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The Genomic Landscape of 
Centromeres in Cancers
Anjan K. Saha   1,2,3, Mohamad Mourad3, Mark H. Kaplan3, Ilana Chefetz4, Sami N. Malek3, 
Ronald Buckanovich5, David M. Markovitz2,3,6,7 & Rafael Contreras-Galindo3,4

Centromere genomics remain poorly characterized in cancer, due to technologic limitations in 
sequencing and bioinformatics methodologies that make high-resolution delineation of centromeric 
loci difficult to achieve. We here leverage a highly specific and targeted rapid PCR methodology to 
quantitatively assess the genomic landscape of centromeres in cancer cell lines and primary tissue. PCR-
based profiling of centromeres revealed widespread heterogeneity of centromeric and pericentromeric 
sequences in cancer cells and tissues as compared to healthy counterparts. Quantitative reductions in 
centromeric core and pericentromeric markers (α-satellite units and HERV-K copies) were observed 
in neoplastic samples as compared to healthy counterparts. Subsequent phylogenetic analysis of a 
pericentromeric endogenous retrovirus amplified by PCR revealed possible gene conversion events 
occurring at numerous pericentromeric loci in the setting of malignancy. Our findings collectively 
represent a more comprehensive evaluation of centromere genetics in the setting of malignancy, 
providing valuable insight into the evolution and reshuffling of centromeric sequences in cancer 
development and progression.

The centromere is essential to eukaryotic biology due to its critical role in genome inheritance1,2. The nucleic acid 
sequences that dominate the human centromeric landscape are α-satellites, arrays of ~171 base-pair monomeric 
units arranged into higher-order arrays throughout the centromere of each chromosome3–103 1–3. These α-satellites 
underlie a hierarchical network of proteins that collectively make up the kinetochore, a large multimeric structure 
that serves as a molecular bridge between chromosomes and microtubule polymers from the mitotic spindle dur-
ing cell division. The interaction between centromeres, kinetochores and microtubule polymers lies at the nexus 
of metaphase and anaphase, ensuring faithful separation of the sister chromatids during mitosis.

Centromeres are thus critical to maintaining the fidelity of chromosomal segregation in proliferating tissues. 
While much is known about the hierarchical network of proteins that epigenetically compartmentalizes cen-
tromeres, the genomic foundation of the centromere remains largely uncharted. Centromeres remain a genetic 
black box that encompasses 2–5% of the human genome4. Despite advancements in next-generation sequencing 
(NGS) technologies, full assemblies of centromeric loci are still unavailable within the latest builds of the human 
genome, with the exception of a linear assembly of the centromere of chromosome Y5. Low complexity genomic 
regions, characterized by the contiguous arrangement of repetitive sequences, present computational challenges 
owing to nonunique alignments that are impractical for current informatics pipelines to navigate. Low complexity 
regions like centromeric loci are consequently excluded from most downstream bioinformatics analyses.

Methodologies that can add resolution to the genomic landscape of the centromere will thus play an integral 
role in developing a more nuanced understanding of its contribution to health and disease. Recent efforts at over-
coming the technical shortcomings of NGS approaches have focused on more conventional molecular biology 
techniques, including extended chromatin fiber analysis, fluorescent in-situ hybridization (FISH), Southern blot-
ting, and polymerase chain-reaction (PCR) based approaches4,6–13. Chromatin fiber analysis, FISH, and Southern 
blotting, while effective for qualitatively and quantitatively characterizing localization and size of given centro-
meric proteins and sequences, are labor, resource, and time intensive. PCR-based approaches offer expedited 
evaluation of the centromeric content within any given sample, making it more scalable than chromatin fiber 
analysis and hybridization-based approaches when evaluating samples derived from human cell lines and tissue. 
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Corroboration of the specificity and sensitivity of PCR-approaches by a number of orthogonal methodologies 
suggests that using rapid centromere targeted PCR methodologies is a viable strategy for studying centromere 
genetics8,9,14,15.

Applying scalable PCR-based approaches to the assessment of centromere size and structure in different bio-
logical settings is therefore critical to contextualizing our knowledgebase on centromere genetics. Diseases of cell 
division, particularly cancer, remain largely unexplored within the realm of centromere genetics16–20. Gaining 
deeper insight into the contribution of centromere genetics to tumorigenesis and cancer progression thus has 
the potential to inform novel therapeutic strategies capable of improving long-term outcomes. Unfortunately, the 
oncogenic potential of centromeric sequences remains undetermined, due to the shortcomings of sequencing 
methodologies.

Here we report substantial heterogeneity in the centromeric landscape in cancer cell lines and tissues, in terms 
of copy number differences between tissues as well as differences between cancer cells/tissues and healthy cells. 
Both solid and hematologic tumors demonstrated marked copy number alterations in centromeric and pericen-
tromeric repeats, as measured by a previously described quantitative centromere-specific PCR assay that tar-
gets core centromeric α-satellite DNA as well as pericentromeric human endogenous retrovirus (HERV) DNA9. 
Phylogenetic analysis of HERV sequences in several cancer cell lines suggests that pericentromeric sequences 
undergo aberrant recombination during tumorigenesis and/or disease progression, consistent with derangements 
that have been previous reported12,20–22. Strikingly, centromeric variation is a feature present across cancer tissue 
types, including primary tissue samples, providing further substantiation to the notion that genomic instability 
in centromeres is a ubiquitous occurrence in cancer. Evaluation of the centromeric landscape in the setting of 
malignancy thus reveals marked genetic alterations that may reflect novel pathophysiologic contributions to the 
development and progression of cancer.

Results
Cancer cell lines demonstrate heterogeneous alterations in centromeric and pericentromeric 
DNA.  NGS approaches to interrogating genetic alterations in cancer have repeatedly demonstrated ubiquitous 
genomic instability that is a hallmark of malignancy. However, the lack of an end-to-end assembly of centromeric 
loci prevents mapping of representative centromeric reads to a standardized reference. We have thus employed a 
rapid PCR-based approach that we previously described to evaluate the genomic landscape of centromeres and 
pericentromeres in several human cancer cell lines (Fig. 1). The method was previously validated by compari-
son to meta-analyses of data from studies using NGS and southern blot, as well as through FISH analysis9. The 

Figure 1.  Heterogeneous alterations of centromere DNA in multiple cancer cell lines. Heatmap representing 
the abundance of α-satellites specific for each centromere array (rows) obtained by qPCR in 50 ng of DNA from 
healthy cells and from cancer lines (columns). Relative abundance is denoted by the gradient legend (top left). 
Cancer type and α-satellite localization are depicted as indicated by the legend (bottom left). Repeats marked 
with an asterisk (also bolded and italicized) represent α-satellites with appreciable alterations across various 
cell lines relative to healthy controls. Data depicting α-satellite abundance are log2 normalized to healthy PBL 
median values (asterisks, red). The nomenclature of these α-satellites begins with the letter D, followed by their 
resident chromosome number (1–22, X or Y), followed by a Z, and a number indicating the order in which 
the sequence was discovered. The DYZ3 repeat was excluded from the analysis to reduce confounding due to 
gender.
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cell lines studied here are representative of a variety of different tissue types, originating from both solid and 
hematologic malignancies. Our PCR-based methodology unveils significant heterogeneity in the centromeric 
and pericentromeric content in all 24 chromosomes across tissue types and as compared to healthy cells. This 
heterogeneity extends to HERVs, such as HERV K111, that we have previously shown to reside in pericentro-
meric regions. Unsupervised hierarchical clustering of the chromosome specific repeats demonstrates a striking 
organization to the patterns in centromere heterogeneity, differentiated by the region of the centromere (core or 
pericentromere) to which each repeat localizes. Similar clustering analysis applied across the different cell lines 
revealed that heterogeneity in centromeric and pericentromeric content is tissue type agnostic, with the exception 
of healthy peripheral blood lymphocytes (PBLs) that demonstrate higher relative concordance. The heterogeneity 
observed reflects a preference for contractions in centromeric and pericentromeric content, consistent across 
numerous tissue types (Supplementary Fig. S1). More specifically, D13Z1, D10Z1, D2Z1, D3Z1, D8Z2, D16Z2, 
and K111 demonstrated the most appreciable losses when collectively assessing all tested cancer cell lines. The 
nomenclature of these α-satellites begins with the letter D, followed by their resident chromosome number (1–22, 
X or Y), followed by a Z, and a number indicating the order in which the sequence was discovered. Consistent 
with the global loss of whole chromosomes previously reported in teratocarcinoma cells, we noted widescale 
loss of centromere arrays in teratocarinoma cell lines derived from male patients in this study (Supplementary 
Fig. S1)23–26. Of note, K111 deletion stood out as ubiquitous across all evaluated cell lines. Collectively comparing 
normal peripheral blood mononuclear cells (PBMCs) to cancer cell lines, grouped by tissue type, revealed marked 
reductions in pericentromeric material, using K111 copy number as a surrogate for pericentromeric content 
(Supplementary Fig. S2)12,27.

A more focused analysis on breast cancer cell lines allowed us to cross-reference the observed heterogeneity in 
centromeric DNA against known molecular classifications and karyotypes for each cell line to ascertain whether 
centromeric and pericentromeric deletions were the result of previously described genetic derangements, such 
as recurrent molecular alterations or whole chromosome copy number loss, as seen in teratocarcinoma cell lines 
(Fig. 2)28–33. Strikingly, the centromeric content demonstrated heterogeneity across the four molecular subtypes 
for breast cancer (Basal, HER2, Luminal A, and Luminal B); unsurprisingly, healthy PBLs clustered together. 
Similar to other tissue types tested, breast cancer cell lines also demonstrated a predilection for contracted cen-
tromeres and pericentromeres compared to healthy PBLs (Supplementary Fig. S3). While contraction of D13Z1 
in Hs578T, BT474, and MDA-MB-361 can be attributed to loss of whole chromosome 13, contraction of D8Z2 in 

Figure 2.  Genomic profiling of centromeres in breast cancer cell lines. Heatmap representing the abundance of 
α-satellites specific for each centromere array (rows) obtained by qPCR in 50 ng of DNA from healthy cells and 
from breast cancer lines (columns). Relative abundance is denoted by the gradient legend (bottom left). Data 
depicting α-satellite abundance are log2 normalized to healthy PBL median values (asterisks). Repeats marked 
with an asterisk (also bolded and italicized) represent α-satellites with appreciable alterations across various 
cell lines relative to healthy controls. Hormone receptor, TP53 status, histologic, and molecular classifications 
are depicted as indicated by the legend (top left). The DYZ3 repeat was excluded from the analysis to reduce 
confounding due to gender.
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T47D, D3Z1 and D8Z2 in BT549, and D8Z2 and D10Z1 in SKBr3 were observed despite well characterized copy 
number amplifications of the respective chromosomes. K111 again demonstrated robust contractions relative to 
other markers. The strong reduction in DYZ3 (α-satellite on chromosome Y) to nearly undetectable levels pro-
vided validation for the specificity of the rapid PCR-based approach to evaluating centromeric content, given the 
absence of Y-chromosomes in breast cancer cell lines derived from females. Taken together, marked heterogeneity 
in centromeric and pericentromeric DNA is observed in cancer cell lines, with a predilection towards contraction 
when comparing cancer cell lines to healthy PBLs.

Gene conversion of pericentromeric HERV sequences in cancer cell lines.  The genomic landscape 
of the centromere is characterized by thousands of copies of repetitive elements arranged in tandem to form 
higher order arrays1. Repetitive genomic regions are known to be subject to recombination due to sequence 
homology20,34,35. Intrachromosomal recombination is one example of repeat-associated recombination that can 
lead to either deletions that reduce the number of repeat units or gene conversion events that genetically homog-
enize the sequences of repeat units36–38. Interestingly, in contrast to healthy PBLs, we identified drastic reductions 
in pericentromeric K111 sequences across all evaluated cancer cell lines (Figs 1 and 2). While real-time PCR 
demonstrates deletion of centromeric and pericentromeric material in cancer cell lines, purely quantitative assess-
ments do not provide insight into other recombination events, such as gene conversion. Furthermore, sequence 
analysis of α-satellites is unreliable for identifying gene conversion events. We thus conducted phylogenetic anal-
ysis on the sequences of real-time PCR amplicons from breast cancer cell lines to identify gene conversion events 
within K111 loci, given ubiquitous loss of K111 across all cancer cell lines (Fig. 3A). Our previous work has shown 
that divergence in K111 sequence similarity is dependent on chromosomal location of K111 loci12,27. We now 
show that K111 copies identified in breast cancer cell lines demonstrate cell line dependent sequence convergence 
towards K111 subtypes that organize into distinct clades (Fig. 3B). The K151 cell line (pink) remarkably produced 
distinct clades that emerged in close proximity relative to each other from the same ancestral sequence. Sequences 
amplified from the K151 cell line were notably not distributed heterogeneously throughout the tree. Three addi-
tional breast cancer cell lines (MDA-MB-435, DT-13, and HCC1599) formed two exclusive subtypes that were 
also separated by phylogenetic analysis.

Phylogenetic analysis was also conducted in adult T-cell leukemia (ATL) cell lines and revealed similar pat-
terns as in breast cancer (Supplementary Fig. S4). ATL26 alone formed three exclusive subtypes that diverge in 
homology from normal K111 clades. Of note, K111 clades arising from ATL43 and ATL16 demonstrated strong 
homology to K111 Solo LTRs, suggesting intrachromosomal recombination that has deleted K111, i.e. pericen-
tromeric material. ATL43 and ATL16 indeed demonstrate the strongest reductions in K111 copy number rela-
tive to other ATL cell lines (Supplementary Fig. S2). As Solo LTRs are the result of homologous recombination 
between the LTRs flanking endogenous retroviral sequences39–41, ATL cell lines having de novo K111 sequences 
with higher relative homology to Solo LTR sequences suggested that pericentromeric K111 sequences served 
as templates for gene conversion. Taken together, cell line dependent sequence convergence of HERV-K111 in 
cancer cell lines suggests that gene conversion events are driving sequence evolution within the pericentromeres 
of cancer cell lines.

Heterogeneous loss of centromere DNA in cancer tissue.  Human cancer cell lines are useful models 
for evaluating cancer biology and genetics in an in vitro setting. Indefinite cellular propagation, however, results 
in clonal selection for cells that have a fitness advantage for growing ex vivo. Such a fitness advantage is some-
times conferred by abnormal karyotypes (aneuploidy), a cytogenetic feature that can influence the results of 
PCR based analyses. Cancer tissue itself thus presents the most accurate representation of malignancy-associated 
genomic instability that results from microenvironmental pressures that cannot be reproduced ex vivo. We thus 
applied our rapid PCR-based approach to DNA isolated from primary cancer tissue. Profiling the centromeric 
landscape in 9 different ovarian cancer samples against matched PBMCs revealed similarly significant loss of 
α-satellites across multiple chromosomes as observed in cell lines (Fig. 4). Indeed, quantitative assessment of this 
heterogeneity again revealed copy number reductions in the cancer tissue, similar to findings noted in cell lines 
(Supplementary Fig. S5). Strikingly, a drastic reduction in the centromere of chromosome 17 (D17Z1) was seen in 
ovarian cancer tissue when compared to healthy tissue (Supplementary Fig. S5), corroborating previous reports of 
chromosome 17 anomalies in ovarian cancer. No changes were seen in the single copy gene GAPDH found in the 
arm of chromosome 12. A significant loss in GAPDH is, however, noted in Sample 285, raising the possibility that 
this sample’s karyotype displayed derangements that are reflected in the PCR data. Tumor karyotypes for tested 
samples were, however, unavailable for corroboration.

While matched blood samples provide reliable non-malignant references to their malignant counterparts, 
comparisons between primary ovarian cancer tissue and matched blood does not sufficiently deconvolute tissue 
specific genetic heterogeneity that may be present in normal biologic settings. To expand upon our findings, and 
to specifically address this latter issue, we profiled the centromeres of B-cells and T-cells that were separated by 
cell-surface marker selection from chronic lymphocytic leukemia (CLL) primary samples. CLL is a malignancy 
that arises in B-cells, as opposed to T-cells, within the bone marrow. Applying our methodology to compare 
patient matched B-cells and T-cells from CLL samples, both cells of lymphocytic lineage, thus largely elimi-
nates the confounding contributions of normal development and tissue specificity to genetic heterogeneity in the 
centromere. Fewer repeats per sample were evaluated than in the experiments described above due to the lim-
ited availability of tumor DNA from each patient. Intriguingly, unsupervised hierarchical cluster analysis across 
patient samples cleanly separates healthy cells from diseased cells based on chromosome specific α-satellite abun-
dance (Fig. 5). We show contraction of numerous centromeres in malignant CD19+ B-cells as compared to their 
normal CD3+ T-cell counterparts, whereas no changes were seen in the housekeeping gene GAPDH found in 
the arm of chromosome 12 (Supplementary Fig. S6). Strikingly, we see no such centromeric differences between 
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B-cells and T-cells separated from blood samples derived from healthy individuals. Taken together, centromeric 
contraction is a characteristic that is present in primary cancer samples, consistent with our data in cancer cell 
lines.

Discussion
The importance of centromeres to cell division provides a strong rationale for interrogating the genetics of the 
centromere in cancers. The challenges associated with studying the genomic landscape of centromeres, owing to 
the informatics impracticalities of evaluating low complexity regions, have however hindered meaningful pro-
gress in understanding the contributions of centromere genetics to tumorigenesis and cancer progression. Only 
one previous study reported the loss of centromere DNA in leukemia cells using fluorescent in situ hybridization 
(FISH)42. We demonstrate, for the first time, that centromeres and pericentromeres display heterogeneous alter-
ations in the setting of malignancy, both in cancer cell lines and primary samples. We show that these heteroge-
neous alterations reflect marked reductions and gene conversions of repetitive elements and HERVs in multiple 
centromeres and pericentromeres, suggesting that oncogenic genomic instability selects against the presence of 
most centromeric sequences and perhaps for certain pericentromeric sequences. While mechanistically unchar-
acterized, these findings have direct implications for our understanding of global genomic instability in cancer, 
given the importance of centromeres to faithful segregation of chromosomes. The loss of centromeric material 
in chromosome 17 described above is an example of the concordance between centromere instability and ovar-
ian cancer pathogenesis, given the recurrent alterations in chromosome 17 that have been previously described 

Figure 3.  Gene conversion of HERV-K111 in breast cancer cell lines. (A) Schematic outline of the experimental 
methodology employed to identify gene conversion events. (B) Phylogenetic analysis conducted on K111 
sequences amplified by PCR on breast cancer cell lines (T47D, BT549, HCC-1599, MD-MB-435, DT13, DT22, 
K151, and SKBr3) and human-hamster hybrid cell lines (each containing a single human chromosome) as a 
reference. Amplicons are labeled and color-coded along the edge of the phylogenetic tree according to the cell 
line that produced the amplicon. Amplicons from human-hamster hybrid cell lines are denoted numerically by 
the human chromosome present in each hybrid cell line. Amplicons from K111 5′LTR, 3′LTR, and Solo LTR are 
additionally denoted. An example of gene conversion is shown in the cell line K151, possessing clades (pink) 
that localize in close proximity relative to each other but are not found heterogeneously throughout the tree. 
Convergence on two distinct K111 subtypes can additionally be identified within the MDA-MB-435, DT-13, 
and HCC1599 cell lines.
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in ovarian cancer43. While in some cases loss of centromeric DNA could be attributed to a loss of that entire 
chromosome, there is also a substantial loss of centromeric DNA in specific chromosomes that are known to be 
euploid or even polyploid in a given cancer cell line. Further, we have shown previously that DNA from patients 
with trisomy 13 and trisomy 21 exhibit loss of pericentromeric K111 and that DNA from patients with trisomy 21 

Figure 4.  Genomic profiling of centromeres in primary ovarian cancer tissue. Heatmap representation of rapid 
PCR data from nine primary ovarian cancer tissue samples with matched PBMC DNA. Matched sets from 
the same patient are grouped by color. PBMC control samples and tumor samples are labeled according to the 
legend (bottom left). Data depicting α-satellite abundance are log2 normalized to PBMC median values. Relative 
abundance is denoted by the gradient legend (bottom left). Repeats marked with an asterisk (also bolded and 
italicized) represent α-satellites with appreciable alterations across tissue samples relative to PBMC controls.

Figure 5.  CLL (malignant B-cells) and patient matched T-cells assessed for select centromeric α-satellite 
markers. Heatmap representation of rapid PCR data from six primary CLL and two healthy samples post-
separation by indicated cell surface markers into B-cell (CD19+) and T-cell (CD3+) populations. Data 
depicting α-satellite abundance are log2 normalized to T-cell median values. Relative abundance is denoted by 
the gradient legend (bottom left). Lymphocyte characterization and disease status is depicted as indicated by the 
legend (top left).
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exhibit loss of D21Z1, suggesting that pericentromeric and centromeric contraction may drive mis-segregation of 
chromosomes 13 and 219. It is thus conceivable that alterations in centromeres and pericentromeres may underlie 
chromosome segregation defects that are routinely observed in the context of abnormal cell proliferation. Gaining 
deeper insight into the mechanism driving gene conversion and centromere contraction may facilitate the identi-
fication of novel molecular drivers that can be targeted to prevent potentially oncogenic mis-segregation events.

While the genetics of centromeres in cancer continue to be elucidated, there is a body of work that has 
uncovered dysregulation of centromere epigenetics and transcriptional activity in malignancy. Overexpression 
of CENPA is observed ubiquitously across various cancers, with evidence of ectopic CENPA deposition at 
extra-centromeric loci across the human genome44–47. Satellite RNA abundance is an additional feature that been 
identified in cell lines and tissue48–50. Our findings of genomic contraction of centromeres provides a topographic 
rationale for the redirection of unbound CENPA to readily accessible ectopic loci in the setting of CENPA over-
expression, though additional work is required to distinguish the role of cancer specific post-translational modi-
fications in ectopic deposition of CENPA51,52. Moreover, while not mechanistically validated, regions that repress 
transcriptional homeostasis within centromeric loci may be lost (but beyond the sensitivity of PCR interrogation) 
during genomic contraction of centromeres and pericentromeres in cancer, thus driving transcriptional activity 
and overexpression of satellite RNAs in malignancy. Indeed, DNA methylation, an epigenetic mark of transcrip-
tional repression, is prevalent within centromeric loci53,54. Selective deletion of methylated regions in centromeres 
during cancer pathogenesis may relieve transcriptional repression, resulting in overexpression of satellite RNAs. 
Cancer specific examination of DNA-methylation at the centromeric region that leverages our PCR methodology 
will be essential to validating this line of reasoning.

Instability in centromeric and pericentromeric loci in the setting of malignancy is consistent with the global 
genome instability that is a well characterized hallmark of cancer55. Subsets of breast and ovarian cancer have well 
studied DNA repair aberrations in homologous recombination proteins BRCA1/256. Recent genomic profiling of 
several other malignancies has identified new disease subsets classified by molecular alterations in DNA repair 
genes and pathways57,58. It is conceivable that subsets of cancer that are dysfunctional in DNA repair may exhibit 
pronounced heterogeneity in centromeric content. Thus, it must be acknowledged that hypermutability in DNA 
that results from DNA repair dysfunction in cancer may alter centromere and pericentromere sequences enough 
to prevent detection by PCR, appearing like copy number loss or gene conversion in phylogenetic analysis instead 
of mismatches or single nucleotide polymorphisms (SNPs). Stratifying samples by DNA repair signatures prior to 
profiling the genomic landscape of centromeres may provide a strategy for identifying mechanistic contributors 
to centromere contraction in the setting of malignancy. Moreover, genomic profiling of centromeres in cancer 
tissue may produce signatures that are predictive of responders to therapies that target the DNA repair machinery, 
such as poly-ADP ribose polymerase (PARP) inhibitors.

In conclusion, we here provide quantitative resolution of the largely uncharacterized human centromere in the 
setting of cancer. We notably shed light on a region that has been widely considered a black box and impervious 
to rapid and comprehensive inquiry at the genomic level. The wide-spread alterations observed in cancer cell 
lines and primary tissue provide a sound rationale to mechanistically interrogate the molecular machinery that 
is likely driving the selection against centromeric material. Mechanistic characterization of genomic instability at 
centromeric loci has the potential to inform therapeutic approaches aimed at improving disease outcomes across 
several cancer types.

Materials and Methods
Cell lines and cell culture.  Cell lines were cultured according to American Type Culture Collection (ATCC) 
recommendations. Cell lines were grown at 37 °C in a 5% CO2 cell culture incubator and authenticated by short 
tandem repeat (STR) profiling for genotype validation at the University of Michigan Sequencing Core. ATL cell 
lines were cultured and authenticated as previously described59.

DNA isolation.  DNA extraction was performed on cell lines and tissue with the DNeasy Blood and Tissue Kit 
(QIAGEN) according to manufacturer’s instructions. DNA was preserved at −20 °C.

Blood and tumor cell separation.  Between January 2005 and September 2016 patients with chronic lym-
phocytic leukemia (CLL) evaluated at the University of Michigan Comprehensive Cancer Center were enrolled 
onto this study. The trial was approved by the University of Michigan Institutional Review Board (IRB no. 
HUM00045507). Patients consented for tissue donation in accordance with a protocol approved by the University 
of Michigan’s IRB (IRB no. HUM0009149). Written informed consent was obtained from all patients before enroll-
ment in accordance with the Declaration of Helsinki. CLL diagnostic criteria were based on the National Cancer 
Institute Working Group Guidelines for CLL. Eligible patients needed to have an absolute lymphocytosis (>5000 
mature lymphocytes/μL), and lymphocytes needed to express CD19, CD23, sIg (weak), and CD5 in the absence of 
other pan-T-cell markers. Peripheral blood mononuclear cells (PBMCs) were isolated by venipuncture and sepa-
rated using Histopaque-1077 (Sigma). Cryopreserved PBMCs (frozen after Ficoll-gradient purification) from CLL 
blood specimens were prepared for FACS and sorted into CD19+ (B-cells) and CD3+ (T-cells) cells as previously 
described60. Ovarian cancer DNA were isolated from Stage IIIc or Stage IV ovarian carcinomas. Tumor samples were 
obtained from the operating room and immediately taken to the laboratory for processing. Tissue was maintained 
in RPMI/10% FBS throughout processing. Fresh 4 × 4 × 2–mm tumor slices were rinsed several times to remove all 
loosely attached cells. The tissue was then placed in a tissue culture dish and DNA was extracted as described above.

Rapid centromere target PCR assay.  PCR was conducted on DNA samples from cell lines and primary 
cancer samples according the previously described conditions9. Briefly, copy numbers for each centromeric 
array, proviruses K111/K222, and single-copy genes were measured by qPCR using specific primers and PCR 
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conditions as described. PCR amplification products were confirmed by sequencing. The qPCR was carried out 
using the Radiant Green Low-Rox qPCR master mix (Alkali Scientific) with an initial enzyme activation step for 
10 min at 95 °C and 16–25 cycles consisting of 15 sec of denaturation at 95 °C and 30 sec of annealing/extension.

PCR for 5′ and 3′ K111 LTR insertions.  K111 insertions were amplified by PCR using the Expand Long 
Range dNTPack PCR kit (Roche Applied Science, Indianapolis, IN) as described27. K111 5′ and 3′ LTRs and 
accompanying flanking regions were amplified. PCR was performed using an initial step of 94 °C for 2 min followed 
by 35 cycles consisting of denaturation at 94 °C for 30 sec, annealing at 55 °C for 30 sec, and extension at 68 °C for 
5 min. The amplification products were cloned into the topo TA vector (Invitrogen, Carlsbad, CA) and sequenced.

Phylogenetic analysis.  Analysis was conducted as outlined previously27,61. The K111-related LTR sequences 
obtained from the DNA of cell lines, and DNA from human/rodent chromosomal cell hybrids were subjected to 
BLAST analysis against the NCBI nucleotide database. Sequences were aligned in BioEdit using standard settings 
and exported to the MEGA5 matrix. LTR trees were generated using Bayesian inference (MrBayes v 3.262) with 
four independent chains run for at least 1,000,000 generations until sufficient trees were sampled to generate more 
than 99% credibility. MrBayes integrates the Markov chain Monte Carlo (MCMC) algorithms. MrBayes reads 
aligned matrices of DNA sequences in standard NEXUS format, so it aligns according to the relative similarity 
between all the sequences. The trees are unrooted.

Statistics and data analysis.  The PCR values obtained in the study were normalized by the total amount of 
DNA used in the assay as shown in the figure legends. The Z-scores were calculated by determining the number 
of standard-deviations a copy number value of a given alpha repeat is away from the mean of the values in the 
same group (cell subset, type of cancer, etc.), assuming a normal distribution. Only the Z-scores in Figs S1–S3 
show the standard deviation differences to the mean of the whole data set in order to appreciate the difference in 
the number of repeats in each centromere array. All heatmaps were generated using the gplots, RColorBrewer, 
and plotrix packages within the RStudio integrated development environment for the R statistical programming 
language. Tables used to generate heatmaps are included as Supplementary Tables. Data were log2 normalized to 
the median values of healthy samples. Tests of statistical significance employed two-sided student t-tests, with 
level of significance denoted on appropriate plots.

Data Availability
Sequences of K111-related insertions amplified from human DNA and human/rodent somatic chromosomal 
cell hybrids are deposited in the NCBI database with Accession Numbers (JQ790790 - JQ790967). All other data 
generated or analyzed during this study are included in this published article (and its Supplementary Information 
Files).
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