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Karren Yang,1 Beth A. Sullivan,3 Richard M. Schultz,1 Michael A. Lampson,1,* and Ben E. Black2,5,*
1Department of Biology, School of Arts and Sciences, University of Pennsylvania, Philadelphia, PA 19104, USA
2Department of Biochemistry and Biophysics, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA
3Division of HumanGenetics, Department of Molecular Genetics andMicrobiology, Duke University Medical Center, 213 Research Drive, Box

3054, Durham, NC 27710, USA
4These authors contributed equally
5Lead Contact
*Correspondence: lampson@sas.upenn.edu (M.A.L.), blackbe@mail.med.upenn.edu (B.E.B.)

http://dx.doi.org/10.1016/j.cub.2017.06.069
SUMMARY

Female meiosis provides an opportunity for selfish
genetic elements to violate Mendel’s law of segrega-
tion by increasing the chance of segregating to the
egg [1]. Centromeres and other repetitive sequences
can drive in meiosis by cheating the segregation
process [2], but the underlying mechanisms are un-
known. Here, we show that centromeres with more
satellite repeats house more nucleosomes that
confer centromere identity, containing the histone
H3 variant CENP-A, and bias their segregation to
the egg relative to centromeres with fewer repeats.
CENP-A nucleosomes predominantly occupy a sin-
gle site within the repeating unit that becomes
limiting for centromere assembly on smaller centro-
meres. We propose that amplified repetitive se-
quences act as selfish elements by promoting
expansion of CENP-A chromatin and increased
transmission through the female germline.

RESULTS AND DISCUSSION

Mendelian inheritance assumes that alleles are transmitted

through the germline with equal probability to gametes. Selfish

elements on chromosomes can violate Mendel’s law of segrega-

tion, however, to increase their transmission. The asymmetry of

female meiosis, which produces a single egg from two rounds of

cell division, provides an opportunity to cheat by increasing the

chance of segregating to the egg. Such female meiotic drive de-

pends on three components [1]. The first is asymmetry in meiotic

cell division and cell fate, which is explained by having half of the

genome eliminated in polar bodies. The second is asymmetry in

the meiotic spindle (T.A. and M.A.L., unpublished data) that can

be exploited by selfish elements if they preferentially attach to

the side that will keep them in the egg. The third component is

a difference between the homologous chromosomes that influ-

ences their segregation, such as the presence of a selfish
element. Putative selfish elements in various plants and animals

include those that implicate centromeres [3–5], the chromo-

somal locus that typically directs chromosome inheritance by

nucleating the kinetochore at cell division [6, 7], and those that

involve non-centromeric loci [8, 9]. In all cases, the underlying

mechanisms by which any of these selfish elements violate Men-

delian segregation are unknown. For centromeres, because

there is a strong epigenetic component to specifying their loca-

tion at a single location on the chromosome, both epigenetic

and genetic features must be considered. In principle, a selfish

element could consist of an alteration in local epigenetic informa-

tion, a special DNA sequence, and/or copy-number variation of a

functional repetitive centromere element. Here, using a mouse

model system to study differences between centromeres, we

test these models for meiotic drive in the mammalian female

germline.

We first focused our attention on the specialized nucleosomes

containing the histone variant, CENP-A, which defines the loca-

tion of kinetochore formation [10–13]. Because these nucleo-

somes contain both the epigenetic mark and the functional

centromeric DNA, they represent the primary candidate to be

altered between centromeres that are unequally segregated in

female meiosis. In our model system to examine differences be-

tween centromeres, we previously measured abundance of a

microtubule-binding kinetochore protein (HEC1) at centromeres

from three mouse strains: CF-1, C57BL/6J, and CHPO [5]. We

refer to CF-1 and C57BL/6J centromeres as ‘‘stronger’’ because

they have increased HEC1 levels relative to ‘‘weaker’’ CHPO

centromeres. CF-1 and C57BL/6J have complementary advan-

tages as stronger centromere strains: C57BL/6J is an inbred

strain with its reference genome available, and CF-1 is an

outbred strain that efficiently produces hybrid offspring with

CHPO. We first considered the possibility that centromere

strength relates to sequence changes in the CENP-A protein, it-

self, which is rapidly evolving relative to core histones [14].

CENP-A is extremely long-lived at centromeres [13, 15, 16],

and changes in CENP-A levels are heritable on some Drosophila

centromeres from one generation to the next [17]. The CENP-A

polypeptide is 100% identical in all three strains (as we found

by sequencing the open reading frame [ORF] from each strain;
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Figure 1. CENP-A Nucleosomes Occupy a Larger Proportion of Minor Satellite DNA in Weaker Centromeres and Are Highly Phased

(A) Schematic for CENP-A ChIP analysis of nuclease-protected DNA fragments from stronger (C57BL/6J) or weaker (CHPO) centromere strains. See also

Table S1.

(B) CENP-A ChIP sequencing results. Fold enrichment was calculated as the fraction of reads that are minor or major satellite in the ChIP sample divided by the

fraction in the input sample (mean ± SEM; n = 3 independent experiments). See Figure S1E.

(C–F) Midpoint position of CENP-A ChIP (C and E) or input (D and F) reads (size 100–160 bp) along the trimer minor satellite consensus sequence. Vertical lines

indicate the 17-bp CENP-B box. Themajor CENP-A nucleosome position (identified in the CENP-A ChIP samples) is indicated by a horizontal black line above the

respectivemidpoint values and schematized (inset) for CENP-A ChIP with a triangle representing the dyad position. The same nucleosome position is indicated in

the input samples. Numbers to the left of the positions indicate the percentage of reads (mean ± SEM; n = 3 independent experiments) where the midpoint spans

the 10 bp at the 30 end of the CENP-B box (yellow, labeled B). Horizontal gray lines indicate other major nucleosome positions in the input samples. See Fig-

ure S1H for multiple sequence alignment. Similar results were obtained from a CENP-A ChIP-seq analysis in another stronger centromere strain (CF-1; Figures

S1B–S1D).
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corresponding to GenBank: NP_031707), however, indicating

that the molecular determinants of centromere strength are

most likely in the DNA.

To isolate centromeric DNA from stronger and weaker centro-

mere strains, we enriched CENP-A nucleosomes fromC57BL/6J

and CHPO, respectively, by native chromatin immunoprecipita-

tion (ChIP). High-throughput sequencing and qPCR showed

enrichment of repetitive minor satellite DNA (hereafter referred

to as minor satellite) in isolations from each strain (Figures 1A,

1B, S1A, and S1E), as expected because minor satellite is the

major site of CENP-A nucleosome assembly in mouse strains

studied to date [18]. Other than canonical centromere satellites,

we find no enrichment in CENP-A nucleosome ChIP of repetitive

elements in either CHPO or C57BL/6J that could have formed an

alternative centromere assembly site, as proposed in M. Caroli

[19] (Table S1). Mouse CENP-A nucleosomes protect a shorter

length of DNA from micrococcal nuclease (MNase) digestion

relative to the total (input) nucleosome population (Figures S1F

and S1G), similar to humans and rice [20–23]. Furthermore,

high-throughput sequencing of the isolated DNA revealed a

striking specificity of CENP-A nucleosomes for a single major

position within minor satellite (Figures 1C and 1E), whereas the
2 Current Biology 27, 1–9, August 7, 2017
input nucleosomes are present at multiple highly populated po-

sitions throughout the monomer repeat sequence (Figures 1D

and 1F). This strong and specific phasing of CENP-A nucleo-

somes on both CHPO and C57BL/6J centromeres highlights

the extraordinarily close relationship between the typical centro-

meric DNA sequence and the centromere-specifying CENP-A

nucleosomes in mouse. The major site occupied by CENP-A nu-

cleosomes is centered—the location of its presumed dyad axis

of symmetry—within 10 bp of the 30 end of the CENP-B box,

the 17 bp recognition motif for CENP-B [24] (Figures 1C and

1E). Thus, the relationship between CENP-A nucleosomes and

minor satellite could be intrinsic to the local DNA sequence or

mediated via CENP-B.

Given the close association of CENP-A nucleosomes with

minor satellite sequences, two other results from our ChIP

sequencing (ChIP-seq) experiments suggest how stronger and

weaker centromeres might differ from each other. First, the

enrichment of minor satellite in CENP-A ChIP from CHPO

(weaker) centromeres, relative to input, was much greater

(300- to 400-fold) than the enrichment from C57BL/6J (75- to

100-fold) (Figures 1B and S1A; Table S1). This difference raises

the possibility that there is less minor satellite overall in CHPO
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and therefore fewer of these sequences in the input. Second, mi-

nor satellite sequences associated with the input nucleosomes

reveal the signature CENP-A phasing as the dominant minor sat-

ellite nucleosome site in CHPO, whereas it is only one of several

similarly populated sites in C57BL/6J (Figures 1F and 1D,

respectively). The analysis of minor satellite from C57BL/6J is

consistent with centromeres from human cells, where CENP-A

nucleosomes are a minor component of centromeric chromatin

(<10% of total nucleosomes) [25]. Minor satellite from CHPO,

however, exhibits more of the preferred nucleosome positions

characteristic of those containing CENP-A, which indicates

less minor satellite occupied by other nucleosomes. Together,

these two results suggest the hypothesis that weaker (CHPO)

centromeres have a restricted number of minor satellite repeats

that can act as functional assembly sites for CENP-A nucleo-

somes, which would restrict the amount of centromeric chro-

matin. Additionally, major satellite DNA, which typically forms

constitutive heterochromatin and not CENP-A nucleosomes

[18, 26], is slightly enriched in CHPO isolations, but not in

C57BL/6J (Figures 1B and S1A; Table S1). This finding suggests

that, although CENP-A nucleosomes are predominantly found

on minor satellite, they extend partially into major satellite

because of the limited availability of minor satellite in CHPO.

To test our hypothesis that weaker centromeres are limited for

CENP-A assembly sites, we determined the abundance, nucleo-

somal DNA length distributions, and sequence composition of

minor satellite in weaker and stronger centromere strains.

We performed MNase digestion coupled to high-throughput

sequencing (MNase-seq) to analyze total mononucleosome

populations from primary cell cultures from each strain (Fig-

ure 2A). We first confirmed that the MNase-digested material

that we sequenced included most detectable minor and major

satellite DNA from both species (Figures S2A and S2B). Our

sequencing revealed that the fraction of the genome aligning to

major satellite was similar for the two strains (7% to 8%) and

consistent with a previous report [27]. In contrast, only 0.05%

of the CHPO genome aligned to minor satellite, compared to

0.5% for C57BL/6J (Figures 2B–2D). Notably, there was a

2.4- ± 0.4-fold higher proportion of short nucleosomal DNA

lengths (100–119 bp) for minor satellite in CHPO relative to

C57BL/6J, whereas major satellite nucleosome lengths were

similar between the strains (Figures S2D–S2F). This finding is

consistent with the notion that CENP-A nucleosomes occupy a

very high proportion of minor satellite DNA at weaker (CHPO)

centromeres. Importantly, the sequences of the minor satellite

monomers were similar between the two strains (Figure S2G),

which allowed us to use fluorescence in situ hybridization

(FISH) as a second approach to probe the amount of minor sat-

ellite at each centromere. FISH analysis of metaphase chromo-

some spreads from CF-1, C57BL/6J, and CHPO primary embry-

onic fibroblasts shows a 6-fold increase in minor satellite at CF-1

and C57BL/6J centromeres compared to CHPO centromeres,

whereas the amount of major satellite DNA is similar among

these strains (Figures 2E–2G and S3). Together, these results

show, based on two complementary approaches, that stronger

centromeres from CF-1 or C57BL/6J contain 6- to 10-fold

more minor satellite at centromeres than weaker centromeres

from CHPO. Indeed, accounting for the size of the genome

and the percentage that is minor satellite repeats and assuming
a similar number of CENP-A nucleosomes as measured for hu-

man centromeres [25], CENP-A nucleosomes would account

for 2%–8% in C57BL/6J versus 13%–52% in CHPO of the total

number of nucleosomes assembled on minor satellite DNA (see

Table S2).

To determine how centromere chromatin is organized at stron-

ger and weaker centromeres, we simultaneously visualized

CENP-A by immunofluorescence and minor satellite by FISH

on stretched chromatin fibers. The length of minor satellite is

�6-fold greater at stronger (CF-1) centromeres compared to

weaker (CHPO) (30 ± 13 versus 4.7 ± 1.6 mm), as expected

from our sequencing and metaphase chromosome FISH ana-

lyses. We detect CENP-A only on minor satellite in both cases,

but it occupies only 20% of the total minor satellite region, on

average, at stronger centromeres compared to 70% at weaker

centromeres (Figure 3). These results suggest a model in which

CENP-A nucleosomes are restricted to minor satellite, filling

the length of available minor satellite at weaker centromeres

but only a small fraction of the minor satellite at stronger centro-

meres. Current models of centromeric chromatin include an

important role for interspersed nucleosomes containing histone

H3 [28–30], to spatially separate kinetochore and inner centro-

mere functions and/or provide sites for nascent CENP-A nucle-

osome assembly that doubles the total number of CENP-A

nucleosomes at centromeres upon exit from cell division [6, 7].

Taking these H3 nucleosomes into account, our centromere

stretching (Figure 3) and sequencing (Figure 2) experiments sup-

port the notion that weak centromeres are at or near the lower

limit for the remaining nucleosome assembly sites available for

CENP-A.

To test the functional significance of observed differences in

centromere DNA sequence and chromatin organization, we

crossed CF-1 and C57BL/6J to CHPO to examine bivalents

with the homologous chromosomes paired in meiosis I (Fig-

ure 4A). Both stronger and weaker centromeres are present

on the same bivalent, so any differences must be intrinsic to

the centromeres. We examined the centromere proteins

CENP-A, which specifies the sites of kinetochore assembly,

and CENP-C, which directly interacts with CENP-A nucleo-

somes and recruits other kinetochore proteins [6, 13]. We find

differences in both CENP-A and CENP-C levels across the biva-

lents in CF-1 3 CHPO and C57BL/6J 3 CHPO hybrid oocytes,

with a median ratio of 1.3 in each case (Figures 4B and S4A–

S4C). We did not see such differences across bivalents from

the parental CF-1 strain, in which centromeres of homologous

chromosomes should be the same. In contrast, an epigenetic

mark at pericentric heterochromatin (H3K9me3) is similar

across bivalents in CF-1 3 CHPO hybrid oocytes and CF-1 oo-

cytes (Figure S4D). Consistent with our results in oocytes, we

find more CENP-A at CF-1 centromeres compared to CHPO

centromeres in CF-13CHPO hybrid embryonic fibroblast cells,

using minor satellite FISH to distinguish the two (Figures S4E–

S4G). These results indicate that greater abundance of minor

satellites is associated with increased levels of proteins that

bind the centromere DNA in both oocytes and somatic cells.

Centromeric chromatin is most likely similar, therefore, in these

cell types, although we cannot exclude the possibility that the

organization in oocytesmight be different fromwhat we observe

in somatic cells (Figure 3).
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Figure 3. CENP-A Nucleosomes Fill the Mi-

nor Satellite Region at Weaker Centromeres

(A and B) Representative images of CENP-A (green)

and minor satellite (red) localized by immunofluo-

rescence and FISH, respectively, on extended

chromatin fibers from stronger (A; CF-1) or weaker

(B; CHPO) centromere strains. Green and red bars

show the length of CENP-A and minor satellite sig-

nals, respectively. Scale bar, 5 mm.

(C) Ratio of the length of CENP-A to the length of

minor satellite. Each dot represents one centro-

mere; red bar, mean; *p < 0.0001.
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We previously found that bivalents in CF-13CHPO hybrid oo-

cytes are positioned off center on the spindle at metaphase

I, with differences in HEC1 levels consistent with what we show

here for CENP-A and CENP-C [5]. Taken together, these findings

lead to a prediction of functional differences in microtubule inter-

actions between weaker and stronger centromeres, which could

bias meiotic segregation. To test this prediction, we examined

the orientation of bivalents labeled with fluorescently tagged

CENP-B in CF-1 3 CHPO hybrid oocytes. Because minor satel-

lite contains CENP-B boxes, intensity of the CENP-B signal

should allow us to distinguish between CF-1 and CHPO centro-

meres due to the massive difference in minor satellite abun-

dance. Indeed, we find a 5-fold difference in CENP-B intensity

at centromeres in CF-1 oocytes versus CHPO oocytes (Fig-

ure 4C). In CF-1 3 CHPO hybrid oocytes, each bivalent con-

tained one bright and one dim CENP-B signal, corresponding
expanded in insets. The percent of reads that aligned with R80% identity was calculated (D; mean ± SEM

additional sequence analysis and Table S2 for calculations of centromere size.

(E–G) FISH analysis of minor (red) and major (green) satellite on metaphase chromosomes of C57BL/6J and

are shown (E), with single chromosomes magnified in insets. Minor (F) and major (G) satellite signals were q

represents one centromere; red bar, mean; n R 260 in each case; *p < 0.0001; scale bars, 5 mm.
to stronger and weaker centromeres. We

followed these bivalents live andmeasured

their orientationwithin 30min of anaphase I

onset (Figure 4D). In 62% of bivalents, the

weaker centromere oriented toward the

cortex, indicating that it would segregate

to the polar body whereas the stronger

centromere remains in the egg (Figure 4D).

Based on these data, we propose a

model for how centromere function de-

pends on the underlying DNA sequence

(Figure 4E). CENP-A nucleosomes are pre-

dominantly found onminor satellite and are

highly phased, suggesting co-evolution of

specialized histone and sequence contrib-

uting to the function and strength of

centromere chromatin. Furthermore, the

amount of minor satellite at a centromere

constrains the spreading of CENP-A nu-

cleosomes. Even when minor satellite is

severely limited, as at weaker centro-

meres, we find only slight enrichment of

major satellite associated with CENP-A.
At stronger centromeres, in contrast, CENP-A chromatin

can expand because it occupies only a fraction of the

available minor satellite. CENP-A expansion would lead to for-

mation of a larger kinetochore, preferential orientation on an

asymmetric spindle, and retention in the egg in female

meiosis. Our findings indicate that the number of CENP-A

nucleosomes is not simply determined by the amount of

minor satellite, as the differences in CENP-A levels between

weaker and stronger centromeres are not as large as the differ-

ences in minor satellite abundance. Indeed, there is a well-

established epigenetic pathway for assembly of new CENP-A

chromatin in each cell cycle [6, 7] that may limit its expansion.

The relationship between satellite DNA abundance and CENP-A

chromatin most likely has important consequences in many con-

texts in biology. For example, competition between neighboring

repetitive a-satellite DNA arrays has been proposed to underlie
; n = 3 independent experiments). See Figure S2 for

CHPO (see also Figure S3). Representative images

uantified for CF-1, C57BL/6J, and CHPO. Each dot
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(A) Progeny of a CF-1 3 CHPO cross have meiotic bivalents with both weaker (CHPO) and stronger (CF-1) centromeres.

(B) CF-1 3 CHPO oocytes were stained for CENP-A and CENP-C at metaphase I (see also Figures S4A–S4C). Image shows CENP-A staining, with a single

bivalent magnified in the inset (arrows indicate paired centromeres). Graph is a histogram of CENP-A (red) and CENP-C (blue) intensity ratios, calculated as the

brighter divided by the dimmer signal for each bivalent. CF-1 oocytes (dashed lines) are shown as controls.

(C) CF-1 or CHPO oocytes expressing CENP-B-mCherry and H2B-EGFP were imaged live at metaphase I. Graph shows quantification of CENP-B signals

(mean ± SEM; n R 340 centromeres from R27 oocytes in each case, pooled from three independent experiments). *p < 0.001; A.U., arbitrary units.

(D) Schematic shows bivalents in CF-13CHPOoocytes, with CF-1 centromeres facing the egg. Image shows aCF-13CHPOoocyte expressing CENP-B-EGFP

and H2B-mCherry, shortly before anaphase onset; dashed white lines show cortex and spindle outline. The orientation of each bivalent was determined using

CENP-B-EGFP intensity to distinguish CF-1 (brighter) and CHPO (dimmer) centromeres. *Significantly different from 50% (n = 133; p < 0.005). Images (B–D) are

maximal intensity z projections; insets are optical slices showing single bivalents. Scale bars, 10 mm.

(legend continued on next page)
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the preferential epigenetic silencing of the smaller array in

humans [31].

An alternative to ourmodel is that differences in CENP-A levels

between weaker and stronger centromeres are maintained

solely by an epigenetic pathway, independent of DNA sequence.

In the Drosophila male germline, for example, pre-existing

CENP-A in spermatocytes influences the amount of CENP-A in

the offspring [17]. In support of our model, as opposed to a

purely epigenetic model, the phasing of CENP-A nucleosomes

and the restriction of CENP-A nucleosomes to minor satellite ar-

gues that these sequences are significant. A dependence on

DNA sequence is also the most straightforward explanation for

how differences between weaker and stronger centromeres

are maintained over many mitotic cell cycles and through the

germline in our experimental system. Overall, our findings

explain how amplified repetitive sequences can act as selfish el-

ements and provide a molecular basis for centromere drive.

Furthermore, they reconcile the epigenetic pathway for centro-

mere specification with the typical accumulation of repetitive se-

quences in centromere evolution.
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5. Chmátal, L., Gabriel, S.I., Mitsainas, G.P., Martı́nez-Vargas, J., Ventura, J.,

Searle, J.B., Schultz, R.M., and Lampson, M.A. (2014). Centromere

strength provides the cell biological basis for meiotic drive and karyotype

evolution in mice. Curr. Biol. 24, 2295–2300.

6. Westhorpe, F.G., and Straight, A.F. (2014). The centromere: epigenetic

control of chromosome segregation during mitosis. Cold Spring Harb.

Perspect. Biol. 7, a015818.

7. Black, B.E., and Cleveland, D.W. (2011). Epigenetic centromere propaga-

tion and the nature of CENP-A nucleosomes. Cell 144, 471–479.
e strength by constraining the spreading of CENP-A nucleosomes. (Top)

d on the minor satellite consensus, with the digestion-protected fragment

osome positions are indicated by horizontal lines below the minor satellite

centromeric proteins (e.g., CENP-A) than weaker centromeres. CENP-A

s but occupy the length of the minor satellite DNA of weaker centromeres.

B box, whereas the position is variable for H3 nucleosomes (note that linker

Current Biology 27, 1–9, August 7, 2017 7

http://dx.doi.org/10.1016/j.cub.2017.06.069
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref1
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref1
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref1
http://dx.doi.org/10.1007/978-3-319-58592-5_16
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref3
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref3
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref3
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref4
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref4
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref5
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref5
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref5
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref5
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref6
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref6
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref6
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref7
http://refhub.elsevier.com/S0960-9822(17)30806-0/sref7


Please cite this article in press as: Iwata-Otsubo et al., Expanded Satellite Repeats Amplify a Discrete CENP-A Nucleosome Assembly Site on Chro-
mosomes that Drive in Female Meiosis, Current Biology (2017), http://dx.doi.org/10.1016/j.cub.2017.06.069
8. Dawe, R.K. (2009). Maize centromeres and knobs (neocentromeres). In

Handbook of Maize: Genetics and Genomics, J.L. Bennetzen, and S.C.

Hake, eds. (Springer), pp. 239–250.

9. Didion, J.P., Morgan, A.P., Clayshulte, A.M.F., Mcmullan, R.C., Yadgary,

L., Petkov, P.M., Bell, T.A., Gatti, D.M., Crowley, J.J., Hua, K., et al.

(2015). A multi-megabase copy number gain causes maternal transmis-

sion ratio distortion on mouse chromosome 2. PLoS Genet. 11,

e1004850.

10. Earnshaw, W.C., and Rothfield, N. (1985). Identification of a family of hu-

man centromere proteins using autoimmune sera from patients with

scleroderma. Chromosoma 91, 313–321.

11. Sekulic, N., Bassett, E.A., Rogers, D.J., and Black, B.E. (2010). The struc-

ture of (CENP-A-H4)(2) reveals physical features that mark centromeres.

Nature 467, 347–351.

12. Tachiwana, H., Kagawa, W., Shiga, T., Osakabe, A., Miya, Y., Saito, K.,

Hayashi-Takanaka, Y., Oda, T., Sato, M., Park, S.-Y., et al. (2011).

Crystal structure of the human centromeric nucleosome containing

CENP-A. Nature 476, 232–235.

13. Falk, S.J., Guo, L.Y., Sekulic, N., Smoak, E.M., Mani, T., Logsdon, G.A.,

Gupta, K., Jansen, L.E.T., Van Duyne, G.D., Vinogradov, S.A., et al.

(2015). Chromosomes. CENP-C reshapes and stabilizes CENP-A nucleo-

somes at the centromere. Science 348, 699–703.

14. Malik, H.S., and Henikoff, S. (2009). Major evolutionary transitions in

centromere complexity. Cell 138, 1067–1082.

15. Bodor, D.L., Valente, L.P., Mata, J.F., Black, B.E., and Jansen, L.E.T.

(2013). Assembly in G1 phase and long-term stability are unique intrinsic

features of CENP-A nucleosomes. Mol. Biol. Cell 24, 923–932.

16. Smoak, E.M., Stein, P., Schultz, R.M., Lampson, M.A., and Black, B.E.

(2016). Long-term retention of CENP-A nucleosomes in mammalian oo-

cytes underpins transgenerational inheritance of centromere identity.

Curr. Biol. 26, 1110–1116.

17. Raychaudhuri, N., Dubruille, R., Orsi, G.A., Bagheri, H.C., Loppin, B., and

Lehner, C.F. (2012). Transgenerational propagation and quantitative main-

tenance of paternal centromeres depends on Cid/Cenp-A presence in

Drosophila sperm. PLoS Biol. 10, e1001434.

18. Guenatri, M., Bailly, D., Maison, C., and Almouzni, G. (2004). Mouse

centric and pericentric satellite repeats form distinct functional hetero-

chromatin. J. Cell Biol. 166, 493–505.

19. Kipling, D., Mitchell, A.R., Masumoto, H., Wilson, H.E., Nicol, L., and

Cooke, H.J. (1995). CENP-B binds a novel centromeric sequence in the

Asian mouse Mus caroli. Mol. Cell. Biol. 15, 4009–4020.

20. Hasson, D., Panchenko, T., Salimian, K.J., Salman, M.U., Sekulic, N.,

Alonso, A., Warburton, P.E., and Black, B.E. (2013). The octamer is the

major form of CENP-A nucleosomes at human centromeres. Nat. Struct.

Mol. Biol. 20, 687–695.

21. Lacoste, N., Woolfe, A., Tachiwana, H., Garea, A.V., Barth, T., Cantaloube,

S., Kurumizaka, H., Imhof, A., and Almouzni, G. (2014). Mislocalization of

the centromeric histone variant CenH3/CENP-A in human cells depends

on the chaperone DAXX. Mol. Cell 53, 631–644.

22. Zhang, T., Talbert, P.B., Zhang, W., Wu, Y., Yang, Z., Henikoff, J.G.,

Henikoff, S., and Jiang, J. (2013). The CentO satellite confers translational

and rotational phasing on cenH3 nucleosomes in rice centromeres. Proc.

Natl. Acad. Sci. USA 110, E4875–E4883.

23. Nechemia-Arbely, Y., Fachinetti, D., Miga, K.H., Sekulic, N., Soni, G.V.,

Kim, D.H., Wong, A.K., Lee, A.Y., Nguyen, K., Dekker, C., et al. (2017).

Human centromeric CENP-A chromatin is a homotypic, octameric nucle-

osome at all cell cycle points. J. Cell Biol. 216, 607–621.

24. Masumoto, H., Masukata, H., Muro, Y., Nozaki, N., and Okazaki, T. (1989).

A human centromere antigen (CENP-B) interacts with a short specific

sequence in alphoid DNA, a human centromeric satellite. J. Cell Biol.

109, 1963–1973.

25. Bodor, D.L., Mata, J.F., Sergeev, M., David, A.F., Salimian, K.J.,

Panchenko, T., Cleveland, D.W., Black, B.E., Shah, J.V., and Jansen,
8 Current Biology 27, 1–9, August 7, 2017
L.E. (2014). The quantitative architecture of centromeric chromatin. eLife

3, e02137.

26. Peters, A.H.F.M., O’Carroll, D., Scherthan, H., Mechtler, K., Sauer, S.,
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Antibodies

Alexa Fluor 488 Goat Anti-Human IgG (H+L) Life technologies A11013

Alexa Fluor 594 donkey anti-rabbit IgG Life technologies A11008

Alexa Fluor 594 donkey anti-rabbit IgG Life technologies A21207

Fluorescein antidigoxigenin Roche 11207741910; RRID: AB_514498

CREST Human Autoantibody Against Centromere Immunovision HCT-0100

Anti-histone H3K9me3 antibody Abcam ab8898; RRID: AB_306848

CENP-A (C51A7) Rabbit antibody for

immunostaining

Cell signaling 2048; RRID: AB_1147629

Rabbit a-mouse-specific CENP-A antibody for ChIP Beth Sullivan, Duke University [32] N/A

Rabbit a-mouse-specific CENP-C antibody Yoshinori Watanabe,

University of Tokyo [33]

N/A

Chemicals, Peptides, and Recombinant Proteins

SuperScript II Reverse Transcriptase Invitrogen 18064014

Rediprime II DNA labeling kit GE RPN1633

MicroSpin G-25 columns GE 27-5325-01

Nocodazole Sigma M1404

Dextran sulfate Amresco E516

Sheared single-stranded salmon DNA Sigma D7656

TransIT-X2 Dynamic Delivery System Mirus MIR 6004

l-phosphatase New England Biolabs P0753S

STLC Sigma 164739

Pregnant Mare Serum Gonadotropin (PMSG) Calbiochem 367222

mineral oil Sigma M5310

milrinone Sigma M4659

Transcript Aid T7 High Yield Transcription kit ThermoFisher K0441

Digoxigenin-11-dUTP, alkali-stable Roche 11093088910

Anti-Digoxigenin-Fluorescein, Fab fragments Roche 11207741910

Nick Translation Kit Roche 10976776001

Biotin-16-dUTP Roche 11093070910

Streptavidin AF 594 Life technologies S11227

Alexa Fluor 647 streptavidin ThermoFisher S21374

Micrococcal Nuclease Affymetrix 70196Y; CAS: 9013-53-0

Protein G Sepharose 4 Fast Flow GE 17061801

KAPA HiFi DNA Polymerase with dNTPs Kapa Biosystems KK2102

10X T4 DNA Ligase Buffer with 10 mM ATP New England Biolabs B0202S

T4 DNA Polymerase New England Biolabs M0203S

Klenow DNA Polymerase New England Biolabs M0210S

T4 Polynucleotide Kinase (PNK) New England Biolabs M0201S

Klenow Fragment (30 to 50 exo minus) New England Biolabs M0212S

Quick DNA Ligation Kit New England Biolabs M2200S

QIAquick PCR Purification Kit QIAGEN 28104

MinElute PCR Purification Kit QIAGEN 28004
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Critical Commercial Assays

SYBR Green JumpStart Taq ReadyMix Sigma S4438

Agilent High Sensitivity DNA Kit Agilent 5067-4626

NextSeq 500/550 Mid Output Kit v2 (300 cycles) Illumina FC-404-2003

Deposited Data

Raw high-throughput sequencing data This paper SRA: SRP109959

Experimental Models: Cell Lines

Primary mouse embryonic fibroblasts of C57BL/6J This paper N/A

Primary mouse embryonic fibroblasts of CF-1 This paper N/A

Primary mouse embryonic fibroblasts of CHPO This paper N/A

Immortalized mouse embryonic fibroblasts of CF-1 x

CHPO hybrid mice

This paper N/A

Primary lung fibroblasts of C57BL/6J This paper N/A

Primary lung fibroblasts of CHPO This paper N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory 000664

Mouse: ZALENDE/EiJ (CHPO) The Jackson Laboratory 001392

Mouse: NSA (CF-1) Envigo 033

Oligonucleotides

CENP-A cDNA sequencing primer1: (FW 50-CTC
GCGTTCGGTTTCGGCAGCAGGACC-30, RV:
50-CTCCTCCGACACCACTGTCAAGC-30)

This paper N/A

CENP-A cDNA sequencing primer2: (FW 50-ACT
GCTGGCGACCGAGTTCTGG-30, RV: 50-ACA
GTTTTAAGGGCACCGTGTAGCC-30)

This paper N/A

Primers for cloning of minor satellite repeats: FW:

50-GGAAAATGATAAAAACCACACTG-30, RV:
50-TCATTGATATACACTGTTCTACA-30

This paper N/A

Major satellite primers for qPCR: (FW: 50-GACG

ACTTGAAAAATGACGAAATC-30, RV: 50-CATA
TTCCAGGTCCTTCAGTGTGC-30)

[34] N/A

Minor satellite primers for qPCR: (FW: 50-CAT
GGAAAATGATAAAAACC-30, RV: 50-CATCT
AATATGTTCTACAGTGTGG-30)

[34] N/A

Recombinant DNA

Plasmid containing minor satellite repeats Rachel O’Neill, University of

Connecticut

N/A

Plasmid containing major satellite repeats Rachel O’Neill N/A

Plasmid containing SV40 large T antigen Brad Johnson, University of

Pennsylvania [35]

N/A

Software and Algorithms

GraphPad Prizm GraphPad http://www.graphpad.com/

Lasergene DNASTAR https://www.dnastar.com/

samtools-0.1.19 [36] http://samtools.sourceforge.net/

ClustalW [37] http://www.ebi.ac.uk/Tools/msa/

clustalw2/

Clustal Omega [38] http://www.ebi.ac.uk/Tools/msa/clustalo/

Jalview [39] http://www.jalview.org/

WebLogo [40] http://weblogo.berkeley.edu/logo.cgi

RepeatMasker open-4.0.5 and open-4.0.6 [41] http://www.repeatmasker.org

FIJI/ImageJ [42, 43] https://fiji.sc/
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picard-tools-2.2.4 N/A http://broadinstitute.github.io/picard/

MATLAB R2013b N/A https://www.mathworks.com/

Custom scripts for tandem repeat analysis of paired-

end sequencing reads

This paper https://sourceforge.net/p/blacklab-

mouse-seq/code
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ben E.

Black (blackbe@mail.med.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mouse strains were purchased from the Jackson Laboratory (ZALENDE/EiJ, stock #001392 corresponds to CHPO; C57BL/6J,

stock# 000664) or Envigo (CF-1, # 033). All mice used in this studywere female at 7-14week old unless otherwise indicated. All animal

experiments were approved by the Institutional Animal Care and Use Committee and were consistent with the National Institutes of

Health guidelines.

Primary cell lines
Mouse lung fibroblasts

Lung fibroblast cells were derived from female adult mice of C57BL/6J andCHPO strains and cultured into primary cell lines in growth

medium: Dulbecco’s Modified Eagle’s medium (DMEM) with 10% FBS, penicillin–streptomycin at 37�C in a humidified atmosphere

with 5% CO2 [44].

Mouse embryonic fibroblasts

Primary mouse embryonic fibroblasts (MEFs) were isolated from E12.5 embryos of both female and male mice of CF-1, C57BL/6J,

and CHPO strains [45] and cultured in growth medium: Dulbecco’s Modified Eagle’s medium (DMEM) with 10% FBS, penicillin–

streptomycin and GlutaMAX (GIBCO) at 37�C in a humidified atmosphere with 5% CO2.

Cell lines
CF-1xCHPO hybrid mouse embryonic fibroblasts

Primary mouse embryonic fibroblasts (MEFs) were isolated from a female CF-1 x CHPO hybrid mouse at E12.5 and immortalized by

transfection of SV40 large T antigen [35] (a gift from Dr. Brad Johnson at the University of Pennsylvania) using TransIT-X2 Dynamic

Delivery System (Mirus) to obtain immortalized MEFs.

METHOD DETAILS

Sequencing of CENP-A cDNA
RNA was extracted from spleen of CF-1, C57BL/6J and CHPO using TRIzol (Invitrogen), and cDNA was synthesized using

SuperScript II Reverse Transcriptase (Invitrogen). CENP-A was amplified using PCR with the two sets of primers (FW: 50- CTCGC

GTTCGGTTTCGGCAGCAGGACC-30, RV: 50-CTCCTCCGACACCACTGTCAAGC-30) and (FW: 50- ACTGCTGGCGACCGAGTTCT

GG-30, RV: 50-ACAGTTTTAAGGGCACCGTGTAGCC-30). The alignment of CENP-A protein was obtained in Lasergene (DNASTAR).

Chromatin immunoprecipitation
Nuclei were isolated from 2 flash-frozen mouse livers (CHPO, C57BL/6J, or CF-1) per CENP-A ChIP. Livers were homogenized in

4 mL ice-cold Buffer I (0.32 M sucrose, 60 mM KCl, 15 mM NaCl, 15 mM Tris-Cl, pH 7.5, 5 mM MgCl2, 0.1 mM EGTA, 0.5 mM

DTT, 0.1 mMPMSF, 1 mM leupeptin/pepstatin, 1 mM aprotinin) per g of tissue by Dounce homogenization. Homogenate was filtered

through 100 mm cell strainer (Falcon) and centrifuged at 6000 x g for 10 min at 4�C. The pellet was resuspended in the same volume

Buffer I. An equivalent volume ice-cold Buffer I supplemented with 0.2% IGEPAL was added for a final concentration of 0.1%, and

samples were incubated on ice for 10 min to release nuclei. 4 mL nuclei were gently layered on top of 8 mL ice-cold Buffer III (1.2 M

sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA, 15 mM Tris, pH 7.5, 0.5 mM DTT, 0.1 mM PMSF, 1 mM leupeptin/

pepstatin, 1mMaprotinin) and centrifuged at 10,000 x g for 20min at 4�Cwith no brake. Pelleted nuclei were resuspended in Buffer A

(0.34Msucrose, 15mMHEPES, pH 7.4, 15mMNaCl, 60mMKCl, 4mMMgCl2, 1mMDTT, 0.1mMPMSF, 1mM leupeptin/pepstatin,

1mMaprotinin) to 400 ng/ml, flash-frozen in liquid nitrogen, and stored at�80�C. Nuclei were digestedwithMNase (Affymetrix), using

0.05–0.1 U/mg chromatin in Buffer A supplemented with 3 mM CaCl2 for 10 min at 37�C. The reaction was quenched with 10 mM

EGTA on ice for 5 min, and an equal volume of 2x Post-MNase Buffer (40 mM Tris, pH 8, 220 mM NaCl, 4 mM EDTA, 2% Triton
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X-100, 0.5 mM DTT, 0.5 mM PMSF, 1 mM leupeptin/pepstatin, 1 mM aprotinin) was added prior to centrifugation at 18,800 x g for

15 min at 4�C. The supernatant containing the MNase-digested chromatin was pre-cleared with 100 mL 50% Protein G Sepharose

bead (GE Healthcare) slurry in 1x Post-MNase Buffer for�2 hr at 4�Cwith rotation. Beads were blocked in NET Buffer (150mMNaCl,

50 mM Tris, pH 7.5, 1 mM EDTA, 0.1% IGEPAL, 0.25% gelatin, and 0.03% NaN3) and washed prior to use. Pre-cleared supernatant

was divided so that an estimated 250 mg chromatin was used for CENP-A ChIP (10 mg a-mouse-specific CENP-A antibody [32]) and

12.5 mg was saved as input for further processing. The CENP-A ChIP was rotated at 4�C for 2 hr. Immunocomplexes were recovered

by addition of 100 mL 50% NET-blocked protein G Sepharose bead slurry followed by overnight rotation at 4�C. The beads were

washed three times with Wash Buffer 1 (150 mM NaCl, 20 mM Tris-HCl, pH 8, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), once

with High Salt Wash Buffer (500 mM NaCl, 20 mM Tris-HCl, pH 8, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), and the chromatin

was eluted 2x each with 200 mL Elution Buffer (50 mM NaHCO3, 0.32 mM sucrose, 50 mM Tris, pH 8, 1 mM EDTA, 1% SDS) at

65�C for 10 min at 1500 rpm. The input sample was adjusted to a final volume of 400 mL with Elution Buffer. To each 400 mL input

and ChIP sample, 16.8 mL of 5 M NaCl and 1 mL of RNase A (10 mg/ml) was added. After 1 hr at 37�C, 4 mL of 0.5M EDTA and

12 mL Proteinase K (2.5 mg/ml, Roche) were added, and samples were incubated for another 2 hr at 42�C. The resulting Proteinase

K-treated samples were subjected to a phenol-chloroform extraction followed by purification with a QiaQuick PCR Purification col-

umn (QIAGEN).

Chromatin preparation for MNase-seq
For each mouse strain, 1-2 million primary lung fibroblast cells were grown in 10 cm plates, trypsinized, pelleted (330 x g, 5 min, 4�C)
and resuspended in 2 mL ice-cold Buffer I. 2 mL of ice-cold Buffer II (Buffer I + 0.1% IGEPAL) was added to release nuclei, cells were

mixed by inversion and placed on ice for 10 min. 4 mL nuclei were gently layered on top of 8 mL ice-cold Buffer III and centrifuged at

10,000 x g for 20min at 4�Cwith no brake. Pelleted nuclei were resuspended by gentle shaking in Buffer A to 400 ng/ml, flash-frozen in

liquid nitrogen, and stored at �80�C. 5-20 mg of chromatin in Buffer A was supplemented with 3 mM CaCl2 and digested with

0.05 U/mg of MNase (Affymetrix) for 10-15 min at 37�C to obtain a predominant mononucleosome population. Reactions were

quenched with 10 mM EGTA and DNA was purified using a QIAquick PCR purification kit (QIAGEN).

Southern blotting
200 ng ofMNase-digested chromatin (see sectionChromatin preparation forMNase-seq) was run on a 1%agarose gel for 12-16 hr at

45 V. The gel was post-stained with ethidium bromide, imaged, and transferred to membrane (Amersham) overnight. After UV cross-

linking, the membrane was prehybridized for 30 min at 65�C in Church Buffer (0.5 M sodium phosphate, 1 mM EDTA, 7% SDS, 1%

BSA) in a hybridization bottle. DNA probes were made by radiolabeling minor andmajor satellite templates (detailed below in section

‘‘Probes of minor satellites and major satellites for Southern blotting and FISH’’) with [a-32P]dCTP using a Rediprime II DNA labeling

kit (GE) and cleaned up with MicroSpin G-25 columns (GE). Probes were denatured for 10 min at 95�C, chilled for 2 min on ice and

then added directly to the hybridization bottle and incubated overnight at 65�C in a rotating oven. The following day, the membrane

was washed 1x with 1.5x SSC/0.1% SDS then incubated for 30 min at 65�C in 225 mM NaCl, 22.5 mM sodium citrate, followed by

1x wash with 1x SSC/0.1% SDS and another incubation for 30 min at 65�C in 150 mM NaCl, 15 mM sodium citrate). The membrane

was then transferred to plastic wrap and placed in a phosphoimager cassette and exposed to a phosphoscreen for 4-24 hr. Screens

were imaged on a Typhoon 9200 scanner (GE).

High-throughput sequencing
Unamplified nucleosomes fromMNase-seq, input, or ChIP DNA (see sections Chromatin preparation for MNase-seq and Chromatin

immunoprecipitation) was first analyzed using an Agilent 2100 Bioanalyzer High Sensitivity Kit in order to determine the quantity of

DNA on the basis of fluorescence intensity. DNA libraries were prepared for multiplexed sequencing according to Illumina recom-

mendations as described [20] with minor modifications using NEB enzymes. Libraries of the input nucleosomes sequences or

MNase-seq preparations were used to assess the degree of nucleosome digestion for each experiment to avoid using over-digested

samples in our analysis. Briefly, 50 ng of MNase-digested DNA (MNase-seq) or 5 ng input or ChIP DNA (ChIP-seq) was end-repaired

and A-tailed. Illumina TruSeq adaptors were ligated, libraries were size-selected to exclude polynucleosomes, and adaptor-modified

DNA fragments were enriched by PCR using KAPA polymerase. Libraries were submitted for 150-bp, paired-end Illumina sequencing

on a NextSeq 500 instrument.

Paired-end sequencing analysis
Paired-end reads, resulting from either ChIP-seq or MNase-seq, were converted to a name-sorted SAM file using picard-tools and

samtools [36], then joined in MATLAB using the ‘localalign’ function to determine the overlapping region between the paired-end

reads (requiringR 95% overlap identity; see [20]), and adaptor sequences were removed if present. For analysis of minor and major

satellite DNA, we used a custom tandem repeat analysis as described [20] with the following modifications. Joined reads were

aligned to a trimerized mouse minor satellite consensus (GenBank: X14464.1) [46], to a dimerized mouse major satellite consensus

(GenBank: V00846.1) [47], or to the reverse complement of those tandem consensus sequences. Those joined reads aligning withR

80% identity were chosen for further analysis, and the midpoints of the joined reads along the consensus sequences were used to

generate nucleosomemidpoint position plots (Figures 1C–1F). Nucleosome occupancy maps (Figures S2E and S2F) were generated

from the positions of joined reads along the consensus sequence. Normalization was performed by dividing the read count at each
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bin (at 1-bp increments) by the sum of counts over all bins over the three length classes. To calculate the percent of total reads, the

number of joined reads aligning to the consensus sequence in either the forward or reverse complement orientation (without double-

counting any joined read) was divided by the total number of joined reads. ChIP fold-enrichment was calculated as the fraction of

readsmapping tominor (ormajor) satellite from the CENP-AChIP divided by the fraction of readsmapping tominor (ormajor) satellite

in the input.

Multiple sequence alignment analysis
200 minor satellite joined MNase-seq reads were randomly selected and aligned using ClustalW [37]. For CENP-A ChIP, 200 minor

satellite joined reads with midpoints centered on the CENP-B boxwere randomly selected and aligned using Clustal Omega [38]. The

multiple alignments were manually edited using Jalview [39], and sequence logos were created using the WebLogo server (Figures

S1H and S2G) [40].

Alternative repeat analysis using RepeatMasker
10,000 joined reads were randomly selected from CENP-A ChIP or input datasets for both C57BL/6J and CHPO and submitted to

RepeatMasker [41]. For uniform annotation of elements across all datasets, FASTAs from all datasets were merged prior to submis-

sion, and the output was sorted according to original datasets before analysis. Number of elements was extracted, and fold enrich-

ment was calculated for each repeat by dividing the number of elements in the CENP-A ChIP by the number in the input. For each

repeat with an average fold-enrichment greater than 1 for either C57BL/6J or CHPO, a one-tailed t test was performed comparing the

number of elements of CENP-A ChIP and input replicates (Table S1).

Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was performed as previously described [20] with modifications. Briefly, each reaction was assem-

bled in a 10 mL volume using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich) at 1x, 1 mM each primer, and input or ChIP DNA

at 0.125 ng per reaction, as determined by Bioanalyzer. Triplicate reactions were loaded into a 384-well plate. Thermal cycling was

performed in a LightCycler 480 (Roche) using the following cycling parameters: initial denaturation at 95�C for 2 min, 40 cycles of

94�C for 15 s, 58�C for 1 min. Cycle threshold (Ct) values were determined using LightCycler 480 Software. A standard curve was

obtained for each primer pair. Fold enrichment (FE) was calculated from the amplification factor (AF) determined from the standard

curve and the difference in cycle threshold (DCt) between input DNA and CENP-A ChIP DNA for each primer pair (FE = AFDCt).

Average fold-enrichment was calculated from three biologic replicates (independent ChIPs from different animals). The following

primer sequences were used for qPCR [34]: major satellite (FW: 50-GACGACTTGAAAAATGACGAAATC-30, RV: 50-CATATT
CCAGGTCCTTCAGTGTGC-30) and minor satellite (FW: 50-CATGGAAAATGATAAAAACC-30, RV: 50-CATCTAATATGTTCTACAGT

GTGG-30).

Probes of minor satellite and major satellite for Southern blotting and FISH
Plasmids containing minor or major satellite sequences were provided by Dr. Rachel O’Neill (University of Connecticut) as templates

for Southern blotting and FISH probes:

First minor satellite template (�3.5 monomers): 50-GGAAACATGATAAAAACCACAGTGTAGAACAGATTAGATGGGTGAGTTA

CACTGAAAAACACATTCTTTGGAAACAGGATTTGTAGAACAGTGTATATCAATGAATTACAATGAGAAACATGGAAAATGATAAAAAC

CACACTGTACAACAGATTAGATGAGTGAGTTACACTGAAAAACACATTCCTTGGAAACGGGATTTGTAGAATAGTGTATATCAATGA

GTTACAATGAGAAACATGGAAAATGATAAAAACCACACTGTAGAACAGATTAGATGAGTGAGTTACACTGAAAAACACATTCGTTGG

AAACGGGATTTGTAGAACAGTGTATATCAATGAGTTACAATGAAAAACATGGAAAATGATGAAAACCACACTGTAGAACATATTAGAT

GAGTGAGTTACACTGAAAAACACATTCGTTGGAAACGGGATTTGTAGAACAGTGTATATCAATG-30.
Major satellite template (�4 monomers): 50-GACCTGGATATGGCGAGTAAACTGAAAATTACGGAAAATGAGAAATACACACTTT

AGGACGTGAAATATGGCGAGGAAAACTGAAAAAGGTGGAAAATTTAGAAATGTCCACTGTAGGACGTGGAATATGGCAAGAAAAC

TGAAAATCATGGAAAATGAGAAACATCCACTTGACGACTTGAAAAATGACGAAATCACTAAAAAAAGTGAAAAATGAGAAATGCACA

CTGAAGGACCTGGAATATGGCGAGAAAACTGAAAATCACGGAAAATGAGAAATACACACTGTAGGACGTGAAATATGGCGAGGAA

AACTGAAAAAGGTGGAAAATTTAGAAATGTCCACTGTAGGAAGTGGAATATGGCAAGAAAACTGAAAATCATGGAAAATGAGAAAC

ATCCACTTGACGACTTGAAAAATGACGATATCACTAAAAAACGTGAAAAATGAGAAATGCACAGTGAAGGACCTGGAATATGGCGA

GAAAACTGAAAATCACTGAAAATGAGAAATACACACTTTAGGACGTGAAATATGGCGAGGAAAACTGAAAAAGGTGGAAAATTTAG

AAATGTCCACTGTAGGACGTGGAATATGGCAAGAAAACTGAAAATCATGGAAAATGAGAAACATCCACTTGACGACTTGAAAAATG

ACGAAATCACTAAAAAAAGTGAAAAATGAAAATGCACACTGTAGGACCTGGAATATGGCGAGAAAACTGAAAATCACGGAAAATGA

GAAATACACACTTTAGGACGTGAAATATGGCGAGGAATACTGAAAAAGGTGGAAAATTTAGAAATGTCCACTGTAGGACGTGATAT

GGCAAGAAAACTGAAATCATGGAAATGAGAACATCCACTTGACGACTTGAAATGACGAATCACTAAAAAAGTGAAAATGAGAAATG

CACACTGA-30.
Because minor satellite monomers from C57BL/6J and CHPO exhibit nucleotide variation, we made an additional minor satellite

template. We cloned minor satellite repeats by amplification of genomic DNA of C57BL/6J using PCR with the following primers:

50-GGAAAATGATAAAAACCACACTG-30 and 50-TCATTGATATACACTGTTCTACA-30. Amplified PCR products were gel-purified

and ligated into a TOPO TA cloning vector, transformed into the E. coli strain DH5a (Invitrogen) and a single clone was used as a sec-

ond minor satellite template. The insert was confirmed to have minor satellite monomer variants different from the one shown above.
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Second minor satellite template (�2.5 monomers): 50-GGAAAATGATAAAAACCACACTGTAGAACATTTTAGATGAGTGAGTTA

CACTGAAAAACACATACGTTGGAAACCGGCATTGTAGAACAGTGTATATCAATGAGTTACAATGAAAAACATGGAAAATGATAAAAA

CCACACTGTAGAACATTTTAGATGAGTGAGTTACACTGAAAAACACATACGTTGGAAACCGGCATTGTAGAACAGTGTATATCAATG

AGTTACAATGAGAAACATGGAAAATGATAAAAACCACACTGTAGAACATATTAGATGAGTGAGTTACACTGAAAAACACATACGTTG

GAAACCTGCATTGTAGAACAGTGTATATCAATGA-30.
To make FISH probes, plasmids containing minor or major satellite templates were nick translated with biotin dUTP (Roche) or

digoxigenin dUTP (Roche) using a Nick Translation Kit (Roche). The two minor satellite probes were used together.

FISH of metaphase chromosome spreads
Mitotic cells of MEFs from CF-1, C57BL/6J and CHPO strains were collected after cells were incubated with nocodazole (100 ng/ml)

for 3 hr, and metaphase chromosome spreads were prepared using 3:1 methanol:acetic acid fixation. After dehydration in ethanol

series (70%, 90%, 100%; each 5 min), metaphase chromosomes were denatured in 70% formamide/2x SSC at 77�C for 3 min, and

dehydrated in ethanol series at –20C�. Probes were denatured separately in hybridization buffer (50% formamide, 10%Dextran Sul-

fate, 2x SSC, 10 mg sheared single-stranded salmon DNA) at 77�C for 15 min, and hybridized to chromosomes at 37�C overnight in a

humidified chamber. Slides were washed in 50% formamide/2x SSC for 10 min at 42�C and 2x SSC for 5 min at RT, and incubated

with either Streptavidin AF 594 (1:100, Life technologies) or Fluorescein anti-digoxigenin (1:100, Roche) for 30 min at 37�C. After
slides were washed three times in 2x SSC for 5 min each, chromosomes were counterstained with DAPI.

Images were acquired with a 63x objective on an inverted fluorescence microscope (DMI6000B; Leica) equipped with a charge-

coupled device camera (ORCA AG; Hamamatsu Photonics), using mManager software [48]. For each sample, images were collected

at 0.2 mm z sections and a maximal intensity z projection was used for analysis. The mean intensities of FISH signals at each centro-

mere were calculated in ellipses drawn around centromeres after background subtraction using Fiji/ImageJ [42, 43]. FISH signals

were obtained from two independent cell lines obtained from each strain, and two experiments were conducted for each cell line.

Statistical differences of minor satellites between stronger (CF-1 and C57BL/6J) and weaker (CHPO) centromeres were determined

by an unpaired t test.

IF-FISH on chromatin fibers
Spleens obtained from CF-1 or CHPO mice were homogenized in a pre-chilled glass homogenizer with 1 mL of ice-cold PBS, and

cells were pelleted at 600 x g for 10 min. Chromatin fibers were then obtained using two different protocols [49, 50]. For the first pro-

tocol, cell pellets were resuspended in nuclear isolation buffer (150 mM NaCl, 10 mM HEPES, pH 7.4, 1.5 mM MgCl2, 10 mM KCl,

0.5% NP-40, 0.5 mM DTT, 1mM PMSF, 1 mg/ml pepstatin, 1 mg/ml aprotinin/leupeptin) and 10 ml of nuclei suspension was put on

positively charged slides (Superfrost Plus Microscope Slides; Fisher). Slides were placed in lysis buffer (25 mM Tris–HCl pH 7.5,

0.5 M NaCl, 1% Triton X-100, 0.5 M Urea) for 10 min, and then fixed with 4% paraformaldehyde for 10 min [49]. For the second pro-

tocol, after centrifugation the cell pellet was resuspended to 6-7x 104 cells/ml in hypotonic buffer (0.8%SodiumCitrate) for 2min [50].

The cell suspensionwas spun onto positively charged slides (Superfrost PlusMicroscope Slides; Fisher) usingCytospin 4 (Thermo) at

800 rpm for 4 min, and the slides were placed in lysis buffer for 15 min, permeabilized in PBS with 0.1% Triton X-100 for 15 min, and

then place in lysis buffer for 15 min. Slides were fixed with 4% paraformaldehyde.

For CENP-A staining, slides were placed in blocking solution (1% BSA, 0.5% Triton X-100, 0.02% Sodium Azide in PBS) for 1 hr

and stained with rabbit anti-CENP-A (1:200, Cell Signaling #2048S) for 1 hr, followed by Alexa Fluor 488 donkey anti-rabbit IgG

(1:200, Life Technologies) for 1 hr. Slides were washed with PBS, and fibers were fixed with 4% paraformaldehyde for 10 min at

RT and then stored in PBS at 4�C until FISH labeling. Minor satellite FISH was performed as described above. Images were captured

with a 100 3 1.4 NA objective on an inverted fluorescence microscope (DMI6000; Leica) equipped with a charge-coupled device

camera (QuantEM 512SC, Photometrics) and a SPECTRA X Light Engine (Lumencor), controlled by MetaMorph software (Molecular

Devices).

We used the following two criteria to choose chromatin fibers for analysis: (1) theminor satellite signals can be traced for its entire

length, and (2) dot-like signals of CENP-A and minor satellite indicate the fiber is not bundled with other fibers. Segmented lines

were drawn along CENP-A or minor satellite signals, the lengths of the lines were measured using Fiji/ImageJ, and the ratio of the

length of CENP-A to the length of minor satellite was calculated for each fiber. Results were pooled from five different independent

experiments, and statistical differences between stronger (CF-1) and weaker (CHPO) centromeres were determined by an un-

paired t test.

IF-FISH on intact mitotic cells
Immortalized CF-1xCHPO hybrid MEFs were grown on coverslips and incubated with nocodazole (100 ng/ml) for 2 hr to enrich

mitotic cells, followed by incubation with a kinesin-5 inhibitor, STLC (Sigma) for 1 hr, to generate monopolar spindles. IF-FISH

on intact cells was conducted as previously described [51]. Cells were fixed in 2% paraformaldehyde for 10 min at RT, permeabi-

lized in 0.5% Triton X-100 for 5 min at 4�C, then incubated with IF block (2% FBS, 2% BSA, 0.1% Tween, 0.02% Sodium Azide in

PBS). Cells were then incubated with l-phosphatase (80U/ml, New England Biolabs) for 2 hr at 30�C to remove phosphate groups

blocking the CENP-A epitope, and stained with rabbit anti-CENP-A (1:200) for 1 hr, followed by Alexa Fluor 488 donkey anti-rabbit

IgG (1:200) for 1 hr. Cells were then washed with PBS, fixed with 4% paraformaldehyde for 10 min at RT, permeabilized in 0.7%

Triton X-100/0.1MHCl for 10min at 4�C. Chromosomeswere denatured at 77�C for 30min, and then cells were incubated overnight
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at 37�C with 40 ng of minor satellite probes that were denatured separately at 77�C for 15 min in hybridization buffer (50% form-

amide, 10% Dextran Sulfate, 2x SSC, 10 mg sheared single-stranded salmon DNA). After three washes each with 50% formamide/

2x SSC and 2x SSC at 37�C, 5 min each, samples were incubated with Alexa Fluor 647 streptavidin (1:100, ThermoFisher).

Confocal images of mitotic cells were captured with a 63x NA 1.4 objective using a Leica STED 3X Super Resolution laser scanning

confocal system on an inverted fluorescence microscope (DMI6000, Leica) equipped with an XY Piezo-Z stage (Applied Scientific

Instrumentation), controlled by LAS X Software (Leica). Images were collected as z stacks at 0.3 mm intervals and analyzed using

Fiji/ImageJ.

CF-1 and CHPO centromeres were distinguished within an individual cell based on bright or dim minor satellite signals, respec-

tively. Ellipses were drawn around the centromeres, and CENP-A intensity was integrated over each ellipse in optical slices contain-

ing the centromere, after subtracting background. Eleven cells were analyzed from three independent experiments. Statistical dif-

ferences between stronger (CF-1) and weaker (CHPO) centromeres were determined by an unpaired t test.

Oocyte collection and culture
Female mice (7-14 wk-old) were hormonally primed with 5U of Pregnant Mare Serum Gonadotropin (PMSG, Calbiochem) 48 hr prior

to oocyte collection. Germinal vesicle (GV)-intact oocytes were collected in bicarbonate-free minimal essential medium with polyvi-

nylpyrrolidone and HEPES (MEM-PVP) [52], denuded from cumulus cells, and cultured in Chatot-Ziomek-Bavister (CZB) [53] medium

with 2.5 mM milrinone covered with mineral oil (Sigma) in a humidified atmosphere of 5% CO2 at 37
�C. To induce meiotic entry, oo-

cytes were washed through several drops of CZB media without milrinone.

Immunostaining of MI oocytes
7-8 hr after milrinone washout, oocytes were fixed with 2% paraformaldehyde in PBS (+0.1% Triton X-100) for 20 min. For CENP-A

staining, oocytes were treated with l-phosphatase (80U/ml, New England Biolabs) for 2 hr at 30�C to remove phosphate groups

blocking the CENP-A epitope. Oocytes were then permeabilized for 15 min at RT (room temperature; 0.1% Triton X-100 in PBS)

and blocked for 15 min at RT (0.1% BSA, 0.01% Tween-20 in 1X PBS) prior to staining. Oocytes were labeled with rabbit anti-

CENP-A (1:200, Cell Signaling #2048S), rabbit anti-CENP-C (1:2000, a gift from Dr. Yoshinori Watanabe, University of Tokyo [33]),

rabbit anti-H3K9me3 (1:500, Abcam ab8898) or CREST Human Autoantibody Against Centromere (1:50, Immunovision) for 1 hr, fol-

lowed by fluorescently-labeled goat or donkey anti-rabbit IgG (1:500, Life Technologies) or anti-human IgG (1:100, Life Technologies)

for 1 hr. Following each staining step, oocytes were washed in blocking buffer three times (10-15 min each wash). Finally, oocytes

were mounted in Vectashield (Vector) containing DAPI.

CF-1 x CHPO and C57BL/6J x CHPO hybrid oocytes contain six bivalents of homologous telocentrics and seven trivalents, in

which seven CHPO metacentric fusions pair with homologous CF-1 telocentrics [5]. We focused only on bivalents, which can be

distinguished from trivalents based on chromosomal morphology, for measurement of CENP-A and CENP-C signal intensity. Using

Fiji/ImageJ, optical slices containing centromeres from the same bivalent were added to produce a sum projection. Ellipses were

drawn around the centromeres, and signal intensity was integrated over each ellipse after subtracting background, obtained by

measuring the average intensity of a region near the centromeres. Ratios were obtained for each bivalent by dividing the intensity

of the brighter centromere by that of the dimmer centromere.

Oocyte microinjection and live imaging
CF-1, CHPO, and CF-1 x CHPO oocytes at GV stage were subjected to inter-cytoplasmic microinjection in MEM-PVPmedium at RT

with a micromanipulator (Narishige) and a picoinjector (Medical Systems Corp). Each oocyte was injected with 2 pl of cRNA, then

incubated for 16-18 hr at 37�C in a humidified atmosphere of 5% CO2 to allow protein expression. The following cRNAs were

used for microinjection: H2B-EGFP (human histone H2B with EGFP at the C terminus) at a final concentration of 600 ng/ml,

CENP-B-mCherry (mouse CENP-B with mCherry at the C terminus) at 1300 ng/ml, H2B-mCherry (human histone H2B with mCherry

at the C terminus) at 400 ng/ml, CENP-B-EGFP (mouse CENP-B with EGFP at the C terminus) at 1040 ng/ml. The cRNAs were syn-

thesized using the Transcript Aid T7 High Yield Transcription kit (Thermo Fisher Scientific) and purified by phenol-chloroform

extraction.

Live imaging of injected oocytes was performed after meiotic resumption induced bymilrinone washout. Oocytes were placed into

3.5 ml drops of CZB media covered with mineral oil in a 35 mm tissue culture dish (FluoroDish FD35-100) in a heated environmental

chamber with a stage top incubator (Incubator BL and Heating Insert P; PeCon GmBH) to maintain 5%CO2 in air and 37�C. Confocal
images were collected with a microscope (DMI4000 B; Leica) equipped with a 63x 1.3 NA glycerol-immersion objective lens, an xy

piezo Z stage (Applied Scientific Instrumentation), a spinning disk confocal scanner (Yokogawa Electric Corporation), an electron

multiplier charge-coupled device camera (ImageEM C9100-13; Hamamatsu Photonics), and an LMM5 laser merge module with

488- and 593-nm diode lasers (Spectral Applied Research) controlled by MetaMorph software (Molecular Devices). For analysis

of CENP-B at centromeres, oocytes expressing CENP-B-mCherry and H2B-EGFP were imaged as z stacks with 0.4 mm spacing

at a single time point 7 hr after GVBD. CENP-B signal was quantified in regions drawn manually around individual centromeres

(n > 10 per oocyte, n > 10 oocytes, 3 independent experiments) in the z-slice with the brightest signal after subtracting background.

For the biased orientation assay, GV oocytes from CF-1 x CHPO were collected and microinjected for CENP-B-EGFP and H2B-

mCherry. Oocytes were induced for meiotic resumption by washing out milrinone and imaged live as described above 7-12 hr after

GVBD to capture the timing just before anaphase onset. Images were taken every 30 min. Spindle position was confirmed by DIC
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images, and the fraction of bivalents with the stronger centromere oriented toward the egg was quantified (n = 133 bivalents from 26

oocytes, pooled from four independent experiments). Chi square analysis was used to determine statistical significance of a differ-

ence from 50:50 ratio in Figure 4D.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of the experiments can be found in the figure legends, table footnotes, and the Method Details section of the STAR

Methods. Statistical details include exact value of n, what n represents, definition of center, and dispersion and precision measures.

Statistical test were performed as described in the Method Details section using either GraphPad Prism or MATLAB, and a p value of

less than 0.05 was judged as statistically significant.

DATA AND SOFTWARE AVAILABILITY

Data Resources
Raw data files for the DNA sequencing analysis have been deposited in the NCBI Sequence Read Archive (SRA) under project acces-

sion number SRA: SRP109959.

Custom Scripts
Custom scripts used for tandem repeat analysis of paired-end sequencing reads are available at SourceForge; see Key Resource

Table.
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