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Properties of DNA

• DNA is a polymer consisting of units.

• Each unit has a sugar molecule (deoxyribose), a phosphate 
group and a base.

• The bases are monomeric subunits called nucleotides which 
are one of the following: adenine, guanine, cytosine and 
thymine or A, G, C, T

• A, G are double ringed and are called purines

• C, T are single ringed and called pyrimidines

• The sugar and phosphate link end to end to form a helical 
shape. Two helices inter-twine with the bases on the inside  

• A preferentially binds to T and G to C



More on DNA Structure

• The bonds that keep the strands together are covalent and 
hard to break (except at high temperature)

• The bonds between bases are hydrogen bonds. These break 
(denature) easily in vitro under
– Brief heating to > 95oC

– Exposure to alkaline pH

– Radiation

– Active energetic processes  within cells

• The sequence of the human genome is known and is 
approximately 3 billion bases long

• It contains approximately 30,000 genes which code for 
proteins

• The genes code for linear protein molecules consisting of a 
chain made of different orderings of amino acids 

• DNA is a universal code to make proteins. 



Universal Triplet Code



Other Properties of DNA

• 98.5% of the genome does not code for protein

• 70% of the genome is not transcribed

• Evolve by 

– Segmental duplication and subsequent modification

– Mutation 

• ~ 45% of genome contains highly repetitive sequences with copy numbers in 100s 
of thousands

– LINES (Long Interspersed Linear Elements) ~ 7 kbp long

– SINES (Short Interspersed Linear Elements) ~ few 100 bp long

•



Genes

• Segments of DNA with instructions to make proteins

• Consist of distinct regions containing sequences that act as 
promoters and enhancers followed by a series of “exons” and 
“introns”

• Exons are regions whose instructions are used in making 
proteins

• Introns are generally non functional and removed before 
translation (with some exceptions) 

• The size of genes can vary: 
– SRY gene is only 612 bp and has one exon and no intron 

– Dystrophin gene is 14,000 bp long and has 79 exons. 

• Genes are differentially expressed in cells and are modified 
by: alternate splicing, post transcriptional or , post 
translational modification



Mitosis and Meiosis

• All humans start life as a single cell which divides and 
differentiates to create ~ 1016 - 1017 cells

• Mitosis is cell division to create two diploid copies of cell.
– One round of DNA replication and 2 daughter cells

– Errors in mitosis (somatic mutations) may cause diseases       eg. 
Cancers, Alzheimers (plaque).

– Proceeds through distinct phases G0, G1, S, G2 and M

• Meiosis is process of creation of haploid germline cells. 
– One round of DNA replication and 4 daughter cells

– Errors in meiosis cause genetically inherited diseases.

– Includes a recombination step (~ 50 per event in males and 80 per 
event in females). 

– Recombination is more frequent near telomeres. 



Mitosis or Cell Division

• Mitosis is nuclear division plus cytokinesis, 
producing two identical daughter cells

• Divided into interphase, prophase, 
prometaphase, metaphase, anaphase, and 
telophase. Interphase encompasses stages G1, 
S, and G2 of the cell cycle. 

• Mitosis Animation

mitosis_animation.htm


Inheritence of 
genetic 

information



Diploid

Diploid

Diploid

Diploid



Meiosis

• Meiosis is the process by which a cell divides to produce four 
haploid germ line cells.

• Meiosis animation

meiosis_animation2.htm


Meiotic Recombination, the great shuffler



Molecular Model of Meiotic Recombination



Definitions

• Genotype = diploid bi-allelic form at a specific 
locus or loci (inherited from both parents)

• Haplotype = allelic form on the same 
chromosome at specific loci (inherited from one 
parent).

• Phenotype = manifestation of underlying genetic 
or environmental characteristics    (hair color, risk 
of diabetes, height etc.)



• Homozygous = same nucleotide on same locus in both chromosomes.

• Heterozygous = different nucleotide on the same locus in the two 
chromosomes.

• Wild-type = genotype of the majority of the population (depends on the 
definition of “population”). Thus the “wild type” blood group in the 
Basque is A-.

• Polymorphism: varying nucleotides at a given locus. By convention a 
polymorphism is required to have a frequency between (0.05 and 0.95) –
WHY?

• Homologs: Similar due to shared ancestry. Commonly used to denote 
regions of DNA similar by common descent.

• Paralogs: Similar because related by gene duplication event. (If due to 
whole genome duplication, they are called Ohnologs after Susumu Ohno)

• Orthologs: Homologous sequences separated by a speciation event.



The Maasai have protective 
polymorphisms against 

hyperlipidemia in spite of a high 
fat diet
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Absence of Cholesterol Gallstones



Unusual Serum IgA Levels



12 Control and 11 Case. 8 week study with 6 month follow-up
Base diet = corn syrup solids, vegetable fat, corn, beans, sugar, Mazola
Case fed 2 g crystalline Cholesterol with a trace dose of Chol–4 C14

Controls  fed  only trace Chol-4 C 14 .
Serum and fecal sterols were determined weekly for 8 weeks.
6 month follow up gave rates of absorption, synthesis and turnover, size and 
turnover time of body cholesterol exchangable pool



Summary: Maasai Characteristics

• Diet: Milk, Meat and Blood. 3000 calories/day 
– 66% fat (500-2000 mg Cholesterol)

• Paucity of Atherosclerosis

• Low Serum Cholesterol Levels not increasing 
with age: 135.4 +/- 33 mg/100 ml

• Homeostatic Control of Cholesterol 
Metabolism ! Liver Reduces Synthesis on 
excess Cholesterol in the diet.

• Early & Strong Immune System Activation



Overall Conclusion
Taylor, B.C., K.J. Ho, Studies on the Masai.

Amer. J. of Clin. Nutr., 1971. 24: 1291-1293.



Evolution 101: “Standard Model” :  

Neutral Evolution

Alleles existing today arose from ancestral 

mutation events



Alleles occur successively in time

One allele first, then the other



Recombination creates new arrangements 



Chromosomes in Populations  

• Chromosome are mosaics
• Lengths and conservation 

of pieces depend on
– Mutation rate

– Recombination Rate

– Population Size

– Selection

• Allele groups close by on 
chromosomes reflect  
ancestral events



Locus A: A or a Locus B: B or b



Linkage 

 Loci far apart: 

Independent events:
Linkage  Equilibrium

Loci close together 
Not  independent  

Linkage Disequilibrium

Alleles: A or a Alleles: B or b



Linkage Disequilibrium Measures



∆2 is a Correlation Coefficient

• If we consider that the loci A and B are 
random variables X and Y respectively and 
give numeric values to their allelic forms 

– X = 1 if A allele is A; X = 0 if A allele is a

– Y = 1 if B allele is B; Y = 0 if B allele is b

• Then it is easy to show that 

• ∆2 = Cov (X,Y)/(σxσy)= E[(X-µx)(Y-µy)]/(σxσy)

• ∆2 can be measured between chromosomes  



Properties of ∆2

• Ranges between 0 and 1
– ∆2  = 1 means the two markers are linked

– ∆2  = 0 means the two markers  unlinked

• Neutral Evolution value is 1/2n

• Influenced by Population Size, Mating patterns, 
Distance between Markers

• Decreases with greater recombination

• Smaller in older populations: decays with time    

DAB (t) = (1-θ)t DAB(0)



Recombination Mixes up 
Haplotypes

• Initial value of D’ or ∆2 will decrease with time 

• Size of linkage block is a measure of time, 
mating patterns, bottlenecks, near-extinction 
events

– Older populations have smaller linkage blocks

– Random mating produces smaller blocks quickly

– Bottlenecks and near extinction events increase 
linkage

• BUT ONLY WITHOUT SELECTION !!!



IN NEUTRAL MODEL











HapMap I and HapMap II

Yoruba, Han/Japanese and CEPH 



HapMap I and HapMap II



11 Populations of HapMaP III Project

• CEU – Utah Residents (N or W Europe)
• TSI – Italians from Tuscany
• CHB – Han Chinese from Beijing
• CHD – Chinese in Metropolitan Denver
• JPT – Japanese from Tokyo
• GIH – Gujaratis from Houston (Asian Indian)
• MEX – Mexicans from Los Angeles
• ASW – African Americans from SW USA
• LWK – Luhya Tribe from Kenya
• YRI – Yoruba from Nigeria

• MKK – Maasai from Kenya



HapMaP III data characteristics

• SNP Chip data (Wellcome Trust Sanger 
Institute; Broad Institute).Dec. 2008, Feb. 
2009 releases.  

• 1,440,616 SNPs from 1,184 individuals, 993 
founders, 490 males and 503 females. 

• 171 MKK (Maasai) with 144 founders. 

• Cross platform genotype concordance = 0.993

• QC in population call rate > 0.998. 



MKK cluster with Africans and ASW



MKK are distinct from YRI and LWK



Our Analysis

• 3 Association tests (Allelic Association Test,  Cochran-
Armitage Trend Test, Association Model Test      
& 12 bootstrap experiments on founder samples:

– (i) Compare MKK to each of the other 10 populations, 

– (ii) Compare MKK to other Africans (YRI + LWE)

– (iii) Compare MKK to union of all populations

• A SNP is MKK-associated if p-value < 0.00005 in at 
least 10 out the 12 experiments for each of the 3 
tests

• Compute ∆2 for all pairs of high association SNPs



5,173 MKK associated SNPs distributed 
over all chromosomes 

MKK versus all populations

MKK versus Africans



More results 
• 697 SNPs form a clique in 61/144 founders

– Minor allele frequency = 0.23

– Average Pairwise ∆2 = 0.968

• Null distribution (left) for ∆2 from random SNP pairs 

• Different from clique distribution (right)                 
(Wilcoxon test p-value = 2.2 x 10-16)



• MKK samples with SNP 
clique well mixed with 
other MKK  No obvious 
sampling bias

• ∆2 distribution of non-
associated SNPs is same 
as ∆2 distribution of SNPs 
in other African 
populations (YRI and 
LWK).



Where are these 5173 SNPs?

• Find pathway enrichment of genes within 
100 kb.
– Enrichment of lipid metabolism pathway: 

– Genes associated with: Hyperlipidemia, Cardiac 
Disorders, Hypercholesterolemia, Arteriosclerosis

• APoE, APoA2, APoC2, APoB, LPL, ACE, 
CETP, LDLR, LRP1, TNF, LCAT, LIPG, USF1, 
MPO, ACAT2, LPA, CYP family



MKK 

Associated 
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Function or disease association from GeneCard

rs11556510 APOE -14.22 19

Binds to liver & peripheral cells. Essential for normal catabolism of triglyceride-rich lipoprotein 

constituents. 

rs4233368 APOA2 5.162 1

Encodes apolipoprotein (apo-) A-II. May stabilize HDL by association with lipids.Defects linked 

to hypercholesterolemia.

rs11556510 APOC2 -54.42 19

Encoded plasma protein - component of VLDL Activates lipoprotein lipase, which hydrolyzes 

triglycerides.

rs666126 APOB 58.13 2

Main apolipoprotein of chylomicrons and LDL- mutations cause hypobetalipoproteinemia, 

hypobetalipoproteinemia, and hypercholesterolemia.

rs1534649 LPL 3.06 8

Functions as a triglyceride hydrolase and  ligand/bridging factor for receptor-mediated 

lipoprotein uptake. 

rs6504162 ACE -17.03 17

Assists catalytic conversion of Angiotensin I into Angiotensin II, potent vasopressor controlling 

blood pressure. 

rs33932458 CETP -97.26 16

Transfers cholesteryl esters between lipoproteins. Variations in levels may affect susceptibility 

to arteriosclerosis.

rs11667019 LDLR -95.06 19 Cell membrane protein involved in rate-limiting step in cholesterol synthesis

rs11172123 LRP1 56.58 12

Involved in cellular lipid homeostasis and plasma clearance of Chylomicron remnants and 

activated LRPAP1

rs805262 TNF 85.38 6

Multifunctional pro-inflammatory cytokine  regulates cell proliferation, differentiation, apoptosis, 

lipid metabolism, coagulation.

rs7188449 LCAT 75.21 16 Encodes lecithin-cholesterol acyltransferase. Involved in cholesterol transport.  

rs4447516 LIPG -75.12 18 Involved in lipoprotein metabolism and vascular biology. 

rs11265559 USF1 105.9 1 Linked to familial combined hyperlipidemia 

rs916114 MPO -0.128 17 Involved in LDL Oxidation, modification.

rs4354180 ACAT2 -51.05 6 Enzyme involved in lipid metabolism, encodes cytosolic acetoacetyl-CoA thiolase.

rs13194662 LPA 115.4 6

Main constituent of lipoprotein(a) (Lp(a)).  Apo(a) fragments accumulate in atherosclerotic 

lesions.

rs382494 PLTP -82.64 20

Transfers phospholipids from triglyceride-rich lipoproteins to HDL; regulates size of HDL 

particles.

rs430239 CYP11B2 -76.32 8

Encodes member of cytochrome P450 enzyme involved in drug metabolism and synthesis of 

cholesterol, steroids and other lipids. 

rs4646437 CYP3A4 10.48 7

Encodes member of cytochrome P450 enzyme involved in drug metabolism and synthesis of 

cholesterol, steroids and other lipids. 

rs11188098 CYP2C9 -83.06 10

Encodes member of cytochrome P450 enzyme involved in drug metabolism and synthesis of 

cholesterol, steroids and other lipids. 

rs10242455 CYP3A5 -5.637 7

Encodes member of cytochrome P450 enzyme involved in drug metabolism and synthesis of 

cholesterol, steroids and other lipids. 

rs9662359 CYP2J2 -1.193 1

Encodes member of cytochrome P450 enzyme which catalyze many reactions involved in drug 

metabolism and synthesis of cholesterol, steroids and other lipids. 



81 mis-sense mutations

• KEGG Pathways, GAD (Hum. Gen. Assn. Database), 
HuGE_Genopedia, RGD_QTLs (Rat QTLs mapped to human 
coordinates), MGI_QTLs (Mouse QTLs mapped to human 
coordinates). (QTL = Quantitative Trait Locus)

• QTL Counts associated with phenotypes in these databases:
– Blood pressure = 72;  Cardiac mass = 41; 

Non-insulin dependent diabetes mellitus = 39
Body weight = 39;  Renal function = 37; 
Serum cholesterol level QTL = 30
Stress response = 27. 



Other Pathways?

• Enrichment of genes associated with immune 
response, lactose intolerance, and protection 
against malaria.  

• 8 SNPs create or destroy a STOP codon within 
an  exon.







Maasai have 127 SNPs in regions of high 
homology with the Diet1 locus

• Diet1 locus on Mouse-Chr2 

• Human Orthologous regions on 

• Chr2, Chr9 and Chr10

• All the HapMaP populations (except 

MKK) are wild type in these loci.

• In MKK: 9 SNPs with ∆2 =1 in 61/144 

samples;  127 SNPs with ∆2 > 0.968

• Many SNPs in Interleukin 1 family



IL1 Pathway and Lipid Pathway are linked

• Mouse studies link Interleukin 1 family to cholesterol levels: Devlin et al 
(2002), Genetic alterations of IL-1 receptor antagonist in mice affect plasma 
cholesterol level and foam cell lesion size. PNAS U S A. 99(9):6280-62855

• Interleukin 1 family also linked to Arteriosclerosis:  Merhi-Soussi F et al 
(2005), Interleukin-1 plays a major role in vascular inflammation and 
atherosclerosis in male apolipoprotein E-knockout mice, Cardiovasc. 
Res.66(3):583-593). 

• IL1 role in plaque formation in APOE deficient and LDLR deficient mice: 
Isoda K et al (2004) Lack of interleukin-1 receptor antagonist modulates plaque 
composition in apolipoprotein E-deficient mice, Arteri. Thromb Vasc Biol. 
24(6):1068-1073; Babaev VR et al (2000), Macrophage lipopoprotein lipase 
promotes foam cell formation and atherosclerosis in low density lipoprotein 
receptor-deficient mice, Biol Chem. 2000 Aug 25;275(34):26293-26299.



Why should there be any selection against 
Old Age diseases?

• Protection against old age diseases requires reproductive success 
into old age.

• Maasai Marriage customs may promote this:

– Maasai practice “open marriage.” Consensual extra marital sex 
is common and acceptable. 

– Older men (especially those with many cattle) often have 
children with younger women.

– Children from such unions are ascribed to the “formal” 
husband (even if he is dead). Can hide high rates of infertility.

• Do Maasai have low incidence of Alzheimer’s, Parkinson’s, 
Osteoporosis & Stroke? Do Maasai women have late menopause?



What drives Evolution on time scales of 
10,000 – 1000,000 years?

• Short term evolution may be driven by strong selection (over 
2,000-10,000 years).

• On longer time scales, selection pressure disappears, modules 
may be unused (but available) or become lost and allele 
evolution seems neutral.

• Species phylogeny would agree with neutral model

• Climate Changes/Isolation/Pandemics would result in  rapid
selection/speciation because genome has many modules in 
place which can be easily modified to adapt. 

• Examples of Recent selective sweeps:
– Skin Color, Height, Adaptation to Malarial parasite, Resistance to 

Plague/HIV, diet adaptation. 



But Many Issues Remain

• What creates and sustains linked SNP 
modules across chromosomes?

– Inversion inhibits recombination on the same 
chromosome. 

– But how can SNPs remain linked across 
chromosomes? 

• Perhaps germline selection/lethality?

• Segregation regulation by recognition markers (as 
in viral segregation)?

•  CAN BE TESTED 



Ongoing Next Steps
UNDERSTAND THE BIOLOGY

OF IDENTIFIED SNPS

SEQUENCING TO LOOK AT 

FLANKING HAPLOTYPES

Gene Expression analysis of 

MKK derived cell lines. 

Sequencing and large scale 

Sampling of MKK population

1000 Genomes project  !?



• Gabriela Alexe: Broad Institute – now at BMS

• Anupama Reddy: BioMaPS Institute, Rutgers 

• Rutgers
– Todd Michael: Waksman (Sequencing); Lee Cronk: Anthropology 

(Maasai Social Customs); Lane McIntosh: Summer Intern 
(Analysis/Primers); Michael Seiler: BioMaPS (Clustering and PCA)

• CINJ
– Shridar Ganesan, Ming Yao, Michael Boemo (Sanger Sequencing) 

• KITP – UCSB
– Boris Shraiman & Richard Neher (Simulations of r/s;  SNP cliques)

• Mt Sinai School of Medicine
– Ravi Sachidanandam and Ajish George (Sequencing, SNP Analysis)

• IAS 
– Arnie Levine (Scepticism, Encouragement)



THANK YOU !







Our Results

• 5,256 SNPs strongly associated with Maasai at an 
overall p-value < 10-12 on combining all tests. 

• 27 SNPs removed because they did not have a dbSNP 
entry (Feb 2008) – merged or discarded

• 56 SNPs removed because of > 0.01 in minor allele 
frequency between Dec 2008 and Feb 2009 release

• 5,173 SNPs retained as significantly associated with  
MKK over all other populations. These SNPs are  
distributed across all chromosomes 







Linkage Disequilibrium Measures




