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SUMMARY

Centromeric α-satellite repeats represent ~6% of the human genome, but their length and 

repetitive nature make sequencing and analysis of those regions challenging. However, 

centromeres are essential for the stable propagation of chromosomes, so tools are urgently 

needed to monitor centromere copy number and how it influences chromosome transmission 

and genome stability. We developed and benchmarked droplet digital PCR (ddPCR) assays 

that measure copy number for five human centromeric arrays. We applied them to characterize 

natural variation in centromeric array size, analyzing normal tissue from 37 individuals from 

China and 39 individuals from the US and UK. Each chromosome-specific array varies in size 

up to 10-fold across individuals and up to 50-fold across chromosomes, indicating a unique 

complement of arrays in each individual. We also used the ddPCR assays to analyze centromere 

copy number in 76 matched tumor-normal samples across four cancer types, representing the 

most-comprehensive quantitative analysis of centromeric array stability in cancer to date. In 

contrast to stable transmission in cultured cells, centromeric arrays show gain and loss events 
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in each of the cancer types, suggesting centromeric α-satellite DNA represents a new category 

of genome instability in cancer. Our methodology for measuring human centromeric-array copy 

number will advance research on centromeres and genome integrity in normal and disease states.

Graphical abstract

In brief

de Lima et al. develop a PCR method to estimate human centromere size based on a measurement 

of copy number in centromere arrays. The authors use this method to analyze normal tissue 

samples across populations, finding that the size of centromeres is highly variable among 

chromosomes as well as among individuals. They also demonstrate centromeric copy number 

changes in cancer samples, suggesting a new category of genome instability.

INTRODUCTION

Centromeres represent some of the most difficult regions of the human genome to 

characterize, and until recently, the lack of centromeric sequence in the human reference 

genome has been a limitation for research on genome integrity and instability. Human 

centromeres are megabase-sized repetitive regions that are essential for chromosome 

transmission. To understand genome integrity and pathological states of genome instability, 

such as cancer, better characterization of human centromere sequence is essential. 

Centromeres are chromosomal locations in which kinetochore proteins assemble for 
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microtubule attachment and chromosome segregation. Each human centromere is part of 

a large haplotype,1 which has the potential to bias chromosome-transmission fidelity. Recent 

advances in long-read-sequencing technology have enabled the assembly of the centromeres 

of the sex chromosomes and chromosome 8 for a single reference genome.2-4 However, 

a single assembly does not begin to capture the diversity in centromere haplotypes and 

haplotype combinations in the human population.5-7 Additional technologies to sequence 

and analyze centromeric DNA are critical for research to characterize how centromeres 

contribute to genome integrity.

The tandem-repeat structure of centromeric arrays makes it likely to be prone to copy 

number variation. Increases or decreases in array size may, in turn, affect chromosome 

transmission. Previous work suggests biases in chromosome transmission could be linked 

to centromeric DNA. For example, the centromeric histone variant centromere protein 

A (CENP-A) and kinetochore protein binding can scale with α-satellite content,8 and 

chromosomes with large kinetochores have an increased surface for potential interaction 

with microtubules.9 Furthermore, non-random chromosome missegregation has been tracked 

to centromeres.10,11 The “centromere strength” hypothesis posits that larger centromeric 

arrays recruit more kinetochore proteins and, therefore, could bias segregation during 

cell division; size may, therefore, affect chromosome transmission during meiosis and 

mitosis in mammals.12,13 However, this is a double-edged sword because larger centromeric 

arrays linked to larger kinetochores have a tendency to establish erroneous merotelic 

attachments and missegregate during anaphase.9 Centromeric array size may, therefore, 

affect recruitment of kinetochore proteins or other components of the chromosome 

segregation machinery, which can lead to a segregation bias. In addition, centromeric array 

size could affect genome integrity via titration of heterochromatin proteins. Therefore, it is 

imperative to investigate the stability of centromeric arrays and the mechanisms that prevent 

instability, given the potential effect on genome integrity.

Cancer is frequently associated with alterations that influence genome integrity. Many types 

of genome instability events are associated with cancer, from whole-chromosome gain-and-

loss events, referred to as chromosomal instability (CIN), to structural variations, such 

as translocations, gene amplifications, and microsatellite instability (MIN). Copy number 

variation is rampant in human genomes14 and can occur via chromosomal-repeat expansion 

and contraction or via extrachromosomal DNA. Copy number changes can significantly 

alter the phenotype of cells.15 Somatic copy number variation presents an opportunity for 

selection, dramatically expanding the genetic landscape that can be sampled to achieve a 

“fit” proliferative cancerous state within a specific environment. The stability of centromeric 

repeats in cancer is unknown but is an essential question, given the potential effect on 

genome integrity. Addressing stability is dependent on access to sequences that allow the 

design of primer pairs that will accurately quantify the copy number of centromeric repeats.

Here, we report the development and application of digital PCR-based assays to measure 

centromeric-repeat copy number. The development of this method included sequence 

information and benchmarking against recent linear assemblies of centromeric regions, 

produced by the T2T (telomere-to-telomere) Consortium. For this study, we developed five 

centromeric assays and employed additional assays for three tandem gene-repeat arrays 
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and one macrosatellite array on the X chromosome.3 In the future, additional sequence-

based experimental tools can be developed based on centromere assemblies. These assays 

represent a dramatic improvement over existing methods and demonstrate accurate and 

reproducible measurement of copy number with a requirement of only ~1 ng of DNA. We 

applied these droplet digital PCR (ddPCR) assays to assess natural variation in centromeric-

array size in the human population, with analyses of normal tissue from 37 individuals 

from China and 39 individuals from the UK and US. We identify a wide range of copy 

number variation in individual human centromeric arrays as well as in array combinations. 

We also applied these assays in four types of cancer, representing the most-comprehensive 

quantitative analysis of centromeric array stability in cancer to date. We identify centromeric 

array instability in each of these cancer types, a genome instability event we refer to 

as α-satellite instability. Future goals include development of tools to detect centromere 

haplotypes and track haplotype function. To understand the significance of centromeric-

array instability in cancer, we must increase the panel of assays and the numbers and types 

of cancers analyzed to recognize significant cancer-type and centromere-specific signatures 

and patterns. Moreover, α-satellite instability needs to be placed in the context of broader 

genome instability signatures. Once these patterns are fully elucidated, researchers can 

determine their usefulness as biomarkers for predicting therapeutic response. Only once 

the field has a clear picture of centromeric-array variation, stability, and function can we 

understand how these important genomic loci act as genetic determinants in human health 

and disease.

RESULTS

Several methods have been used to analyze human centromere size: (1) sequence 

assembly, (2) quantitative PCR (qPCR), and (3) pulsed-field gel electrophoresis (PFGE). 

However, these methods have significant drawbacks. Assembling centromeres from short-

read-sequencing data has proven intractable because of the repetitive nature of DNA 

sequences, making existing cancer-genome data not useful for that purpose. The genome 

assemblies, to date, which have included assembly of centromic regions, have relied on 

high-coverage sequencing data using a combination of methods, which is costly, requires 

intensive computational efforts, and is, therefore, not feasible for a large number of 

matched tumor-normal samples. qPCR methods rely on standard curves generated from 

cloned centromere sequences on plasmids; less than 2-fold changes are difficult to detect, 

normalization to chromosome number has not been performed, and the centromeric-array 

size estimates from primer pairs have not been benchmarked against a standard genome.16,17 

PFGE requires substantial amounts of intact chromosomes and has limited resolution. Our 

goal was to develop a simple, rapid, accurate method for centromere copy number analysis, 

which could be easily implemented across laboratories.

To examine human centromeric repeats, we developed and benchmarked ddPCR-based 

methods to measure the copy number of five different arrays. Digital PCR works by 

partitioning the restriction-digested template DNA into thousands of individual parallel PCR 

reactions, followed by thermocycling to amplify the product, and then dye-based detection 

of positive and negative droplets. The fraction of positive and negative droplets allows for 

an absolute count of the number of target molecules in the sample, without the need for 
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standards or endogenous controls. ddPCR is a perfect choice for copy number measurements 

given its accuracy, reproducibility, the ability to derive an absolute number, scalability, 

and low template requirements. Centromeric arrays consist of α-satellite DNA, a 171-bp 

sequence that is only 50%–70% identical between monomers, making it possible to find 

a unique amplicon within some arrays (Figure 1A). Each array consists of a characteristic 

number and sequence of monomers that is iterated nearly identically (known as the higher-

order repeat [HOR]) to form the array. Multiplying the copy number of a unique amplicon 

within a single repeat by the size of the HOR in kilobases yields the size of an individual 

array. Chromosomes may have a single array or multiple arrays, but only one array will be 

active for chromosome transmission.

We designed PCR primers to unique amplicons present in arrays DXZ1, D18Z1, D11Z1, 

D7Z2, and D6Z1 (Figure 1A; Table S1). The chromosome is specified by the symbol 

following the “D,” and the array is specified by the number following the “Z.” To design 

primers, we used the Muscle algorithm18 to run multiple sequence alignments and perform 

pairwise comparisons for each of the monomers that comprise the HOR, to find unique 

regions in each HOR, and to identify primers of 17–24 bp that would yield an amplicon 

of ~100 bp in the hg38 genome. We next performed in silico PCR using the University of 

California, Santa Crus (UCSC) browser (https://genome.ucsc.edu/cgi-bin/hgPcr) to confirm 

that the amplicons all derived from the chromosome with the targeted HOR. The restriction 

enzymes selected to digest the template surrounding each amplicon are predicted to cut a 

minimum of twice in each repeat of a given array (Table S1), ensuring that the repeats 

will be separated for partitioning into droplets. In addition to the amplicons in Figure 1, 

we include information for the D8Z2 assay previously published (Tables S1 and S2).19 

Amplification of a unique single-copy gene on each chromosome enables normalization 

for chromosome copy number, which is especially important for cancer samples. The error 

associated with multiple biological-replicate measurements is approximately 10% (Figure 

1B). The DNA template for benchmarking was derived from CHM13, the newest and 

most-complete haploid-reference genome.3,19 The ability to design and validate primers that 

accurately reflect the size of an array was greatly enhanced by recent centromere assemblies 

(CHM13 v1.0). However, we cannot report foolproof amplicon design principles at this 

time, and extensive trial and error and benchmarking will be required to develop additional 

assays. Furthermore, some chromosomes bear centromeric arrays that are highly similar and 

are likely indistinguishable by PCR (e.g., 1/5/19, 13/21, 14/22).

To further benchmark the assays, we carried out two types of analysis. First, we compared 

the size calculated from the copy number to the size estimated by PFGE in four different 

cell lines (LT690, HAP1, T6012, and CHM13) for DXZ1. In all four cases, the two 

measurements were concordant.3 The DXZ1 array in LT690 is notable for its small size 

(~1,500 kb) relative to the average, which is closer to 3,000 kb, as first reported in 1998 

based on PFGE.20 Second, we compared the size calculated from ddPCR to the size 

estimated for all five computationally assembled arrays (D6Z1, D7Z2, D11Z1, D18Z1, 

and DXZ1) in the CHM13 genome. CHM13 was derived from a hydatidiform mole—all 

the chromosomes are paternally derived, so it possesses only a single haplotype of each 

chromosome, despite being diploid. The Basic Local Alignment Search Tool (BLAST) 

was used to identify amplicons in the CHM13 genome with 95% identity to calculate 
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the expected copy number in CHM13 and to compare with the copy number obtained 

experimentally. The estimates by ddPCR are consistent with the number of repeats and the 

size of the assembled arrays for CHM13 v1.0 (Figure 1C), although the ddPCR method 

appears to slightly underestimate copy number and array size (see Limitations of the 

study). However, overall the copy number measurements are accurate and reproducible, 

only require ~1 ng of DNA, and can be carried out in a few hours, making ddPCR a dramatic 

improvement on existing methods to measure centromeric arrays (see Document S1). Efforts 

are underway to develop and benchmark assays for more centromeric arrays.

Centromeric haplotypes are stably transmitted through the germline at the resolution 

of PFGE for pedigrees.5,21,22 We used two somatic diploid cell paradigms to analyze 

the centromeric array copy number before and after differentiation: (1) human foreskin 

fibroblasts with induced pluripotent stem cells, and (2) human trophoblast stem cells and 

their corresponding differentiated extravillous trophoblasts (Figure S1). Measurements for 

the five arrays were similar in the stem cells and the differentiated cells, suggesting that 

centromeric arrays are stable over differentiation in somatic cells (Table S2). It is important 

to note that, for diploid cells, measurements represent the average of two haplotypes.

Centromeric array length polymorphisms have been documented in humans.6,7,22 We 

used ddPCR assays to examine natural variation in centromeric array size in the human 

population. We analyzed array size for DXZ1, D18Z1, D11Z1, D7Z2, and D6Z1 in normal 

tissue from 37 individuals from China and from 39 individuals from the UK and the US. 

Individual arrays show up to 10-fold variation in size and up to 50-fold variation among 

different arrays (e.g., 0.1–5 Mb), with a statistically significant difference in average array 

size by country of origin for three of the five arrays, suggesting there may be geographically 

distinct haplotypes (Figure 2).1,6,23

Each individual has a unique complement of centromeric arrays, or fingerprint, as 

characterized by measurements of multiple arrays in multiple individuals (Figure 1D; 

Table S3), suggesting the potential for functional differences, an important topic for 

future research. We did not detect any correlation among the sizes of the five different 

centromeric arrays analyzed within a single genome. Given the unique individual signatures, 

analysis of centromere stability in disease states is entirely reliant on having a matched 

normal DNA sample, an essential reference that has not been consistently used in previous 

investigations.17 We obtained matched DNA samples for four different cancer types: 

head and neck, breast, medulloblastoma, and acute lymphoblastic leukemia (ALL) and 

compared the copy number for DXZ1, D18Z1, D11Z1, D7Z2, and D6Z1 (Table S3). 

Medulloblastoma and ALL are predominantly childhood cancers, and the samples included 

molecular subgroupings based on cytogenetic and molecular characterization (Table S4).

In addition to centromeric arrays, we examined the stability of tandem repeats more broadly. 

Extensive genomic profiling of ploidy in the medulloblastoma and ALL samples (Table 

S4), including cytogenetic analysis such as G-banding and fluorescence in situ hybridization 

(FISH; ALL), and methylation arrays (medulloblastoma)24 enabled the assessment and 

interpretation of copy number changes of additional tandem repeats in each pediatric cancer 

sample relative to normal. The X chromosome encodes about 50% of all the cancer-testis 
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(CT) antigen-encoding genes in the human genome,25 so named because they are expressed 

in testis and cancer. These genes are often encoded in tandem repeats (e.g., CT45, CT47, 

and GAGE). Low levels of meiotic rearrangements in pedigrees and mitotic rearrangements 

in solid tumors have been reported.26 DXZ4 is a macrosatellite X-linked tandem array 

with meiotic instability.27 ddPCR assays for all four arrays were benchmarked against 

the computational assembly of the X chromosome for CHM13, and results were highly 

congruent3 (Table S2).

In contrast to the stability observed in cultured cells, we observed dramatic changes in array 

copy number in all four groups of cancer samples relative to matched normal tissue. We 

measured the copy number in each matched tumor and normal sample, subtracted the copy 

number of the tumor from the normal sample, and plotted it as percentage of change in array 

size for each array measured (Figure 3). All nine arrays display expansions and contractions 

in all four cancer types, and the variation is comparable once gain-and-loss events are scaled 

to the size of the starting array (Figure 3). Based on the 10% error of the method, the 

number of measurements outside a 20%-error window for 380 centromeric arrays and 185 

tandemly repeated sequences was evaluated in 76 matched samples. More than 58% of the 

arrays measured (328/565) fell outside the error window in the cancer sample, indicating 

widespread tandem-repeat instability.

Every individual cancer sample presented one or more significant events, suggesting 

changes in centromeric α-satellite DNA copy number are a frequent occurrence in cancer 

(Figure 4). Interestingly, although 1 in 10 (10%) matched breast samples had all gains 

or all losses in all repeats monitored, ~40% of the pediatric samples (5/12 in ALL, 

7/17 in medulloblastoma) have all gains or all losses, suggesting a more-coordinated 

pattern. Overall, gain-and-loss events were observed in about equal frequency at all arrays, 

suggesting both can be tolerated. However, some gains were very large in size (e.g., 1 Mb), 

and gain magnitude was significantly larger than loss (Figure 5A). We speculate that equally 

large loss events at centromeres would be incompatible with chromosome transmission and 

would be lost. Array instability in the adult cancers seemed to occur independently for each 

array based on poor pairwise correlations between array changes (Figures 5D and 5F).

Male samples contain a single X chromosome and, therefore, a single array haplotype, 

whereas females have two X chromosomes, and measurements will represent an average of 

the two array haplotypes. If averaging two haplotypes obscures significant copy number 

differences, we would expect to find significant differences when stratifying the copy 

number measurements on the X chromosome (DXZ1, CT45, CT47, GAGE, and DXZ4) 

by sex. However, when stratified by sex, we identified no statistically significant differences 

between the copy number on the X chromosome in normal tissue for males and females 

(Figure S2A). When the percentage of change in copy number between tumor and normal 

tissue was compared for males and females, there were no significant differences between 

the sexes (Figure S2B). Based on this analysis, albeit with limited samples, we do not 

find evidence that haplotype averaging is masking the detection of copy number changes. 

Ultimately, the field will need tools that can distinguish haplotypes.

de Lima et al. Page 7

Cell Genom. Author manuscript; available in PMC 2022 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although adult cancers can be related to lifestyle and a have high mutational burden, 

childhood cancers are fundamentally diseases of dysregulated development and are 

frequently associated with epigenetic dysregulation in stem or progenitor cells in growing 

tissues.29 In contrast to the adult samples, pediatric cancers displayed signatures of 

coordinated instability. Pairwise correlations between array changes identified changes in 

X-linked tandem repeats correlated with each other in medulloblastoma and ALL but 

showed low correlation with DXZ1 in medulloblastoma (Figures 5C and 5E). Furthermore, 

the changes in the X-linked arrays were anti-correlated with changes in centromeric arrays 

on other chromosomes in ALL. The WNT subgroup of medulloblastoma showed a trend 

toward gains, although the number of samples is small (Figure 4C). When the ALL samples 

were further subdivided into males and females, we observed that the gene repeats on the 

X chromosome were not as correlated with the centromeric DXZ1 array in males as it was 

in females (Figure S3). Because X-linked arrays in males are present in a single haplotype 

and the IGH-DUX4 male cancer samples were determined to have normal ploidy, the copy 

number changes of arrays on the X chromosome in these samples provide the best evidence 

for the expansion and contraction of individual arrays in cancer genomes (Figure S3C). 

These fascinating trends of coordinated instability will require additional investigation but 

suggest selection may operate on these tandem arrays in pediatric cancer. Together these 

data suggest that tandem repeats generally, and centromeric arrays specifically, represent 

unstable regions in cancer genomes.

We analyzed how array instability correlated with chromosomal instability for the pediatric 

cancers because we had ploidy information. The ALL samples fall into two subtypes: 

hyperdiploid ALL characterized by the non-random gain of chromosomes, including 6, 

10, 14, 21, and X,30 and IGH-DUX4 ALL, which typically has a euploid genome 

with low incidence of chromosomal aneuploidy, chromothripsis, or large chromosomal 

abnormalities.31 Importantly, for our analysis, chromosomal abnormalities were absent in all 

IGH-DUX4 cases in this study, and hyperdiploid cases had recurrent gain of chromosomes 

6, 18, and X. The medulloblastoma samples included four distinct genetic subgroups 

(WNT, n = 7; SHH, n = 4; group 3, n = 3; and group 4, n = 3), with 6/7 of the WNT 

samples showing loss of chromosome 6. Combining all the pediatric samples together, we 

found no correlation between aneuploidy events and repeat instability on the corresponding 

chromosome (Figure S4), suggesting the copy number changes detected are structural 

variations, distinct from numerical chromosome gain or loss. Nonetheless, we speculate that 

a major loss event in an active centromeric array could result in the loss of the corresponding 

chromosome, an event we would not detect because the chromosome would be lost from 

the population. When we grouped centromeric array changes in the two distinct subtypes 

of ALL (Figure S5A), there were no statistically significant differences, again consistent 

with copy number changes occurring independently from numerical chromosome gain/loss. 

Furthermore, we compared D6Z1 array changes between WNT medulloblastoma samples 

which have lost chromosome 6 (6/7), to the rest of the medulloblastoma samples, and 

found no statistical difference. Our observations support the idea that centromeric array size 

changes are independent from changes in the ploidy of the corresponding chromosome.

We further analyzed how array instability correlated with cancer type or stage, 

acknowledging that the sample size for several of the comparisons is small. We combined 
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all the centromeric array changes for each medulloblastoma subgroup and compared the 

subgroups. We find that the WNT subgroup has less overall array loss than the other three 

subgroups (Figure S5B), but more samples are needed to explore this further. The head and 

neck cancer samples were categorized into four stages, from early (stage I) to late (stage 

IV) based on previous analysis.32 When we grouped centromeric array changes by stage and 

compared them, we found no significant differences among stages (Figure S5C). The limited 

sample size of the current study does not provide sufficient power to identify significant 

associations with stages. Further studies with large sample sizes of individuals across cancer 

stages and types are needed to identify these associations and to inform how centromeric 

array changes may be used prognostically.

In contrast to the 171-bp poorly transcribed centromeric repeats, ribosomal DNA encodes 

the most highly transcribed genes in the genome in a very large 45-kb repeat. Ribosomal 

DNA tandem repeats encoding the 45S gene are located on the short arm of the five 

acrocentric chromosomes (Chr13, 14, 15, 21, and 22) and display both meiotic and mitotic 

instability.33 Furthermore, 45S gene repeats are recombinational hotspots in cancer.34 

Several groups reported that 45S repeats are lost in many types of cancer.32,35-38 We 

measured 45S copy number in medulloblastoma (Figure 3C) and ALL (Figure 3D) samples 

because information regarding ploidy allowed us to normalize appropriately, even though the 

45S repeats are spread across five chromosomes. We observed loss in 11/29 or 38% of cases 

of ALL and medulloblastoma (Figures 4C, 4D, and 5A). However, five cases (17%) had 

significantly increased copies. Together these data confirm the observation that 45S gene 

repeat copy number is plastic in cancer genomes39 and extend it to pediatric cancers.

DISCUSSION

In this study, we develop simple quantitative ddPCR assays for measuring copy number of 

five centromeric arrays, three tandem gene repeat arrays, and one macrosatellite array on 

the X chromosome. We applied these assays to population samples, demonstrating the wide 

range of copy number variation in individual human centromeric arrays and the enormity of 

array combinations present in the human population. The stability of centromeric arrays 

observed in normal tissue cell culture conditions contrasts starkly with the instability 

in primary human cancer samples. This work also represents the most-comprehensive 

quantitative analysis of centromeric array stability in cancer to date and demonstrates 

centromeric array instability in cancer.

The repeats in this study are distinct in size from microsatellite repeats (2–5 bp) and fall into 

broad categories of gene repeats (e.g., 45S, CT45, CT47, and GAGE), macrosatellite repeats 

(e.g., DXZ4), and α-satellite centromeric repeats. We suggest terms analogous to MIN 

(microsatellite instability) to refer to the instability of these sequence categories, for example 

“GIN” for “gene repeat instability” and “α-SIN” for “α-satellite instability.” We observed 

a seemingly random pattern of instability in the adult cancer samples but coordinated copy 

number variation for α-satellite DNA (DXZ1), gene repeats, and microsatellite repeats 

on the X chromosome in pediatric cancers, signatures that warrant further investigation. 

Our understanding of these patterns is in its infancy because these sequences are only 

now accessible to copy number evaluation but represent an exciting frontier for discovery 
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of genomic instability events that have gone undetected, and potential biomarkers that 

have been unexplored. Some types of instability events are driven by loss of function, in 

particular, molecular-maintenance processes under pathological conditions. For example, 

the MIN signature in cancer is often driven by loss of mismatch repair. Future efforts to 

understand what drives copy number variation in different categories of repeats will be 

important to understand the mechanisms that maintain the integrity of these chromosomal 

regions.

Human centromeric sequence has been difficult to characterize, and there remains much to 

learn. Excitingly, these new ddPCR assays will allow researchers to analyze centromeric 

copy number in many more disease states and samples with a high degree of accuracy 

and speed. With measuring stick in hand, we can begin to contemplate the functional 

relevance of changes in centromeric arrays. For example, experiments in hybrid mice 

have demonstrated that centromere size can act as a meiotic driver.13,40 Some centromeric 

array epialleles may act more efficiently than others for chromosome transmission.8 

Centromere-localized proteins may normally protect centromeric arrays from undergoing 

recombination events,41 but many of these proteins become misregulated in cancer,42 

suggesting recombination events could be elevated. Future efforts to examine centromeric 

array stability and heterogeneity will be greatly aided by the straightforward, accurate, and 

rapid assays described herein.

Limitations of the study

There are technical limitations and knowledge gaps related to this study. The design of 

primers to detect a representative amplicon to measure copy number is based on an 

assumption that the repeats that comprise an array share high sequence identity among 

individuals. This is a reasonable assumption because satellite DNA sequences, in general, 

arise by concerted evolution. This evolutionary pattern results in the homogenization 

of repeats within a genome and fixation in members of reproductive populations.43 

Human centromeric arrays can be defined by chromosome-specific homogeneous arrays 

of higher-order repeats that are largely invariant among individuals.44 Random mutation 

and transposable element insertions occur, but the major differences among individuals are 

expected to be expansions and contractions, with a nucleotide spectrum that is reasonably 

stable.

Another type of sequence variation that may occur with greater likelihood than single-

nucleotide variation is higher-order repeat variants. Canonical repeats constitute more than 

92% of the DXZ1 array in CHM13,3 making DXZ1 relatively straightforward to measure 

with ddPCR. However, repeat variants can occur in centromeric arrays.4,7 The frequency of 

higher-order repeat variants in centromeric arrays in the human population is just beginning 

to emerge.7 Variant repeats may complicate calculations of array size in Mb from ddPCR 

data. Although variant repeats are only a small fraction of the overall array for the arrays 

analyzed in the present study, based on the CHM13 v1.0 release, amplicon copy number 

may not correlate directly to the total array size in Mb if variant repeats are different in 

size from the canonical higher-order repeat. For example, one higher-order repeat variant in 

DXZ1 is 2,000 bp whereas the canonical repeat is 2,200 bp. Importantly, the copy number of 
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each amplicon can still be accurately measured and compared for matched tumor and normal 

samples for each individual. Given these limitations, future efforts to design amplicons to 

measure the copy number and size of additional arrays should take into account the evidence 

for variants and will continue to require rigorous benchmarking.

Although ddPCR can measure the average copy number for a given array of repeats, 

individuals have two centromeric haplotypes for each chromosome. There is evidence for 

a high degree of haplotypic diversity in centromeric arrays at the populational level.1,6,7 

Our method measures average haplotype copy number and cannot distinguish maternal and 

paternal haplotypes, except for DXZ1 in male samples. In addition, tumor cell populations 

can be heterogeneous and may contain heterogeneity in repetitive DNA among cells. Given 

the huge amount of short-read sequence data available for analyses from human genomes 

and cancer genome projects, it would be beneficial to develop computational algorithms 

that could mine existing data for array size and stability. Future challenges in the human 

centromere field are to develop tools to resolve haplotypes and to quantify centromere size 

in short-read sequencing data and single cells. Moreover, the assays developed and arrays 

measured in this study need to be augmented with additional assays and data to achieve a 

genome-wide view of the stability of different categories of tandemly repeated sequences 

generally and their place in broader mutational signatures in cancer and other human disease 

contexts.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Dr. Jennifer Gerton, jeg@stowers.org.

Materials availability—This study generated sets of primers for amplicons 

in D6Z1 (F5′-GCGTTGAACTCACCGTCTT, R5′-TCCAAAGAATGCCTCCAAGG), 

D7Z2 (F5′-CGACTTTGTGATGTGTGCATTC, R5′-CCTTATCCGCAATGGTCCTAAA), 

D11Z1 (F5′-CTTCCTTCGAAACGGGTATATCT, R5′-GCTCCATCAGCAGGATTGT), 

D18Z1 (F5′-TGGGAAACGGGATTGTCTTC, R5′-CTGCTCTACCAAAGGGAATGT) 

and single copy reference genes TECPR1 (F5′-GTGCAGTCACCATCATCAAC, R5′-
CTGCACCCTCCTACAACA), Cllorf16 (F5′-TCCCTGAC CATCTGGAAGAA, R5′-
TGATTGGCCCTAGCAGAGA) and MRO (F5′-TAGTAGGTAACACCGAGTGC, R5′-
TCAGGGTTGTCGCAA GTA). Other primer sets have been previously reported3,19,35 and 

all are listed in the Key resource table.

Data and code availability—All ddPCR data derived from de-identified human patient 

DNA samples is included in the supplemental tables. Original raw data files for ddPCR 

are publicly available and can be accessed from the Stowers Original Data Repository at 

http://www.stowers.org/research/publications/libpb-1657

This paper does not report original code.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cell lines—Human cell lines were used in this study. Male human foreskin 

fibroblasts HFF-1 (ATCC SCRC-1041) were grown in DMEM supplemented with 15% 

FBS. The corresponding human induced pluripotent stem (iPS) cells DYS0100 (ATCC 

ACS-1019) were cultured on CellMatrix Gel (ATCC ACS-3035) - coated dishes without 

a feeder layer in Pluripotent Stem Cell SFM XF/FF medium (ATCC ACS-3002). CHM13 

cells (homozygous diploid with two X chromosomes) were originally grown in culture 

from a hydatidiform mole isolated at Magee-Womens Hospital (Pittsburgh, PA) as part of 

a research study (IRB MWH-20-054). Cells from this culture were transformed using the 

human telomerase reverse transcriptase (TERT) gene to develop the CHM13hTERT cell 

line, which has a stable karyotype based on chromosome spread analysis. CHM13hTERT 

cells were grown in DMEM-F12 medium supplemented with 10%FBS, 1x Gutamax 

(ThermoFisher - 35050061), 1xNEAA (ThermoFisher 11140050), 1mM Sodium Pyruvate 

(ThermoFisher – 11360070), 1x Insulin-Transferrin-Selenium (ThermoFisher - 41400045).

Human trophoblast stem (TS) cell lines CT29-male and CT30-female were obtained from 

the Arima lab,45 care of Dr. Michael Soares, University of Kansas Medical School. Cells 

were maintained in TS medium (TS basal medium, VPA and Inhibitor Cocktail). For 

differentiation to extravillous trophoblasts (EVTs), 100 mm dish was coated with PBS 

containing 1 μg/ml Col IV for 1.5 h at 37°C. Plates were washed with PBS two times and 

hTS cells were plated at either 5.0 e5 (Expt1) or 1.5 e5 (Expt2) in 10 mL EVT medium and 

240 μL Matrigel was added per dish. After 3 days of differentiation, EVT medium without 

NRG1 was added and 30 μL of Matrigel was added. After 6 days of differentiation, EVT 

medium without NRG1 and KSR was added and 30 μL of Matrigel was added. Cells were 

collected at day 8 for DNA extraction and frozen in −80°C.

DNA from de-identified human patients—DNA derived from human patient samples 

was used in this study. Information for each patient such as age, gender, source institution, 

and cancer type are provided in Table S4. All aspects of this work were done in accordance 

with the SIMR ethical and procedural guidelines. The human primary materials in this 

study have been de-identified and were provided and collected under protocols approved by 

the Institutional Review Board or the equivalent body of each organization. Breast cancer 

samples (n = 10) were collected at the University of Kansas Medical Center, USA, and were 

obtained from the Biospecimen Repository. Head and neck cancer samples (n = 37) were 

collected at the Hospital of Stomatology at Sun Yat-sen University, China. Medulloblastoma 

and ALL samples were collected at the Newcastle University Centre for Cancer, Newcastle 

upon Tyne, UK (more details below). Matched normal samples were collected from adjacent 

tissues, in head and neck and breast cancer patients, blood samples in medulloblastoma 

patients, and bone marrow aspirates for acute lymphoblastic leukemia patients.

Diagnostic bone marrow samples from 12 childhood (0-18 years old) ALL patients with 

a) hyperdiploidy (n = 6) or b) IGH-DUX4 fusion (n = 6), were included in this study. 

Remission samples were used as a matched germline reference in all patients; remission 

was defined as bone marrow aspirates from time-points at which there was no detectable 

level (> 0.01%) of minimal residual disease. Chromosomal analysis, fluorescence in situ 
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hybridization (FISH) and genome-wide copy number array analysis was performed on ALL 

patients (n = 12) at diagnosis, as previously described.47,48 Low hyperdiploidy and high 

hyperdiploidy were diagnosed in patients with 47-50 and 51-67 chromosomes, respectively, 

or gain identified by specific FISH probes located to recurrently gained chromosomes, as 

previously described.49 Karyotyping and genome-wide copy number array analysis of IGH-
DUX4 patients identified no large chromosomal abnormalities, consistent with previous 

studies.31

Tumor material from 17 patients (2-18 years old at diagnosis) with childhood 

medulloblastoma were included in this study. All tumors assayed had a confirmed 

histopathological diagnosis of medulloblastoma, with a high tumor cell content. Blood 

samples were included as a matched germline reference for each patient. DNA methylation 

array analysis was performed on medulloblastomas sampled at diagnosis, as previously 

described.28 Methylation-dependent subtyping was used to classify individual patients 

as WNT, SHH, Group 3 or Group 4. Copy number alterations (whole chromosome/

chromosome arm aberrations) were identified as previously described.28

METHOD DETAILS

DNA extraction—Genomic DNA was isolated using DNeasy Blood & Tissue Kit 

(QIAGEN) in accordance with the manufacturer’s instructions and all DNA samples were 

quantified using the Qubit Fluorometer with Qubit dsDNA HS Assay (Invitrogen). The 

Qubit Fluorometer is a DNA quantification device based on the fluorescence intensity of 

fluorescent dye binding to double-stranded DNA (dsDNA). Qubit is considered useful for 

checking DNA quality because it measures intact dsDNA.

Centromeric and tandemly repeated array quantification by ddPCR—To perform 

the quantification to measure the copy number of different centromeric α-satellite DNA 

repeats we developed a droplet digital PCR based method (see detailed information in 

Supplemental protocol S1). We used centromeric HORs and tandemly repeated gene 

families sequences assembled in GRCh38 to design unique non-overlapping primers for 

amplicons in arrays DXZ1, D18Z1, D11Z1, D7Z2, D6Z1, DXZ4, GAGE, CT45 and 45S 

rDNA (Table S1). ddPCR reactions were performed using the manufacturer’s protocol 

(Bio-Rad). Each reaction consists of 10 uL 2x ddPCR QX200 Evagreen Supermix, 0.2 

uL of restriction enzyme for fragmentation, 1 uL 10 uM primer mix, 1 uL of 0.1-1 ng 

DNA template and 7.8 uL with nuclease free water. All DNA templates were digested with 

either AluI or HaeIII restriction enzymes (New England Biolabs). Both restriction enzymes 

cleavage sites were located within ~100 bp flanking the target amplicons. Digestion prevents 

the amplification of more than one unique target site per HOR fragment. Mastermixes were 

simultaneously prepared for centromeric and the respective single copy gene, which were 

then incubated for 15 minutes to allow for restriction digestion. Mastermixes were then 

emulsified with Evagreen droplet generator oil (Bio-Rad) using a QX200 droplet generator 

according to the manufacturer’s instructions and transferred to a 96-wells plate, which was 

then heat-sealed with pierceable sealing foil sheets (Thermo Fisher Scientific). After droplet 

generation, thermocycling was performed with the following parameters: 10 min at 95°C, 

40 cycles consisting of a 30 s denaturation at 94°C and a 60 s extension at 59°C, followed 
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by 10 min at 98°C and a hold at 4°C. Control reactions without DNA were performed 

to rule out non-specific amplification. Following PCR amplification, the 96-well plate was 

transferred to a QX200 droplet reader (Bio-Rad). Each well was queried for fluorescence 

to determine the quantity of positive droplets. Positive droplets were distinguished based on 

fluorescence amplitude whereas negative droplets (no fluorescence) were compared to the 

strong fluorescence signal from droplets with amplified target sequences. Positive droplets 

were automatically determined by the QuantaSoft software. The number of targets per 

droplet follows a Poisson distribution and the total number of targets in the reaction can 

be calculated based on the proportion of positive droplets. Concentrations reported were 

copies/μL of the final ddPCR reaction and were adjusted according to the respective single 

copy gene. The copy number values for each centromeric/tandemly repeated array was 

calculated as follows: [(tandemly repeated target copies/μL)/(single copy gene copies/μL)] x 

10

QUANTIFICATION AND STATISTICAL ANALYSIS

The ddPCR values obtained in the study were normalized as previously described and the 

error was calculated using Taylor’s expression.3 The statistical test performed is indicated in 

the figure legend. The p value, ddPCR value, and sample number is indicated on the figure 

and legend each time it was deemed statistically significant (p value less than 0.05). All 

plots were generated using the ggplot2 packages within the RStudio integrated development 

environment for the R statistical programming language and Prism8 software.

To compare the number of higher order repeated predicted by computational assembly 

for CHM13 to the ddPCR results, for each array analyzed, we mapped the predicted 

amplicons described in Table S1 by BLASTn in the T2T CHM13 v1.0 assembly files for 

each respective chromosome (https://github.com/nanopore-wgs-consortium/chm13). Only 

sequences with 95%–100% identity were considered hits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• New digital droplet PCR assays measure copy number of human centromeres

• Large variation in copy number and individual-specific fingerprints exist

• Centromere array copy number is stable in cultured human cells

• Analysis of primary human cancer samples suggest copy number can change 

in cancer
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Figure 1. Profiling of centromeric arrays by ddPCR
(A) A schematic overview is presented for the centromeric-array size-measurement 

workflow by ddPCR. Unique non-overlapping amplicons were identified in GRCh38 

for each higher-order repeat (HOR) array analyzed. The array copy number values are 

normalized by dividing by the copy number of a chromosome-specific single-copy gene. 

The array size is calculated by multiplying the copy number by the size of a single repeat.

(B) Copy number measurements performed by ddPCR in triplicate for CHM13 for five 

different centromeric arrays demonstrate high reproducibility. Error bars are calculated by 

Taylor’s expansion and are based on the standard deviation for each replicate experiment.

(C) The copy number for each HOR and array size in Mb derived from the computational 

assembly of CHM13 v1.0 (95% amplicon identity by BLAST) are compared with the results 

generated by ddPCR.

(D) Unique fingerprint profiles for 10 individuals (A–J) are shown. Bars represent the 

normalized average centromeric array size in Mb for five centromeric arrays in normal 

breast tissue from 10 individuals.
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Figure 2. Centromeric array size variation between two geographical locations
(A) Comparison of centromeric array size in Mb for D6Z1, D7Z2, D11Z1, D18Z1, and 

DXZ1 in normal tissue from samples divided by geographical origin for 37 individuals 

from China (red) and 39 individuals from the UK and the US (blue). The distributions in 

the two groups differed significantly (p < 0.001) in D6Z1, D11Z1, and DXZ1 centromeric 

arrays using the Wilcoxon-Mann-Whitney two-sample rank-sum test. D18Z1 and D7Z2 

centromeric arrays did not show a significant difference.

(B) The y axis for D7Z2 is expanded, relative to the presentation in (A), so that the data can 

be better visualized, because D7Z2 is much smaller than the other arrays.

(C) The minimum, median, maximum, and range of array sizes are shown in Mb for each 

array, divided by geographical region of origin.
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Figure 3. Copy number changes in centromeric and tandemly repeated arrays in matched 
samples
Scatterplots contain points indicating the percentage of change from cancer, relative to 

normal, for each pair of samples. The absolute copy number difference was scaled to the size 

of the starting array of the normal tissue.

(A) The scatterplot depicts the percentage of change for the five indicated centromeric arrays 

in 35 head and neck cancer samples.

(B) The scatterplot depicts the percent change for five indicated centromeric and four 

tandemly repeated gene arrays (DXZ4, GAGE, CT45, and CT47) for 10 breast cancer 

samples.

(C) The scatterplot depicts the percentage of change for five indicated centromeric arrays 

and five tandemly repeated gene families (DXZ4, GAGE, CT45, CT47, and 45S rDNA) for 

17 medulloblastoma samples.

(D) The scatterplot depicts the percentage of change for five indicated centromeric arrays in 

12 acute lymphoblastic leukemia samples. The red dotted lines indicate the 20% window of 

error for the method; measurements within that range are considered “not significant.”
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Figure 4. Significant changes in arrays in each individual
Gridplots indicate the percentage and significance of changes per matched sample. Relative 

changes are scaled by the percentage of change (red is gain, and blue is loss) and p value 

(dot size).

(A) A gridplot is shown for the five indicated centromeric in 35 head and neck cancer 

samples.

(B) A gridplot is shown for five centromeric and four tandemly repeated gene arrays (DXZ4, 

GAGE, CT45, and CT47) for 10 breast cancer samples.

(C and D) A gridplot is shown for five indicated centromeric arrays and five 

tandemly repeated gene arrays (DXZ4, GAGE, CT45, CT47, and 45S rDNA) for 

17 medulloblastoma samples (C) and 12 acute lymphoblastic leukemia samples (D), 

respectively. Medulloblastoma samples are categorized into four subgroups: WNT (n = 7), 

SHH (n = 4), group 3 (n = 3), and group 4 (n = 3), as previously described.28 85.7% 

(6/7) WNT samples have chromosome 6 loss. ALL samples are defined by hyperdiploidy 

(n = 6) or IGH-DUX4 (n = 6). High-hyperdiploid ALL samples exhibit non-random gain 

of chromosomes, which includes chromosomes 6, 10, 14, 21, and X. Gain of chromosomes 
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6, 18, and X was frequent in this study (see Table S4). Importantly, the methodology 

normalizes for chromosome copy number.
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Figure 5. Correlations between changes in copy number of tandemly repeated arrays from 
cancer genomes
(A) Average size of the significant copy number changes for each array by percentage is 

depicted and summed over all cancer types. The number in each category is shown on the 

bar, and whether the bias in gain size is significant is indicated by asterisks based on the 

Wilcox rank test (**p < 0.05, ***p = 0.01, ****p < 0.001).

(B) Schematic representation of the chromosomal localization of the tandemly repeated 

arrays on the X chromosome.

(C–F) Heatmap plots representing Spearman’s correlation coefficient for the copy 

number changes of tandemly repeated arrays by cancer type: (C) breast cancer, (D) 

medulloblastoma, (E) acute lymphoblastic leukemia, and (F) head and neck cancer.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Matched Tumor/Normal Breast Cancer samples KU Med Biorepository N/A

Matched Tumor/Normal head and neck samples Hospital of Stomatology, Sun Yat-sen 
University

N/A

Matched Tumor/Normal ALL samples Newcastle University N/A

Matched Tumor/Normal medulloblastoma samples Newcastle University N/A

Chemicals, peptides, and recombinant proteins

AluI New England Biolabs R0137

HaeIII New England Biolabs R0108

Critical commercial assays

DNeasy Blood & Tissue Kit QIAGEN Cat. no. 69504

QX200 ddPCR EvaGreen Supermix Biorad #1864034

QX200 Droplet Generation Oil for EvaGreen Biorad #1864006

Qubit dsDNA HS Assay Kit ThermoFisher Cat. no. Q32851

Experimental models: Cell lines

Human:CHM13 Magee-Womens Hospital (Pittsburgh, PA), 
ATCC

Human: HFF-1 ATCC SCRC-1041

Human: DYS0100 ATCC ACS-1019

Human trophoblast stem cells CT29-male Arima lab Okae et al.45

Human trophoblast stem cells CT30-female Arima lab Okae et al.45

Oligonucleotides

D6Z1F: 5′ – GCGTTGAACTCACCGTCTT – 3′ This paper N/A

D6Z1R: 5′ – TCCAAAGAATGCCTCCAAGG – 3′ This paper N/A

D7Z2F: 5′ – CGACTTTGTGATGTGTGCATTC – 3′ This paper N/A

D7Z2R: 5′ – CCTTATCCGCAATGGTCCTAAA – 3′ This paper N/A

D8Z2F: 5′-GACATTTGGAGGGCTTTGTA-3′ Logsdon et al., 2021 N/A

D8Z2R: 5′-TCAACTAACTGTGCTGAACATTTC-3′ Logsdon et al., 2021 N/A

D11Z1F: 5′ – CTTCCTTCGAAACGGGTATATCT – 3′ This paper N/A

D11Z1R: 5′ – GCTCCATCAGCAGGATTGT – 3′ This paper N/A

D18Z1F: 5′ – TGGGAAACGGGATTGTCTTC – 3′ This paper N/A

D18Z1R: 5′ – CTGCTCTACCAAAGGGAATGT – 3′ This paper N/A

DXZ1F: 5′ – TGATAGCGCAGCTTTGACAC – 3′ Miga et al.3 N/A

DXZ1R: 5′ – TTCCAACACAGTCCTCCA – 3′ Miga et al.3 N/A

DXZ4F: 5′ - CACTTCTACCACCACGAGTAA - 3′ Miga et al.3 N/A

DXZ4R: 5′ - GGGATGACATTCAACTGGGA - 3′ Miga et al.3 N/A

GAGEF: 5′ - GTAACGGAGGTCGTGGATTA - 3′ Miga et al.3 N/A

GAGER: 5′ - CGCACTGAGAATAAGGGAGT - 3′ Miga et al.3 N/A

CT45F: 5′ - CATCAGCCATGGTGGAGTAT - 3′ Miga et al.3 N/A

CT45R: 5′ - TGCGGTGTTTCCCTGTT - 3 Miga et al.3 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

CT47F: 5′ - GAGATCGGACCCGATGATTC - 3′ Miga et al.3 N/A

CT47R: 5′ - CCAGTAAATCTCCCACCCAA - 3′ Miga et al.3 N/A

45SF: 5′-AACGTGAGCTGGGTTTAG-3′ Xu et al.35 N/A

45SR: 5′-CTCGTACTGAGCAGGATTAC-3′ Xu et al.35 N/A

TBP1F: 5′ – GATATGAGACTGTGGGTAAGT – 3′ Xu et al.35 N/A

TBP1R: 5′ – GATCCTTTGAACACCCTAATG – 3′ Xu et al.35 N/A

TECPR1F: 5′ – GTGCAGTCACCATCATCAAC – 3′ This paper N/A

TECPR1R: 5′ – CTGCACCCTCCTACAACA – 3′ This paper N/A

MTUS1F: 5′-TCAGAGGCTGGATAGGTGGT-3′ Logsdon et al.19 N/A

MTUS1R: 5′-CTCTGAGGTGCTCCCAGTC-3′ Logsdon et al.19 N/A

Cllorf16F: 5′ – TCCCTGACCATCTGGAAGAA – 3′ This paper N/A

Cllorf16R: 5′ – TGATTGGCCCTAGCAGAGA – 3′ This paper N/A

MROF: 5′ – TAGTAGGTAACACCGAGTGC – 3′ This paper N/A

MROR: 5′ – TCAGGGTTGTCGCAAGTA – 3′ This paper N/A

HPRT1F: 5′ – AAGGTGCTGGTCTCCTTTAC – 3′ Miga et al.3 N/A

HPRT1R: 5′ – GCACCAATGATTCTCTCCCT – 3′ Miga et al.3 N/A

Software and algorithms

MUSCLE v4 https://www.drive5.com/muscle/
downloads.htm

Edgar18

PRISM9 https://www.graphpad.com/scientific-
software/prism/

N/A

RStudio version 4.1.1 https://www.rstudio.com/ RStudio: Integrated Development for 
R. RStudio, PBC, Boston, MA

R-4.1.2 https://www.R-project.org/ R: A language and environment for 
statistical computing. R Foundation 
for Statistical Computing, Vienna, 
Austria

Bowtie2.4.1 Langmead and Salzberg, 201246 http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

Other

Human reference genome CHM13 v1.0 https://www.ncbi.nlm.nih.gov/assembly/
GCA_009914755.3

N/A
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