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Intrinsic genomic features of individual chromosomes can contribute to chromosome-specific aneuploidy. Centromeres are key elements for the maintenance of chromosome segregation fidelity via a specialized chromatin marked by CENP-A wrapped by repetitive DNA. These long stretches of repetitive DNA vary in length among human chromosomes. Using CENP-A genetic inactivation in human cells, we directly interrogate if differences in the centromere length reflect the heterogeneity of centromeric DNA-dependent features and whether this, in turn, affects the genesis of chromosome-specific aneuploidy. Using three distinct approaches, we show that mis-segregation rates vary among different chromosomes under conditions that compromise centromere function. Whole-genome sequencing and centromere mapping combined with cytogenetic analysis, small molecule inhibitors, and genetic manipulation revealed that inter-chromosomal heterogeneity of centromeric features, but not centromere length, influences chromosome segregation fidelity. We conclude that faithful chromosome segregation for most of human chromosomes is biased in favor of centromeres with high abundance of DNA-dependent centromeric components. These inter-chromosomal differences in centromere features can translate into non-random aneuploidy, a hallmark of cancer and genetic diseases.

Introduction 4

Defects during cell division can lead to loss or gain of chromosomes in the daughter cells, a phenomenon called aneuploidy. This alters gene copy number and cell homeostasis, leading to genomic instability and pathological conditions including genetic diseases and various types of cancers [START_REF] Gordon | Causes and consequences of aneuploidy in cancer[END_REF][START_REF] Santaguida | Short-and long-term effects of chromosome mis-segregation and aneuploidy[END_REF]. While it is known that selection is a key process in maintaining aneuploidy in cancer, a preceding mis-segregation event is required. It was shown that chromosome-specific aneuploidy occurs under conditions that compromise genome stability, such as treatments with microtubule poisons (Caria et al, 1996 5 ; [START_REF] Worrall | Non-random Mis-segregation of human chromosomes[END_REF], heterochromatin hypomethylation [START_REF] Fauth | Frequencies of occurence of all human chromosomes in micronuclei from normal and 5-azacytidine-treated lymphocytes as revealed by chromosome painting[END_REF], or following ionizing radiation [START_REF] Balajee | Multicolour FISH analysis of ionising radiation induced micronucleus formation in human lymphocytes[END_REF]. This suggests that certain human chromosomes are more prone to missegregate than others, indicating the existence of a heterogeneity between chromosomes that could be at the origin of chromosomespecific aneuploidy.

Centromeres are key components in mediating equal distribution of genetic material. They are the chromosomal docking site for assembly of the kinetochore, the protein complex responsible for spindle attachment and chromosome separation during cell division. Centromere position is epigenetically defined by a specific chromatin enriched for the histone H3-variant CENtromere Protein A (CENP-A; [START_REF] Fukagawa | The centromere: chromatin foundation for the kinetochore machinery[END_REF]) via a two-step mechanism [START_REF] Fachinetti | A two-step mechanism for epigenetic specification of centromere identity and function[END_REF]. Centromeres are built on centromeric DNA repeats of 171 base pairs (bp), named alpha-satellites, that span several megabases [START_REF] Miga | The promises and challenges of genomic studies of human centromeres[END_REF]. A fraction of these regions, called CENP-B boxes, are bound by CENP-B, the only DNA sequencedependent centromeric binding protein identified so far [START_REF] Muro | Centromere protein B assembles human centromeric alpha-satellite DNA at the 17-bp sequence, CENP-B box[END_REF].

Differences in centromere features such as sequence variation [START_REF] Alexandrov | Alphasatellite DNA of primates: old and new families[END_REF][START_REF] Aldrup-Macdonald | Genomic variation within alpha satellite DNA influences centromere location on human chromosomes with metastable epialleles[END_REF][START_REF] Contreras-Galindo | Rapid molecular assays to study human centromere genomics[END_REF] and centromere length [START_REF] Rudd | Analysis of the centromeric regions of the human genome assembly[END_REF][START_REF] Contreras-Galindo | Rapid molecular assays to study human centromere genomics[END_REF][START_REF] Dumont | DNA sequences in centromere formation and function[END_REF] could modulate the abundance of centromeric and kinetochore components, as shown for CENP-A and Ndc80 (a subunit of the kinetochore; [START_REF] Irvine | Chromosome size and origin as determinants of the level of CENP-A incorporation into human centromeres[END_REF][START_REF] Sullivan | Genomic size of CENP-A domain is proportional to total alpha satellite array size at human centromeres and expands in cancer cells[END_REF][START_REF] Contreras-Galindo | Rapid molecular assays to study human centromere genomics[END_REF][START_REF] Drpic | Chromosome (mis)segregation is biased by kinetochore size[END_REF], and, thus, have a direct impact on chromosome segregation fidelity. A direct correlation between centromere size and bias in chromosome segregation was demonstrated in mouse asymmetric female meiosis, a phenomenon defined as centromere drive [START_REF] Henikoff | Centromeres: selfish drivers[END_REF]. Here it was shown that, between two homologous chromosomes, the chromosome that carries a centromere with a higher amount of centromeric DNA sequences (minor satellites) and centromere proteins (a concept globally defined as "centromere strength") was preferentially retained in the egg during the first meiotic division (Chma ´tal et al, 2017;[START_REF] Iwata-Otsubo | Expanded satellite repeats amplify a discrete CENP-A nucleosome assembly site on chromosomes that drive in female meiosis[END_REF]Lampson & Black, 2017). This could explain part of the molecular mechanisms behind asymmetric division in female gametogenesis. However, if a similar phenomenon occurs also during mitotic division and between non-homologous chromosomes remains untested.

We previously showed that CENP-B plays an important role in chromosome segregation by reinforcing centromere function through its interaction with CENP-C [START_REF] Fachinetti | DNA sequence-specific binding of CENP-B enhances the fidelity of human centromere function[END_REF][START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]. CENP-C is a key component of human centromeres recruited by CENP-A [START_REF] Guse | In vitro centromere and kinetochore assembly on defined chromatin templates[END_REF][START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF], and it is necessary to mediate the assembly of the kinetochore prior to mitosis [START_REF] Fukagawa | CENP-C is necessary but not sufficient to induce formation of a functional centromere[END_REF][START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF][START_REF] Weir | Insights from biochemical reconstitution into the architecture of human kinetochores[END_REF]. Interestingly, CENP-B was revealed to be present in varying amounts among different chromosomes [START_REF] Earnshaw | Visualization of centromere proteins CENP-B and CENP-C on a stable dicentric chromosome in cytological spreads[END_REF]. However, if these different amounts mirror the number of CENP-B boxes within repetitive sequences is unknown. It is also noteworthy that CENP-B binding to DNA might be regulated by DNA methylation [START_REF] Tanaka | CpG methylation of the CENP-B box reduces human CENP-B binding[END_REF], and DNA methylation patterns might be different from centromere to centromere. It is unclear as to whether a correlation exists between centromere length, the number of CENP-B binding sites, and/or the amount of CENP-B molecules at each human centromere. Furthermore, if variation of centromeric DNA translates into differing levels of other centromeric and kinetochore proteins that directly impact on the fidelity of chromosome segregation remains untested.

Here, we assessed the direct impact of centromeric DNA on providing strong connections between the chromosomes and the spindle microtubules and, consequently, on chromosome segregation fidelity. We show that in a non-transformed diploid cell line context, chromosome-specific aneuploidy occurs following centromere perturbations. We also show that human centromeres are intrinsically heterogeneous at the level of centromeric DNA and its binding components. Finally, we demonstrate that inter-chromosomal differences in centromeres directly translate into non-random aneuploidy during mitosis.

Results

Chromosome-specific aneuploidy occurs in centromere perturbation conditions

We first measured human chromosome-specific aneuploidies in human female RPE-1 cells with endogenously tagged CENP-A AID/AID alleles [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]) as a model system. The use of this cell line provided several advantages: it is a non-transformed cell line, thus we can exclude confounding effects due to mutations in genes that regulate cell cycle and transcription such as oncogene overexpression and cell checkpoint mutations. Moreover, it does not harbor chromosome rearrangements (with the exception of one known translocation on chromosome X). Additionally, RPE-1 cells have a stable diploid karyotype with very low rates of spontaneous chromosome mis-segregation, allowing us to explicitly test chromosome-specific aneuploidy. To enhance the frequency of aneuploidy (necessary to generate enough data for statistical relevance) without perturbing mitosis with chemical inhibitors, we measured aneuploidy following removal of the epigenetic component of centromere function, CENP-A, as recently described [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]. This also gives us the advantage of directly assessing the impact of centromeric DNA/CENP-B on mediating chromosome segregation. Indeed, in CENP-A-deficient settings, centromere function and chromosome segregation fidelity depend mainly on CENP-B bound to centromeric DNA as the sole source of centromere/kinetochore interaction [START_REF] Fachinetti | DNA sequence-specific binding of CENP-B enhances the fidelity of human centromere function[END_REF][START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]Fig 1A). Auxin (IAA) addition leads to rapid, complete, and uniform removal of CENP-A molecules from all centromeres (Fig EV1A).

Whole-chromosome mis-segregation was measured following IAA treatment for 48 h, corresponding to approximately two full cell cycles. Within this short time frame, CENP-A removal does not lead to cell death [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF], and therefore does not cause bias in the analysis due to loss of cells with a particular aneuploidy status. To measure aneuploidy, we used three different, complementary, and unbiased approaches (Fig 1B): (i) Single-cell sequencing (Figs 1C and EV1B-D); (ii) ImageStream cytometry to quantify fluorescence in situ hybridization (FISH)-marked individual centromeres in thousands of single cells on most human chromosomes (Figs 1D,and EV1E and F), as recently done [START_REF] Worrall | Non-random Mis-segregation of human chromosomes[END_REF]; and (iii) high-throughput traditional centromeric FISH analysis on selected chromosomes with an automated scanning microscope (Figs 1E,and EV1G and H). Results from the three approaches were largely consistent among each other in detecting chromosomespecific aneuploidy (with some exceptions mainly for the image stream data), particularly in identifying the chromosomes that show highest or lowest rates of aneuploidy. Altogether, our analysis of whole-chromosome aneuploidy combined with statistical modeling (see Statistical data in Dataset EV1) revealed that, following CENP-A depletion, specific chromosomes (mainly 3, 6, 16, and X) have a higher probability to mis-segregate, while some others (e.g., 1, 11, 12, 17, and 19) show very low rates of mis-segregation (Fig 1F and Dataset EV2). While in the untreated condition we do not have sufficient aneuploidy events to draw strong conclusions, our data indicate a similar trend (11 out of 18) of chromosome segregation fidelity for the CENP-A depleted cells (with chromosomes 3, 16, and X mis-segregated in at least one method used to detect aneuploidy; Fig 1C-E).

Under this condition of centromere inactivation through CENP-A depletion, mis-segregation mainly involved chromosomes that failed to align to the metaphase plate during the second mitosis after IAA addition and were encapsulated into micronuclei (MNs), as observed by following specific chromosomes segregating during mitosis in real time ( explaining why we could detect more chromosome losses rather than gains (Fig EV1B -H).

High-order repeats vary in abundance among human chromosomes

We then investigated if variations in centromere strength-a measure of microtubule binding capacity determined by centromere length and protein composition -could explain the observed variability in chromosome-specific mis-segregation. We first measured the length of centromeric DNA [defined as the sum of the lengths of all alpha-satellite DNA organized into high-order repeat (HOR) arrays present at each centromere] and the abundance of CENP-B boxes in RPE-1 cells using whole-genome sequencing and mapping on centromere reference models (Fig 3A and Table EV1). Of the total reads obtained from whole-genome sequencing, 5% were derived from alpha-satellite DNA, as estimated using a comprehensive library of human alpha-satellite k-mers [START_REF] Miga | Centromere reference models for human chromosomes X and Y satellite arrays[END_REF][START_REF] Nechemia-Arbely | Human centromeric CENP-A chromatin is a homotypic, octameric nucleosome at all cell cycle points[END_REF]; see Materials and Methods). Our mapping on centromere reference models allows us to retrieve 97% of these alpha-satellite containing reads, showing that there is no major loss of centromeric sequence information (Fig EV2A -C).

Starting from these alignments, we reassigned mis-mapped reads following a pipeline that includes k-mers and FISH analysis to resolve possible ambiguity due to high sequence similarity between some of the centromeric alpha-satellite arrays (Fig EV2D-I and Materials and Methods). It should be noted that the value assigned to each centromere represents the average between the two homologous chromosomes, whose centromeres features cannot be differentially assessed by sequencing.

We were thus able to generate a comprehensive analysis of centromere length and abundance of CENP-B boxes in the human model system RPE-1 for all chromosomes, except for the acrocentrics 13, 14, 21, and 22, because they mainly share the same HOR arrays and thus become unassignable (Fig 3B andC, and Tables EV2 andEV3). As somewhat expected, centromere length and CENP-B boxes abundance show a strong correlation profile (Fig EV2J). Sequencing data of CENP-B box abundance was confirmed by a combination of multicolor FISH (mFISH) and CENP-B boxes FISH (Fig 3A,D and E), which significantly correlated with the sequencing data (Fig EV2K). Interestingly, we revealed the existence of a statistically significant negative correlation between the rate of chromosome mis-segregation and the abundance of CENP-B boxes, while there was no significant correlation between chromosome mis-segregation and centromere length (Fig 3F and G). A likely explanation for this difference in correlations can be that, even if longer centromeres allow more CENP-B boxes to be present (Fig EV2J), not all HORs have equal CENP-B box frequency, with some minor HORs that are almost devoid of CENP-B boxes (Table EV2). Due to the lack of sequencing data, the acrocentric chromosomes 13, 14, 21, and 22 were excluded from this and all the following analyses.

CENP-B box-dependent features influence chromosome segregation fidelity

As CENP-B boxes act as loading sites for the assembly of CENP-B, the only known centromeric protein with DNA sequence-specific binding [START_REF] Earnshaw | Molecular cloning of cDNA for CENP-B, the major human centromere autoantigen[END_REF], we measured CENP-B abundance across all human chromosomes in untreated conditions in RPE-1 cells. To this end, we used both quantitative imaging approachesimmuno-fluorescence-FISH (IF-FISH) (Fig 4A andB) and the Cleavage Under Targets & Release Using Nuclease (CUT&RUN) method [START_REF] Skene | A simple method for generating high-resolution maps of genome-wide protein binding[END_REF]-using a CENP-B antibody followed by next-generation sequencing (Fig EV3A and B). Both of our analyses revealed variations in the abundance of CENP-B within human chromosomes (Figs 4C and EV3B) that positively correlate with the abundance of CENP-B boxes (Fig EV3C -E). As described for the CENP-B boxes, we observed a significant negative correlation with chromosome mis-segregation in CENP-A-depleted cells: chromosomes with high levels of 18,19,and 20) mis-segregate less frequently compared to the ones that show low CENP-B signals (3 and X;Fig 4D).

We have previously shown that CENP-B binding to alpha-satellite DNA is sufficient to maintain chromosome segregation fidelity by preserving CENP-C (directly) and CENP-T (likely via CENP-C) on CENP-A-depleted centromeres [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]. To determine the existence of a correlation between the number of CENP-B binding sites, CENP-C, and the fidelity of chromosome segregation, we measured the level of CENP-C at human centromeres using the CUT&RUN method followed by next-generation sequencing (Fig 4E and F). Since CENP-C interacts with both CENP-A and CENP-B, we treated cells for 6 h with IAA to remove all CENP-A/CENP-C interaction [START_REF] Fachinetti | DNA sequence-specific binding of CENP-B enhances the fidelity of human centromere function[END_REF][START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]. We found a strong positive correlation between CENP-B and CENP-C levels at individual centromeres (Fig 4G). The amount of CENP-C obtained by sequencing data and the CENP-B/C levels correlation were further confirmed using quantitative IF-FISH and live cell imaging summarizing whole-chromosome aneuploidy (fold over the mean) using the indicated methods to measure chromosome mis-segregation rate. Bold numbers represent a statistically significant difference from the mean for each method. Orange to dark red gradient highlights chromosomes that mis-segregate (with at least one method) at a significantly higher rate compared to the mean level (weak chromosomes). Light green to dark green gradient highlights chromosomes that mis-segregate (with at least one method) at a significantly lower rate compared to the mean (stronger chromosomes). Data obtained with only one method were excluded. *centromere 4 probe with image stream was reported to lead to non-specific signal [START_REF] Worrall | Non-random Mis-segregation of human chromosomes[END_REF]. Im. St. = image stream; Seq = single-cell sequencing.

on endogenously tagged CENP-C EYFP and CENP-B mCherry (in the presence of CENP-A), respectively (Fig EV3F and H). CENP-C amount at individual centromeres also positively correlated with the amount of Dsn1 (Fig EV3G -I), member of the Mis12 kinetochore complex known to directly interact with CENP-C [START_REF] Weir | Insights from biochemical reconstitution into the architecture of human kinetochores[END_REF], and with CENP-T, another key centromeric component necessary for kinetochore assembly [START_REF] Foltz | The human CENP-A centromeric nucleosome-associated complex[END_REF][START_REF] Huis In 't Veld | Molecular basis of outer kinetochore assembly on CENP-T[END_REF]Fig EV3J and K). As observed for CENP-B, CENP-C negatively Putting all these data together, by removing CENP-A, we unveiled the existence of a correlation between the levels of both centromere-bound CENP-B (via CENP-B boxes) and CENP-C and the rate of chromosome mis-segregation for most human chromosomes: lower CENP-B/C levels are concomitant with higher rates of missegregation. This correlation is particularly strong for chromosomes carrying weak/very weak (6/3 and X, respectively) or strong/very strong (7, 11 and 17/1, 18, 19, and 20, respectively) centromeres (Dataset EV4).

To test if this bias in mis-segregation is directly dependent on CENP-B, we measured whole-chromosome aneuploidy of few human chromosomes by high-throughput centromeric FISH analysis in RPE-1 CENP-A AID CENP-B WT versus CENP-A AID CENP-B KO cells [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]Fig 5A and B). We depleted CENP-A for 24 h by IAA addition, as this was shown to be an appropriate time to induce high rate of chromosome mis-segregation in a CENP-Bdefective background [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]. Our data show that, following CENP-A depletion, chromosomes that did not show high levels of mis-segregation in the presence of CENP-B (1 and 11) later became highly mis-segregated in the CENP-B KO background, at rates similar to those of the X chromosome (comparing gray to red bars; Fig 5B). As in this condition the bias in chromosome aneuploidy was considerably reduced (with an increased fold change over CENP-B WT/KO cells for chr 1 and 11 versus chr X), our data suggest a direct involvement of CENP-B in mediating chromosomespecific centromere strength and segregation fidelity. Our data also strengthen the notion that both CENP-A and CENP-B are somehow independently required for faithful chromosome segregation, since losing CENP-A (gray bar) or losing CENP-B (black bar) leads to the same mis-segregation outcome, and depletion of both (red bar) reveals an additive effect (Fig 5B).

We further tested the existence of a direct correlation between the abundance of centromere components and chromosome/ spindle fiber connections, as we know that the number of kinetochore microtubules can range between 12 and 24 [START_REF] Wendell | Mitotic block in HeLa cells by vinblastine: ultrastructural changes in kinetochore-microtubule attachment and in centrosomes[END_REF]. To this end, we used the microtubule polymerization inhibitor BAL27862 (Basilea Pharmaceutica) that, when used at low concentration, leads to a reduction in the number of microtubules per kinetochore without generating completely unattached kinetochores [START_REF] Dudka | Complete microtubule-kinetochore occupancy favours the segregation of merotelic attachments[END_REF]. As BAL27862 treatment will reveal weakening of centromere function, we expected that chromosomes with low levels of CENP-B/C (e.g., chromosome 3 and X) would be more prone to mis-segregate than others upon treatment, even in the presence of CENP-A, due to a reduction of kinetochore-interacting microtubules (Fig 5C). In agreement with this model, and similar to the CENP-A auxin-depleted condition, BAL27862 treatment over DMSO control increased in a dosedependent manner the frequency of micronuclei containing chromosomes 3 and X, but not chromosomes 11 and 17 (Fig 5D and E).

Different levels of CENP-B among centromeres dictate different chromosome segregation outcomes

Homologous chromosomes may harbor different centromere lengths and/or abundance of CENP-B boxes because they originate from different individuals. Our centromere sequencing analysis is not able to distinguish such differences, since it reports the average values between the two homologs. Using a FISH assay combined with mFISH in RPE-1 cells, we found that the homologs of chromosome 3 harbor a twofold difference in the abundance of CENP-B boxes at the centromere, while the overall centromere length remains the same (Figs 6A,and EV4A and B). Intriguingly, we found that chromosome 3-containing micronuclei carried with higher frequency the homolog that harbors less CENP-B boxes (Fig 6B andC). This was not due to any type of centromere erosion that could occur within the micronuclei, as this difference in the amount of CENP-B boxes could also be observed within the main nucleus (Fig EV4B). Similarly, the same analysis on the two X chromosomes (easily distinguishable as one of them carried a fusion with a fragment of chromosome 10) showed that they harbored a slight difference in the number of CENP-B boxes, which was reflected in a slight tendency of the chromosome with less CENP-B to mis-segregate at higher rates (Fig EV4C and D). Altogether, the finding that allelic differences in the amount of CENP-B boxes observed for chromosome 3 and X leads to allelic differences in the rate of mis-segregation supports a direct role of DNA-dependent features in influencing chromosome segregation fidelity. However, we cannot exclude that the chromosome X-10 fusion may also have a negative impact on the segregation fidelity of this homolog possibly by increasing total chromosome length.

We then tested whether increasing CENP-B levels is enough to revert chromosome-specific aneuploidy, by specifically rescuing in ◀ Figure 2. Analysis of chromosome-specific mis-segregation following CENP-A removal.

A

Schematic of the experimental procedure used in (B-E). Closer view of the labeled chromosome shows the targeted locus for the dCas9. B, C (B) Micronuclei frequency formation by live cell imaging in untreated (NT) and auxin-treated (IAA) condition. (C) Bar graph represents the type of chromosome mis-segregation (independently of the dCas9 signal) observed in the indicated conditions, with (IAA) or without (NT) auxin, in the cell lines expressing dCas9 mScarlet-I and sgRNA targeting chromosome 1 or 3. Error bars represent the SEM of four independent experiments in which cells labeled for chromosomes 1 and 3 were analyzed together (n = 45-149 cells). D

Representative live cell imaging of RPE-1 cells dCas9 mScarlet-I with sgRNA targeting chromosome 1 (red dots) starting from metaphase and showing example of correct (untreated) or mis-aligned chromosome (auxin) leading to the formation of a micronucleus. Yellow arrows mark mis-aligned-and micronucleus-containing chromosome 1. Cells were imaged every 5 min. The numbers indicate the time point at which the presented images were taken. Cells were fixed at the end of the movie to detect Cas9 with an antibody. Scale bar represents 10 lm.

E

Bar graph representing the proportion of chromosome mis-segregation observed in both cell lines after auxin addition. Only movies in which the dCas9 mScarlet-I dots were clearly visible during the whole division were taken into consideration for the analysis (N = 6-10 cells). F Representative images of mitotic errors leading to aneuploidy in fixed cells after CENP-A depletion (28 h auxin). Chromosomes are stained using whole (X) or centromeric ( 6 the pseudo-diploid colorectal human male cell line (DLD-1) the high level of chromosome mis-segregation observed for the Y chromosome [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF], the only chromosome devoid of CENP-B boxes and CENP-B [START_REF] Earnshaw | Visualization of centromere proteins CENP-B and CENP-C on a stable dicentric chromosome in cytological spreads[END_REF][START_REF] Miga | Centromere reference models for human chromosomes X and Y satellite arrays[END_REF]. Indeed, we previously demonstrated that, following CENP-A depletion by IAA or removal of the CENP-A/CENP-C interaction site, the Y chromosome undergoes high rates of missegregation (~40% to ~80%) due to the loss of centromeric CENP-C [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF][START_REF] Ly | Selective Y centromere inactivation triggers chromosome shattering in micronuclei and repair by non-homologous end joining[END_REF]. To this end, we generated a cell line harboring a doxycycline (Dox)-inducible fusion protein of CENP-B (lacking the DNA binding domain) with dCas9 and expressing a stably integrated gRNA specific for the CENP-A binding site on the Y centromere (DYZ3) [START_REF] Henikoff | A unique chromatin complex occupies young -satellite arrays of human centromeres[END_REF] in male DLD-1 CENP-A AID cells (Fig 6D andE [the Y chromosome was not analyzed here since we have already reported its very high rate of mis-segregation under this condition; Fig EV4F [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]]. This could be explained by the observed higher heterogeneity in the number of chromosomes between cells in DLD-1 compared to RPE-1 (Fig 7C ) and/or by the presence of driver mutations and/or rearrangements that govern segregation fidelity. In support of this last hypothesis, the supernumerary chromosome-a centromeric fusion between acrocentric chromosome 13-14 with the addition of chromosome 10 (Fig 7B -E)

◀ Figure 3.
Centromeres of individual chromosomes vary in DNA sequence and CENP-B boxes abundance.

A Schematic of the experiments shown in (B-E). B, C Bar plot showing the mean of (B) centromere length (n = 4) and (C) CENP-B boxes counts (n = 4) as determined by whole-genome sequencing. Error bars represent the SEM of four independent experiments. Acrocentric chromosomes 13, 14, 21, and 22 were marked by a line as we could not assign the respective reads. Dashed lines indicate the mean. Bars were labeled with asterisks according to the significance of their difference from the mean (t-test). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Bars represent the sum of the length or counts of different HOR arrays (see Table EV2). CENP-B boxes counts are normalized to the average number of mapped reads in each replicate. D Schematic using representative images of the mFISH labeling followed by CENP-B box FISH method used to identify and quantify centromere specific CENP-B boxes signal in (E). Scale bar represents 10 lm.

E

Box and whisker plots of normalized CENP-B boxes intensity over the mean on metaphase spread from three independent experiments (n > 50 cells) using the Tukey plot. One-way ANOVA with post-hoc Tukey's multiple comparison test shows high diversity between chromosomes. t-Test against the mean was used to estimate the statistical significance for each chromosome. **P < 0.01; ***P < 0.001; ****P < 0.0001. F, G Scatter plot showing a non-significant or significant negative correlation between the mean of (F) centromere length (n = 4) and mis-segregation rate (from Fig 1F) or between the mean of (G) centromere CENP-B boxes FISH signal (n > 50 cells) and mis-segregation rate, respectively (r = Spearman rank coefficient).

Lines represent the linear regression with a 95% confidence interval. Data from chr 13, 14, 21, and 22 were excluded from the analysis. EV5E). Nevertheless, similar to RPE-1 cells, we could observe a very strong correlation between CENP-B boxes and CENP-C, but a weaker, although significant, correlation between CENP-B boxes and centromere length (Fig 7G and H). The lack of chromosome-specific aneuploidy in the DLD-1 cell line could at least in part be explained by the low inter-chromosomal variation in centromere features. Furthermore, the complex and instable karyotype of the DLD-1 cancer cell line possibly makes it harder to extricate the effect of centromeric features on mis-segregation in this system, which is very likely driven by other factors as well. Finally, we studied mitosis in a mouse embryonic fibroblast cell line derived from a hybrid mouse model system (CF-1 × CHPO) where the two sets of chromosomes harbor a ~6 fold difference in the length of minor satellite sequence on all chromosomes (Iwata-Otsubo et al, 2017; Fig 7I). In accordance with the difference in centromeric length, centromeres of CF-1 were shown to have a higher amount of CENP-B (~5 fold) compared to CHPO, but also a mild increase in CENP-A and Hec1 (a subunit of the kinetochore) (Chma ´tal et al, 2014;[START_REF] Iwata-Otsubo | Expanded satellite repeats amplify a discrete CENP-A nucleosome assembly site on chromosomes that drive in female meiosis[END_REF]. We then assessed if chromosomes containing a reduced number of minor satellites were mis-segregated more frequently within the hybrid cell line under conditions of compromised mitosis via simultaneous CENP-A and HJURP [the CENP-A chaperon [START_REF] Dunleavy | HJURP is a cell-cycledependent maintenance and deposition factor of CENP-A at centromeres[END_REF][START_REF] Foltz | Centromere-specific assembly of CENP-A nucleosomes is mediated by HJURP[END_REF]] reduction by RNAi (Fig 7J). In agreement with the data on human RPE-1 cells, we observed that micronuclei preferentially contained chromosomes with low intensity of CENP-B boxes (as a read out of a shorter minor satellite arrays) (Fig 7K). These data indicate that the impact of centromeric DNA-dependent features on chromosome segregation fidelity during mitotic divisions exists also in mouse cells. 
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Discussion

Our work demonstrates that, at least in compromised mitosis conditions, the amount of centromere components of individual chromosomes-measured by CENP-B and kinetochore proteins levels and dependent on CENP-B boxes-influences chromosome mis-segregation. Surprisingly, despite these features being mainly dependent on centromere length, the size of HOR arrays per se does not seem to directly influence segregation fidelity. It has been previously observed that larger chromosomes tend to mis-segregate more frequently in cancer cells [START_REF] Bochtler | Micronucleus formation in human cancer cells is biased by chromosome size[END_REF] or under conditions that compromise the function of CENP-E [START_REF] Tovini | Impaired CENP-E function renders large chromosomes more vulnerable to congression failure[END_REF], a key component of chromosome congression [START_REF] Kapoor | Chromosomes can congress to the metaphase plate before biorientation[END_REF]. Here, we also found that larger chromosomes have a slightly higher tendency to mis-segregate, but this correlation is strongly enhanced by the diversity in the centromere features (centromere strength) over the whole chromosome length (Fig 8A andB). This correlation is particularly evident for large chromosomes characterized by a low amount of centromere components (CENP-B boxes, CENP-B, CENP-C), such as chromosome X (particularly the X + 10 fusion), 3, and 6. Vice versa, small chromosomes harboring strong centromeres (e.g., chromosome 17, 19, and 20) have very low chances to mis-segregate (Fig 8B andC).

Recently, it has been shown that the unusually large centromeres of the Indian muntjac deer chromosomes [covering up to 26% of whole chromosome length [START_REF] Levy | DNA content measurements and an improved idiogram for the Indian muntjac[END_REF]] display proportional COLOR kinetochore size which, however, negatively impacts on the segregation fidelity due to a higher chance of incorrect attachment [START_REF] Drpic | Chromosome (mis)segregation is biased by kinetochore size[END_REF]. Human chromosomes do not carry this extremely high diversity in centromere length and kinetochore size and, differently from what happens in the Indian muntjac deer, we demonstrated that lower levels of centromere components lead to increased chromosome mis-segregation. Interestingly, in the RPE-1 cell line, chromosome 1, that carries a large centromere, tends to lag (likely due to merotelic attachment) at a higher frequency than chromosomes with a smaller centromere, such as chromosome 3, even in unperturbed conditions (Fig 2E and data not shown). Accordingly, chromosome 1 was recently found to be lost at higher frequency compared to others following nocodazole release [START_REF] Worrall | Non-random Mis-segregation of human chromosomes[END_REF], a treatment known to promote merotelic attachment [START_REF] Crasta | DNA breaks and chromosome pulverization from errors in mitosis[END_REF]. This suggests that stronger centromeres, as the ones from chromosome 1, are less affected in conditions that compromise centromere function, but more vulnerable to incorrect attachment. This could explain the reasonably moderate range of variation in centromere strength between human chromosomes.

Although we had limited data on the rate of chromosome missegregation and centromere features for the acrocentric chromosomes (except chromosome 15), our results in RPE-1 do not show the correlation described above for this category of chromosomes. This is probably due to the fact that human acrocentric chromosomes, all of which carry ribosomal DNA (rDNA) close to their centromeres, cluster around the nucleolus, which may give them special adhesion properties through their rDNA [START_REF] Ma | Observations on the satellited human chromosomes[END_REF] 6 that limits non-disjunction during mitosis/meiosis, independently of their centromeres. Indeed, a recent report demonstrated that UBF-dependent transcribed rDNA can form interand intra-chromosomal connections that link acrocentric chromosomes together, and that are naturally resolved just prior to anaphase onset [START_REF] Potapova | Superresolution microscopy reveals linkages between ribosomal DNA on heterologous chromosomes[END_REF]. Surprisingly, while RPE-1 showed remarkably no evidence of acrocentric chromosomes missegregation even after centromere perturbation (Fig 1D), acrocentric chromosomes 13, 21, and 22 mis-segregated at higher, although variable, rates compared to the overall mean in DLD-1 cells (Figs 7B andEV5C). Notably, within the small range of centromere features seen in DLD-1 cells, chromosomes 13, 21, and 22 have the lowest number of CENP-B boxes (Figs 7F andEV5E). In agreement with our data, cell lines derived from patients harboring trisomy 21 were found to carry shorter D21Z1 arrays and less CENP-B amounts on their chromosome 21 compared to cell lines derived from healthy individuals (Contreras-Galindo et al, 2017).

Our findings do not exclude that, besides the capacity to form a stronger kinetochore in the absence of CENP-A, other factor(s) directly or indirectly related to centromere length could potentially control this chromosome mis-segregation bias. Indeed, it is wellknown that not all CENP-B is in complex with CENP-A and CENP-C. This might explain why CENP-C level has a higher correlation with chromosome mis-segregation compared to CENP-B boxes or CENP-B. In any case, CENP-A has a similar centromere enrichment profile to that of , in accordance to the fact that CENP-A binding is proportional to centromere length [it tends to occupy ~25-30% of the higher order repeats array [START_REF] Sullivan | Genomic size of CENP-A domain is proportional to total alpha satellite array size at human centromeres and expands in cancer cells[END_REF]; Table EV2]. Other (peri-)centromeric features could impact on chromosome-specific aneuploidy in a kinetochore-independent manner, among which we can mention variations within HOR arrays such as SNPs and indels [START_REF] Sullivan | a satellite DNA variation and function of the human centromere[END_REF], changes in the heterochromatin surrounding functional centromeres [START_REF] Pezer | Role of non-coding RNA and heterochromatin in aneuploidy and cancer[END_REF], fluctuations in centromere transcripts [START_REF] Smurova | Centromere and pericentromere transcription: roles and regulation . . . in sickness and in health[END_REF], DNA methylation [START_REF] Scelfo | Keeping the centromere under control: a promising role for DNA methylation[END_REF], and variation in centromeric cohesion [START_REF] Kitajima | Shugoshin collaborates with protein phosphatase 2A to protect cohesin[END_REF] and/or in microtubule-destabilizing activity [START_REF] Akera | Molecular strategies of meiotic cheating by selfish centromeres[END_REF]. All these factors can potentially promote different patterns of chromosomespecific aneuploidy. For example, following mitotic delay, certain chromosomes were shown to be more prone to cohesion fatigue and consequently to mis-segregation [START_REF] Worrall | Non-random Mis-segregation of human chromosomes[END_REF].

Our results reveal the existence of biological differences between different chromosomes and might help understand certain types of whole-chromosome aneuploidy known to cause human genetic diseases such as Down (as discussed above) and Turner syndromes, as well as various types of cancer, such as multiple myeloma, adenocarcinoma, and leukemia [START_REF] Gordon | Causes and consequences of aneuploidy in cancer[END_REF]. Indeed, while tumor aneuploidy is largely modeled by selection during evolution, as our results on the supernumerary chromosome of DLD-1 suggested, centromere strength can still have an impact at the initial stage of mis-segregation, before clonal selection. As an example, it ◀ Figure 7. Abundance of CENP-B boxes influences segregation fidelity in mouse but has a weaker impact in a cancer model system.

A Schematic of the experiment shown in (B). B

Table summarizing whole-chromosome aneuploidy (fold over the mean) using the indicated methods to measure chromosome mis-segregation rate. Bold numbers represent significant statistical difference from the mean for each method. Orange to dark red gradient highlights chromosomes that mis-segregate (with at least one method) at a significantly higher rate compared to the mean level (weak chromosomes). Light green to dark green gradient highlights chromosomes that missegregate (with at least one method) at a significantly lower rate compared to the mean (stronger chromosomes). Data obtained with only one method were excluded. Im. St. = image stream. has been shown that the CENP-B-free Y chromosome mis-segregates at higher rates in an age-and smoke-dependent manner, and it was recently observed that its loss (LOY) is associated with shorter survival and high risk of blood cancer [START_REF] Forsberg | Mosaic ª 2019 The Authors The EMBO Journal e102924 | 2019 loss of chromosome Y in peripheral blood is associated with shorter survival and higher risk of cancer[END_REF][START_REF] Dumanski | Mutagenesis. Smoking is associated with mosaic loss of chromosome Y[END_REF][START_REF] Forsberg | Loss of chromosome Y (LOY) in blood cells is associated with increased risk for disease and mortality in aging men[END_REF]. It is tempting to speculate that this event may also be related to reduced level of CENP-A expression during aging, as observed in certain cell types [START_REF] Lee | CENP-A, a protein required for chromosome segregation in mitosis, declines with age in islet but not exocrine cells[END_REF][START_REF] Mcgregor | CENP-A is essential for cardiac progenitor cell proliferation[END_REF]. Interestingly, loss of chromosome 3 has been frequently observed in uveal melanoma and can be used as prognostic predictor [START_REF] Prescher | Prognostic implications of monosomy 3 in uveal melanoma[END_REF][START_REF] Scholes | Loss of heterozygosity on chromosomes 3, 9, 13, and 17, including the retinoblastoma locus, in uveal melanoma[END_REF]. Furthermore, loss of heterozygosity at chromosome X is a common feature of breast cancer, with the inactivated X being more likely to be fully lost [START_REF] Loupart | Loss of heterozygosity on the X chromosome in human breast cancer[END_REF][START_REF] Sirchia | Loss of the inactive X chromosome and replication of the active X in BRCA1-defective and wildtype breast cancer cells[END_REF]. A recent work pointed out that specific heterozygous genetic variations flanking the centromere X (DXZ1) negatively affect segregation fidelity in hematopoietic cells [START_REF] Loh | Insights into clonal haematopoiesis from 8,342 mosaic chromosomal alterations[END_REF]. Remarkably, according to the karyotypic analyses of astrocytomas at different stages, loss of X occurs almost exclusively at early stages during tumor development [START_REF] Duijf | Cancer cells preferentially lose small chromosomes[END_REF], thus in a phase where the effects of selective pressure may be less prevalent.

Whether centromere strength could also control aneuploidy during meiosis, particularly in association to aging, still needs to be tested. Indeed, besides other well-studied causes of age-dependent aneuploidy such as the maternal age effect [increase in chromosome non-disjunction due to defective cohesion and altered recombination ( 
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CENP-A may also be a direct cause of this phenomenon. We could envision that, in these conditions of impaired CENP-A levels, the underlying frequency of CENP-B boxes and CENP-B would have a strong impact on age-related oocyte aneuploidy. Certainly, it is known that mammalian oogenesis meiosis is naturally biased, because homologous chromosomes have unequal chances of being inherited by the offspring [START_REF] Henikoff | Centromeres: selfish drivers[END_REF]. In these conditions of female asymmetric meiosis, "stronger" centromeres are known to preferentially segregate to the egg due to higher amounts of centromere proteins (Lampson & Black, 2017). This could explain the positive evolution of the centromere toward the presence of a higher number of CENP-B boxes and the absence of CENP-B boxes at the Y chromosome which does not undergo this female-specific selection.

Materials and Methods

Constructs

For tetracycline-inducible expression, the siRNA-resistant delta Nterminus (DN)CENP-B-dCas9-Flag or dCas9-Flag-(DN)CENP-B(DC)-GST was cloned into a pcDNA5/FRT/TO-based vector (Invitrogen), and the sgRNA used to target the chromosome Y centromere (targeted sequence 5 0 AAATGATAGGTTGAACTCC3 0 ) was cloned into a pSB700-H2B-ECFP plasmid. H2B-mTurquoise2 was cloned by replacing the mNeon in pLV-H2B-mNeon-IRES-Blast for mTurquoise2 via Gibson reaction, using a PCR product obtained from the mTq2 D13 plasmid (a gift from Bas Ponsioen). The lentiviral vector pHAGE-UbC-dCas9-3XmScarlet-I was generated from pHAGE-TO-dCas9-3XGFP, a gift from Thoru Pederson (Addgene plasmid # 64107). The Chromosome (Chr.) 1 and Chr. 3 sgRNAs were selected as in [START_REF] Ma | Multicolor CRISPR labeling of chromosomal loci in human cells[END_REF] sequence GATGCTCACCT for Chr. 1 and sequence TGATATCACAG for Chr. 3, both located in sub-telomeric repeats) and cloned into lentiviral vector pLH-spsgRNA2 (gift from Thoru Pederson, Addgene plasmid # 64114) as in [START_REF] Ma | Multicolor CRISPR labeling of chromosomal loci in human cells[END_REF].

The baculoviral sgRNA expression plasmid was created by inserting the sgRNA cassette from pLH-spsgRNA1-2xPP7, a gift from Thoru Pederson [Addgene plasmid # 75390 [START_REF] Ma | Multiplexed labeling of genomic loci with dCas9 and engineered sgRNAs using CRISPRainbow[END_REF]] into the baculovirus donor plasmid pAcebac1 [gift from Dr. Imre Berger, EMBL, Grenoble, France [START_REF] Berger | Baculovirus expression system for heterologous multiprotein complexes[END_REF]]. After cloning the sgRNA sequences into the plasmids, bacmids were generated and Baculovirus was produced as in [START_REF] Hindriksen | Baculoviral delivery of CRISPR/ Cas9 facilitates efficient genome editing in human cells[END_REF].

Cell culture conditions

Cells were maintained at 37°C in a 5% CO 2 atmosphere. hTERTimmortalized RPE-1 cells CENP-A AID/AID or CENP-A AID/AID CENP-B KO [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF] were grown in DMEM:F12 medium containing 10% fetal bovine serum (FBS, BioSera), 0.123% sodium bicarbonate, 100 U/ml penicillin, 100 U/ml streptomycin, and 2 mM L-glutamine.

Flp-In TRex-DLD-1 CENP-A AID/À [START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF] and CENP-A AID/À CENP-B KO were maintained in DMEM containing 10% tetracycline-free fetal bovine serum (Pan Biotech). IAA (I5148; Sigma) was used at 500 lM, colcemid (Roche) at 100 ng/ml, the microtubule destabilizer BAL27862 (Basilea Pharmaceutica International) at 18 or 20 nM (dissolved in DMSO), and doxycycline (Sigma) at 0.2 lg/ml.

Immortalized mouse embryonic fibroblast cells (MEF) (a generous gift from M. Lampson) were grown in DMEM supplemented with 0.123% sodium bicarbonate, 1 mM sodium pyruvate, and 10% FBS at 37°C in a 3% O 2 atmosphere.

Generation of stable cell lines

Stable, isogenic cell lines expressing (DN)CENP-B-dCas9-Flag or dCas9-Flag-(DN)CENP-B(DC)-GST were generated using the FRT/ Flp-mediated recombination system as described previously [START_REF] Fachinetti | A two-step mechanism for epigenetic specification of centromere identity and function[END_REF]. Stable integration was selected with 400 lg/ml hygromycin, and the gRNA was introduced by lentiviral infection. Isolation of positive population was performed using fluorescenceactivated cell sorting (FACS Aria, BD Biosciences). Doxycyclininduced DN-CENP-B-dCas9 expression was validated by immunostaining and immunoblotting assays. Control DLD-1 cell lines were infected with a lentivirus containing pHAGE-EFS-dCas9-GFP plasmid (Addgene 64104) and the same lentivirus as above containing the gRNA. Double-positive cells were isolated using fluorescenceactivated cell sorting technique (S3 TM sorter, Bio Rad).

To generate the RPE1 CENP-A EA/EA , H2B-mTq2, dCas9-3xmScarlet-I cell line, cells were first transduced with pLV-H2B-mTurquoise2-IRES-BLAST, and fluorescent H2B-mTurquoise2 cells were isolated by fluorescence-activated cell sorting (BD Biosciences Aria II). This population was subsequently transduced with pHAGE-UbC-dCas9-3xmScarlet-I lentivirus, and fluorescent dCas9-3xmScarlet-I cells were isolated by fluorescence-activated cell sorting (BD Aria III). Cell clones were subsequently screened for levels of dCas9-3xmScarlett optimal for genomic locus visualization by live imaging. This was done by baculoviral transduction with spsgRNA2-C1-A.1s, as described in [START_REF] Hindriksen | Baculoviral delivery of CRISPR/ Cas9 facilitates efficient genome editing in human cells[END_REF]. Forty hours after transduction, the infected clones were screened for the presence of two nuclear fluorescent foci by live cell imaging. The clones with uniform mScarlet-I expression and optimal signal to noise ratio of the foci were selected for further experiments.

MEF siRNA transfection

siRNAs against CENP-A and HJURP (gift from G. Almouzni) were introduced using Lipofectamine RNAiMax (Invitrogen) following manufacturer's instructions. About 6 pmol of each siRNA was cotransfected twice at 24-h interval. Cells were fixed 48 h after the first transfection.

Single-cell sequencing

Single-cell karyotype sequencing (scKaryo-seq) was performed as described previously with some modifications [START_REF] Bolhaqueiro | Ongoing chromosomal instability and karyotype evolution in human colorectal cancer organoids[END_REF]. Briefly, nuclei were isolated from cells using a nuclear staining buffer [START_REF] Bakker | Single-cell sequencing reveals karyotype heterogeneity in murine and human malignancies[END_REF]. We used 10 lg/ml Hoechst 34580 (Sigma-Aldrich) to determine DNA content. The mixture of nuclear staining buffer and cells was kept on ice for 1 h before G1 cells were sorted by a BD FACSJazz in Hard-Shell 384 wells PCR plates (Bio-Rad) containing 5 ll of mineral oil (Sigma-Aldrich) in each well.

Plates were stored at À20°C until further processing.
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Library preparation started by performing a cell lysis overnight at 50°C using 0.05 units of Qiagen Protease in 1× NEBuffer 4 (NEB) followed by heat inactivation at 75°C for 20 min and 80°C for 5 min. The genomic DNA was subsequently fragmented with 100 nl 1 U NlaIII (NEB) in 1× CutSmart (NEB) for 60 min at 37°C followed by heat inactivation at 80°C for 20 min. About 100 nl of 1 lM barcoded double-stranded NlaIII adapters and 100 nl of 40 U T4 DNA ligase (NEB) in 1× T4 DNA ligase buffer (NEB) supplemented with 3 mM ATP (Invitrogen) was added to each well and ligation proceeded overnight at 16°C. Then, ligation samples were pooled and library preparation was performed as described previously [START_REF] Muraro | A single-cell transcriptome atlas of the human pancreas[END_REF].

Libraries were sequenced 1 × 75 bp single end on an Illumina Nextseq 500. Fastq files were mapped to GRCh38 using the Burrows-Wheeler Aligner. The mapped data were analyzed using custom scripts in Python, which parsed for library barcodes, removed reads that start without a NlaIII sequence, and removed PCR-duplicated reads. Single-cell sequencing data of lymphocytes harvested from two healthy donors were used as a diploid reference to determine variable bin sizes of average 8 Mb in size. Copy numbers were called by DNAcopy, and quality control was performed as described previously in Aneufinder [START_REF] Bakker | Single-cell sequencing reveals karyotype heterogeneity in murine and human malignancies[END_REF]. Copy number variations were manually scored.

Image stream

FISH in suspension for ImageStream analysis was performed as previously described [START_REF] Worrall | Non-random Mis-segregation of human chromosomes[END_REF] with the following modifications: Cells were fixed by adding freshly prepared 3:1 methanolglacial acetic acid dropwise to a pellet of PBS-washed cells (1.5 × 10 6 cells per sample). Cells were washed two times in 4 × SSC with 1% BSA, pelleted, and resuspended in 0.1% Tween20, 4 × SSC. About 1.5 × 10 6 cells were pelleted and resuspended with 28 ll of hybridization buffer, 10 ll of H 2 O (nuclease-free water), and 2 ll of centromere probe (Cytocell, UK). Denaturation and probe hybridization were performed in a thermocycler under the following conditions: 2 h at 65°C, 5 min at 80°C, and 16 h 37°C. About 200 ll 0.3% Tween20 in 4 × SSC prewarmed at 73°C was added to the reaction mixture which was then incubated at 75°C for 2 min, and 200 ll of ice-cold FBS was added to reduce the temperature. Cells were pelleted and resuspended in 100 ll of ice-cold FBS before ImageStream analysis.

All samples were analyzed on an ImageStream âX Mark II cytometer as previously described [START_REF] Worrall | Non-random Mis-segregation of human chromosomes[END_REF]. Briefly, samples were excited with the blue laser with a power of 100 mW at a "high" flow speed and using the Extended Depth of Field (EDF) function to capture the full depth of each cell. Data obtained by the ImageStream were analyzed in IDEAS 6.2 (Merck Millipore). Raw data files were opened in the IDEAS software package and the builtin compensation matrix was applied. Single, in-focus, hybridized cells were then analyzed for centromere copy number using the built-in spot-counting wizard on the ImageStream analysis software. To correct for overlapping centromeric signals, centromere signal intensity was plotted as a histogram. Disomic cells had a medium (M) intensity of hybridization signal intensity, representing two spots. Cells with one centromere will fall below two standard deviations below the mean fluorescent intensity; cells that had gained a chromosome will fall above two standard deviations of the mean of the hybridization signal intensity. Cells designated as one spot that fell outside the 2 standard deviation windows were deemed to be true monosomies. Cells designated as 2n + 1 by the spot-counting wizard were manually verified by visual inspection of each image and correlating it with the 2-standard deviation cut-off above the mean diploid fluorescence intensity.

Immunofluorescence and chromosome spreads

For chromosome spreads, cells grown to ~75-80% confluency on a 4-well glass slide (Millipore) were treated with colcemid for 3 h. Growth medium was replaced by a hypotonic medium (60% growth medium, 40% ddH 2 O) for 5 min. After centrifugation (3 min, 800 g) in a humid chamber, cells were pre-extracted 1 min in blocking buffer (0.2 M glycine, 2.5% FBS, 0.1% triton X-100 in 1× PBS) and fixed in 4% formaldehyde at room temperature for 10 min. Incubation with primary antibodies was conducted in blocking buffer for 1 h at room temperature using the following antibodies: CENP-A (Enzo Life sciences, ADI-KAM-CC006-E 1:1,000), CENP-C (MBL, 1:1,000), CENP-B (Abcam ab25734, 1:1,000), ACA (Antibodies Inc 15-235-0001, 1:500), Dsn1 (1:1,000, a gift from A. Desai, Ludwig, San Diego), Flag (Sigma F3165, 1:1,000), DM1A (alpha-tubulin, 1:2,000), and CENP-T (MBL, A302-313A, 1:1,000). Immunofluorescence on chromosome spreads was done as described previously [START_REF] Fachinetti | DNA sequence-specific binding of CENP-B enhances the fidelity of human centromere function[END_REF]. Immunofluorescence imaging was performed using a Deltavision Core system (Applied Precision). For IF-FISH, we followed the IF protocol with additional post-fixation step (2% formaldehyde, PBS 1× for 10 min) followed by the FISH protocol (see below). When applicable, alternatively, point coordinates were recorded for sequential FISH hybridizations.

Fluorescence in situ hybridization

Chromosome painting and centromere enumeration probes were purchased from MetaSystems probes and fluorescence in situ hybridization (FISH) was performed as previously described (Hoffmann et al, 2016), with the exception of the probes used to label the DNA binding site of CENP-B (PNA Bio), the chromosome 16 alphasatellite (AmpliTech), and to target the common alpha-satellite repeats of the chromosomes 1, 5, and 19 (denominated here as ar34TG, a kindly gift from C. Escude ´). Manufacturer's instructions were used for the CENP-B probe. Probe ar34TG was used at a final 0.1 lM working concentration diluted in a commercial hybridization buffer (HB1000L, AmpliTech). Detailed table of FISH probes and conditions is available in the Supplemental material (Table EV4).

Enumeration of chromosome 19 was done by combining chromosome painting and ar34TG probes. The deletion probe XL Del(5) (q31) (MetaSystems probes) was used to assess chromosome 5 aneuploidy by counting the green control signal located on 5p15 locus.

Metafer imaging platform (MetaSystems) and the metacyte spotcounting software were used for the automatic FISH signal detection on interphase cells with additional manual validation.

Metaphase spread preparation and mFISH karyotyping

Cells grown to ~75-80% confluency were treated with colcemid for 3 h and prepared as described in [START_REF] Trott | Long-term culture of self-renewing pancreatic progenitors derived from human pluripotent stem cells[END_REF] The EMBO Journal Marie Dumont et al karyotyping. The Metafer imaging platform (MetaSystems) and the Isis software were used for automated acquisition of the chromosome spread and mFISH image analysis.

Sequential FISH

In order to combine mFISH karyotyping and FISH signal quantification, the first mFISH hybridization was stripped. After coverslip removal, the slide was washed in ethanol 70% for 1 min. Prewarmed denaturation solution (70% formamide, 2× SSC, pH 7.0) was applied and the slide was placed on a hotplate at 75°C for 2 min. The slide was then washed in 70% ethanol for 1 min and subsequently dehydrated in 90% and 100% ethanol for 1 min. The sample was air-dried and hybridization with new probes was performed.

Live cell imaging

For live imaging of dCas9 tagged chromosome mis-segregation, RPE-1 CENP-A EA/EA , H2B-mTq2, and dCas9-3xmScarlet-I cells were transduced with lentivirus carrying sgRNA for either Chr1 or Chr3 for 24 h. Cells were transferred to a high optical quality plastic 8well slide (IBIDI, cat. no. 80826) and 500 lM IAA was added. After 24 h, cells were synchronized for 16 h in 6.25 lM of the Cdk1 inhibitor, RO-3306 (Merck Millipore, Billerica, MA). Cells were subsequently washed three times and imaged on a Zeiss AIM System-Cell Observer microscope equipped with an AxioImager Z1 stand, a Hamamatsu ORCA-flash 4.0 camera, and a Colibri 7 LED module using a 40×/1.4 oil PLAN Apochromat lens. Images were acquired every 5 min. Directly after live cell imaging, cells were fixed using 4% PFA for 8 min and subsequently permeabilized with ice-cold methanol. Slides were incubated with anti-Cas9 (Diagenode, Lie `ge, Belgium, cat., mouse, monoclonal, 1:1000) diluted in PBST (1× PBS, 0.1% Triton X-100) with 3% BSA for 2 h, washed three times with PBST, followed by a 1-h incubation with secondary antibody (goat anti-mouse IgG Alexa Fluor 568 conjugate, Thermo Fisher Scientific, Waltham, 1:500) in PBST with 3% BSA. Cells were relocated using the live cell imaging positions and imaged. Images acquisition and processing was done using the Zeiss Zen 2.3 (Blue edition). Representative movies are orthogonal maximum intensity Z projections.

Live cell imaging on DLD-1 CENP-B mCherry CENP-C EYFP cells was performed at 37°C on a DeltaVision microscope using Softworx software (Applied Precision) equipped with a CoolSnap HQ2 camera (Photometrics) at 1 × 1 binning using a ×60 planApo objective. Cells were incubated in CO 2 -independent media (ThermoFisher) in 8channel l-slides (Ibidi) during image acquisition.

Image analysis

Metaphase centromere quantification included quantification of centromere signal intensity on interphase cells manually as described previously [START_REF] Fachinetti | A two-step mechanism for epigenetic specification of centromere identity and function[END_REF]. Deconvolved 2D maximum intensity projections were saved as un-scaled 16-bit TIFF images and signal intensities determined using MetaMorph (Molecular Devices). A 25 × 25 pixel circle was drawn around the two sister centromeres and an identical circle drawn adjacent to the structure to determine the background. The integrated signal intensity of each individual centromere was calculated by subtracting the fluorescence intensity of the background from the intensity of the adjacent centromere. Twenty-five centromeres were averaged to provide the average fluorescence intensity for each individual cell and the average intensity of five identical circles drawn on the background was subtracted. Quantification of the CENP-B boxes intensity in MEF was done following the same method with some modifications. A 20 × 20 pixel circle was drawn around ten high CENP-B box signal intensity spots and ten around low CENP-B box signal intensity spots in the main nucleus. Five adjacent circles were drawn to subtract the background. A similar circle was drawn around the CENP-B box signal contained into the micronucleus and one circle was drawn adjacent to the structure (background). Each individual signal was normalized to the average fluorescence intensity quantified in the main nucleus.

For DLD-1 CENP-B mCherry CENP-C EYFP cells, fluorescence intensities were measured separately by first subtracting nucleoplasmic background in individual slices using an automated approach (available upon request). Background subtracted stacks were then projected using a maximum intensity projection, and centromeres were segmented using a probabilistic segmentation approach on CENP-B mCherry spots (preprint: [START_REF] Boudreau | Nucleo-cytoplasmic trafficking regulates nuclear surface area during nuclear organogenesis[END_REF]. Segmented centromeres were then used to measure fluorescence raw integrated densities of both CENP-B mCherry and CENP-C EYFP spots. All image analyses were performed using Fiji [START_REF] Schindelin | Fiji: an opensource platform for biological-image analysis[END_REF].

Immunoblotting

For immunoblot analysis, protein samples were separated by SDS-PAGE, transferred onto PVDF membranes (GE Healthcare, Amersham), and then probed with the following antibodies: CENP-B (Abcam ab25734, 1:1000) and Flag (Sigma F3165, 1:1000).

CUT&RUN and next-generation sequencing

CUT&RUN was performed according to the procedure reported by [START_REF] Skene | An efficient targeted nuclease strategy for highresolution mapping of DNA binding sites[END_REF] starting from 1 million cells and using anti-CENP-A (Ozyme, 2186S), -CENP-B (Abcam, ab25734), -CENP-T (MBL, A302-313A), or -CENP-C (Abcam, ab33034) antibodies. Rabbit IgG isotype control antibodies (ThermoFisher, 10500C) were used for background detection.

Illumina sequencing library was prepared using the Illumina TruSeq ChIP Library Preparation Kit according to the manufacturer's instructions. Sequencing was performed with an Illumina Hiseq 2500 system.

Bioinformatic analysis

For mapping reads to HOR arrays, after barcodes removal, reads were merged using the PEAR software (v 0.9.11) [START_REF] Zhang | PEAR: a fast and accurate Illumina Paired-End reAd mergeR[END_REF] using default parameters. Reads were mapped using the bwamem algorithm of the BWA software package (preprint: [START_REF] Li | Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM[END_REF][START_REF] Li | Fast and accurate short read alignment with Burrows-Wheeler transform[END_REF] on the human reference genome GRCh38.p12, which includes the reference models for the a-satellite DNA sequences of the X and Y chromosome [START_REF] Miga | Centromere reference models for human chromosomes X and Y satellite arrays[END_REF] as well as the reference models of the centromeres of the 22 autosomes [START_REF] Nechemia-Arbely | Human centromeric CENP-A chromatin is a homotypic, octameric nucleosome at all cell cycle points[END_REF][START_REF] Schneider | Evaluation of GRCh38 and de novo haploid genome assemblies demonstrates the enduring quality of the reference assembly[END_REF]. These centromere models include the observed variation in centromeric arrays of higher order repeat (HOR) sequences contained in the HuRef genome [START_REF] Levy | The diploid genome sequence of an individual human[END_REF], and are deposited under the accession numbers listed in Table EV5. The reads mapped on the centromere reference models were extracted using samtools [START_REF] Li | Fast and accurate short read alignment with Burrows-Wheeler transform[END_REF] 7 (according to the centromeric coordinate reported in Table EV5) and remapped with bwa-mem on a reference composed of 64 centromeric HOR array consensus sequences [in which each array is repeated twice in tandem (see Table EV1)] (Nechemia-Arbely et al, 2019). Multi-mapping reads were removed by maintaining only the alignment with the lowest edit distance, corresponding to the NM tag of the bam alignment file. Read counts per each HOR array are reported in Table EV2. When read mapping on a HOR is unambiguous, read distribution along the HOR array consensus is homogeneous, leading to an approximately flat profile (see as example the cen8 HOR array coverage plot in Fig EV2G, top right panel). As previously reported, a portion of the cen16_1 HOR consensus (corresponding to D16Z2) has a high similarity to the cen1_1 HOR consensus (corresponding to D1Z7/D5Z2/D19Z3), leading to mis-mapping of reads originating from the cen1_1 onto the cen16_1 reference. This is proven by the very heterogeneous distribution of reads on the cen16_1, where the presence of two clear peaks on the cen16_1 consensus is indicative of mis-mapping (see Fig EV2G,bottom right panel). As expected, the sequence underlying these peaks corresponds to the region of high similarity between cen1_1 and cen16_1. To correct this misalignment, the average read count in the out-of-peak region of cen16_1 was calculated and subtracted from the in-peak read count. The resulting value was assigned to the total cen1_1 and removed from the total cen16_1 read count. Given the known similarity between the cen2 and cen18_1 HOR (corresponding to D2Z1 and D18Z1), a more detailed analysis was performed to correct possible alignment inaccuracies. We used the software jellyfish [version 2.2.10;(Marc ¸ais & Kingsford, 2011)] to identify all the 18-, 24-, and 40-mers that are specific to the cen2 and cen18_1 consensus sequences. Then, we performed the same kmer analysis on the pool of reads mapping on the cen2 or cen18_1 and calculated the proportion between cen2-and cen18_1-specific reads. This ratio was used to distribute all the reads between the two HOR consensus references. Overall, this correction led to a ~10% decrease of read counts on cen18_1 and a ~30% increase on cen2. The subsequent correction steps are recapitulated in Table EV3 and in Fig EV2D, F, G andH.

To convert read counts into megabases, a standard curve was produced by counting the read mapping on several single-copy genomic regions of known size (Fig EV2E). To avoid potential GC bias, the GC content of these single-copy regions was tested to be very similar to that of the centromere reference models; similarly, the GC content of different HOR consensus sequences was shown not to be extremely variable, thus decreasing the risk of GC content bias affecting our analysis (Fig EV2B andC). The occurrences of the CENP-B box minimal sequence (TTCGNNNNANNCGGG) and its reverse complement were counted on the reads mapping on each HOR array. CENP-A, CENP-B, CENP-C, and CENP-T levels are derived from the read counts of the respective CUT&RUN-seq. In order to make the replicates comparable, CENP-B boxes and read counts of CENP-A, -B, -C, -T, and CUT&RUN-seq were normalized to the total number of mapped reads. The values from HORs located on the same chromosomes were summed to give a single value per each chromosome, except for the cen1_1 HOR. A quantitative FISH approach was used to precisely assign the centromere length and CENP-B box values of the cen1_1 HOR to chr1, 5, and 19 (Fig EV2I). Since we have proven a correlation between length, amount of CENP-B boxes, and amounts of CENP-B and CENP-C, we distributed the reads from CUT&RUN-seq according to the same proportion among chr1, 5, and 19.

Statistical analysis

To estimate chromosome mis-segregation rates for Image stream, FISH and single-cell data, a logistic model was fitted to assess the proportion of events (gains, losses, or gains and losses pooled) by chromosome. For each estimated proportion, 95% confidence interval was computed and the difference to the mean value was assessed by a Wald test with a chi-squared statistic.

For single-cell data, a multinomial model was fitted considering only the cells with at least one mis-segregation event to estimate the proportion for each chromosome. The fitted proportions were tested against the mean value with a binomial test. The expected frequency of mis-segregation per each chromosome is 4.3% only when we consider cells with at least one mis-segregation event. We chose to calculate the frequency as a percentage of all the analyzed cells, including the ones not showing any mis-segregation, therefore the mean value can vary. All analyses were performed with R software version 3.5.1. For all statistical results, see the statistical dataset info.

. Expanded View for this article is available online. A Pie charts representing the fraction of alpha-satellite-containing reads of the total read pool (left) and representing the fraction of alpha-satellite-containing reads that can be mapped on the centromere reference models by using our method (right). Both charts refer to the whole-genome DNA sequencing of RPE-1 cells. B Barplot showing the average GC percentage of the centromere reference models versus the GC percentage of the single-copy sequences that were used for centromere length determination with standard curve. C Barplot reporting the GC content across all HOR array consensus sequences used as reference. D Stepwise procedure of RPE-1 centromere length analysis.

E

Example of standard curve used to convert whole-genome sequencing read counts into megabases (Mb), for the determination of centromere length. Each point represents a randomly chosen single-copy region of the genome. F Centromere length after conversion to Mb using the standard curve shown in (E). The gray bars correspond to the length of centromere-specific HOR arrays; the light and dark blue bars represent the length of the HOR array shared by chr1, 5, 19 ("cen1_1") and chr13, 14, 21, 22 ("cen13_1", "cen22_1"), respectively. G (Left) Centromere length correction after reassignment of the reads from cen16_1 (chr16 specific) to cen1_1 (shared among chr1, 5, 19). The arrow marks the chromosome that changed compared to (F). (Right) Representative plots of read coverage along the HOR sequence of "cen 8", not showing any misalignment, and "cen16_1", showing misalignment. H Centromere length correction after redistribution of read counts between centromere 2 and centromere 18 following k-mer analysis. The arrows mark the chromosomes that changed compared to (G). I

Representative images of the sequential FISH using alpha-satellite cen1/5/19 FISH probe (which recognizes the cen1_1 D1Z1 HOR) followed by chromosome 1, 5, 19 FISH labeling. The scatter plot represents signal quantification of alpha-satellite cen1/5/19. Error bars represent the SEM of two independent experiments (n = 47 cells). Scale bar represents 5 lm. J, K Scatter plot showing a significant positive correlation between the mean of (J) centromere length (n = 4) and CENP-B boxes count (n = 4) and (K) centromere CENP-B boxes FISH data (n > 50 cells) and CENP-B boxes count (r = Spearman rank coefficient). Data from chr 13, 14, 21 and 22 were excluded from the analysis. The lines represent linear regression with 95% confidence interval.
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  Fig 2A-D, Movies EV1 and EV2) or on fixed samples (Fig 2F-H).It is important to note that, with all three methods, we analyzed only the main nuclei and not the MNs,
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◀

  Figure 1. Chromosome-specific aneuploidy arises following CENP-A removal in RPE-1 cells. A Model of centromere strength via CENP-C recruitment supported by DNA sequence and CENP-B. KT = kinetochore, MT = microtubules. IAA = auxin. Cen = centromere. Blue arrows represent CENP-B boxes. Upon IAA addition, AID-tagged CENP-A is degraded. B Schematic of the experiments shown in (C-E). C-E Logistic statistical model based on the (C) single-cell sequencing, (D) ImageStream (E) analysis or automated FISH of RPE-1 cells in untreated condition (blue circles) or treated with auxin for 48 h (red squares). Error bars represent the SEM based on the number of cells analyzed (see the statistical method section for details and Datasets EV1 and EV2). Dashed lines indicate the means of aneuploidy rates in untreated (blue line) or auxin-treated (red line) condition. Red asterisks (IAA) and blue (Untreated) indicate significance over the respective mean using a binomial test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. F Table
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  ). Following dox (to express CENP-B-dCas9) and IAA (to deplete CENP-A) addition, we observed a partial but significant rescue of the rate of micronuclei containing the Y chromosome(Fig 6F and G). This partial rescue was presumably caused by a transient recruitment of CENP-B to the DYZ3 or by a small subset of cells correctly localizing the CENP-B-dCas9, as we could detect just a minor enrichment of CENP-B compared to the control on the Y centromere byCUT&RUN (Fig EV4E). Stable expression of dCas9 only at DYZ3 was insufficient to rescue the Y chromosome mis-segregation (FigEV4F). Altogether, these results strongly support a model in which different levels of CENP-B across centromeres dictate chromosome segregation outcome.CENP-B box-dependent features and aneuploidy in mouse and cancer cell model systemsWe next tested the positive role of CENP-B in determining centromere strength in two different model systems. We first analyzed chromosome-specific aneuploidy in the pseudo-diploid colorectal cancer DLD-1 cells, in which we can induce rapid degradation of the endogenous CENP-A, similarly to what we have done forRPE-1 (Fig 7A;[START_REF] Hoffmann | CENP-A is dispensable for mitotic centromere function after initial centromere/kinetochore assembly[END_REF]. As expected, following CENP-A depletion for 48 h we could observe a strong increase in chromosome mis-segregation compared to control (Fig EV5A-C). Nevertheless, with the exception of chromosome 21, we failed to detect any significant chromosome-specific aneuploidy over the mean(Fig 7B) 

Figure 4 .

 4 Figure 4. Faithful chromosome segregation is biased in favor of centromeres carrying a high frequency of CENP-B/CENP-C molecules. A Schematic of RPE-1 chromosome spreads used in experiment (B) and (C). B Representative immunofluorescence FISH (IF-FISH) images to measre CENP-B intensity at specific chromosome in untreated cells. Scale bar represents 5 lm. C Bar plot showing the normalized CENP-B fluorescence intensity at every chromosome over the mean on each metaphase spread (n > 37 per chromosome) AE SEM. Acrocentric chromosomes 13, 14, 21, and 22 were not analyzed and are marked by a line. One-way ANOVA with post-hoc Tukey's multiple comparison test shows high diversity between chromosomes. t-Test against the mean was used to estimate the statistical significance for each chromosome. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. D Scatter plot showing a significant negative correlation between the mean of CENP-B IF-FISH signal (n > 37) and the mis-segregation rate (from Fig 1F; r = Spearman rank coefficient). The lines represent linear regression with 95% confidence band. E, F Bar graphs report the sum of the normalized read counts of different HOR arrays (see Table EV2) representing CENP-C binding following CUT&RUN, sequencing, and centromere mapping. Cells were treated for 6 h with IAA to deplete CENP-A. Error bars represent the SEM of three independent experiments and the dashed line represents the mean. Acrocentric chromosomes 13-14, 21, and 22 were marked by a line. t-Test against the mean was used to estimate the statistical significance for each chromosome. *P < 0.05; **P < 0.01; ***P < 0.001. G Scatter plot showing a significant positive correlation between the mean of CENP-C reads (n = 3) and CENP-B reads (n = 3) (r = Spearman rank coefficient). Data from chr 1, 5, and 19 were excluded from the analysis in addition to chr 13, 14, 21, and 22 to better assess correlation without the FISH correction (as in sup Fig EV2I). The lines represent linear regression with a 95% confidence interval. H Scatter plot showing a significant negative correlation between the mean of CENP-C reads (n = 3) and the mis-segregation rate (from Fig 1F) (r = Spearman rank coefficient). The lines represent linear regression with 95% confidence interval. Data from chr 13, 14, 21, and 22 were excluded from the analysis. The lines represent linear regression with a 95% confidence interval.
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 5 Figure 5. Chromosome-specific aneuploidy arises following perturbation of centromere strength. A Schematic of the centromere strength model in the RPE-1 CENP-A AID CENP-B KO mutant. After CENP-A depletion a reduced bias in chromosome mis-segregation is expected. B Representative image of centromere 11 (red) and centromere X (green) FISH on RPE-1 CENP-A AID CENP-B KO mutant in control (top) or IAA-treated condition (bottom). Scale bar represents 5 lm. Bar graphs show automatic FISH quantification of chromosome mis-segregation in the indicated cell lines with and without IAA addition for 24 h. Error bars represent the SEM of three independent experiments (n > 200 cells per experiment). Dunnett's multiple comparisons test was used to compare conditions. Gray lines separate independent experiments. Fold changes between gray and red bars are also indicated. C Schematic of the centromere strength model with the microtubule destabilizer BAL27862 compound. D Representative image of centromere 17 (red) and centromere X (green) FISH on RPE-1 cells treated with the BAL27862 compound. Scale bar represents 5 lm. E Bars represent the frequency of chromosome mis-segregation into micronuclei after 28 h treatment with the BAL27862 drug at indicated concentration. Error bars represent the SEM of three independent experiments, dashed line represents the mean. n > 40 micronuclei were analyzed. Dunnett's multiple comparisons test, *P < 0.05. DMSO was used at the same concentration of BAL27862.
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 6 Figure 6. Different levels of CENP-B across centromeres dictate chromosome segregation outcome. A Representative image of CENP-B box FISH and mFISH stained RPE-1 metaphase spread cells. Chromosome 3 homologs are indicated by white arrows with single CENP-B box chromosomes signal magnified in insets. Scale bar represents 5 lm. B Representative image of CENP-B box (red) and centromere 3 (green) FISH on RPE-1 interphase nucleus after 48 h IAA treatment. CENP-B box signal at individual homologs are magnified in insets. Scale bar represents 5 lm. C Bar plots represent the quantification of the CENP-B box FISH intensity at the chromosome 3 homolog contained in the main nucleus versus the homolog present in the micronucleus as represented in (B). Error bars represent the SEM of three independent experiments. n = 69 cells. Unpaired t-test, ****P < 0.0001. D Schematic of the experiment shown in (E-G). DN-CENP-B protein was fused to dCas9-doxycycline (Dox)-inducible protein and was inserted at a single genomic locus in DLD-1 CENP-A À/EA male cell line expressing a gRNA targeting centromere Y. E Immunoblot shows expression of the (DN)CENP-B-dCas9 after doxycycline induction. F Representative images show a micronucleus or the main nucleus containing the Y chromosome (red) detected by FISH in no-doxycycline or doxycycline treated cells, respectively. Chromosome X is shown in green. Scale bar represents 5 lm. G Bar plot shows the mean (n ≥ 3) frequency of micronuclei containing the chromosome Y or chromosome X AE doxycycline treatment for 72 h and IAA for 48 h AE SEM. n > 200 cells with a micronucleus. Mann-Whitney test. *P = 0.0173.

  Figure 7.

  C Plot shows the karyotype distribution of DLD-1 and RPE-1 cells in untreated or auxin-treated condition. D Schematic of the experiment shown in (E). E Representative image of chromosome spreads in DLD-1 cells following mFISH and subsequently CENP-B boxes FISH. Inset shows the supernumerary (SN) chromosome. Scale bar represents 10 lm. F Bar plot shows the mean variation in CENP-B boxes in DLD-1 cells from data from (E) (n = 10 cells) and whole-genome sequencing and centromere mapping AE SD. G, H Scatter plot showing a significant positive correlation between the indicated features in DLD-1 cells (n = 1). The lines represent linear regression with 95% confidence band. Data from chr 13, 14, 21, 22, Y, and SN were excluded from the analysis. I Schematic of the experiment described in (J) and (K). J Bars show frequency of micronuclei with or without siRNA treatment. Error bars represent the SEM of three independent experiments (n > 170 cells per replicate). K (Left) Representative image of CENP-B box (red) staining after siRNA against CENP-A/HJURP for 48 h. CENP-B box signals at individual micronuclei are magnified in insets. Scale bar represent 5 lm. (Right) Bar graph represents the mean of the CENP-B box FISH intensity contained in the main nucleus versus the one present in the micronucleus AE SEM. Color dots represent independent experiments. (n > 43 micronuclei and 840 main nucleus) Mann-Whitney U test: ***P = 0.0001. ª 2019 The Authors The EMBO Journal e102924 | 2019

Figure 8 .

 8 Figure 8. DNA-dependent centromeric feature and chromosome size influence chromosome-specific aneuploidy. A, B Scatter plot showing (A) a significant positive or (B) a negative correlation between chromosome length and the mis-segregation rate (from Fig 1F) or CENP-C (n = 3) reads over chromosome length and mis-segregation rate (r = Spearman rank coefficient). The lines represent linear regression with 95% confidence interval. Data from chr 13, 14, 21, and 22 were excluded from the analysis. Numbers indicate chromosomes with low or high mis-segregation frequency. C Model of how chromosome segregation is influenced by centromere size and chromosome length.
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  EMBO Journal e102924 | 2019 ª 2019 The Authors 1. Illumina paired-end sequencing of RPE-1 cells 2. Mapping on hg38 reference genome 3. Selection of reads mapping on the centromere reference models 4. Mapping on HOR library 5. Removal of multi-mapping reads 6. Read counting and assignment of HORs to their centromere 7. Read count to Mb conversion (E, F) 8. Correction of misalignment of reads from cen16_1 to cen1_1(G) 9. Redistribution of read counts for cen2 and 18 following k-mer analysis (H) 10.FISH correction to assign a specific value to centromeres 1, 5 and 19 (
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