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3.  Sequence annotations that may be 
useful to include to guide analysis in these 
regions
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GENOME

Centromeric regions can be defined by a c
collection of diverse sequences

Alpha Satellite 

Human Satellites  (2,3)

Segmental Duplications



Person #1 Person #2

Centromeres are epigenetic



Artificial 
Chromosomes

• Co-localization of Kinetochore Proteins to Centromere Sequence

• Structural Analysis of Abnormal Chromosomes

•  De Novo Centromere Formation 

Centromeric Sequences Recruit Epigenetic Marks 

X



• Neocentromeres are thought to be rare 

• Potential drivers of chromosome evolution

X

Centromeres can form without centromeric regions 

modified from Eder V, et al MBE 2003

Reconstruction of the chromosome 6 phylogeny in primates

PA=primate ancestor; CA = Catarrhini ancestor; OA = OWM ancestor

PA CA OA



neocentromere can be con¢rmed by immuno-
£uorescence using antibodies to CENtromere
Proteins (CENPs) e.g. CENP-C (Warburton et al.
2000).

Human neocentromere cases

At the time of writing this review, 70 neocentric
chromosomes have been identified, including sev-
eral unpublished cases that have been character-
ized in my laboratory in collaboration with

clinical cytogenetic labs (Figure 1) (Amor &
Choo 2002). These fall into several classes
depending on their origin. Neocentromeres have
arisen by interstitial chromosomal ‘deletions’,
either pericentric or paracentric (Figure 2). In
most cases, the corresponding deleted chromo-
some was also present, resulting in a balanced
karyotype. This deletion and ring excision pro-
cess is consistent with intrachromatid exchange
between direct repeats at the breakpoints (Stan-
kiewicz & Lupski 2002). The most common class
of neocentric chromosomes are supernumerary

Figure 1. All chromosomes containing neocentromeres thus far described. A total of 70 neocentric chromosomes have been described
on derivatives of 19 different human chromosomes. A normal ideogram for each of the 19 chromosomes is shown. To the right of
these are ideograms showing the type and position of each neocentric chromosome derivative, and when known the position of the
neocentromere. Paracentric deletions give rise to derivative chromosomes contained wholly in one arm (e.g. examples from
chromosomes 1 and 2), while pericentric deletions give rise to fused chromosome fragments spanning the endogenous centromere
(e.g. examples from chromosome 3 and chromosome 10). Inversion duplications of distal arms of chromosomes are also observed
(e.g. examples from chromosome 15). The neodicentric chromosomes 4 and 8 are shown.

A complete list of cases up to 2002 was described in Amor & Choo, 2002. Seven additional cases have been published since that
review, marked with an asterisk (*) (Knegt et al. 2002, Barbi et al. 2003, Papenhausen et al. 2003, Ventura et al. 2003, 2004, Amor
et al. 2004, Barwell et al. 2004, Warburton et al. 2004). Four unpublished cases characterized in our laboratory have also been
included in this list, marked by a number sign (#) (P. Papenhausen, J. Tepperberg, H. Mak-Tam, J. Engelen, P. Warburton,
unpublished/in preparation). An ‘m’ indicates that the neocentric chromosome has been transmitted in meiosis. A ‘1’ indicates
neocentromeres reported twice in Amor & Choo, 2002 due to two published reports on the same chromosome.

618 P.E. Warburton

Warburton Chr Res 2004



Summary

Human centromeres are currently defined by regions enriched 
with homogenized alpha satellite.

A single ‘centromeric’ region can contain more than one 
region of homogenized alpha satellite.  

Centromeres are defined epigenetically.  They can form over 
regions of non-centromeric sequence in the p or q arm.



In the reference assembly human “centromeres” 
are currently defined by 3Mb gaps 

• All Centromeric Gaps are designated for alpha satellite DNA

• 3Mb was an educated guess for the size of the gap/placeholder.  Centromeric 
regions can vary within and between individuals

• Adjacent ‘heterochromatin’ gaps typically represent regions enriched for Human 
Satellites 2,3 (w/ exception of het gap on chromosome 7 = alpha)

alpha human satellite III
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Alpha Satellite define all normal human centromeres
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~171bp 
 Tandem Repeat

Wide Range of Percent ID:  ~60-100%
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“Higher Order Repeat”
Multi-monomeric Repeat Unit

Alpha Satellite repeats (or monomers) are commonly found in 
long arrays of near-identical higher order repeats



CEN

~171bp 
 Tandem Repeat

Wide Range of Percent ID:  ~60-100%

ALPHA SATELLITE

1 2 3 4

 Satellite DNA are the primary sequence in each gap

1 2 3 4 1 2 3 4

Narrow Range of Percent ID:  94% - 100%

Alpha Satellite repeats (or monomers) are commonly found in 
long arrays of near-identical higher order repeats



CEN

CEN

Array 1

Array 2 Array 3

Each chromosome has a different centromeric sequences



Higher-order arrays vary between individuals

CEN

Array 1. Individual A

Array 1. Individual B

A

B

~0.5 Mb

~2.0 Mb



Higher-order arrays can vary between 
homologous chromosomes in the same individual

CEN

Array 1. maternally inherited

Array 1. paternally inherited

~0.5 Mb

~2.0 Mb

mat

pat



CEN GAP

Array 1 Array 2

Inter-Array (Non-satellite) SequenceRepeat Elements  

Model Centromere Sequence Organization

•  Standard sequence assembly algorithms fail in these regions.

•  Difficult to display the diploid organization:  Further, no one haploid 
representation is expected to provide a true representation for the human 
population

•  However, it is possible to study these regions without a perfect ordering and 
haploid representation:  provide mapping targets of ‘centromere components’



CEN

Reformat sequences observed in each read library into 
linear reference model

1 Constructing Read Libraries for each HOR array:
Build database of all components in each centromeric region

2 LinearSat Software to Convert Reads to Linear Reference 
Models
Generate a linear representation of observed components

3 Scaffold Reference Models and HuRef assembled contigs 
using mate pairs
Order components in each centromeric gap



1 Constructing Read Libraries for each HOR array

HuRef Genome



Higher Order Repeat Prediction

DATA COMPRESSION

IDENTICAL 
MONOMERS

Similarity Clustering:
Defining Epsilon Neighborhood

1 base  
change 

SEQUENCE RELATIONSHIP

HuRef Genome (8x Coverage)



Higher Order Repeat Prediction

PHYSICAL RELATIONSHIP SEQUENCE RELATIONSHIP



Higher Order Repeat Prediction

Sanger Read (Ave: 3 monomers)

ADJACENCY MATRIX
 Alpha Satellite Monomers

1-away

2-away

... 1 2 3 ...

1 2

3

PHYSICAL RELATIONSHIP SEQUENCE RELATIONSHIP



Higher Order Repeat Prediction
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Viterbi greedy-algorithm 
second order markov model
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3

21 13 4 5 6 65432
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Waye et al (1987)

Determine Chromosome Specificity:
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Higher Order Repeat Prediction

21 13 4 5 6 65432

Chr7

Waye et al (1987)

Determine Chromosome Specificity:

Flow Sorted Chromosome 
Alignment/Enrichment 
344 Mb of Alpha Satellite from 15 Chromosomes

Experimental Evidence
FISH Hybridization and Screening Somatic Cell 
Hybrid Panel

Paired Reads
“Anchor” to adjacent mapped HuRef contigs





Alpha Satellite Array (DXZ1) on Chromosome X



2 LinearSat Software to Convert Reads to Linear Reference 
Models





A    T

WGS Sanger Reads

Reads on average:  ~700 bp

Repeat Monomers

MONMONMON

(~171  bp)
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LinearSat
•  2nd Order Markov Chain
•  Length determined by normalized 
array length estimates

m3v1

m1v1
m2v1

m2v2

m4v1

m12v1

m5v1

m6v1

LINE

m11v1

m10v1

m9v1

m8v1

m7v1

1.01.0

1.0

1.0

1.0

1.0

1.0

0.5

0.5

0.5

0.3

0.7
0.3

0.7

1.0



LinearSat
•  2nd Order Markov Chain
•  Length determined by normalized 
array length estimates

m3v1

m1v1
m2v1

m2v2

m4v1

m12v1

m5v1
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Not the “true” long-range 
organization, yet adequately 
represents the alpha satellite 

array sequence



Provide a linear array “model” of satellite sequence variation, 
proportional to that observed in the original array.

CEN
CHR X

p-arm q-arm

DXZ1 (~Mb) 



Provide a linear array “model” of satellite sequence variation, 
proportional to that observed in the original array.

CEN
CHR X

p-arm q-arm

DXZ1 (~Mb) 



Foundation Data Structure:  
We could assemble these sequence using the in house alpha 
satellite probabilistic model

  Positive:
-  Full coverage, high quality genome

   -  Read depth is meaningful (copy number est)
-  All monomers (& sat adj seq) have a genome location 

Negative:
-  Forced to make a number of assumptions in linear 
order



DXZ1 (12-mer)

q-ARMp-ARM Centromere X Reference Model

chrX

Scaffold models and assembled contigs using mate pairs



DXZ1 (12-mer)

q-ARMp-ARM Centromere X Reference Model

chrX

cenArray-1  AGP cenArray-2  AGP

Unmapped HuRef Assembled Contig(s)
(e.g. ABBA01185959)

q-ARMp-ARM

chr3

Scaffold models and assembled contigs using mate pairs



DXZ1 (12-mer)

q-ARMp-ARM

chrX

3.8 Mb -- Centromere X Reference Model



DXZ1 (12-mer)

q-ARMp-ARM

chrX

3.8 Mb -- Centromere X Reference Model
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DXZ1 (12-mer)

q-ARMp-ARM

chrX

3.8 Mb -- Centromere X Reference Model

Mappability

Evaluate as a Potential Read 
Mapping Target
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GRCh38 Data Structure
Level 1: Repeat Components

Deposit (NCBI, TPA) individual component fasta 
sequence of each centromere reference model 

Database all unique sequence in 
each array graph

m4v1

CACTTGCAGATTCTACAAAAAGAGTGCTTCAAAAC
TGCTCTGTCAAAAGGAAGGTTCAACTCTGTTACTT
GAGTACACACATCACAAGGAAGTTTCTGAGAATGC
TTCTGTCTGGTTTTTAGGAGAAGATATTTCCTTTT
TCAACATAGGCCTCAAAGCGCTGCAAATGTCCACT
TCC

>m4v1 4 identical monomers



GRCh38 Data Structure
Level 2: AGP describing the order of 

sequence components

Level 2: Centromere Reference Model “cenArray”  AGP

cenArray	   129970	   130138	   759	   O	   m7v1	   1	   169	   +
cenArray	   130139	   130309	   760	   O	   m9v1	   1	   171	   +
cenArray	   130310	   130608	   761	   O	   m10v1	   1	   170	   +
cenArray	   130609	   130708	   762	   N	   m11v1	   1	   171	   +
cenArray	   130709	   130878	   763	   O	   m12v1	   1	   170	   +
cenArray	   130879	   131049	   764	   O	   m1v1	   1	   171	   +

Array 
Name

Array Start Array End UID UID Level 1 Entry L1 Start L1 End Level 1  Ori

Array Coordinates Level 1 Sequence



GRCh38 Data Structure
Level 3: AGP describing the order of Array components

Single centromeric gap can contain more than one array

cenArray-1  AGP cenArray-2  AGP



cenArray-1  AGP cenArray-2  AGP

Unmapped HuRef Assembled Contig(s)
(e.g. ABBA01185959)

q-ARMp-ARM

Single centromeric gap can contain more than one array

-- Bundled paired read information informs array 
component order

Scaffolding Order:  Weighted by Mate Pairs

3 Scaffold Reference Models and HuRef assembled contigs 
using mate pairs



GRCh38 Data Structure
Level 3: AGP describing the order of Array components

cenArray-1  AGP cenArray-2  AGP

Unmapped HuRef Assembled Contig(s)
(e.g. ABBA01185959) q-ARMp-ARM

cenArray	   0	   100	   1	   N	   p-‐ARM	  gap	   1	   100	   paired-‐read
cenArray	   101	   2836899	   2	   O	   cenArray-‐1	   1	   2836798	   +
cenArray	   2836899	   2837000	   3	   N	   gap	   1	   100	   paired-‐read
cenArray	   2837000	   2842055	   4	   O	   ABBA01185959	  1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5055	   paired-‐read
cenArray	   2836899	   2837000	   5	   N	   gap	   1	   100	   paired-‐read
cenArray	   2837001	   4369982	   6	   O	   cenArray-‐2	   1	   1532981	   +
cenArray	   4369983	  	  	  	  	  	  	  	  	  	  	  	  4370083	  	  	  	  	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  N	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  gap	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  100	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  paired-‐read	  	  	  

Array 
Name

Array Start Array End UID UID Level 1 Entry L1 Start L1 End Level 1  Ori

CEN Coordinates Level 2 Array Sequences

gap



2.25Mb; ~860 HOR units 0.73Mb; ~43 HOR units 

chr3: 
p-Arm chr3: 

q-Arm
?? 

Unmapped 
Scaffold

0.3Mb; Low Copy Repeat



chr3: 
p-Arm chr3: 

q-Arm

Scaffolding Problem:  
Order Elements by Paired Reads



chr3: 
p-Arm chr3: 

q-Arm

2.25Mb; ~860 HOR 0.73Mb; ~43 HOR units 
0.3Mb;
Low Copy 
Repeat

pp3p 3qCEN3.1 CEN3.2

Scaffolding Problem:  
Order Elements by Paired Reads
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An Initial Draft of 
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Sequence Composition

Alpha	  Satellite	  Reference	  Models:
~60	  Mb	  (59571670	  bp)
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An Initial Draft of 
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Redundant	  Arrays:	  	  Cannot	  assign	  to	  
a	  specific	  chromosome	  that	  is	  
normalized	  appropriately



chrY (q12) Yp11.2 q11.221 11.223 Yq12

Centromeric Sequence Annotation



chrY (q12) Yp11.2 q11.221 11.223 Yq12

Centromeric Sequence Annotation

Mappability

HOR patterns

Known Centromere motifs

Chromosome assignment

Monomers

Confidence of ordering in Linear Sat

Array ID

Paired Read Support: Ordering

Primary Annotation Goals:
“The Basics”



chrY (q12) Yp11.2 q11.221 11.223 Yq12

Centromeric Sequence Annotation

Primary Annotation Goals:
“The Basics”

Array ID

Mappability

HOR patterns

Known Centromere motifs

Chromosome assignment

Monomers

Confidence of ordering in Linear Sat

Array ID

Paired Read Support: Ordering
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Centromeric Sequence Annotation

HOR patterns

Array ID
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Centromeric Sequence Annotation

HOR patterns

Array ID

Monomers



chrY (q12) Yp11.2 q11.221 11.223 Yq12

Centromeric Sequence Annotation

HOR patterns

Array ID

Monomers

Reference 
Model Order 
Information



HOR patterns

Array ID

Monomers

Reference 
Model Order 
Information

Chromosome 
Assignment

(Flow-sorted 
Chromosome 

Data)



HOR patterns

Array ID

Monomers

Reference 
Model Order 
Information

Chromosome 
Assignment

(Flow-sorted 
Chromosome 

Data)

CENP-B Box



HOR patterns

Array ID

Monomers

Reference 
Model Order 
Information

Chromosome 
Assignment

CENP-B Box

Paired Rd 
Support
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High Confidence 
 Read Alignment

100% Match 

*

Divergent Satellite  
Shared Monomer Homology Challenge Short-read Mapping



Challenge:  Mapping Interpretation    
I.  Inter-Array Homology 
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DYZ3 (34-mer) Higher Order Repeat

Higher Order Repeat:  95-100% Identical

100% Match 

Challenge:  Mapping Interpretation    
II.  Intra-Array Homology 
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*

DYZ3 (34-mer) Higher Order Repeat

Mapping to each DYZ3 monomer 17 in Array

*** *** *** *** *** *** *** *** ***

100% Match 

?

Challenge:  Mapping Interpretation    
II.  Intra-Array Homology 



Mappability 

Whole Genome Dataset 

Alpha K-mer Library DYZ3 K-mers

DYZ3  Genomic Coordinates

Non-Specific

Specific

Alpha Satellite Reads



ENCODE Data

Mappability

HOR patterns

Known Centromere motifs

Chromosome assignment

Monomers

Confidence of ordering in Linear Sat

Array ID

Paired Read Support: Ordering

Primary Annotation Goals:
“The Basics”

Population Data
Mapping Epigenetic 

Centromere

Up Next: 



Mapping Epigenetic Centromere

HuRef
YRI

NA12878 *
HeLa *

Datasets
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predicting array length across ~400 

male individuals 
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n=39

2.0

Group 1

Group 2

Clustergram:  K-mer Identity Matrix between Male Individuals 

HuRef k-mer profiles are useful in 
predicting array classification across ~400 
male individuals into two distinct groups
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H1hESC Histone Profile of DYZ3 Array
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H1hESC Transcription Factor Enrichment Profile
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Adding Custom Datasets or “Tracks”
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UCSC:  Centromere Annotation and Tool Development
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 Human centromeric regions are currently defined by gaps in the reference assembly
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