.5

0.5
0.0
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Also of interest, if the haplotype results for those symptomatic for CPT1A

deficiency are observed together (Figure 2T),the region of homology shared by the

Inuit kindreds does not increase in size. Also of interest, the 2 symptomatic children

in the Arviat kindred, TA:F,027 and TA:EO29,have inherited identical maternal

chromosomes, but different paternal chromosomes. Their sister (TA:E026),the

proband, shares the same inherited chromosomes as TA:E028, however she is

asymptomatic. Likewise in the NWT kindred, LO:E006, the symptomatic

monozygotic twin shares the same genetic information as her asymptomatic identical

twin sister, and has inherited the same maternal and paternal chromosomes as her

asymptomatic brother, LO:E001. These findings negate a correlation between the

inheritance of a particular segment of DNA surrounding the CPTIA gene or of a

maternal or paternal chromosome and symptomatic CPTIA deficiency.
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Figure 21: Haplotype results for microsatellite markers in symptomatic individuals of all 3 kindreds. LA:D001 is not arranged in
chromosomal phase. The consensus represents the marker alleles most commonly observed in the three kindreds for each marker.
The 380 kilobase region of homozygosity observed in the Inuit kindreds is indicated by the light blue shading.
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6.6 Mitochondrial IINA Haplogrouping

Mitochondrial DNA haplogrouping was carried out in 2 individuals, I male in the

Arviat kindred (MI:C001) and I male in the First Nations kindred (LA:D001).

Restriction enzyme digests of PCR products amplified from mtDNA showed a pattern

of positive cleavage events that did not correspond to any known haplogroup,

however both samples showed identical cleavage events (Table 6). This suggests that

these two families share a maternal lineage. Thus, if a common ancestor exists

between the Inuit families of this study and the First Nations kindred, it would most

likely be a matemal ancestor.

Iable 6: Founding Maternal Lineages as determined by mitochondrial DNA
Restriction Enzyme Fragment Polymorphism analysis and Restriction Enzyme

Cleavage results for Arviat and First Nations male kindred members. Plus

signs (+) signiô/ a cleavage event, minus signs O sigrufy absence of a
cleavage event, as visualizedonl5o/o polyacrylamide gel.

Flaplogroup or
lndividual
A1

\2
B1

ù2
31

HaeIII
563

C2

D1

+

D2

+

HincII
32s9

K6

K7

+

Arviat Inuit Male

+

4luI
5176

BC Na-Dene Male

+

+

+

+

DdeI
r0294

+

+

+

+

I

+

LluI
r0297

+

I

I

t-

I

+

HaeIII
16s17

I

I

+

I

+

+

I

+

+

I

+

+

+

I

I

I

I

+

L
,

L

I

+

{.D.
\i.D.

I
I
I
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6.7 Is P479L in the CPTIA, gene a disease-causing mutation or a mere
polymorphism?

The true impact of the P479L mutation on the expression of CPT1 deficiency is as

yet unknown. Any discussion of its role is pure speculation until further work can be

done to determine the molecular interactions involved in CPT1A activity as it pertains

to the presence of the P479L mutation.

The most significant piece of evidence in favour of P479L as a disease-causing

polymorphism is that it is the only polymorphism in the coding region of CPTIA in

these individuals. As well, the region including the mutation site is highly conserved

¿ìmong species (Figure 20), suggesting that the region is important for enzyme

function and thus has not changed throughout the evolution of the species for that

reason. The region containing aa479 is also mostly conserved in the muscle form of

CPTIA andCPT2, however the proline residue at a2479 is replaced by a valine in

CPT2, a malonyl-CoA insensitive enzyme (Brown et aL.,2001). In the proposed

structure of the CPTIA protein, aa 479 is located very close to the catalytic site.

Thus, an alteration of proline to leucine could result in a serious structural change,

possibly altering the activity of the enzyme with respect to the transfer of LCFAs

across the OMM and malonyl-CoA sensitivity.

As shown in section 6.3, the proband and her symptomatic siblings and the

proband of the Northwest Territories kindred (TA:F,026,TA:8027, LO:E006),

showed near zero CPT1A activity in cultured fibroblasts. This illustrates that

something is indeed causing the inactivity of the enzqe. However, this observation

does not automatically imply that the P479L mutation in CPTLA is the cause of the
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absent activity. Expression studies done by Brown et al. showed that CPT1A P47gL

has 53%o activity when transfected into COS cells and, as mentioned previously,

decreased sensitivity to malonyl-CoA (Brown et a\.,2001). This is not the zero

activity seen in the children of the Inuit kindreds. However, the experiment precludes

the presence of modifuing factors or other mutations, which in conjunction with

P479L, could result in nearly absent CPT1A activity. The observation of decreased

malonyl-CoA sensitivity suggests that CPT1A is not shut down efficiently when its

activity is not needed. Brown et al. theonzedthatthis effect diminishes the

pathogenicity of the decrease in CPT1A activity (Brown et a\.,2001). As stated

previously in this section, excluding aa479,the region surrounding this residue is

conserved in CPT2, which is not inhibited by malonyl-CoA. A valine at this residue

inCPT2 suggests that the proline is an important residue for malonyl-CoA binding

and inhibition (Brown et aL.,200I).

Another explanation for this discrepancy could be that theP479L mutation is not

disease-causing. It is possible that 53%o activity is still within the threshold of normal

activity for transfer of LCFAs across the OMM, and that other disease-causing factors

arc at work. The main observation to support this hypothesis is the presence of

asymptomatic kindred members with the P479L mutation. Many of these individuals

are adults who most likely have required the metabolism of LCFAs. This implies that

CPT1A is either functioning at lower activity but within the normal threshold, or they

do not have the environmental andlor genetic factors that cause near zero CPT1A

activity in the children of their kindreds. The observation of diftering phenotypes

also brings the validity of P479L as disease-causing into question. The symptomatic
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Inuit kindreds display a phenotype cornmon to cprl deficiency, while the

symptomatic adult First Nations man displays symptoms common to cpr2

deficiency. This could indicate that the P479L mutation is a benign polymorphism

that first arose in the ancestors of these Aboriginal people before the divergence into

separate cultural entities occurred. This may in fact mean that the First Nations man

has another metabolic illness, perhaps due to a mutation in CPTIB,for which no

deficiency has yet been described.

However, the evidence in favour of P479L being a disease-causing polymorphism

outweighs the evidence against. TheP479L mutation has been observed to confer

decreased activity in transfected COS cells, as well as decreased sensitivity to

malonyl-CoA. It is the sole polymorphism in the coding region of CPTIA in those

studied, and is evolutionarily conserved between species. As well, the high frequency

of the mutation in these populations may illustrate an adaptation with protective

qualities that may have been important for survival in a feast or famine lifestyle. This

adaptation however, may now impact negatively in the more westernized Aboriginal

populations.
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Section 7: Fr¡úure Work

At the present time, whether there is a different pattern of acylcamitines and acyl-

CoA esters in the liver of symptomatic P479L homozygotes is being investigated by

MS/MS by Dr. Ronald Vy'anders. This may give a truer picture of what is occurring

physiologically in those with the mutation who are symptomatic versus those who

remain asymptomatic. Results of this study are pending.

Also under present study is the frequency of the P{TgLmutation in the Inuit.

Prospective newborn screening is currently underway, with preliminary results

confrrming a very high incidence of P4ZgLhomorygous newborns. A retrospective

study reviewing autopsies done in the past 15 years on babies under 3 years of age

and compared with matched controls may also help determine if P479L is indeed

disease causing. It is currently understood however, that SIDS deaths in the Inuit

population occur at 8.9 times the Canadian average (Macaulay et a\.,2004). The

findings of these studies may further understanding of the reasons behind the high

occurrence of SIDS in the Inuit and help health professionals in these communities

provide specialized health care in regard to the p479L mutation.

Since the impact of the P479L mutation on the frrnction of CPTLA and FAO is not

yet understood, the first possible step toward elucidating its effect at the molecular

level would be to undertake protein studies. Using an antibody specific for the

CPT1A protein and a fluorescent tag, the cellular localization of CPT|A can be

determined in those with the mutation and symptomatic for CPT1A deficiency, those

with the mutation but asymptomatic, those heterozygous for the mutation and those

that do not carry any copies of the mutation. This would allow one to see if the
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protein properly localizes to the mitochondria in those with the P479L mutation, or if

it localized to the cytosol, suggesting an incomplete protein without the necessary end

signal for shuttling to the mitochondria or without the necessary information to

integrate with the mitochondria. Localization of the protein could also be compared

between these individuals, allowing possible differences between symptomatic and

asymptomatic kindred members to be observed. If differences are observed,

particularly if symptomatic individuals show improper localization and asymptomatic

display proper localization, this would mean that there is indeed at least one other

unknown factor acting upon expression of CPT1 deficiency in symptomatic kindred

members. Also of interest are CPTIA protein levels in homozygous individuals

(symptomatic and asymptomatic), heterozygous individuals, and those without the

mutation. Using the same CPT1A antibody and western blotting techniques, the

levels of CPTlA could be compared between kindred members matching these

mutation statuses. This could help to further clariff the results observed through

whole blood palmitate oxidation studies and enzyme activity assays in cultured

fibroblasts for those symptomatic and asymptomatic with fheP479L mutation in

CPTlA.

An extension of protein studies are those involving examination of CPT1A

mRNA. Depending upon the results of western blot analysis and cellular localization

studies, the determination of mRNA levels and sizes for CPT1A mRNA, through

reverse transcription PCR (RT-PCR) and Northern blot techniques, could illustrate

three things in kindred members representing the different mutation statuses. First,

these studies could illuminate whether the transcription process is proceeding to an
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mRNA transcript or if the mRNA is being degraded following transcription within

these individuals. This would be observed as bands of decreased intensity for those

with decreased levels of CPT1A mRNA transcription. As well, if differences in band

sizes are observed, this would indicate that the mRNA transcript was not being fully

formed and either truncation was occurringat aparticular nucleotide or degradation

of some sort was taking place.

In concert with these experiments, sequencing of the promoters and introns of the

CPTIA gene could also clariff the differences seen between asymptomatic and

symptomatic P 4 7 9 L homozygotes. since sequencing of TA:E02 6, T A:8027, and,

LA:D001 was done using oDNA, it is possible that a mutation exists in these regions

(R.4. 'wanders, 
personal communication; Brown et a\.,2001). A mutation in the

promoter could affect the binding of transcription factors, lower transcription

efftciency, or even inhibit transcription completely. Intronic mutations could affect

splicing of the mRNA, thereby altering the folding of the protein and rendering it

useless. Any alterations to the conformation of the catalytic core or the malonyl-CoA

binding site could severely alter the functioning of CPTIA, causing either decrease in

function efficiency, increase in function efficiency, or total inhibition of protein

function.

Another possible avenue of research is the investigation of CPTIB,with respect to

the presence of mutations and protein levels. As mentioned in section 1.2, CPT|B is

the muscle variant of CPT1, found predominantly in the heart, skeletal muscle, white

adipose tissue and testis. Although the symptomatic individuals of the Arviat kindred

present symptoms involving the liver, it is not inconceivable that a mutation in
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CPTL B is the factor that increases the seriousness of CPTI deficiency in those with

theP479L mutation inCPTIA. Thus, sequencing both those symptomatic and

asymptomatic with theP479L mutation, as well as normal controls, could be

informative in regard to the sea¡ch for additional factors involved in disease

expression of CPT1 deficiency. If a polymorphism is observed in symptomatic and

not asymptomatic individuals, the determination of differences in protein level of

cPTIB could clarifu the importance of the observed polymorphisms in these

kindreds.

A yeast model developed by Prip-Buus et al. (1998) could be utilized to observe

the frmctional changes that occur when theP479L mutation is present in CPTIA.

Specifically, malonyl-CoA sensitivity and CPT1A enzyme activity could be observed

without the presence of modiffing factors. This would tell us whether theP479L

mutation was the main force in CPTI deficiency in these kindreds. If malonyl-CoA

sensitivity is undisturbed when the mutation is present, that would suggest that aa 479

is not positioned in a manner that exerts influence over malonyl-CoA binding. If a

change in malonyl-CoA is observed, this would indicate that aa 479 is important in

the function of malonyl-CoA binding and that this alteration in proper binding of the

inhibitor could be a factor in the expression of CPT1 deficiency caused by the P479L

mutation. Also, if a decrease in protein levels is observed in the yeast model, this

would imply that the P479L mutation is solely responsible for the decreased CPT1A

enzyme levels in the kindreds. This would mean that the differential expression of

the disease as observed in these kindreds is mitigated by a factor that inhibits the

action of the P479L mutation. If no difference in CPT1A enzyme activity is revealed,
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theP479L mutation can then be deemed a minor factor in the expression of CPTI

deficiency and an alternate cause of the disease would need to be explored.
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Section 8: Appendices

Appendix A: Solutions

1 M Tris-HCl pH 8.3:
158 g Tris-HCl
Make to I L with HzO.
Titrate to pH 8.3 with NaOH.

1 M KCI:
7.5 e KCI
Make to 1 L with HzO.

1 M MgClz:
203 g MgCl2
Make to 1 L with H'O.

2%o Gelatin:
1 g gelatin
Make to 50 mL with H,O.

l0X PCR buffer:
100 pL 1 M Tris-HCl, pH 8.3 (Final Concentration: 100 mM)
500 pL 1 M KCI (Final Concentration: 500 mM)
15 pL I M MgCl2 (Final Concentration: 15 mM)
50 pL 2Yo gelatn (Final Concentration:0.1%)
335 uL H,O
1000 pL Total

dNTP (2.5 mM):
25 ¡L dcTP (100 mM)
25 ¡tL dCTP(100 mM)
25 ¡L dATP (100 mM)
25 ¡L dTTP (100 mM)
900 pLlFI2Q
1000 pL Total

19:1 acrylamide (30%):
28.5 g acrylamide
1.5 g bis-acrylamide
Make to 100 mL with HzO and filter using Whatman #l paper.
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lOX modified TBE (mTBE):
157.4 g Tris-HCl
27.8 g Boric Acid
9.3 e NazEDTA
Make to I L with H2O.

1O% APS:
0.140 g Ammonium Persulfate
1400 pLHzQ
1400 pL Total

2I g urea
10 mL l9:1 sequencing acrylamide
5 mL 10X mTBE
-14 mLHzO
333 ¡L 10% APS
22 pL___IEMED
50 mL Total

Low TE buffer:
1 mL I M Tris, pH 8.0 (f,rnal concentration: 10 mM)
0.2mL 500 mM EDTA, pH 8.0 (final concentration: 1 mM)
Make to 100 mL with H,,O.

High TE buffer:
10 mL 1 M Tris, pH 8.0 (final concentration: 100 mM)
8 mL 500 mM EDTA, pH 8.0 (final concentration:40 mM)
Make to 500 mL with H"O.

0.155 M NFI¿CI:
8.3 g NþCl
Make to I L with H2O.

0.17 M Tris. pH 7.65:
2.06 g Tris-HCl
Make to 100 mL with HzO.
Titrate to pH 7.65 with HCl.

Red Cell L)'sis solution ('NH4CI:Tris-HCl):
900 mL 0.155 M NH4CI (final concentration: 0.1395 M)
100 mL 0.17 Tris. pH7.65 (final concentration : 0.017 M)
1000 mL Total
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Saline (0.85% NaCl):
8.5 g NaCl
Make to 1 L with HzO.

White Cell L)¡sis Solution:
20 mL 1 M Tris, pH 8.0 (final concentration: 100 mM)
16 mL 500 mM EDTA, pH 8.0 (final concentration:40 mM)
4 mL 10% SDS (final concentration :0.20o/o)
40 mL 5 M NaCl (final concentration: 1 M)
Titrate to pH 8.0 and make to 200 mL with HzO.

5 M NaCl:
29.22 g NaCl
Make to 100 mL with HzO.

24: I Chloroform: Isoaml¡l alcohol:
240 mL CHCI3
l0 mL isoamyl alcohol

1O% SDS:
100 g SDS
Make to 1 L with HzO.

1 M Tris. pH 8.0:
121.1 g Tris
Make to 1 L with H2O.
Titrate to pH 8.0 with NaOH.

0.5 M EDTA. pH 8.0:
186.1 g EDTA
Make to 1 L with HzO.
Titrate to pH 8.0 with HCl.

Sequence Stop solution:
9.8 mL formamide (final concentration :98%o)
0.2mL 0.5 M EDTA, pH 8.0 (final concentration: 100 mM)
2.5 mg bromophenol blue (final concentration :0-025%)
Make to 10 mL with H,O.

1olo Agarose Gel:
1 g agarose
100 mL HzO
Makes two 50 mL gels.
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29:l acrylamide ßïYo):
29.2 g acrylamide
0.8 g bisacrylamide
Make to 100 mL with H2O and filter using Whatman #1 paper.

8% polyacrylamide eel:
2.7 mL 30%;o 29 :1 acrylamide
7.3 mL 10X mTBE
120 ¡L25% APS
1 I to 13 pL TEMED

l5% polyacrylamide gel:
5 mL 30%;o29:l acrylamide
4 mL HzO
1 mL 10X mTBE
250 ¡tL 10% APS
12 ¡L TEMED
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Appendix B: Primers for GPTIA P479L and cPT2 F352c genotyping strategies

Mutation
CPT1A P479L

CPTZF352C

Primers
Forward Primer:
5' -TGTAJAJA'T\C GAC GGC CAGTTG
ATCATGTCTGCTCACTGTTAGAGG-3'
Reverse Primer:
5' -CTGGGATTACAGGTGTGC-3'
Forward Primer:
5' -CCTGACCAGTGAGAACCGTGA -3'
Reverse Primer:
5' -AATGAGGTTAAAGGATTTGTCA-3'
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Appendix c: Microsatellite marker information, including primers sequences,
annealing temperature (Tr) and run times.

Marker

D11S44s9

D11S49s3

Primers (5' to 3')

Forward primer:
ACCCGTAATCTGTCTCTCCC
Reverse primer:
AAGC CATGA AJA {CATCTGGA

Dl1S1368

Forward primer:
AATGGTACCTCGTTCATGGA
Reverse primer:
TAGACAGCTGATAGATGATAAATGG

D11S1883

Forward primer:
ACAGTTTTCTCCCTCCAACC
Reverse primer:
TCCATTTTCCAC CAGAG AJAA

Dl1S913

Forward Primer:
TTCAGTAACAGGAGAC AJAú{AGG
Reverse Primer:
TGGTTTCGGATCTCTTCTCA

Dl1S4178

T*
lCelcius)

Forward Primer:
CATTTGGGAAATCCAGAAGA
Reverse Primer:
TAGGTGTCTTATTTTTTGTTGCTTC

58

DILS97Ut97s

Run Time
(minutes)

58

Forward Primer:
CAGGCCCAGTCTCTTG
Reverse Primer:
CGTGTCCAGATGAAAGTG

120/150

Dl1S1369

58

Forward primer:
AGGACACAGCCTGCATCTAG
Reverse primer:
AC CAGGCATTGCACTAJAJA,T{G

90/rr0

Dtts237I

58

Forward primer:
CCACAGCACTGATACATGGA
Reverse primer:
TCAGTCTC A AGTC AA AAGTAATCG

90/t20

D11S44s8

55

Forward primer:
CTGAGGTGGGAGGTTCAGTT
Reverse primer:
CCCGGCCTTGATTTATTTAA

r20/150

55

Forward primer:
GCACAATGTACAATGGTAC C C
Reverse primer:
ATGTGAGAGGAACTCGCAAG

120

58

120

58

50/6s

s9

901r20

58

r001120

80/1 00
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Appendix D: Primers for mitochondrial DNA REN analysis

Marker
HaeIII (663)

AluI (sl76)

HincII (r32s9)

DdeI (1029a)

Primers
Forward Primer:
5' -CTACCCAGCACACACACACC-3'
Reverse Primer:
5' -CTTTACGCCGGCTTTATTG-3'

HaeIII (16517)

Forward Primer:
5' -CTTAAACTCCAGCACCACGA-3'
Reverse Primer:
5' -GATGAGTGTGGGGAGGAATG-3'
Forward Primer:
5' -AGGCGCTATCACCACTCTGT-3'
Reverse Primer:
5' -CAGGGAGGTAGCGATGAGAG-3'
Forward Primer:
5' -CCTAAGTCTGGCCTATGAGT-3'
Reverse Primer:
5' -GTAGTCTAGGCCATATGTGT-3'
Forward Primer:
5' -TACTTGACCACCTGTAGTAC-3'
Reverse Primer:
5' -GGGGTTTGGTGGAAATTTTTTTG-3'
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Appendix E: Research Participant Information and Consent Form
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Title of Study:

RESEARCH PARTICIPANT INFORMATION AND CONSENT FORM

Fnincipal [nvestigator:

Co-Investigators:

Dr. Chitra Prasad
Section of Genetics and Metabolism
FE-229, Health Sciences Centre
840 Sherbrook St.
Winnipeg, MB, R3A lR9
Tel: QM\'7R7-2494
FAX: ( )
Email: r ,

Dr. Cheryl R. Greenberg
Section of Genetics and Metabolism
FE-229 Health Sciences Cenhe
840 Sherbrook St.

Winnipeg, MB, R3A 1R9
Tel: Q04)781-2494 or 787-2711
FAX: ( )

Email:

Sponsoring,A.gency: Garrod Association of Carìada- Results of grant competition is
pending

You are being asked to participate in a research study. Flease take your
time to review this consent form and discuss any questions you may have
with the study staff. You may take your time to make your decision about
participating in this study and you may discuss it with your friends,
family, or doctor before you make your decision. This consent form may
contain words that you do not understand. Flease ask the study staff to
explain any words or information that you do not clearly understand.

Dr. Lorne E. Seargeant
Clinical Chemistry
MS-543, Health Sciences Centre
840 Sherbrook St.

Winnipeg, MB, R3A lR9
Tel : (20l) 781-2841
FAX: ( )

Email:
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Purpose of Studv

This research study is being conducted to find out what happens when a person who
has the condition known as CPTI deficiency. This is a herèåitary disorder of fat
metabolism where there is a deficiency of a certain protein (enzyme) known as CpTl
deficiency. If the CPTI enzyme is missing, the affected infant or child may not be
able to make the energy needed by the body to fight off infections. when ihis
happens, the infant or child can develop serious medical problems including low
blood sugar, liver problems, muscle pain and weakness, ôr brain damage. Iithe
diagnosis of CPT1 deficiency is not made, the medical problems can bé fatal.
However, if CPT1 deficiency is diagnosed before an illness, then treatment can be
given to prevent these medical problems from developing. The treatment is a low-fat,
high "sugar" diet .As well, during an illness such as the'Tlu" or "common cold", an
affected infant or child is given throughout the day and night lots of fluids with sugar
until the illness has passed.

First described in 1981, CPTI deficiency is felt to be rare worldwide. V/e have
recently identified an Inuit family with CPT1 deficiency. This enzyme deficiency
results from an error in both copies of the CPT1 gene. Everyone hàs two copies of
each gene in his or her genetic makeup. One copy is inherited from each parent. The
CPT1 gene is one of thousands of genes that together form our genetic makeup. If
both copies of the CPTI gene are fine, then you are not affected and none of your
children will be affected with CPTI deficiency. If both genes are altered, then you
will have a deficiency of this enzyme and are at risk for getting ill. If only one gene is
altered and the other is fine, then you do not have the disorder and will nôt becãme ill
but you may pass on the altered gene to some of your children. Genes are located on
our chromosomes, which are found at the center of almost every cell in the body.
Genes are made of the chemical compound DNA. DNA carries the complete genetic
blueprint for making all the enzymes in the body.

A related enzyme, called CPT}, is also needed for the proper processing of fat in the
body. Lack of CPTZ can cause muscle cells to breakdown *d 

"o.rr"quãnt 
kidney

damage. The complications caused by CPT2 deficiency usually appe¿r only in adults
but they have been reported in children as well. A DNA.oor in ttt" CpfZ gene has
also been found in some individuals as well.

The purpose of the study is to test members of the extended family of the Inuit
kindred recently identified with CPT deficiency for both CPT1 and,CpT2deficiency,
to review medical records of all members who agree to participate; and to compare
the results of their blood tests with their medical histories.
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Studv procedures

If you take part in this study, you will have the following procedures:
1) We will review your past medical history and inquire about episodes of

low blood sugar, unexplained muscle cramps and heart disease and, in
females, we will ask about any miscarriages, stillbirths or early infant
deaths.

2) A 15 ml (one tablespoon) blood sample will be drawn to measure fatty
acids and related substances to find out how fatty acids in your body are
being processed. A part of the blood sample will be used to isolate the
hereditary material (DNA) to determine if there are the same DNA
changes in the CPT-I and CPT-2 genes as has been recently identifred in
other family members found to be affected with CpT deficiency.

3) In some instances we will take a fraction of the blood sample and grow
them in the laboratory. Growing the cells in the laboratory means we will
have an essentially permanent source of DNA and RNA, a chemical
similar to DNA.

Drs. Greenberg and Prasad will be performing the studies outlined above. Dr.
Greenberg will coordinate the overall project. We will not use the blood samples for
any unrelated study. The results of your tests will be given to you at the end of the
study.

Benefits

There may or may not be direct benefit to you from participating in this study. One
potential benefit will be accurate carrier testing for family members and prenatal
diagnosis for high-risk couples. 

'We 
also hope the information leamed from this study

will benefit other families with a history of CPT1 deficiency.

Risks and Ðiscomforts

Your blood sample will be obtained from a vein in the arm using the routine technique
known as venipuncture. Blood sampling is a very routine and safe procedure but may
be associated with a small amount of discomfort andlor bruising at the site of the
venipuncture. Otherwise there are no physical risks by participating in this study.
There may be, however, added anxiety if in the future you are found to be a carrier for
CPT1 deficiency. Genetic counseling will always be available to you to discuss the
results of these tests.
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Costs

All the procedures, which will be performed as part of this study, are provided at no
cost to you.

Confidentialitv

The results of your tests will become part of your medical record and results will be
reported to your doctor and to your Nursing Station or Clinic. Medical records that
contain your identity will be treated as confidential in accordance with the personal
Health Information Act of Manitoba. Despite effiorts to keep your name and personal
information confidential, absolute confidentiality cannot be guaranteed. your
personal information may be disclosed if required by law.

Information gathered in this research study may be published or presented in public
forums, however your name and other identi$'ing information will not be useã or
revealed.

The University of Manitoba Health Research Ethics Board may review records
related to the study for quality assurance purposes.

Pavment for oarticination

You will receive no payment or reimbwsement for any expenses related to taking part
in this study.

Voluntarv Participation/Withdrawal from the Study

Your decision to take part in this study is voluntary. You may refuse to participate or
you may withdraw from the study at any time. Your decision not to participate or to
withdraw from the study will not affect your care at this center. If the study staff feel
that it is in your best interest to withdraw you from the study, they will remove you
without your consent.

We will tell you about any new information that may affect your health, welfare, or
willingness to stay in this study.

Questions

You are free to ask any questions that you may have about your treatment and your
tights as a research participant. If any questions come up during or after the study,
contact Dr. Cheryl R. Greenbergat204-787-2494 or Dr. Chitra Prasad. at}04-787-
2494.
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For questions about your rights as a research participant, you may contact The
University of Manitoba, Bannatyne Campus Research Ethics Board Office at (204)
789-3389.

Do not sign this consent form unless you have had a chance to ask questions and have
received satisfactory answers to all of your questions.

Statement of Consent

I have read this consent form. I have had the opportunity to discuss this research
study with Dr. Cheryl Greenberg and/or her study colleagues and staff. I conf¡m that
the studies proposed to study CPT1 and CPT2 deficiency in my extended family have
been explained to me. I have had my questions answered by them in language f
understand.

The risks and benef,its have been explained to me. The results of these tests will be
conveyed to me and this information may be shared, if requested, \Mith professionals
involved with my medical care including my family physician. The results will also
be kept on file with Dr. Cheryl Greenberg in the Section of Genetics and Metabolism
at the University of Manitoba. I have been assured that my record will be kept
confidential and that no information will be released or printed that will reveul my
identþ without my permission.

I understand that I will be given a copy of this consent form after signing it. I
understand that my participation in this study is voluntary and that I may choose to
withdraw at arry time. I freely agree to participate in this research study.

I understand that information regarding my personal identity will be kept confidential,
but that confidentiality is not guaranteed. I authorize the inspection of any of my
records that relate to this study by The University of Manitoba Research Ethics Board
for quality assurance purposes.
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As DNA may be stored indefinitety, for the following statements I am indicating
my choices as to the long-term handling and storage of my DNA, specifically:

1. I give my consent for the DNA sample extracted from my 
YES No

blood to be used in the study of the genes causing CPTI and
CPTZ deficiency, but my DNA will be discarded once the
initial results of the investigation are available.

YES NO
2. Once the initial tests in this study are performed, if I choose
to discard my DNA, I understand that if I warrt any further
genetic testing to be done in the future I will need to have
another blood sample taken.

YES
3. Once the initial tests in this study are completed, if I choose
not to discard my DNA, I understand that my DNA will be
stored for 20 years in a DNA bank so that further testing of
genes related to CPT1 and CPT2 deficiency may be performed
in the future. )lES

4. I wish to be re-contacted regarding the results of any new
tests for CPT1deficiency that are performed on my DNA in the
future.

5. Samples may be used in this laboratory or sent to other
laboratories for research on other genetic diseases after all the
identiSring information has been removed so that my identity
cannot be known or traced either by members of the research
team or by the requesting research laboratory. YES

6. Members of my family are allowed access to my stored DNA
prior to my death.

YES
7.My first-degree relatives will be allowed access to my stored
DNA after my death.

I may request that my DNA be removed from the DNA bank at any time by calling
the study the principal investigator, Dr. Cheryl Greenberg af l-(204) 787-2494 or I-
(204)787-27ll.Dr. Cheryl Greenberg will ensure that my DNA sample is removed
and destroyed

NO

YES

NO

NO

NO

NO
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By signing this consent form, I have not waived any of the legal rights that I have as a
participant in a research study.

Participant signature: Date:

Participant printed name:

Parent/legal guardian's signature:

Parenllegal guardian's printed name:

Child's signature:

Child's printed name:

Legal guardian's signature:

Legal guardian's printed name:

I, the undersigned, attest that the information in the Participant Information and
Consent Form was accurately explained to and apparently understood by the
participant or the participant's legally acceptable representative and that consent to
participate in this study was freely given by the participant or the participant's legally
acceptable representative.

'Witness 
signature:

Witness printed name:

I, the undersigned, have fully explained the relevant details of this research study to
the participant named above and believe that the participant has understood and has
knowingly given their consent

Printed Name: Date:

Signature:

Role in the study:

Date:

Date:

Date:

Date:
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