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Abstract 

 

Expansion of human centromeric arrays in cells undergoing break-induced replication 

 

Soyeon Showman 

 

Chair of the Supervisory Committee: 

Steven HenikoD 

Genome Sciences 

 

Human centromeres are located within highly homogeneous mega-sized α-satellite arrays 

and evolve rapidly, which can lead to variation in array lengths and sequences. Proposed 

mechanisms for such alterations are homology directed repair mechanisms including 

unequal cross-over between sister chromatids, gene conversion, and break-induced 

replication. However, the underlying molecular mechanisms responsible for the massive, 

complex, and rapid sequence turn over, length variation, and homogeneous organization of 

centromeric arrays have not been experimentally validated. This dissertation project 

investigates whether centromeric array expansion and contraction can occur within limited 

somatic cell divisions and the molecular mechanisms responsible for this change.  



 

This thesis work has demonstrated that centromeric array length can change in somatic 

cells (in ~20 cell divisions) of diDerent cell lines, with various magnitudes, in a 

chromosome specific manner.  In addition, centromeric arrays expand more frequently 

than contract, which can counteract the loss of SSA of DSBs at centromeres leading to an 

overall increase in array length. Large contractions can occur, but usually only when the 

array length is significantly longer than the population average.  Finally, this array length 

change does not occur without the BIR essential proteins RAD52 and PIF1, indicating that 

BIR can drive centromere sequence evolution in cells undergoing BIR. This project provided 

key insights into a longstanding fundamental question: how centromere sequences evolve.  
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Chapter 1: Introduction 
 

  



 

For two decades since the Human Genome Project was initiated, highly repetitive 

heterochromatic regions such as satellites have prevented complete genome assembly 

and made research into centromere biology challenging1. However, in 2022, the Telomere-

to-Telomere (T2T) Consortium created a gapless human genome assembly for all 

chromosomes which finally provided the basis for studying rapid centromere sequence 

evolution2.  Follow up comparative and evolutionary studies confirmed that the centromere 

sequence evolves rapidly as a result of molecular evolution. Chromosome specific 

diversifications as a result of molecular evolution include extreme length, homogenization, 

variation in sequence, complex structure, and organization3-7. However, the underlying 

mechanisms that cause these genetic changes that drive centromere sequence evolution 

have not been experimentally tested.  

1.1 Molecular mechanisms for the evolution of centromeric α-
satellite arrays 

 

Centromeres are crucial genomic regions that accurately separate genetic materials into 

two daughter cells during mitosis and meiosis8. Human centromeres are located within α-

satellite arrays that are composed of multi-monomeric higher-order repeat units (HORs) of 

171 base-pair (bp) AT-rich head-to-tail tandemly oriented monomers expanding from 30 kb 

up to 8 Mb9-12. While centromere function is conserved across species, centromere 

sequences evolve rapidly and play an important role in genomic and karyotypic evolution13-

16. Although the active centromere is epigenetically defined by the enrichment of the 

centromere-specific histone H3 variant CENP-A, the assembly of the kinetochore occurs at 

the core of the active centromere which contains evolutionarily young and homogeneous 



 

HORs, suggesting the influence of genetic components in centromere specification3,8,17.  

The genetic variations between species, populations, individuals, and even two 

homologous chromosomes are chromosome specific and include divergence in length, 

high sequence turnover, HOR structure and composition3,4,6,7,11,18. The proposed underlying 

evolutionary molecular mechanisms that are responsible for these variations are unequal 

crossover19, gene conversion20, and break-induced replication (BIR)21,22.  The most 

commonly cited mechanism is based on the unequal crossover of tandem repeats 

between sister chromatids that are misaligned during HR19. While this process is a neutral 

evolution model that should produce random sequence arrays, centromeric arrays are 

composed of highly structured HORs21. In addition, the unequal crossover mechanism was 

proposed before the discovery of single stranded annealing (SSA)23, which is the 

predominant mechanism used in the repair of repetitive regions24.  SSA causes the deletion 

of one HOR unit25 and, thus, gradually shrinks the centromere over time suggesting that 

there are other mechanisms that counteract this loss and, in turn, leads to the extremely 

large α-satellite arrays that have been observed in human populations2,3,5,11,26. An 

alternative mechanism proposed is based on BIR, which is the main repair mechanism of 

one-sided double stranded DNA breaks (DSB) that are generated from fork collapses during 

replication21,22. BIR is a highly mutagenetic repair mechanism that favors the expansion of 

array21,27. Centromeric arrays that are enriched with various replication obstacles provide a 

high level of BIR substrates28-31. The possible outcomes of BIR match with observed human 

centromeres include mega-base size centromeric arrays due to its bias toward expansion, 

sequence turn-over due to a high substitution mutation rate, and complex organization in a 



 

replication-dependent manner21,32,33. However, these mechanisms had not been 

experimentally validated due to technical challenges in researching variations in 

centromeres that occur outside of the evolutionary time scale.  

1.2 Aims 

The goal of my dissertation project is to test whether BIR acts as an evolutionary molecular 

process that led to centromere sequence evolution. To do this, I first generated and 

optimized a method to quantify HOR copy number variations that occur during clonal 

evolution. I confirmed whether centromeric array changes can occur within somatic cell 

divisions and then determined the rate of change that can serve as a basis to test the BIR 

mechanism. Second, I characterized array changes, such as expansion bias. Finally, I 

validated the BIR mechanism as a driver for centromere sequence evolution using BIR 

inactive mutants. 

1.3 Dissertation overview 

Chapter 2 oDers an overview of centromere biology and α-satellite arrays including 

structure, organization, specialized replication and repair programs that are linked to 

evolutionary processes.    

Chapter 3 describes a protocol to measure array changes throughout clonal evolution 

among subclones that are derived from a monoclonal cell line with minimal pre-existing 

genetic background using the ddPCR-based assay. This method allows us to accurately 

measure the array changes that occur within somatic cell divisions in a cell line with a 



 

sensitized background despite the intrinsically high rate of technical error that is 

associated with the ddPCR.  

Chapter 4 demonstrates that HOR arrays can expand and contract within ~20 somatic 

divisions and favor expansion over contraction using the method described in Chapter 3. 

The array alteration only occurs in the presence of RAD52 and PIF1, that are essential for 

BIR, validating BIR as a molecular driver that leads to rapid centromere sequence 

evolution.  

Chapter 5 discusses the relevance of this work to evolution and proposes future studies 

that could provide more insight into the evolutionary molecular processes that are 

mediated by the repair of satellite arrays. These include elucidating the prevalence of BIR 

substrate in centromeric arrays, length homeostasis, and the timing of BIR during the cell 

cycle.  

 

 

  



 

Chapter 2: Overview of centromere biology 
  



 

2.1 Cell cycle 

In both prokaryotes and eukaryotes, a highly complex network of cell cycle regulations 

ensures the faithful transmission of genetic materials from mother cells to daughter cells 

by mediating the progress of genomic DNA replication and its segregation in a timely 

manner34,35. The cell cycle has four sequential phases: G1 (gap phase 1), S (synthesis 

phase), G2 (gap phase 2), and M (mitosis). The main events in the cell cycle are the S phase, 

in which timely DNA replication occurs at a high fidelity, and the M phase, in which DNA is 

segregated into two genetically identical daughter cells. These two phases are separated 

by gap phases G1 and G2 that serve as checkpoints in cell cycle progression35,36.  

Most human cells do not cycle and stay in either a terminally diDerentiated state, such 

neurons and myocytes, or a quiescent state (G0), which has entered a reversible non-

proliferate state by exiting the cell cycle37-39. The cyclin-dependent kinase (CDK) family, 

whose kinase activity is dependent on their regulatory partner cyclins, promotes G0 cells to 

restart the cell cycle40,41. During each cell phase, a specific subset of cyclins is 

accumulated or depleted based on cell cycle-regulated transcription and proteolytic 

degradation35,42,43. The phosphorylation of cyclins by CDK is a critical step needed for cells 

to pass the multiple checkpoints that are either within or border the cell phases44.  

The cells that have passed the commitment point of G1 can initiate DNA replication in the 

S-phase, whose fidelity of action is strictly controlled by the intra-S checkpoint and DNA 

damage response45. Upon completion of the replication, the postreplicative G2 phase 

creates another decision point for the cell to enter mitosis, depending on CDK1 activity46. 



 

The M phase is further divided into five sub-phases based on the physical state of the 

chromosomes and spindle: prophase (chromosome condensation), metaphase 

(chromosome alignment), anaphase (chromatid separation), telophase (re-formation of 

the nuclear membrane and chromosome decondensation), and cytokinesis (cellular 

separation)47. Entry into mitosis is initiated with a wave of mitotic phosphorylation 

activated by CDK1, including the mitotic kinases PLK1, Aurora A, and Aurora B. This 

massive phosphorylation leads to structural changes in the cell, such as mitotic cell 

rounding and chromosome condensation, that are well known characteristics of mitotic 

cells and necessary for mitotic progression48,49. In the prometaphase, the disintegration of 

the nuclear membrane permits the binding of microtubules to kinetochores that are 

assembled at a special genomic locus of each siter chromatid, leading to chromosome 

alignment in the middle of the bipolar spindle in the metaphase50,51. The sister chromatids 

are separated and pulled to opposite poles by spindle microtubules, and finally the cell 

divides into two daughter cells. The kinetochore, a multiprotein complex that is assembled 

in the centromere, is critical for accurate cell division during mitosis and meiosis52.  

2.2 Centromere function and specification 

Centromeres are essential chromosomal loci needed for cell division and defects in the 

region can cause chromosome mis-segregation, aneuploidy, and structural abnormalities 

that are a hallmark of cancer and developmental diseases8,53. The centromeres 

cytologically appear as a primary constriction on condensed chromosomes where two 

sister chromatids, one replicated from the other, are joined54.  While the molecular features 



 

that identify centromeres are complex and diverse across eukaryotes, the centromeres of 

monocentric chromosomes in eukaryotes are often established at highly repetitive DNA 

sequences such as satellite DNAs and transposons, with a few exceptions such as the 

point centromeres of Saccharomyces cerevisiae, known as budding yeast55,56. Point 

centromeres are established within a specific centromere DNA sequence and are able to 

undergo chromosome segregation with functionally assembled kinetochores57. However, 

most plant and animal centromeres are found within satellite arrays that vary dramatically 

in length and sequence56,58. Despite diDerences in the function of centromeric DNA 

sequences among species, a common characteristic among them is that the centromeres 

position and function are epigenetically defined by the enrichment of centromere specific 

histone H3 variant centromeric protein A (CENP-A)3,59,60.  

CENP-A, a key epigenetic marker, is required for the formation of centromeres and 

neocentromeres (that are established at diDerent sites without the canonical repetitive 

sequences found in most organisms)61,62. In addition, it is a docking site for components of 

the kinetochore52. Barnhart et al., found that targeting the Holliday Junction Recognition 

Protein (HJURP), which is the histone chaperone that deposits CENP-A at centromeres in 

late mitosis and early G1, to a non-centromeric locus is suDicient to recruit the constitutive 

centromere-associated network (CCAN), a subcomplex of the kinetochore, and assemble 

the kinetochore, highlighting the vital role of CENP-A for centromere identification63,64.  



 

2.3 Alpha satellite array structure and organization 

Human centromeres are located within α-satellite arrays that represent ~6% of the human 

genome and are composed of multi-monomeric higher-order repeat units (HORs) of 171 

base-pair (bp) AT-rich head-to-tail tandemly oriented monomers (Figure 2.1a)3,9,65,66. 

Homogenous HORs repeat continuously, without disruption, hundreds to thousands of 

times to create a mega-base sized array with nearly identical HOR tandem copies2,3,67. This 

extreme repetitiveness of the α-satellite array had excluded centromere sequences from 

the human genome reference for decades2,68,69. While several human chromosomes 

contain multiple HOR arrays on the same chromosome, only one array is likely active9,70. 

The active centromere, defined by the enrichment of CENP-A, contains more homogenous 

and evolutionally young HOR sequences3,5,6,70. Unlike HORs in the active centromere, peri-

centromeres are more divergent α-satellite HORs that flank the active centromere, are less 

oriented, but still maintain their repetitiveness with the DNA monomers that are intermixed 

with transposable elements3,17,71-73. This centromere structure is shared across many taxa 

including plants, mice, and primates74. HOR sequences among HORs within the same 

chromosomal array or diDerent chromosomal arrays are almost identical, but 

polymorphisms among monomers within a HOR is (50-70%)9. The composition of the HOR 

is chromosome-specific ranging from 2 to 34 monomers16. HORs that share similar 

sequences and a linear monomer order but a distinctive total number of monomers can be 

grouped into suprachromosomal families (SFs); including five major (SF1-5) and 15 minor 

(SF6-18, SF01 and SF02) groups (Figure 2.1b-e)9,39,75. 



 

 



 

Figure 1. 1: Examples of human alpha satellite array organization, the five major 

suprachromosomal family structures, and their linear orders. a) Characteristics of human 

alpha satellite arrays including HOR structures (black arrow: monomers, blue 

arrow :12mer, green arrow: 7mer, yellow bar: transposable element), linear organizations 

(in grey boxes), and sequence similarities. b-e) Structure, sequence identity, and linear 

order of the five major suprachromosomal families (SFs) and examples of chromosome 

specific arrays for each group.  

The chromosomes in the same family share similar HOR configurations using the 12 

consensus monomers: J1, J2, D1, D2, W1, W2, W3, W4, W5, M1, R1, and R2. The majority 

of functional HORs that are found at active centromeres fall into one of three new or 

modern families (SF1-3) made of either two dimeric (J1-J2 and D1-D2) or one pentameric 

monomer organization (W1-5). The divergent monomers that flank the active centromere 

fall into SF4 (M1) and SF5 (R1-R2) lack higher-order periodicity17,76,77. For example, HORs in 

the SF1 family, which includes nine human chromosomes (1,3,5,6,7,10,12,16, and 19), 

have an alternating J1-J2 monomer organization with a chromosome specific total repeat 

number. While the canonical HOR found in the chromosome 1 specific array D1Z7 

(chromosome number followed by D) is created with perfect J1-J2 dimers (340bp), the 

canonical HOR in D7Z1 which is 6-mer (1020bp) is constituted of a J1-J2- J1-J2- J1-J2 

monomer configuration that shares the same sequence as D1Z7 but a diDerent length of 

HOR unit. The canonical DXZ1 HOR, which is 12-mer (2040bp), is made of two W1-W5 

pentameric monomers plus a duplication of the W3 and W4 monomers9. The diDerence in 

the number of monomers, the configuration comprising HOR units, and the presence of 



 

structural HOR variants create chromosome specific α-satellite arrays even though some 

chromosomes share the same HORs9. Every chromosome-specific array contains a 

diDerent number of structural HOR variants that are present along with the canonical HOR 

of the same array3,5.  

All α-satellite monomers can be broadly divided into two types of monomers based on the 

presence of a binding site for either CENP-B, the only known centromere sequence specific 

binding protein, or pJα whose function is not well understood74. The CENP-B box, a 17-bp 

sequence motif (5′-T/CTCGTTGGAAA/GCGGGA-3′) is found in all human centromeres with 

a unique distribution to each chromosome except the Y chromosome which lacks a CENP-

B box motif and belongs to the divergent SF4 family78,79. Because CENP-B is found in both 

active and inactive centromeres and CENP-B knock-out mice remained viable, its role in 

the maintenance and regulation of centromere chromatin was underestimated9,74,80. 

Indeed, CENP-B is important in CENP-A de novo deposition, the positioning of CENP-A 

containing nucleosomes, and the stabilization of CENP-A and CENP-C within centromeric 

chromatin81,82. The Y chromosome and neocentromere lack CENP-B boxes but enrich non-

B DNA and enable the assembly of the kinetochore, suggesting that alternative 

mechanisms are present at diDerent α-satellite arrays and highlighting the plasticity in 

centromere organization and kinetochore function81. 



 

2.4 Centromere heterogeneity in length, sequence, and 

organization 

Centromeres evolve rapidly which leads to extreme divergence in sequence, array length, 

and organization among diDerent species (species-specific diDerences), individuals, and 

even between two homologous chromosomes3,5,76. Logsdon et al., assembled a second 

human genome using the complete hydatidiform mole (CHM)1 cell line which has two 

nearly identical homologous chromosomes and compared the centromere sequence to 

the CHM13 genome known as T2T assembly2. The sequence homology between two 

haplotypes is only 63-71.5% (>90% identity). This rate further decreases to ~53-55% when 

the centromere sequences of 56 diverse human genomes from the Human Pangenome 

Reference Consortium (HPRC) and Human Genome Structural Variation Consortium 

(HGSVC) were compared. In addition, neither of the assemblies are a better match for the 

diverse human genome samples, indicating substantial variation in α-satellite sequences 

and new HOR structure occurrences among centromeric arrays of diverse individuals5,18.  

Chromosome specific variation manifests as diDerent forms of centromere diversity such 

as sequence, length, and epigenetic diDerences due to diDerent evolutionary 

trajectories3,5. While the chromomere X α-satellite array shows the highest sequence and 

structural conservation, chromosome 5 shows the most divergence in sequence, and 

chromosome 4 shows the greatest length variation among human haplotypes5,6. The α-

satellite array length comparison among diverse human genomes shows a great degree of 

variation across all centromeric arrays, ranging from 0.03 Mb on chromosome 4 to 6.5 Mb 



 

on chromosome 11, mostly due to diDerences in HOR array organization and size. As an 

example of an array expansion that originated from the variation in HOR organization, a 

novel 6-mer layer instead of the 5-mer canonical HOR array of the D11Z1 in CHM13 arose 

within the active centromere of chromosome 11 in the CHM1, resulting in a 1.2 mb 

expansion in array size5.   

Comparative analysis of ape centromeric arrays from multiple studies have shown 

species-specific divergence in HOR organization and structure but all share evidence of 

layered expansion (Figure 2.2)3,5,6. 

 

Figure 2.2: a) Phylogenetic tree of suprachromasomal families (SFs) at active centromeric 

regions among primate which shows the diDerences in SF organization between 

chromosome specific and pan-chromosomal groups. b) Linear configuration of SFs on 

centromeres of primates (match with Figure 2.2a). The active centromeric region is located 

at the center of the chromosome and is flanked by older pre-existing layers. 

All primate centromeres contain new evolutionary symmetrical layers of highly 

homogenous HORs that emerged from the active centromere and expanded within the pre-

exiting arrays. The older displaced arrays in the flanks quickly became inactive and 

divergent over time due to the accumulation of mutations2,3,5,6. The age of the α-satellite 



 

arrays can be estimated by the increase in intra-array divergence from the core to the 

periphery of the array2,3,5,6. While the HOR structure of active centromeres of all 

chromosomes of apes that evolutionarily predate human lineage are more uniform and 

less than dimer length (pan-chromosomal HORs), chromosome specific HORs emerged in 

great apes, with the exception of the Y chromosome3,6.  For example, while the younger SF 

group SF1-3 are present in all active centromeric arrays of Humans, Chimpanzees, and 

Gorillas, the active centromeres in Old and New World Monkeys are composed of the older 

SF groups that have been pushed into the periphery of the centromere in African Apes 

(Figure 2.2)6. Some of the non-homologous chromosomes such as 1/5/19, 13/21, and 

14/22 share nearly identical or very similar HORs9. It is still enigmatic whether these arrays 

did not have a suDicient amount of time to diverge or are still undergoing a nonstop 

homogenization process between these chromosomal arrays. 

The underlying molecular mechanisms that drive this extreme sequence diversification, 

homogeneity, and length variation at centromeres across species have not been fully 

elucidated. The proposed mechanisms for this diversification are unequal crossover19, 

gene conversion20, and break-induced replication (BIR)21,22. These molecular mechanisms 

are subsets of Homology Directed Repair (HDR) which underscores the role of DNA breaks 

to drive centromere sequence evolution via repair-dependent recombination events19,20,83. 

2.5 Centromeres: diGicult-to replicate regions  

Despite the essentiality of centromere function for cell viability, centromeres are 

recombination hotspots and are heavily enriched with DNA breaks in comparison with 



 

other repeats such as telomeres in physiological somatic cells and even in quiescent 

cells84. DNA replication in centromeres is challenging due to the presence of complex 

secondary structures such as single-stranded DNA, hairpins, cruciforms, and DNA: RNA 

hybrid R-loops that act as physical replication barriers85-88. Centromeres that are replicated 

in the mid-late S-phase in mammalian cells have a slower replication fork speed compared 

to the bulk genome29. While most genomic regions only utilize a fraction of their replication 

origins during the S-phase and leave the unused origins as backups in case complications 

arise during replication, in the centromere, most origins are actively used and therefore the 

region is more susceptible to misregulation29. One of the mechanisms that ensures 

frequent origin firing and timely completion of DNA replication at the centromere during S-

phase is mediated by the formation of replication and condensin-dependent double 

stranded DNA loops89. These loops, that are positively supercoiled and accumulate behind 

the replication fork, inhibit the binding of replication protein A (RPA) to replication forks 

and, in turn, limit the activation of the ATM and Rad3-related (ATR) replication checkpoint 

kinase that suppresses origin firing at the centromere90. Both CENP-A and CENP-B prevent 

replication stress (RS) at the centromere28.  

CENP-A safeguards α-satellites from recombination and RS by preventing the formation of 

R-loops that are generated due to replication-transcription conflicts91. Despite their low 

level of expression, α-satellites that contain transcriptionally permissive markers H3K4me2 

and H3K36me2 are actively transcribed by RNA polymerase II3,92,93. Depletion of 

centromeric transcripts reduces CENP-A deposition, indicating that it has a beneficial role 

in centromere identification at the expense of replication dynamic alteration94. CENP-B 



 

regulates the replication dynamic at the centromere by maintaining slow replication forks 

via CENP-B-mediated loops and by influencing origin selection via nucleosome positioning 

or heterochromatin formation95. Multiple origin firings were observed in the centromere 

which indicates a relatively high degree of converging replication forks that can induce 

replication-dependent topological stress which needs to be resolved by 

topoisomerases29,96. The depletion of Topoisomerase II in vertebrates causes replication 

fork stalling97. These results highlight the importance in maintaining correct fork speed and 

frequency of origin firing to avoid RS which can cause centromere under-replication and 

ultimately centromere breaks29. The mechanisms that regulate replication dynamics within 

diDerent chromosome specific α-satellite arrays that have varied HOR copy numbers and 

sequences in turn influences the level of centromere protein recruitment such as CENP-A 

and CENP-B are not well understood.  

2.6 DNA damage responses at centromeres  

Centromeres are enriched with various DNA damage response proteins including such as 

RAD51 (HR), MRE11/RAD50 (HR), Ku80 (NHEJ), PARP1 (base excision repair), XRCC6, and 

the mismatch repair MSH2-6 complex throughout cell cycles without DNA damage, 

indicating that a strong surveillance system is acting on these special regions to minimize 

harm89,98. DNA damage response (DDR) factors, whose recruitment is spatiotemporally 

regulated, senses diDerent types of lesions such single stranded DNA break (SSB) or 

double stranded DNA break (DSB) and initiates specific DNA repair pathways to physically 

remove the damage99.  



 

Although it is not clear what level of de novo DNA breaks are present in the centromere in 

G1, DNA breaks can be induced by the formation of R-loops and secondary structures of 

displaced ssDNA that can arise from the transcription-associated torsional stress100. The 

pathway decision for DSB is made based on competition between 5′–3′ end resection and 

lesion repair30,99. NHEJ is the main mechanism used to join the two broken ends when end 

resection is limited101. When end resection occurs, the error-free conservative HR, Single-

Strand Annealing (SSA) and Alt-EJ further compete102,103. HR utilizes the homology in sister 

chromatids DNA templates for DNA synthesis by strand invasion and contains two sub-

pathways: synthesis-dependent strand annealing (SDSA) and break-induced repair (BIR)104. 

SSA and Alt-EJ employ annealing at either long interspersed nucleotide repeats or 

microhomologies respectively18. The genetic outcomes of each mechanism diDer and can 

lead to various mutations including LOH, deletions, and insertions105. NHEJ is the main DSB 

repair mechanism in the G1 phase because HR is predominant in S/G2 when homologous 

sister chromatid templates are available99,102. However, exogenously induced DSBs in the 

centromeric DNA, created by either ionizing radiation or Cas9, were repaired without NHEJ, 

suggesting HR is active by intra-strand invasion of α-satellite repeats in the G1 phase106,107. 

Yilmaz et al. investigated the mechanism of H3K4me2 and R-loops mediated RAD51 

recruitment at Cas9 induced DSB in centromeres and found that Ubiquitin Specific 

Peptidase 11 (USP11) facilitates CENP-A deposition by HJURP deubiquitylation. This 

damage dependent CENP-A deposition enhances USP11 recruitment to resected DNA 

ends that are promoted by the H3K4me2 dependent R-loop and in turn permits the 

recruitment of HR factors such as BRCA2–RAD51 to the resected DNA107.  Centromeric 



 

DNAs are prone to form secondary structures such as cruciforms that can also be found in 

displaced ssDNA that are associated with R-loops. Dyad symmetry enrichment was 

observed in centromeres of organisms that lack CENP-B, which can form a secondary 

structure through its dimerization86,108. Kasinathan et al., proposed that HJURP, which binds 

to a four way double-stranded DNA Holliday junction, might recognize cruciform structures 

in the centromere and deposit CENP-A18. While repair-dependent recombination mediated 

by secondary structures has beneficial roles in CENP-A deposition in the G1 phase, it can 

cause deleterious eDects during the S phase unless it is repaired properly86. 

Homology directed repair mechanisms are used in the S/G2 phases to repair DSBs and, 

therefore, DSBs that are enriched in the centromere would be repaired by various 

pathways, influencing α-satellite array sizes and sequences diDerently84. HR can lead to the 

expansion or contraction of arrays due to gene conversion and unequal crossover between 

sister chromatids that are misaligned105,109. SSA leads to contraction due to the deletion of 

one homologous tandem repeat sequence and the non-homologous sequence between 

repeats25,109. Secondary structures in the centromere are obstacles that can prevent the 

duplication of the genome on time110. Nuclease/helicase DNA2 is a structure-specific 

nuclease that is mainly found in the centromere and its ability to resolve secondary 

structures is important for the completion of centromeric DNA replication, CENP-A 

deposition, and the prevention of mitotic defects111. When secondary structures persist, 

replication forks stall and eventually collapse, resulting in one-sided DSB unless the re-

initiation of the stalling forks occurs112. The main repair response to collapsed forks is BIR 



 

which is a mutagenic and low-fidelity repair mechanism that can lead to an extensive array 

size gain and substantial substitution mutations27,113.  

Common Fragile Sites (CFSs) are other diDicult-to-replicate genomic regions that are prone 

to breaks and sensitive to RS induced by oncogene activation or replication 

perturbation114,115. CFSs are reminiscent of α-satellite arrays in many aspects because they 

are replicated in the late S-phase and contain scarce replication. These regions contain 

under-replicated loci that can be seen as gaps in mitotic chromosomes upon RS and are 

associated with very large genes that can form R-loops that originated from transcription-

replication conflicts (TRC) and contain AT rich microsatellite repeats that are known to form 

DNA secondary structures115-119. The completion of cell division is a higher priority than 

DNA damage repair in mitotic cells. Therefore, DDRs that promote CDK1 mediated mitotic 

arrest are suppressed120. DSB repair, known as mitotic DNA synthesis (MiDAS), can still 

occur via BIR during early mitosis to remove persistent pre-mitotic errors such as the 

under-replicated regions mentioned and prevent chromosome mis-segregation39,88,121-123.   

2.7 DNA repair mediated mechanisms that drive rapid centromere 
sequence evolution 
 

Molecular mechanisms that explain the complex organization, homogeneity, and variation 

in array length and sequence are mediated by homology-directed repair (HDR)21,22. The 

mechanism which is cited the most by the field is based on repeated unequal crossover 

events, one of the genetic outcomes of HDR3,76. The tandem repeats between sister 

chromatids that are misaligned undergo unequal crossover during HR resulting in array 



 

expansion and homogenization19. Based on this process, sequences in α-satellite arrays 

should be random without any of the structural patterns that can arise from functional 

constraints on repeat sequences. Yet, HORs have multiple distinctive structures3,21. In 

addition, this model was proposed before the discovery of SSA23, which is the predominant 

mechanism for the repair of repetitive regions24.  SSA causes the deletion of one HOR unit25 

and, thus, gradually shrink the centromere over time unless there is a counteracting 

mechanism to compensate this loss and, thus, led to extremely large α-satellite arrays that 

have been observed in human populations2,3,5,11,26. An alternative mechanism proposed is 

based on BIR, which is the main repair mechanism of one-sided DSBs that are generated 

from fork collapses following fork stalling during replication. Tandem repeat length 

variation, which favors expansion, occurs via repairs of one-sided DSBs using a DNA 

template from an out-of-register sister chromatid32.  The outcomes of BIR repair of one-

sided DSBs occurring in centromeric arrays are replication dependent length variations 

(higher length variation observed in the Y chromosome compared to the X due to a diDerent 

numbers of cell divisions), compensation of array loss caused by SSA because expansion 

is favored over contraction, and elevated substitutions associated with mutagenetic 

BIR21,32,33. BIR is best known as a telomere maintenance mechanism in alternative 

lengthening of telomere (ALT) positive cancers such as U2OS and MiDAS to repair CSFs in 

mammalian cells in diDicult to replicate regions of the genome associated with high 

incidence of one-sided DSBs123,124.  Although BIR can explain many characteristics of α-

satellite arrays that are observed at human centromeres, this mechanism has not been 

experimentally validated due to technical challenges in studying centromere biology.  



 

Chapter 3: Protocol to measure centromeric array size 
changes using droplet digital PCR-based 
quantification of higher-order repeats 
 

Modified from an article originally published in STAR Protocols: 

Soyeon Showman, Paul B. Talbert, Yiling Xu, and Steven Henikoff.  

 

 

 

 

 

 

 

  



 

3.1 Abstract 
 

Centromere length changes occurring during somatic cell divisions can be estimated by 

quantifying the copy numbers (CNs) of higher-order repeats (HORs), which are nested 

repeats of monomers that comprise centromeric arrays. Here, we present a protocol for 

single-cell isolation for clonal evolution followed by droplet digital PCR-based 

quantification. The assay measures HOR CNs across subclones to determine the 

frequency and degree of changes in HOR CNs. This protocol tests the underlying molecular 

mechanisms responsible for rapid centromere sequence evolution. 

For complete details on the use and execution of this protocol, please refer to Showman et 

al125.  

3.2 Protocols 

Before you begin 

 

This protocol aims to quantify CNs of HORs in α-satellite arrays that can change during 

somatic cell divisions. The protocol below describes the specific steps for measuring 

D11Z1 CN in human U2OS cells, but we have also applied it to diDerent HORs and other 

cell lines including human K562 cells with modification during monoclonal cell isolation. 

This protocol takes 10-12 h of hands-on time spread across 8 weeks to allow for clonal 

evolution. We recommend using cells that have undergone few sub-cultures to ensure 

consistent cell growth throughout clonal evolution. This protocol can be used to quantify 



 

other repetitive elements, yet optimizations including primer eDiciency, genomic DNA 

(gDNA) input, dilution factor, and annealing temperature are likely needed. We used the 

human CHM13 cell line for optimization and as a positive control2, yet this can be 

customized for the tandem repetitive array of interest. This protocol does not provide 

primer design steps because each repetitive array needs extensive troubleshooting to 

determine whether the designed primers eDiciently target all repeats. All primer sequences 

that are compatible with this protocol are from de Lima et al., (2021) and are listed in Table 

118.  

Table 1. Target primer sequences and restriction enzymes 

Primer Sequence Target  
(HOR or Single Gene) 

Restriction 
Enzyme 

D6Z1 F: 5′ – GCGTTGAACTCACCGTCTT – 3′ HOR (Chromosome 6) Alu I 
D6Z1 R: 5′ – TCCAAAGAATGCCTCCAAGG – 3′ HOR (Chromosome 6) Alu I 
TBP1 F: 5′ – GATATGAGACTGTGGGTAAGT – 3′ SG (Chromosome 6) HaeIII 
TBP1 R: 5′ – GATCCTTTGAACACCCTAATG – 3′ SG (Chromosome 6) HaeIII 

D11Z1 F: 5′ – CTTCCTTCGAAACGGGTATATCT – 3′ 
HOR (Chromosome 
11) Alu I 

D11Z1 R: 5′ – GCTCCATCAGCAGGATTGT – 3′ 
HOR (Chromosome 
11) Alu I 

C11orf16 F: 5′ – TCCCTGACCATCTGGAAGAA – 3′ SG (Chromosome 11) Alu I 
C11orf16 R: 5′ – TGATTGGCCCTAGCAGAGA – 3′ SG (Chromosome 11) Alu I 

D18Z1 F: 5′ – TGGGAAACGGGATTGTCTTC – 3′ 
HOR (Chromosome 
18) Alu I 

D18Z1 R: 5′ – CTGCTCTACCAAAGGGAATGT – 3′ 
HOR (Chromosome 
18) Alu I 

MRO F: 5′ – TAGTAGGTAACACCGAGTGC – 3′ SG (Chromosome 18) Alu I 
MRO R: 5′ – TCAGGGTTGTCGCAAGTA – 3′ SG (Chromosome 18) Alu I 
DXZ1 F: 5′ – TGATAGCGCAGCTTTGACAC – 3′ HOR (Chromosome X) HaeIII 
DXZ1 R: 5′ – TTCCAACACAGTCCTCCA – 3′ HOR (Chromosome X) HaeIII 
HPRT1 F: 5′ – AAGGTGCTGGTCTCCTTTAC – 3′ SG (Chromosome X) Alu I 
HPRT1 R: 5′ – GCACCAATGATTCTCTCCCT – 3′ SG (Chromosome X) Alu I 

 

Monoclonal cell line preparation 



 

 

Timing: 4 weeks 

 

1. Culture population of U2OS cells and collect conditioned media. 

a. Thaw a new early passage stock of frozen U2OS cells and passage the cells at 

least two times. 

b. Seed 1.5 × 106 U2OS cells in a T-75 flask with 15 mL of media.  

c. Incubate the cells at 37°C for 2-3 day until 80% confluence.  

d. Remove old (conditioned) media from the flask and place in a 50 mL conical 

tube.  

e. Wash cells in the flask once with 1X PBS.  

f. Trypsinize cells in 3 mL of 0.25% trypsin-EDTA and incubate at 37°C for 5 min. 

g. Add 7 mL of media and break up all clumps of cells into individual cells by 

pipetting up and down. 

Optional: Although conditioned media may be used, avoid using it from cells that 

are overly confluent due to the potential presence of excess cellular waste. 

 

2. Isolate single cells from the population of U2OS cells by limiting dilution126,127.  

a. Measure the cell number of the homogenized cells with a Vi-cell analyzer.  

b. Add 106 cells/mL in a 1.5 mL microcentrifuge tube. (refer to Preparation of 

HOR CN control) 

c. Dilute the cells to 105 cells/mL in a 1.5 mL microcentrifuge tube containing 

media and homogenize by pipetting.  



 

d. Measure the cell number of the 105 cells/mL stock. 

e. Dilute the 105 cells/mL stock solution in 1:10 (10,000 cells/mL) and 1:100 

(1000 cell/mL) using 1.5 mL microcentrifuge tubes containing media.  

f. Filter the conditioned media through a 0.22 µm PES filter. 

g. Seed 50 single cells in a 96-well plate by adding 50 µL of the 1:100 diluted 

cell solution in 10.5 mL of conditioned media and mix thoroughly by 

pipetting. 

h. Move the cell-containing media to a reservoir and dispense 100 µL of cell 

solution into each well of a 96-well plate except for one well on the right 

bottom corner of the plate (H12). This well will be used to focus the 

microscope while searching for single cells. 

i. Add 100 µL of the 1:10 cell solution in the bottom right corner well. 

j. Keep the plate undisturbed in an incubator for 7 days. 

CRITICAL: It is essential to homogenize the cell solution during dilution in order to 

yield a high number of single cells with minimal doublets.    

Optional: A hemocytometer or other cell counter may be used instead of a Vi-cell 

analyzer. 

 

3. Scan the 96-well plate to find monoclonal cells on the 7th day post isolation.  

a. Focus the microscope using the cells in the bottom right corner well (H12).  

b. Scan the entire plate and mark the wells containing single colonies. 



 

c. Keep monitoring the marked wells every day at roughly the same time and 

discard any well containing more than a single colony or that are observed to 

grow at a diDerent rate than the majority. 

CRITICAL: Having two cells in a well reduces assay sensitivity due to genetic 

heterogeneity.  

Optional: We tested a microfluidic-based single cell sorter, yet the limiting dilution 

was as eDicient as the single cell sorter and has an easier and less expensive 

workflow.  

Note: We observed the plate at the same time every day from day 7th to 14th after 

single cell isolation to ensure that all selected clones are monoclonal and growing 

at the same rate.   

 

4. Expand the monoclonal colonies on the 14th day post isolation.  

a. Wash the wells that contain monoclonal colonies twice with 1X PBS. 

b. Trypsinize the monoclonal colonies in 100 µL of 0.25% trypsin-EDTA and 

incubate at 37°C for 5 min. 

c. Add 100 µL of media and break up all cell clumps into individual cells by 

pipetting up and down.  

d. Transfer 200 µL of the cell-containing media to a single well in a 12-well 

plate. 

e. Add 800 µL of media to each well containing cells in a 12-well plate. 



 

Note: We noticed that some colonies are not easily detached during trypsinization 

from a 96-well plate. To minimize cell loss, make sure to check cells under a 

microscope to determine whether they are fully detached.  

 

5. Once the monoclonal colonies in the 12-well plate are confluent, collect the cells. 

a. Wash the cells once with 1X PBS. 

b. Trypsinize in 500 µL of 0.25% trypsin-EDTA (enough to cover the cells) and 

incubate at 37°C for 5 min. 

c. Add 500 µL of media (≥	volume of trypsin added) and break up all cell 

clumps into individual cells by pipetting up and down.  

 

Cryopreservation of monoclonal cell lines  

 

6. Select a few monoclonal cell lines from above and expand the cells by placing each 

individual monoclonal cell line in a separate T-25 flask. 

7. Add 5 mL of media and incubate at 37°C until the cells are confluent.  

8. Freeze the cells at 1.5X106 cells per cryovial in 1 mL of media containing 5% DMSO. 

9. Store the cells at -80°C.  

CRITICAL: The purpose of this step is to preserve monoclonal colonies that are 

genetically homogeneous. Pre-existing genetic heterogeneity will lead to an 

overestimation in array change. The frozen stocks will be used to initiate clonal 

evolution. 



 

 

Preparation of HOR CN control 

 

10. Centrifuge the remaining parent cells after single-cell isolation at 300 x g for 5 min. 

11. Remove the supernatant. 

12. Store the parent cell pellet at -20°C until the ddPCR run is needed.  

 

Preparation of positive control 

 

13. Thaw a CHM13 cryostock containing 2X106 cells and expand the cells to 107 cells.  

14. Add 106 cells in each 1.5 mL microcentrifuge tube. 

15. Centrifuge the cells at 200 x g for 5 min. 

16. Remove the supernatant.  

17. Store the cell pellet at -20°C until the ddPCR run is needed.  

 

Preparation of 20X primer-pair working stock 

 

18. Prepare a 20X primer-pair working stock for the targeted HOR and reference single 

gene (refer to Materials and equipment setup below). 

19. Store the 20X working stock at -20°C. 

 

Materials and equipment setup 

 



 

This protocol uses the QX200 Droplet Digital PCR system which includes an automated 

droplet generator, PX1 PCR plate sealer, thermal cycler with 96–deep well reaction module, 

and QX200 droplet reader which comes with QuantaSoft Software (version 1.7).  

QuantaSoft is compatible with Windows 10 operating systems. The Droplet Digital PCR 

Applications Guide is available from the Bio-Rad website: https://www.bio-

rad.com/webroot/web/pdf/lsr/literature/Bulletin_6407.pdf 

20X primer-pair working stock 

Reagent Final concentration  Amount 

100 µM forward primer 2 µM 4 µL 

100 µM reverse primer 2 µM 4 µL 

ddH2O n/a 192 µL 

Total n/a 200 µL 

Store 20X primer-pair working stock at -20°C. 

 

 

 

 

 

 

 

 

 

 

https://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6407.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6407.pdf


 

Droplet Digital PCR (ddPCR) reaction mix 

Reagent Final concentration  Amount 

20X Primer pair stock (100 µM) 1X 1 µL 

Alu I 2 units/mL 0.2 µL 

2x ddPCR supermix for EvaGreen  1X 10 µL 

DNA template n/a 1 µL 

ddH2O n/a 7.8 µL 

Total n/a 20 µL 

 

CRITICAL: The fresh master reaction mix without the DNA template should be made 

just before the run. The gDNA of the samples will be added individually.  

CRITICAL: Vortex all reagents and spin down before preparing the reaction. When 

preparing the ddPCR reaction mixture add 1.25 x the total required volume because the 

viscosity of 2X supermix may lead to a pipetting error (see Figure 2. Column 6). Prepare 

a reaction in multiples of 8 because the automatic droplet generator takes 8 samples (1 

column of a 96-well plate) and generates droplets simultaneously.  

 

Step-by-step-method details 

Isolation of subclones from a monoclonal cell line for clonal evolution  

 



 

1. Isolate subclones as described in the step 1-5 of the Monoclonal cell line 

preparation section above using the monoclonal cell line frozen stock.  

Troubleshooting 1 

2. Place the cells in 1.5 mL microcentrifuge tubes.  

3. Centrifuge at 300 x g for 5 min. 

4. Remove the supernatant. 

5. Store the cell pellets of subclones at -20°C until the ddPCR run is needed.  

 

Genomic DNA extraction from subclones and controls 

 

Timing: 30 min. Time depends on number of samples.  

 

6. Thaw frozen sub-clone cell pellets, parent cells, and ddPCR positive control that are 

stored at -20°C. 

7. Resuspend pellets in 200 µL of 1X PBS. 

8. Using the Qiagen blood and tissue kit, add 20 µL of proteinase K. 

9. Add 200 µL BuDer AL and mix thoroughly by vortexing.  

10. Add 200 µL of ice-cold 100% ethanol and mix thoroughly. 

11. Place the mixture into a DNeasy mini spin column and centrifuge at >6000 x g for 1 

min. 

12. Discard the flowthrough. 

13. Add 500 µL BuDer AW1 and centrifuge at >6000 x g for 1 min. 



 

14. Discard the flowthrough. 

15. Add 500 µL BuDer AW2 and centrifuge at >20,000 x g for 1 min. 

16. Discard the flowthrough. 

17. Centrifuge at >20,000 x g for 3 min. 

18. Discard the flowthrough. 

19. Transfer the column to a new 1.5 mL microcentrifuge tube.  

20. Add 200 µL of BuDer AE to the center of the column and incubate at room 

temperature for 1 min. 

21. Insert columns into tubes and centrifuge at >6000 x g for 1 min.  

22. Discard the column and collect the gDNA. 

 

Note: We tested a direct PCR lysis reagent and NucleoSpin tissue XS assay to reduce the 

number of cells needed, but the results using these assays were not as consistent as the 

results from the Qiagen blood and tissue kit.  

Pause point: gDNA can be stored at -20°C. 

 

Genomic DNA quantification and dilution  

 

Timing: at least 30 min. Required time depends on number of samples.  

 



 

23. Measure the concentrations of the gDNA extracts from the cell pellets using a 

DeNovix dsDNA high sensitivity assay. 

a. Equilibrate all components to room temperature before use. 

b. Vortex and spin down all components.  

c. Prepare a working solution for the samples and two standards. Each 

standard and unknown sample requires 190 µL of working solution. Add 1.9 

µL of 100X dye in the 188.1 µL buDer per measurement.  Scale up as needed 

to make enough volume to use. 

d. Vortex to mix thoroughly. 

e. Aliquot 190 µL of the working solution in a thin, UV-transparent 0.5 mL tube 

for each sample and standard. 

f. Add 10 µL of standard and unknown sample to the assay tubes. 

g. Vortex tubes to mix. 

h. Incubate the samples and standards at room temperature for 5 min. 

i. Generate a standard curve by DeNovix DS-11 FX using two standards. 

j. Measure the concentration of the samples. 

 

Optional: any assay that can quantify 100pg-250ng range fluorometrically including 

Qubit dsDNA assays can be used.  

 

24. Vortex thoroughly and dilute samples to 2 ng/µL in BuDer AE using Rainin low 

retention tips. 



 

25. Measure the concentration of 2 ng/µL stock using a DeNovix dsDNA ultra-high 

sensitivity assay. 

a. Equilibrate all components to room temperature before use. 

b. Vortex and spin down all components.  

c. Prepare a working solution for the samples and two standards. Each 

standard and unknown sample requires 200 µL of working solution. Add 0.5 

µL of the 400X dye and 2 µL of the 100X enhancer in 197.5 µL buDer per 

measurement.  Scale up as needed to make enough volume to use. 

d. Vortex to mix thoroughly. 

e. Aliquot 200 µL of the working solution in a thin, UV-transparent 0.5 mL tube 

for each sample and standard. 

f. Add 10 µL of standard and unknown sample to the assay tubes. 

g. Vortex tubes to mix. 

h. Incubate samples and standards at room temperature for 5 min. 

i. Generate a standard curve by DeNovix DS-11 FX using two standards. 

j. Measure the concentration of the samples. 

26. Repeat steps 24-25 until 2 ng/µL (< ±10%) stocks are made from all samples.  

27. Vortex thoroughly and dilute 2 ng/µL stock to 1:20 in BuDer AE using Rainin low 

retention tips. 

 

CRITICAL: The CN of the reference single gene is used to normalize the CN of the HOR 

of the same subclone. To minimize subsampling error, it is important to make the 2 



 

ng/µL stock as accurately as possible and mix thoroughly before preparing the diluted 

gDNA stock.  

Pause point: Diluted gDNA can be stored at -20°C. 

 

ddPCR reaction setup 

 

Timing: 1 h (96 samples) 

 

CRITICAL: We measure the HOR and reference single gene (SG) CNs in separate 

reactions using the EvaGreen assay due to constraints caused by the diDerences in 

ddPCR dynamic range between the HOR and reference SG when using the same 

amount of gDNA input. Therefore, we use 2 ng of gDNA for the reference SG 

measurement and a 1:20 dilution of 2 ng gDNA stock for HOR measurement. This is the 

optimal condition to quantify D11Z1 CN in U2OS cells. The optimal gDNA concentration 

for each diDerent SG and dilution factor for each diDerent HOR should be determined 

based on the CN of target HOR and SG in the cell of interest to fit within the dynamic 

range of the ddPCR.  

CRITICAL: EvaGreen dye binds to both double-stranded DNA and nonspecifically 

single-stranded DNA. Therefore, concentrations of gDNA input and primer need to be 

optimized to ensure accurate CN measurement.  



 

CRITICAL: To minimize subsampling error, use low retention tubes and tips for all steps 

and pre-wet tips to avoid bubbles in the tips.   

CRITICAL: Avoid introducing air bubbles to the droplet generator cartridge. This will 

impact droplet generation and reduce the assay eDiciency. Therefore, add 10% excess 

volume (22 µL) to prevent air bubble formation (see Figure 2. Column 4). 

 

28. Thaw the diluted gDNA stocks of subclones, parental cells, and ddPCR control.  

29. Vortex thoroughly to homogenize gDNA in solution.  

30. Place 2X supermix and 20X primer pair stocks at room temperature to thaw.  

31. Following the ddPCR reaction mix table in the Materials and equipment section 

above, prepare two ddPCR master reaction mixes without gDNA (the gDNA will be 

added in step 35) according to the number of samples needed, in triplicate (see 

Figure 2. Column 5) and including the two controls.  

 

Note: One master mix will include the HOR target primers and the other will include the 

single gene reference primers.   

Note: Refer to Figure 1 for a suggested plate layout and Figure 2 for an example of the 

master mix volume calculation.  

CRITICAL: Incubate the ddPCR reaction with the restriction enzyme for at least 30 min 

to ensure every CN of the HOR and SG are isolated and partitioned into droplets.   



 

 

32. Label 1.5 mL low retention microcentrifuge tube that match the number of samples 

that are being measured. 

33. Vortex thoroughly and aliquot 69 µL of reaction master mix to each tube.  

34. Vortex thoroughly to mix the gDNA. 

35. Add 3.6 µL of either 2 ng/µL (SG), 1:20 dilution of the 2 ng/µL stock (HOR), or ddH2O 

to the corresponding tubes containing the target primer-pair.  

36. Vortex thoroughly to mix the reaction. 

37. Incubate the reaction in the dark for 30 min. 

38. Vortex tubes thoroughly to homogenize the reactions.  

39. Aliquot 22 µL from each tube to each corresponding well in a 96-well ddPCR plate in 

triplicate (see Figure 1). 

40. Turn on the PCR plate sealer which is set to seal at 180°C for 5 sec. 

41. Place a pierceable foil seal on the top of the plate (the redline should be on the top 

of the plate) and seal the plate. 

42. Vortex the plate at 2000 rpm for 1 min. 

43. Centrifuge the plate at 1000 x g for 1 min.  

 

CRITICAL: Remove air bubbles and ensure the ddPCR reaction mix is at the bottom of 

the wells. If there are any bubbles after centrifugation, repeat step 42.  

 



 

Droplet generation 

 

Timing: ~45 min (for 96 samples). It will take less time for fewer samples. It takes an 

average of 3.5 min per column.  

 

44. Set up the configuration on the automated droplet generator (AutoDG) as follows: 

a. Select oil type as EvaGreen. 

b. Specify the columns that contain the samples. 

45. Replace the oil and consumables as follows (the green lights on the instrument 

decks or touchscreen will turn on if the consumables are placed correctly). 

a. Ensure that the oil volume is suDicient and the type of droplet generation oil 

is EvaGreen. 

b. Load droplet generator cartridges onto the cartridge blocks on the back row 

(the green gaskets should be on the right side). 

c. Insert an empty pipet tip waste bin.  

d. Remove the lids and place pipet tips on the pipet tip blocks on the middle 

row.  

e. Place a 96-well ice cold chill block on the droplet plate holder (front right). 

f. Place a new ddPCR 96-well plate in the 96-well chill block. 

46. Insert the sealed ddPCR reaction plate into the sample plate holder (front left). 

47. Start the AutoDG when all requirements are satisfied. 



 

48. Once the droplet generation is complete, place a pierceable foil seal onto the 96-

well plate containing the droplets in the chill block (the red line should be on the top 

of the plate). 

49. Gently remove the plate and seal at 180°C for 5 sec.  

 

CRITICAL: The droplets are very fragile. We recommend processing the PCR 

amplification step as soon as the droplet generation is complete. Do not vortex or 

spin down the plate. Handle the plate very carefully until it is loaded on the thermal 

cycler.   

CRITICAL: Improper sealing of the plate leads to oil evaporation during thermal 

cycling and can compromise droplet data quality.   

Note: See the AutoDG instrument manual for details: https://www.bio-

rad.com/webroot/web/pdf/lsr/literature/10043138.pdf 

Note: A QX200 droplet generator can be used instead of the AutoDG. See the 

instrument manual for details: https://www.bio-

rad.com/webroot/web/pdf/lsr/literature/10031907.pdf 

Note: Droplets will have an opaque layer at the top of each well if the droplets are 

properly generated. 

Note: The chill block needs to be stored at -20°C upside down for more than 2 h 

before use. The instrument is not sensitive enough to detect errors occurring in this 

block such as a misplaced sample plate or a failure to place a new plate. A mistake 

in this step can lead to the failure of the entire run. 

https://www.bio-rad.com/webroot/web/pdf/lsr/literature/10043138.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/10043138.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/10031907.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/10031907.pdf


 

Note: The completion time for droplet generation can vary between runs. We 

recommend monitoring the instrument performance until the first column is 

processed before leaving the machine.  

 

Thermal cycling (PCR)  

 

Timing: 2.5 h  

 

50. Transfer the sealed droplet plate to a thermal cycler and start the PCR cycling using 

the program as below (Table 2). The volume of the thermal cycling reaction is 40 µL. 

The ramp rate should be 2°C/s for all cycles.  

 

Table 2. PCR cycling conditions 

Steps Temperature Time Cycles 

Enzyme activation 95°C 10 min 1 

Denaturation 96°C 30 sec  

40 cycles Annealing/extension 56°C 60 sec 

Signal stabilization  4°C 5 min 1 

90°C 5 min 1 

Hold 4°C Forever 

 



 

CRITICAL: The annealing temperature must be optimized for every set of primers 

using a temperature gradient (65°C-55°C).  

Note: We noticed that incubating the plate at 4°C overnight after PCR cycling 

increases the number of accepted droplets.  

Pause point: The plate can be stored at 4°C overnight after completion of the PCR 

step until droplet reading. 

 

Droplet reading 

 

Timing: 2h (for 96 samples). Droplet reading takes about 10 min for each column.  

 

51. Remove the metal retainer and insert the sealed PCR-amplified reaction plate into 

the QX200 droplet reader and secure the retainer. 

52. Open the Quantasoft software and prime the QX200 droplet reader.  

53. Set up a new plate layout according to the experimental samples. 

54. Designate the parameters as follows:  

a. Define “Supermix” as “EvaGreen” 

b. Set “Experiment Type” as “Direct Quantification” 

c. Assign “Assay Type” as “Single Target per Channel”  

d. Under “Target Info”, select signal Ch1 as “EvaGreen” and signal ch2 as 

“None” 

e. Configure the names of the samples.  



 

55. Start the ddPCR reading.  

56. Once the reading is complete, remove the empty plate from the QX200 droplet 

reader and dispose the waste in accordance with institutional, state, and local 

regulations. 

 

Note: ddPCR droplet reading will not proceed if the droplet reading oil is insuDicient 

for the reaction or the waste container is full. 

 

Expected outcomes 

 

Successful completion of the monoclonal isolation step should result in greater than 25 

monoclonal cells, with an average of 4 doublets, when approximately 0.5 cells/well was 

added to the 96-well plate. A successful ddPCR run should result in >16000 accepted 

droplets and a separation of two peaks representing the amplitudes of the negative 

(background) and the positive (target). The CN of D11Z1 in the positive control (CHM13) 

should be ~3500 copies/µL with minimal background in the negative control.  

 

Quantification and statistical analysis 

 

Overview 

 



 

The purpose of this section is to quantify the absolute number of copies/µL for both HOR 

and SG and normalize the HOR CN by SG CN to estimate an average of HOR CN per 

centromeric array. The HOR CN per array across the subclones will be compared to the 

value of parental monoclonal cells that the subclones were isolated from. The frequency of 

CN change across the subclones is determined using an ANOVA test followed by Tukey's 

Honestly Significant DiDerence test. The two steps that are needed are as follows: 

• Use Quantasoft to estimate the CN. 

• Quantify HOR CN per array by normalizing with the SG CN. 

The number of accepted droplets and negative droplets are used to calculate # copies/µL. 

The number of positive droplets influences the technical error of the measurement.  

 

Data analysis 

 

Timing: 0.5h 

 

57. After completion of the droplet reading, open Quantasoft and select the run. 

58. Select the well that contains the NTC and ensure the well is free of contamination 

(see Figure 3 and Troubleshooting 2)  

59. Determine the amplitude threshold to separate the positive and negative droplets 

for the purpose of quantification as follows: 

a. Select all experimental wells targeting HORs. 



 

b. Click the 1-D amplitude plot view. 

c. Manually place a horizontal gate to separate the clusters of positive and 

negative droplets.    

d. Repeat steps a-c with all wells targeting SG.  

e. Export the results.csv file from Quantasoft. 

Note: For a more conservative approach for defining positive droplets, set the 

horizontal gate close to the main cluster of positive droplets.  

60. To further increase data quality, open the results.csv file and exclude any well that 

meets the following criteria.  

a. < 10000 accepted droplets. 

b. A distinctively diDerent average amplitude from the wells that share the same 

target.  

c. Number of positive droplets are < 100. 

d. Number of negative droplets are < 10. 

61. Multiply the HOR CN x 20 to account for the dilution factor diDerence between the 

HOR and SG gDNA input (1:20). 

62. Normalize the HOR CN with the SG CN by pairing the first HOR and SG replicates 

and dividing the HOR CN by the SG CN. 

63. Repeat step 62 for any other technical replicates.  

64. Conduct the ANOVA test followed by Tukey’s HSD test between each subclone CN 

and the parental CN value in R.  

 



 

Limitations 

 

Due to single-cell isolation requirement, this protocol requires four weeks to collect the 

subclones for measurement. Therefore, the protocol is limited to cell lines that can grow 

after single cell isolation. A lower number of cell divisions may increase the sensitivity of 

the CN change detection due to sharing higher genetic homogeneity in monoclonal 

populations. However, 5x105 cells were required for gDNA extraction to yield consistent 

results with less technical error. Since we used previously published and tested primers125, 

no primer design step is included in this protocol.  

 

Troubleshooting 

 

Problem 1: 

A high number of doublets are observed after monoclonal isolation in step 1. 

Potential solution:  

Use a 40 µm cell strainer mesh instead of breaking up clumps by pipetting. Add fewer than 

50 cells/96-well and isolate the monoclonal cells in two 96-well plates to collect enough 

subclones.  

 

Problem 2: 



 

Positive droplets observed in the NTC in step 58 (see Figure 3A). 

Potential solution:  

Due to the exceptionally high CN of HORs and sensitivity of the ddPCR, any cross-

contamination between samples during ddPCR preparation can cause signal 

amplification. We recommend cleaning the pipettes and workbench before beginning the 

assay and use filter tips to prevent any contamination.  

 

Problem 3: 

Read failure or presence of extremely high copies reported in Quantasoft (see Figure 3D).  

Potential solution:  

Inaccurate gDNA quantification can lead to an excess amount of gDNA input. This may 

result in the ddPCR creating very few or even no negative droplets, resulting in read failure 

or an extremely high reported CN. We recommend re-quantifying the input or titrating the 

gDNA and running a test plate to determine the optimal gDNA input to fit within the ddPCR 

dynamic range.  

 

Problem 4: 

The CN in the positive control is lower than the expected value. 

Potential solution:  



 

CN measurement can be low when the restriction enzyme digestion is incomplete, 

resulting in partial isolation of target copies. This can be caused by an insuDicient amount 

of enzyme, an unsatisfactory enzyme, or insuDicient incubation time. We recommend 

using a fresh vial of enzyme and incubate at least 30 min. 

 

Problem 5: 

Inconsistent CN between replicates. 

Potential solution:  

High subsampling error can contribute to inconsistent CN between replicates. One of the 

major sources of high subsampling error is a low number of positive droplets. The 

coeDicient of variation is 6% (~14.6 copies/µL) and 10% (5.8 copies/µL) when the positive 

droplets are below 250 and 100 respectively with an assumption of 20000 accepted 

droplets. We recommend discarding measurements that are below 100 positive droplets.  

 

 



 

3.3 Figures

Figure 3.1. Example plate layout for quantifying copy numbers of higher order repeats 

(HOR) and reference single gene (SG) across subclones in a 96-well plate. In columns 1-6 

the HOR measurements are highlighted blue and in columns 7-12 the reference SG are 

highlighted purple. The parental cells (PC) that provide the baseline HOR and SG CN are 

highlighted green and orange respectively. The assay positive control is highlighted yellow. 

All measurements are in triplicate except the assay positive control (yellow) and the no-

template control (grey).  

 

  



 

 

Figure 3.2. An example volume calculation for the reaction master mix of the HOR in a 

subclone without the gDNA template in triplicate reflecting the source of errors.  Additional 

master mix should be prepared to prevent bubble formation (1.1x amount for single 

reaction) and to account for supermix viscosity (additional 1.1x of triplicate volume). The 

gDNA template (red) will be added separately. The target volume for each sample in 

triplicate is at least 69 µL (blue). See also Figure 1 and Table 1. 

 

 

 

 

 

 



 

 

 
 



 

 

Figure 3.3. Examples of ddPCR analysis using Quantasoft. (A) Example of horizontal and 

vertical gating to separate the negative droplets from the no-template control targeting 

D11Z1 higher order repeats (HOR) in two technical replicates. The pink line represents the 

amplitude threshold that is used to distinguish between negative and positive droplets. 

The blue dots above the pink line are positive droplets.  (B) Gating example for HOR and 

reference single gene (SG) in the positive control CHM13. (C) Gating example for HOR and 

reference SG across six subclones of U2OS in triplicate. (D) Example of quantification 

failure due to excess gDNA input. 
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4.1 Abstract  

Human centromeres are located within α-satellite arrays and evolve rapidly, which can lead 

to individual variation in array lengths. Proposed mechanisms for such alterations in lengths 

are unequal cross-over between sister chromatids, gene conversion, and break-induced 

replication. However, the underlying molecular mechanisms responsible for the massive, 

complex, and homogeneous organization of centromeric arrays have not been 

experimentally validated. Here, we use droplet digital PCR assays to demonstrate that 

centromeric arrays can expand and contract within ~20 somatic cell divisions of an ALT-

positive cell line. We find that the frequency of array variation among single-cell-derived 

subclones ranges from a minimum of ~7% to a maximum of ~100%. Further clonal evolution 

revealed that centromere expansion is favored over contraction. We find that the 

homologous recombination protein RAD52 and the helicase PIF1 are required for extensive 

array change, suggesting that centromere sequence evolution can occur via break-induced 

replication.  

 

4.2 Introduction 

Centromeres are chromosomal regions where kinetochore assembly and microtubule 

attachments occur to ensure faithful genetic transmission of chromosomes to daughter 

cells during mitosis and meiosis128,129. Active centromeres are epigenetically identified by 

histone H3 variant CENPA130 and in most seed plants and animals are composed of mega-

base length arrays of tandem repeats known as satellites that can phase CENPA 



 

nucleosome positions26,131-133. Centromere function is essential across all eukaryotes, yet 

centromere sequences evolve rapidly, a phenomenon known as the centromere paradox134. 

Comparative centromere sequence analysis between two complete human hydatidiform 

moles (CHMs) that have fully assembled centromere sequences reveals that only ~63-71% 

of the sequences can be aligned between the two haplotypes, which highlights the rapid 

evolution of centromere sequences even within a single species135.  

Human centromeres are located at α-satellite arrays (α-Sat) comprised of blocks of 171 bp 

head-to-tail tandemly organized monomers that can diDer by 50~80%76, but are organized in 

highly homogeneous higher order repeats (HORs), which themselves have a nested 

structure3,136 in which the most recent and homogeneous HOR that forms the active 

centromere is surrounded by older more divergent HORs flanked by divergent monomers3,136. 

Based on the layered expansion model of centromeric array evolution, the active α-Sat HOR 

originates from newly emerged small repeats and expands into a mega-base-sized array 

within the active centromere while pushing the pre-existing diverged α-Sat HORs to the 

periphery of the active centromere3,76. The copy number (CN) of the active HOR, which 

indicates the array size of the centromere, varies substantially among individuals (up to ~80-

fold)135. In addition, the HOR CN between cancer cells and their normal tissue counterparts 

significantly diDer, which reveals that the array sizes can change in the lifetime of an 

organism137. Despite the extreme degree of inter- and intra-individual polymorphism in HOR 

CNs, the molecular mechanisms that underlie array expansion and contraction, the rate of 

variation, and consequences of variations are not fully understood.   



 

A widely cited model used to explain the expansion and contraction of satellite arrays 

involves unequal crossover and gene conversion between sister chromatids during 

homologous recombination to repair DNA double strand breaks (DSB)19. This model (Figure 

S1A), if correct, would predict stochastic expansion and contraction resulting in randomly 

mutated monomer sequences without any specific structure due to functional constraints138. 

Tandem repeats that are repaired by Single Strand Annealing (SSA), one of several DSB repair 

pathways, will cause a deletion of satellite repeats23.  This loss of repeats will eventually 

shrink centromeric arrays over time unless there is a mechanism that counteracts the loss26. 

An alternative model (Figure S1B) is based on break-Induced replication (BIR)139 which is a 

one-sided DSB repair mechanism that can replicate hundreds of kilobases in budding 

yeast27. BIR has been implicated in oncogene-induced DNA replication113, replication stress-

induced DNA repair synthesis in mitosis (MiDAS)123,140, and in significantly elongating the size 

of the telomere in Alternative Lengthening of Telomere (ALT) positive human cancers141. 

Centromeres are enriched with DNA breaks142 that may be caused by replication fork 

collapse110 due to the presence of replication barriers such as the constitutive centromere 

associated network (CCAN) and non-B form DNA secondary structures86,143-147. Following the 

5′-to-3’ resection of a one-sided DSB caused by a collapsed replication fork, the 3′ single-

stranded DNA is available for strand invasion, which triggers BIR27. Because of the tandemly 

repetitive structure of satellites, BIR can create deletions, duplications, or neither, 

depending on the location of re-initiation of a collapsed fork26. These outcomes can cause 

the α-Sat monomer turnover and HOR structure frequently observed in the 

centromere138,139,148. Previous studies at the rDNA repeat arrays in budding yeast have shown 



 

that BIR favors out-of-register re-initiation of broken forks leading to array expansion32. This 

expansion bias can counteract the erosion caused by SSA. Frequent dissociation of Pol 𝛿 

from the template DNA and reduced eDiciency of mismatch repair during BIR can explain an 

elevated nucleotide substitution mutation rate in the centromere27,149.  

These alternative models have not been experimentally validated because of the 

homogeneity in satellite sequences, their complex organization, and the extremely large size 

of the centromere. These features of satellite centromeres have hampered centromere 

experimental biology for decades26 until the recent advances in telomere-to-telomere (T2T) 

assembly3. 

With the benefit of fully assembled centromere sequences2, we measured the CN variation 

in the chromosome 11 centromeric HOR D11Z1 at intervals of ~20 somatic cell divisions 

across subclones of the K562 and U2OS cell lines.  We found that the D11Z1 CNs vary among 

subclones of U2OS with a change frequency from ~7% of subclones to ~100%. Using this 

basal rate of change that we identified, we set out to test by mutation the involvement of the 

homologous recombination protein RAD52 and helicase PIF1150,151. Our data indicates that 

both RAD52 and PIF1 are required to cause a large change in CN during somatic cell divisions, 

suggesting that these changes occur via BIR. Our findings provide insight into the mutational 

mechanism that underlies rapid centromere evolution, while oDering a tool to further 

investigate the consequences of centromeric array variation, which influences the 

occurrence of genetic disorders, and facilitates speciation128,134,152. 

 



 

4.3 Results and Discussion 

 

4.3.1 Comparison of ddPCR assays for HOR copy number measurement 

The molecular mechanisms that contribute to extensive array length polymorphism during 

mitosis in mammalian cells are unclear. Recent studies have demonstrated that 

centromeric array sizes can be experimentally estimated using a droplet digital PCR 

(ddPCR)-based method137. With the recent T2T CHM13 genome assembly2, primers can now 

be designed to target a single, unique amplicon for each HOR based on polymorphisms that 

diDer between monomeric units (Table S1). Because the α-Sat is composed of repeats of 

HORs, if the HOR CN per array is known, then the size of an array can be estimated by 

multiplying the size of the HOR unit by the CN (Figure 1A). For example, if the experimental 

D11Z1 HOR CN is 3600, then by multiplying the unit size, which is 855 bp, the size of the 

entire D11Z1 array is ~3.07 Mb. The ddPCR is a reference-free quantification method with a 

2-fold greater sensitivity than qPCR. This method allows us to quantify the CNs of HORs 

within a chromosome-specific array by partitioning every copy of the HOR within an α-Sat 

array that is isolated by restriction enzyme digestion to >18,000 droplets (Figure 1B). The 

droplets are counted by the machine and used to calculate the CN. The HOR CN is 

normalized using the CN of a single-copy gene located on the same chromosome as the 

HOR being measured in a parallel reaction to ensure that the HOR CN reflects a single 

chromosome array. By normalizing to a single-copy gene on the same chromosome, the CN 

per array will be the average CN of the homologous chromosomes. 



 

Despite promising applications to centromere biology, the single-copy ddPCR-based assay 

is associated with an intrinsic error rate between biological replicates of ±10%137, probably 

because the parallel reactions must be carried out at diDerent DNA concentrations. To 

mitigate this issue, we developed a 5S rDNA probe-based assay that reduces sub-sampling 

error by measuring both target and reference CNs in the same reaction, using 5S rDNA 

repeats as the reference gene (Figure S2A). To validate this assay, we measured the D6Z1, 

D11Z1, and D18Z1 CNs in CHM13 cells using the two methods and compared them with the 

values that are derived from the CHM13 assembly (Figure 1C)137. While the single-copy assay 

produced values close to those derived from CHM13 assembly, the 5S assay produced 

values nearly identical to the assembly values with less technical error at the cost of reduced 

dynamic detection range of the ddPCR.    

 

4.3.2 Centromeric array CN can change within ~20 somatic cell divisions 

A previous study has reported that centromeric array CNs vary substantially between 

cancers and their counterpart normal tissues, which indicates that centromeric array length 

alteration can occur in somatic cells137. In addition, the pediatric cancers medulloblastoma 

and acute lymphoblastic leukemia tend to show directionality among the five chromosome 

specific arrays measured, such as all gain or all loss in HOR CNs, indicating a more 

coordinated alternation pattern137. These coordinated patterns are especially useful to 

increase the sensitivity of the ddPCR method, since the HOR CNs estimated by ddPCR are 

an average over homologous chromosomes.  This could cause the change in individual 



 

chromosome arrays to be masked when the direction of HOR CN change varies between 

events within the pool of diDerent homologous chromosomes. Therefore, we reasoned that 

pediatric cancers may be an ideal system because of the coordinated alteration patterns in 

HORs witnessed in the previous study.  We chose the pediatric osteosarcoma cell line U2OS 

because its telomere maintenance mechanism is known to utilize BIR141, which we 

hypothesized to be the primary mechanism of CN change in centromeres. 

 We first assessed whether the HOR copy in an array can change during ~20 somatic cell 

divisions in the U2OS cell line and determined the rate of change that can be measured using 

the ddPCR-based method. We measured the CNs of D6Z1, D11Z1, D18Z1, and DXZ1 

centromeric arrays in single-cell-derived subclones of the U2OS cell line that had undergone 

~20 somatic cell divisions, which we named Group1, along with the parental cells that were 

frozen down right after single cell isolation so that we could identify any subsequent changes 

that occurred after isolation (Figure 2A). The HOR CN is normalized by the single-gene CN to 

determine an average HOR CN per array or allele. To identify the subclones that had changed 

HOR CN significantly since the time of single cell isolation from the parental cells, Tukey’s 

Honestly Significant DiDerence (HSD) test was conducted between parental measurements 

and subclone values following ANOVA test. Three out of seven subclones of Group1 showed 

an expansion in the D11Z1 CN, two subclones showed a decrease in D18Z1 CN, and one 

subclone showed an increase in D18Z1 CN (Figure 2B-C, Table S2).  While the frequency of 

change is the same between D11Z1 and D18Z1, the magnitude of the change was greater in 

D11Z1 than D18Z1 (30% vs 22% maximum).  We repeated the measurements using the 5S 

assay and obtained essentially identical results, which validated the changes we observed 



 

(Figure S2B, Table S2). Although the karyotype of U2OS cells is unstable in long-term culture, 

the agreement between the unlinked 5S and linked single copy gene assays also indicated 

that the ploidy of chromosome 11 did not change over the course of our experiment.   

Therefore, the magnitude of CN changes occurring in U2OS cells is above the technical error 

threshold and can be confidently measured using the single-copy assay. Whereas D11Z1 

and D18Z1 CNs changed, there were no CN changes in the D6Z1 and DXZ1 subclones (Figure 

2D-E, Table S2).  

Next, we were curious as to whether the CN changes observed in U2OS cells were broadly 

characteristic of cancer genomes or were an intrinsic property of the U2OS cell line. 

Therefore, we also measured the D11Z1 CNs across single-cell-derived subclones of the 

K562 cell line that had also undergone ~20 somatic cell divisions. Using the single-copy 

assay, none of the K562 Group1 subclones changed D11Z1 CN (Figure 2F, Table S2), in 

contrast to the high frequency and magnitude of change we observed in U2OS cells. However, 

using the 5S assay, the frequency of K562 clones that changed CN was ~33% (5 out of 15), 

and all showed expansion, similar to U2OS clones (Figure S2C, Table S2). The maximum CN 

alteration observed in K562 was a ~12.4% increase (SC10), which is close to the 10% 

technical error rate of the single-copy assay, in contrast to the ~30% maximum increase in 

U2OS CN (Figure 2G), likely explaining the failure to detect changes using the single-copy 

assay in K562 cells. Therefore, we used the single-gene assay in the U2OS cell background 

for follow-up experiments since it is a more conservative method and the magnitude of 

change in U2OS subclones far exceeds the technical error threshold.  



 

We conclude that the centromeric array can expand and contract in mitotic cells within ~20 

cell divisions in both U2OS and K562 cells, but the magnitude of change is far less in K562. 

One diDerence between these cell lines is that U2OS cells undergo BIR-mediated ALT141, 

which is associated with a mutation in the ATRX gene that results in a short-lived, truncated 

protein153. ATRX can form a complex with cohesin and MeCP2154, and knockout of ATRX 

causes a defect in cohesion at telomeres, where loss of cohesin between sister chromatids 

facilitates non-allelic telomere interactions155. ATRX depletion likewise causes cohesion 

defects at centromeres156, and we hypothesize that this facilitates non-allelic, out-of-register 

BIR in tandem centromere arrays, resulting in greater changes in D11Z1 CN in U2OS cells 

than in K562 cells.  Similarly, disruption of cohesion between sisters at the 35S rDNA locus 

in budding yeast results in the amplification of rDNA through out-of-register replication157. 

 

4.3.3 Expansion occurs more frequently than contraction in D11Z1 

The unequal crossing-over model predicts erosion of the centromere over time because any 

broken replication forks that are repaired by SSA will lead to a deletion of tandem repeats 

such as HORs19. This will inevitably shrink the array unless there is a selective pressure that 

counteracts the loss so that mega-base array lengths that are seen in most human 

centromeres are maintained. We had hypothesized that out-of-register re-initiation of 

replication behind the fork would occur more frequently because the DNA behind the fork is 

more accessible compared to the positively supercoiled DNA in front of the fork, which 



 

would favor expansion (Figure S1B)26. Therefore, we wondered whether centromeric arrays 

in Group1 that had expanded would continue to expand or would contract.  

To this end, we isolated single cell subclones from the two subclones (SC3 and SC4) that 

increased the D11Z1 CN from the U2OS Group1 (Figure 3A) and allowed them to expand 

another ~20 somatic cell divisions (Group2). We then measured the D11Z1 CN across 

Group2 samples and compared them to the corresponding parental HOR CNs. The 

frequency of CN change in SC3 Group2 was ~42%. At the most extreme CN change, SC3 

increased HOR CN ~30% compared to the parental cells of Group1 (Figure 2B) and its 

subsequent subclone, SC 3.11, gained an additional ~43% in CN resulting in a total 

expansion of ~86% from parental cells to the SC3.11 cells (Figure 3B, Table S2). 

Unexpectedly, half of the Group2 subclones of SC4 decreased the D11Z1 CNs close to the 

parental cell value of Group1 (Figure 3C, Table S2). This extreme drop was only observed in 

these subclones, which were derived from a parental cell that had among the highest 

starting CN. This led us to examine whether the starting parental CN might influence the 

direction of change in their subclones. Therefore, we selected SC3.3, which retained a high 

D11Z1 CN similar to its parent SC3, and SC4.4, which showed a decrease in CN compared 

to its parent SC4. Single cells were isolated from SC3.3 and SC4.4 (Group3), underwent ~20 

somatic cell divisions, and the D11Z1 CNs were measured (Figure 3A). The frequency of CN 

change for Group3 of SC3.3 was ~7% with only one subclone contracting (Figure 3D, Table 

S2). Interestingly, the magnitude of the decrease observed in the SC3.3.6 subclone, whose 

SC3 parent had a similarly high CN as SC4, was similar to the decrease observed in Group2 

of the SC4 subclones (Figure 3A). Finally, all Group3 subclones of SC4.4, which had 



 

previously contracted, increased CN (Figure 3E, Table S2). Among all 55 subclones from 

U2OS Groups 1-3, ~35% showed expansion and ~13% contraction in D11Z1 CN. This 

matches our hypothesis that expansion is favored over contraction. While contraction can 

occur during somatic cell divisions, this only occurred when the subclones were isolated 

from parent cells with high CN. Therefore, it is tempting to speculate that there might be a 

homeostasis mechanism that sets an upper limit to centromere CN, analogous to the 

mechanism that constrains rDNA copy number32.  

 

4.3.4 Centromeric array CN alteration requires both RAD52 and PIF1 

BIR-mediated satellite expansion/contraction is a compelling model that can explain unique 

characteristics of the αSat such as extreme length, complex repeat structure, sequence 

turnover, and high substitution mutations139. During the broken replication fork repair 

process in yeast, BIR can copy more than 100kb with up to a 1000x higher base substitution 

mutation rate compared to S-phase DNA synthesis27. In addition, out of register re-initiation 

of replication during BIR repair can cause deletion or addition of multiple copies of repeats 

resulting in monomer turnover148. However, neither the BIR mechanism nor a dependence 

on the proteins that are required for BIR have been experimentally validated during 

centromere sequence synthesis. 

Thus, we sought to test BIR as the molecular mechanism underlying rapid centromere 

evolution26,139 based on the frequency of D11Z1 array change that we established in our 

U2OS assays. BIR can occur via the RAD52-dependent pathway, which is well-known for ALT 



 

telomere maintenance and MiDAS141,158. RAD52-dependent BIR has previously been 

suggested to mediate centromere expansions in U2OS cells107. Mammalian RAD52, which 

has strand annealing activity, facilitates strand invasion by forming a displacement loop 

which, in turn, promotes initiation of DNA replication after fork collapse in BIR140. PIF1, which 

is an evolutionarily conserved 5’-to-3’ helicase, is indispensable during BIR for initiation of 

Pol 𝛿  DNA synthesis in budding yeast159 (Figure 4A). Both RAD52 and PIF1 depletion 

suppressed BIR-mediated repair of DSBs that were induced by endonuclease I-SceI in U2OS 

cells140,151. In addition, PIF1 is important for BIR-mediated repair of collapsed forks induced 

by replication stress, resulting in much longer tracts of DNA synthesis than at endonuclease-

generated DSBs151 

As RAD52 and PIF1 are essential for BIR but not for cell viability we could use knockdowns 

of these proteins to ask whether BIR is required for the CN changes we observed in U2OS 

cells. Accordingly, we used the CRISPR-Cas9 system to generate knockdown (KD) cell lines, 

one with disrupted RAD52 and two with disrupted PIF1, along with a non-target control that 

maintains undisrupted RAD52 and PIF1 genes in U2OS cells. To generate the RAD52KD cell 

line, we used two single-guide RNAs (sgRNAs) that target exons 3 and 5, which are important 

for RAD52 oligomerization. For PIF1KD, we used two sgRNAs that target exons 2 and 6, which 

are important for helicase activity (Table S3). We validated one RAD52KD clone and two PIF1KD 

clones using immunoblotting (Figure 4B) and confirmed the comparable growth rates 

between U2OS non-target control and RAD52KD or PIF1KD (Figure S3A). We next isolated 

single cells from RAD52KD C1, PIF1KD C2, and the non-target control and cultured them 

through ~20 somatic cell cycles and measured the D11Z1 CN across the subclones. While 



 

the frequency of D11Z1 CN change was ~87% (13 out of 15) in the non-target control (Figure 

4C, Table S2), the D11Z1 CN did not change across the RAD52KD (Figure 4D, Table S2) and 

PIF1KD C2 clones (Figure 4E, Table S2). These clear results strongly support our hypothesis 

that BIR is critical for the array size changes that we observed. We repeated the experiment 

with another knockdown clone, PIF1KD C1. The frequency of D11Z1 array change was >80% 

in the non-target control (Figure S3B, Table S2), yet no subclone changed D11Z1 CN in the 

PIF1KD C1 clone (Figure S3C, Table S2). Because both PIF1KDs gave the same result, we can 

rule out random clonal heterogeneity as a cause of the lack of CN change. Together, these 

findings demonstrate that RAD52 and PIF1 are required for extensive array size change in 

U2OS cells, leading us to conclude that BIR best explains centromere array size alterations 

in cancer and likely over evolutionary time scales139. 

In summary, we have shown that the human α-Sat CN can expand and contract within ~20 

somatic cell divisions with a range from ~7% to 100% change in frequency increasing by up 

to ~86% in CN. These CN alterations favor expansion over contraction and require RAD52 

and PIF1, suggesting that BIR underlies centromere sequence evolution in somatic cells. 

Better understanding of the mechanisms responsible for rapid centromere sequence 

evolution provides opportunities to study the consequences of divergence in sequence and 

length and also identifies the players that are involved in this process. Understanding CN 

change may support the development of therapeutic strategies for cancer, where 

centromere dysfunction is frequently observed160. 

 



 

Limitations of the study 

Whereas the ddPCR-based assay is an advanced method that allows us to study centromere 

biology, it has limitations. First, we used an unstable, ALT-positive cell line U2OS to provide 

a sensitized background for detecting CN changes, because ddPCR did not detect CN 

changes between trophoblast stem cells and their corresponding diDerentiated cells137. 

Therefore, our results may not be generalizable across all human centromeres in all cell 

types. Second, we used primers that were designed based on the CHM13 assembly because 

there is no assembly available for U2OS cells. While this might have limited the absolute 

HOR CN quantification in U2OS cells, it was suDicient to estimate relative CN changes 

within 20 cell divisions. Third, the CNs reported represent the average CN per chromosome 

in the single-cell-derived population, but we are unable to determine when these changes 

occurred or whether they occurred on one or more homologous chromosomes within the 

population. Though suDiciently robust to establish CN changes over subsequent clonal 

generations, the average CN of a highly heterogeneous population could result in false 

negatives. Fourth, the maximum dynamic range of the ddPCR precludes determination of 

the upper limits of an array size due to increased technical error when the genomic DNA 

input is lower than the required amount. These false negatives may cause the array change 

frequency to be underestimated. 

 

4.4 Method details 

Human cell lines 



 

All human cell lines were maintained at 37°C and 5% CO2 in T-75 flasks. K562 cells (Female, 

ATCC) were cultured in suspension in Iscove’s Modified Dulbecco’s Medium (IMDM, Thermo 

Fisher) with 10% heat inactivated fetal bovine serum (FBS, Cytiva). U2OS cells (Female, 

ATCC) were cultured in Dulbecco's Modified Eagle Medium (DMEM, Thermo Fisher) with 10% 

FBS, Glutamax, 100 units/mL penicillin, and 100 μg/mL streptomycin. CHM13hTERT cells 

(hydatidiform mole, homozygous diploid with two X chromosomes, Magee-Womens 

Hospital) were cultured in basal medium with Amnio Max C100 1X (Thermo Fisher) and the 

Amnio Max C100 supplement (Thermo Fisher). HEK293T cells (originating from a female 

embryo, ATCC) were cultured in DMEM with GlutaMAX and 100 U/mL antibiotic-antimycotic 

(Thermo Fisher). 

 

Single cell isolation 

All parental cells were diluted to place 0.5 cells/well into 96-well plates. First, single cells 

(Group0) were isolated from the U2OS and K562 population cells and grown until 100% 

confluence in a 12-well plate (~500,000 cells), which is estimated to be ~20 cell divisions. 

Subsequently subclones (Group1) were isolated into 96-well plates from a clone in Group0 

and underwent ~20 somatic cell divisions. Group2 subclones were isolated from either SC3 

and SC4 of Group1 and underwent ~20 cell divisions. Group3 subclones were isolated from 

either SC3.3 or SC4.4 of Group2 and underwent ~20 somatic cell divisions. 

 

DNA extraction, quantification, and dilution 



 

Genomic DNA of subclones from a 12-well plate along with 2 million parental cells were 

extracted using DNeasy Blood & Tissue Kit (QIAGEN) following the manufacturer’s 

instructions. Genomic DNA samples were quantified using the dsDNA ultra-high sensitivity 

fluorescent assay (DeNovix) and diluted to 2 ng/μL (single gene CN measurement). Two 

ng/μL samples were diluted 1:20 to ~ 0.1 ng/μL (HOR and 5S CN measurements). Extracted 

gDNAs were kept at -20°C. 

 

Centromeric α-satellite repeats measurement by ddPCR 

All primer sequences are listed in the Key Resources Table. The four diDerent chromosome- 

specific HOR array primers (D6Z1, D11Z1, D18Z1, DXZ1) and single gene primers (TBP1, 

C11orf16, MRO, HPRT1) were used for single-copy assays. For the 5S assay, the same HOR 

primer sets from the single-copy assay were used for HOR amplification along with a 5S 

primer set. Two separate probes of diDerent color were used to target the HOR and 5S 

amplicons. All HOR copy numbers were measured by ddPCR following the manufacturer’s 

protocol (Bio-Rad). For the single-copy (EvaGreen) assay, each reaction contained 10 μL of 

2X ddPCR EvaGreen Supermix, 0.2 μL of restriction enzyme (Alu I or HaeIII), 1 μL of 2 μM 

primer mix, 1 μL of 0.1 ng DNA (for HORs) or 2 ng DNA (for single copy genes) and 7.8 μL of 

nuclease-free water. For the 5S probe assay, each reaction contained 10 μL of 2X ddPCR 

Supermix for Probes (No dUTP), 0.2 μL of restriction enzyme (Alu I), 1 μL of 20X HEX target 

primer/probe mix (900 nM /250 nM), 1 μL of 20X FAM target primer/probe mix (900 nM /250 

nM), 1 μL of 0.1 ng DNA, and 6.8 μL of nuclease-free water. The reactions were incubated at 



 

room temperature for 30 min, emulsified with either EvaGreen or a probe droplet generator 

oil using an automated droplet generator (Bio- Rad), and then transferred to a 96-well plate. 

The plate was heat-sealed with foil (Bio-Rad) and then a thermocycling reaction was 

performed using the following temperature profile, where a 2°C /sec ramp rate was applied 

to all steps: The EvaGreen assay used a 10 min enzyme activation step at 95°C 40 cycles 

containing a 30 sec denaturation at 96°C and a 60 sec annealing/extension at 56°C, followed 

by sequential 5 min signal stabilization at 4°C and 90°C and a hold at 4°C. The 5S probe assay 

used a 10 min enzyme activation step at 95°C, 40 cycles containing a 30 sec denaturation at 

94°C and a 60 sec annealing/extension with 2°C/sec ramp rate at 56°C, followed by 10 min 

enzyme deactivation at 98°C and held at 4°C. Upon completion of PCR, the 96-well plate 

was transferred to a QX200 droplet reader (Bio-Rad). For the single-gene assay, QuantaSoft 

software calculated either the HOR or single gene copies/𝜇L. For the 5S assay, the ratio of 

HOR CN to 5S was calculated automatically by QuantaSoft. 

 

Generation of CRISPR-Cas9 knockdown cells 

Two sgRNA oligonucleotide probes targeting diDerent sites in human PIF1 and RAD52 or non- 

target were cloned into lentiCRISPRv2 puro (Addgene). Plasmids that contain each sgRNA 

were transfected to HEK293T cells using Lenti-X packaging single shots (Takara) for viral 

packaging. The Lentivirus was harvested at 48 and 72 h after transfection, combined, and 

centrifuged. The supernatants were concentrated using a Lenti-X concentrator (Takara) 

according to the manufacturer’s instructions. Viral titers were calculated using Lenti-X 



 

GoStix Plus (Takara) according to the manufacturer’s instructions. U2OS cells were 

transduced with a lentivirus containing polybrene and selected using 1 μg/mL of puromycin 

for 3 days followed by single clone isolation. Knockdown eDiciency of a protein in single cell-

derived clones was measured by western blotting. 

 

Western blotting 

Cells that were harvested from a confluent 6-well plate were lysed in RIPA buDer (25 mM Tris- 

HCl (pH 7.4), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40) 

supplemented with cOmplete protease inhibitors (Roche) and incubated on ice. Cells were 

sonicated for 10 sec at 30% amplitude twice and the supernatant was retained after 

centrifugation. Proteins were quantified using a Pierce BCA protein assay kit. A SDS buDer 

containing 5% beta- mercaptoethanol (Bio-Rad) was added to the samples. Samples were 

heated at 95°C and electrophoresed on a 4-12% of Tris-Glycine gel. The gel was transferred 

to a nitrocellulose membrane. The membrane was blocked with Superblock blocking buDer 

(Thermo Fisher) and probed for RAD52 (1:100, Santa Cruz), PIF1(1: 100, Santa Cruz), and 

histone H3 (1: 1000, Cell Signaling Technology). After secondary antibody incubation (1: 

20,000, IRDYE 800 donkey anti- mouse IgG, IRDYE 680 goat anti-rabbit IgG), the membrane 

was imaged using Odyssey imager. 

 

Quantification and statistical analysis 



 

All the statistical analysis details of experiments are included in the figure legend. For the 

single-gene assay, the HOR CN was normalized using the single gene copy number as 

follows (HOR copies per μL/single gene copies per μL)×20 (dilution factor). For the 5S assay, 

the HOR copy number was normalized using the 5S copy numbers multiplied by 5S CN per 

chromosome as follows. (HOR copies per μL/5S copies per μL)× (5S copies per μL/single 

gene copies per μL). The D11Z1 copy numbers of subclones were normalized to the mean of 

parental values. ANOVA tests were conducted among HOR copy numbers of subclones and 

then significance in HOR copy number change was determined by a Tukey HSD test that 

compared a pair of HOR copy numbers of a subclone and the value of its parental cells. The 

P-value is indicated as *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. All statistical analyses 

and graphs were performed within the RStudio which is an integrated development 

environment for R. 

 

 

 

 



 

4.5 Figures 

 



 

Figure 4.1. Organization of human centromeres and copy number quantification using 
ddPCR-based assays.  

(A) Schematic of the human centromere. Higher-order-repeats (HOR, grey box) comprise 

tandemly oriented 170-171 bp monomers (colored boxes). Specific HOR copy number (CN) 

can be quantified based on sequence identities between HORs and polymorphisms present 

in monomers. (B) Schematic of single-copy assay workflow. Each HOR (red box) or single-

copy reference gene on the same chromosome (dark blue box) in a subclone is isolated by 

restriction enzyme digestion, partitioned into >18,000 droplets, and simultaneously 

amplified using HOR-specific or single-gene primers (black arrows) in separate reactions. 

The droplets that contain targets (green peaks) are counted by signal amplitude and the CN 

is calculated. The HOR CN per array is determined by normalization with single-gene copies 

(e.g. HOR copies/single-gene copies). (C) Histogram showing HOR CNs of D11Z1, D18Z1, 

and D6Z1 in the CHM13 cell line either measured by the single-copy assay or the 5S assay. 

Values represent mean ± SD of three independent measurements. For the 5S assay, the CNs 

of the HOR and 5S were measured and the HOR CN per 5S CN were determined.  Next, the 

5S and a single gene located on the same chromosome were measured to calculate the 5S 

CN per chromosome.  Finally, this number is multiplied by the HOR CN per 5S CN to 

calculate the HOR CN per chromosome. 

 



 

 

  



 

Figure 4.2. Centromere arrays can expand and contract within ~20 somatic cell 

divisions.  

(A) Experimental scheme to quantify HOR CN within somatic cell divisions using single-copy 

ddPCR-based assay (image created with BioRender.com). (B-E) Box-whisker plots showing 

the D11Z1, D18Z1, D6Z1, and DXZ1 CNs in U2OS Group1 subclones. In these and 

subsequent box-whisker plots, each dot indicates a single PCR reaction, which is 

normalized by the mean of the parental cell (PC) HOR CN (dotted line). Colors indicate 

technical replicates. Asterisks indicate degree of significance in CN changes between 

parental cells and subclone pairs determined by Tukey’s HSD test (n=8, Tukey’s HSD, 

P<0.05). (F) Box-whisker plot showing the D11Z1 CN in K562 Group1 subclones. (n=16, 

Tukey’s HSD, P>0.05). (G) Cartoon summary of CN changes in U2OS Group1 subclones.  



 

 

 



 

Figure 4.3. Expansion of centromere arrays is favored over contraction. 

(A) Schematic of single cell isolation and D11Z1 CN changes over time. Relative magnitudes 

of D11Z1 CN changes are indicated by colors. (B-E) Box-whisker plots showing D11Z1 CNs 

in SC3 Group2 (n=13, Tukey’s HSD, P<0.05), SC4 Group2 (n=12, Tukey’s HSD, P<0.05), SC3.3 

Group3 (n=15, Tukey’s HSD, P<0.05), and SC4.4 Group3 (n=12, Tukey’s HSD, P<0.05) 

subclones. Individual subclones are identified as follows: parental cell name followed by a 

period and subclone number (e.g. SC3.3).  



 

 

  



 

Figure 4.4. RAD52 and PIF1 are required for D11Z1 CN changes. 

(A)  Overview of the break-induced replication (BIR) model. (B) Expression level of RAD52 

(top) and PIF1 (bottom) detected by western blot analysis. Arrows indicate WT bands present 

in the non-target control. Asterisks indicate KD. The band above the asterisks or arrows are 

non-specific bands. (C-E) Box-whisker plot showing the D11Z1 CN in either NTC (n=16, 

Tukey’s HSD, P<0.05), RAD52KD C1 (n=20, Tukey’s HSD, P>0.05), or PIF1 KD C2 clones (n=16, 

Tukey’s HSD, P>0.05).  

  

 

 

 

 

 

  



 

  

Gain ≥ 1 HOR

STOP

Relaxed

+Supercoils
(overtwisted)

Duplication

HOR (5-mer)
Nucleosome

Acetyl group

Break

Replication machinery

STOP

Break-Induced Replication ModelUnequal Exchange Model

Deletion

Lose ≥ 1 HOR

Deletion

Duplication

X

X
Variation

X

X

A B



 

Figure S4.1. Schematic of two possible models that can lead to higher-order-repeats 

(HOR) copy number variation, relating to Introduction.  

(A) In the unequal exchange model, tandem repeats such as alpha satellites can change 

their copy numbers by unequal exchange recombination between out-of-register paired 

sister chromatids resulting in either deletion or duplication of monomers. HORs can be 

generated when out-of-register unequal exchange occurs repeatedly between monomers 

that have variations. (B) In the BIR model, HORs can lead to either duplication or deletion of 

copies depending on the location of out-of-register re-initiation of replication with respect to 

the collapsed replication fork during the one-ended double strand break repair (blue dotted 

boxes). Duplication might occur more frequently than deletion because the chromatin 

behind the fork is more accessible to strand invasion owing to the new acetylated histones 

and/or the relaxed torsional state, in contrast to the overtwisted DNA ahead of the fork 

(orange dotted box). 

 

 

 

 



 

 

  



 

Figure S4.2. D11Z1 copy numbers using 5S assay, relating to Figure 2.  

(A) Schematic of 5S assay workflow. Each HOR (red square) and 5S array (purple square) 

from the genome that are isolated by restriction enzyme digestion are partitioned into over 

20,000 droplets. Both HOR and 5S targets are simultaneously bound with the corresponding 

probes and amplified in the same reaction. The droplets that containing target are measured 

for the two diDerent signal amplitudes and the HOR CN per 5S CN is calculated by Bio-Rad 

QuantaSoft with 95% confidence intervals. (B) Box-whisker plots showing the D11Z1 CN in 

U2OS Group1 subclones using the 5S assay. Each dot indicates a single PCR reaction, which 

is normalized by the mean of the parental cell (PC) HOR CN (dotted line). Colors indicate 

technical replicates. Asterisks indicate degree of significance in CN changes between 

parental cells and subclone pairs determined by Tukey’s HSD test (n=8, Tukey’s HSD, P<0.05) 

(C) Box-whisker plots showing the D11Z1 CN in K562 Group1 subclones using the 5S assay. 

(n=16, Tukey’s HSD, P<0.05). 

 

 

 

 

 

 

 

  



 

  



 

Figure S4.3. No D11Z1 copy number change occurs in another PIF1 KD that has the same 

growth rate as U2OS control, relating to Figure 4. 

(A) A line plot showing the cell numbers of U2OS control, RAD52 KD, PIF1 KD, and K562 at 

six time points. The colored symbols indicate the mean cell numbers of cell lines in three 

replicates and the bars represent ±SEM. The asterisk indicates that the K562 cell line grows 

diDerently than the other cell lines, as determined by Tukey’s HSD (n=3, Tukey’s HSD, P<0.05). 

(B-C) Box-whisker plot showing the D11Z1 CN in (B) NTC subclones (n=16, Tukey’s HSD, 

P<0.05) and (C) PIF1 KD C1 subclones (n=16, Tukey’s HSD, P>0.05). 

 

 

 

 

 

 

 

 

 

  



 

Chapter 5: Discussion 
  



 

My thesis work has expanded our understanding of a driving force in rapid centromere 

sequence evolution, for which the mechanisms of such a complex and dynamic process 

have been only hypothesized. In my doctoral research, I generated and optimized a 

protocol to quantify α-satellite length (HOR copy number) change that occurs within clonal 

evolution in a sensitized cellular system. With this protocol, I established the frequency of 

centromeric array change within limited somatic cell divisions and experimentally 

validated the BIR model for array size changes. In addition, I characterized array size 

change in a chromosome specific manner and discovered that the expansion of arrays 

occurs more frequently than contraction, yet their continuous expansion is controlled by 

an observed but unknown mechanism. This work has aDorded many new opportunities for 

future research. Here, I will discuss my findings and ideas of great interest including how 

relevant array changes are to evolution in the centromere, what mediates these changes, 

how the array size is maintained, and what other types of variations occur via BIR. These 

studies will boost the ongoing renaissance in centromere biology.  

5.1 Mechanisms of centromeric array changes in evolution 

My thesis work has shown that centromeric array length changes in somatic cells occur 

diDerently between chromosome specific arrays. Chromosome specific variation 

manifests as diDerent forms of centromere diversity such as sequence, length, and 

epigenetics due to diverging evolutionary trajectories5. Therefore, it is expected to observe 

that some arrays would have a higher frequency and/or magnitude compared to others 

within the limited time of clonal evolution, as we observed among subclones of the U2OS 



 

D11Z1 and D18Z1 arrays but not the D6Z1 and DXZ1 arrays. While the frequencies of array 

changes between D11Z1 and D18Z1 were similar, the magnitude of D11Z1 array size 

change is significantly higher. Our results match the expected outcomes of evolutionary 

trajectory, wherein the chromosome specific array DXZ1, which has the highest 

concordance in sequence and length between individuals did not change copy number, 

whereas, D11Z1, the largest array observed among all chromosomes of the 56 haplotypes 

changed at the highest magnitude2,5,6. This suggests that the underlying molecular 

mechanisms that govern these changes are compatible with the forces driving human 

centromere evolution.  

We observed that a diDerent magnitude of change occurred at the D11Z1 array of the U2OS 

and K562 cell lines within somatic cell divisions. Since genetic outcomes of DSB repairs 

that can influence centromeric array length are diDerent31, the extensive array expansion 

observed at D11Z1 in U2OS is BIR mediated.   However, BIR and/or other mechanisms 

might have acted on D11Z1 in K562. The major diDerence between the two cell lines is that 

U2OS has an ATRX mutation that is associated with ALT activation via BIR resulting in 

telomere extension161-163. ATRX is a multifaceted chromatin remodeler that is involved in 

many biological processes including  the maintenance of heterochromatin such as 

telomeres164 and pericentromeres154, the resolution of DNA secondary structures165,166, the 

stabilization of stalling replication forks167,168, and the repair of DSBs169,170 .  

A recent paper has shown that ATRX-deficiency in telomerase positive cells cannot alone 

activate telomere synthesis via BIR124,171 unless there are DNA-protein covalent complexes 

(DPCCs).  These include trapped TOP1cc and/or accumulated DNA bound proteins by 



 

PARP1 inhibitors that can cause one-sided DSBs that are a BIR substrate generated via R-

loops or SSBs112,172.  Loss of XRCC1 via IDH1 R132H mutation, which traps PARP1 on SSBs 

during BER, is responsible for ALT activation in ATRX-deficient cells173,174. BIR competes 

with PARP1-dependent alt-EJ to repair DNA damage lesions that are induced by the loss of 

BLM helicase, which resolves RS in telomeres175-177. Another study demonstrated that 

unlike PARP1, PARP2 (both members of the ADP-ribosyl transferase super family) can 

promote BIR-mediated telomere synthesis following BLM loss-induced fork collapse by 

enhancing the resection of broken DNA ends and by directly interacting with POLD3, which 

plays an important role in BIR178 179.   

A common observation shared by these studies is that BIR initiation only occurs when 

there is a significant number of replication obstacles that cause fork stalling and the 

mechanisms that restart these forks by eDicient SSB responses are compromised, leading 

to one-sided DSBs that are mainly repaired by BIR.  It is unclear whether a specific 

mechanism of ATRX or multiple mechanisms working together lead to BIR. ATRX’s 

involvement in replication fork recovery, the resolution of secondary structures, and the 

repair of DSBs that compete with BIR may collectively create an unfavorable environment 

for BIR to win over diDerent HR choices at the telomere. Therefore, it would be interesting to 

test whether ATRX KO in K562 alone would increase centromeric array size extensively via 

BIR, as observed in U2OS, since centromeres are already enriched with replication 

obstacles such as centromere binding proteins and non-B DNA structures such as R-loop 

and G4. In addition, most DSBs and SSBs are localized at the centromere, even in 

physiological conditions, unlike telomeres or other repeat regions which makes 



 

centromere recombination hotspots84. R-loops are accumulated at the centromere in ATRX 

or DAXX deficient cells which recruits BRCA1 at centromeres169. BRAC1 recruitment to the 

centromere in response to R-loop accumulation is critical to prevent RAD52 dependent 

recombination180. ALT positive cells have a higher level of TOP1ccs compared to ALT 

negative cells naturally181. The favorable conditions for R loop formations are persistent 

TOP1ccs182, replication stress, transcription-replication fork conflicts, and DNA damage. 

Centromeres provide a perfect environment to form R-loop-mediated one sided DSBs 

because centromere transcription-replication machinery will likely collide at a high level 

because centromeres use most of their available replication origins leading to a high 

frequency of converging forks. This collision and formation of R-loops will lead to 

replication stress and DNA damage that is exacerbated by further R-loop formation. 

Telomeres and centromeres are regions that are diDicult to replicate but replication stress 

is only associated with ALT telomeres. To achieve BIR activation in non-ALT telomeres, it is 

necessary to induce replication stresses that have the potential to produce BIR substrates 

and ATRX KO. However, the intrinsic high level of DSBs and SSBs that are present at 

centromeres indicate that, if ATRX is not present, the centromeres possess many other 

substrates that allow BIR to outcompete other HR mechanisms. It would be of great 

interest for future studies to test whether the overexpression of RNase H would eDect 

centromere array size alteration in U2OS using structured illumination microscopy (SIM), 

which oDers resolution to distinguish a diDerent array size183. ATR activation driven by R-

loop bound RPA is important for accurate cell divisions in mitosis146. Therefore, it is 

possible that unresolved R-loops enter mitosis and are cleaved by MUS81, an 



 

endonuclease that is critical for BIR, resulting in one-sided DSBs that trigger MiDAS at the 

entry of mitosis. 

5.2: Characteristics of α-satellite array changes and array size 
maintenance 
 

Expansion of arrays are observed more frequently than contraction in yeast rDNA repeats 

and our own results21,22,83. This expansion bias, which counteracts centromere shrinkage 

that could occur due to SSA, can lead to enormous arrays that are well beyond what is 

functionally required (50K-100K) in human centromeres184,185.  However, this expansion 

does not seem to continue indefinitely. Intriguingly, we observed extensive array loss, 

which trimmed the array to a more manageable length, only when the subclones had 

evolved from parental cell lines that already had a high HOR copy number. Since DNA 

replication is diDicult in centromeres, it would be harmful to maintain extremely large 

arrays that can become vulnerable to chromosome mis-segregation. rDNA arrays and 

telomeres possess repeat length homeostasis mechanisms to address this type of length 

issue157,186,187. Telomere length homeostasis is especially important to ensure repeat 

lengths are long enough to undergo controlled cell divisions, but not so long that the cells 

become cancerous187. Telomere homeostasis in stem cells and ATL positive cells that have 

the capacity to elongate extensive telomeres is regulated by a trimming mechanism to 

prevent the burden of replicative stress associated with an excessive telomere size187.  One 

trimming mechanism utilized by ALT cells is the telomeric zinc finger-associated protein 

(TZAP) which specially binds to long telomeres when the local concentration of shelterin 

complex is low and rapidly reduces their length. As the local concentration of shelterin 



 

monitors telomere copy number, the concentration of rDNA bounded upstream activating 

factor (UAF) senses the rDNA copy number and maintains the optimal number mediated by 

SIR2188. Tandem repeats such as α-satellites and rDNA are prone to break and easy to lose 

copy numbers as a result of unequal crossover during HR repair. Therefore, rDNA operates 

a cycling system which oscillates between contraction and expansion to maintain an 

optimal level of rDNA repeat copies32. The expansion of rDNA, which is transcriptionally 

controlled by Sir2 in budding yeast S. cerevisiae, occurs by allowing the recombination of 

induced forks collapsed by Fob1 at the replication fork barrier between out-of-register 

sister chromatids32,157. It would be of great interest for future studies to determine whether 

discrete processes exist to mediate centromere length homeostasis.  

5.3: BIR at the centromere  

My thesis work has experimentally validated the hypothesis that BIR can drive centromere 

sequence evolution such as variations in length and sequence, complex organization, and 

the extreme lengths observed from all human centromeres. The substitution mutation rate 

at centromeres is ~100 fold higher than other genomic regions5. BIR is a conserved 

mutagenic repair mechanism with a high substitution rate that is ~100 to 1000 fold higher 

than the canonical S-phase mutation rate149. Therefore, it could be exciting to measure the 

substitution mutation rate of arrays that have expanded via BIR in U2OS cells.  

BIR is best known in telomere maintenance of ATL positive cells and MiDAS at CSFs in 

mammalian cells27,123. While BIR occurs in the G2/M phases, both ALT telomere elongation 

and MiDAS, as the name indicates, occur in early mitosis, acting as a last step to rescue 



 

stalled forks and prevent chromosome mis-segregation27,122,123. The spindle assembly 

checkpoint (SAC) is activated by DNA damage at the centromere189. Acute inhibition of 

MiDAS turns on a spindle checkpoint which delays anaphase onset and causes 

centromere breaks suggesting that MiDAS occurs to prevent DNA damages at centromeres 

before anaphase190.  BIR mediated MiDAS at the centromere has not been experimentally 

tested. However, MiDAS that are labeled by a thymidine analogue EdU are often localized 

near centromeres, but without a centromere specific marker, leading to the speculation 

that centromere DNA synthesis can occur during mitosis191.  Sister chromatid exchanges 

(SCE), which represent recombination events, occur at the centromeres during mitosis. 

The inhibition of SCEs lead to a high level of ssDNAs, intermediates of BIR, indicating the 

possibility that BIR is active 190,192.  Therefore, future studies to determine BIR mediated 

MiDAS and identify sources of BIR substrates will help us understand the eDects of α-

satellite sequence and size variations.  

A recent paper has shown that active centromeres of vertebrates are divided into two sub-

domains during mitosis where both domains can be bound by microtubules193. These 

bipartite domains are stabilized by cohesin and prone to form merotelic attachments that 

cause lagging chromosomes when the two sub-domains are separated. These large 

separations have been found in a colorectal cancer known for chromosome instability193,  

highlighting the importance in organization of active centromere higher order structures 

which might be influenced by array size diDerences.  Future studies investigating how 

bipartite domains are regulated across diDerent chromosome-specific arrays and between 



 

the same chromosomes of diDerent lengths, will provide more insight into the connection 

between α-satellites and their 3D organization.  
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