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The abundance and sequence of satellite DNA at and around centromeres is evolving
rapidly despite the highly conserved and essential process through which the
centromere directs chromosome inheritance!>. The impact of such rapid evolution
isunclear. Here we find that sequence-dependent DNA shape dictates packaging

of pericentromeric satellites in female meiosis through a conserved DNA-shape-
recognizing chromatin architectural protein, high mobility group AT-hook 1 (HMGA1)*>.
Pericentromeric heterochromatinintwo closely related mouse species, M. musculus
and M. spretus, forms on divergent satellites that differ by both density of narrow DNA

minor grooves and HMGAI recruitment. HMGA1binds preferentially to M. musculus
satellites, and depletion in M. musculus oocytes causes massive stretching of
pericentromeric satellites, disruption of kinetochore organization and delays in
bipolar spindle assembly. In M. musculus x spretus hybrid oocytes, HMGA1l depletion
disproportionately impairs M. musculus pericentromeres and microtubule attachment
to their kinetochores. Thus, DNA shape affects both pericentromere packaging and
the segregation machinery. We propose that rapid evolution of centromere and
pericentromere DNA does not disrupt these essential processes when the satellites
adopt DNA shapes recognized by conserved architectural proteins (such as HMGALI).
By packaging these satellites, architectural proteins become part of the centromeric
and pericentromeric chromatin, suggesting an evolutionary strategy that lowers the
cost of megabase-scale satellite expansion.

Chromatin organization at centromeric regions ensures faithful seg-
regation by spindle microtubules attached to centromere-nucleated
kinetochore complexes®. Pericentromeric heterochromatin promotes
centromere formation”?, clusters centromeres in the nucleus' and reg-
ulates kinetochore-microtubule attachments during cell division™ ™,
Despite these conserved functions, centromeres and pericentromeres
typically form on highly repetitive satellite DNA, which evolves rapidly
inboth sequence and abundance". Moreover, either of these chro-
matin domains can form on different sequences in the same cell'*
and functional centromeres can form de novo (neocentromeres) on
non-repetitive DNAY. These observations suggest that the organization
and function of centromeres and pericentromeres is independent of
any particular DNA sequence. By contrast, the well-studied example
of the house mouse (Mus musculus) shows thateachdomainforms on
adedicated satellite, suggesting that the DNA sequence contributes.
Centromeres form on the minor satellite, whereas pericentromeres
form on the more abundant major satellite?** (Fig. 1a). The closely
related Algerianmouse (Mus spretus) has the same two satellites, but the
relative abundance is reversed®* (Fig. 1a). Whether pericentromeres
formon the major satellite in M. spretus asin M. musculus, orinstead on
the more abundant minor satellite, has not been determined. Analyses
of M. musculus x spretus hybrid oocytes reveal differencesin chromatin

packaging, however, withreduced condensin Il localization and greater
decondensation at M. musculus centromeres and pericentromeres
compared with the homologous M. spretus chromosomesinthe same
cell®?, These observations suggest that the two different satellites are
packaged by distinct mechanisms, consistent with a dependence on
the DNA sequence. Thus, with conflicting lines of evidence, it remains
unclear whether and how the DNA sequence contributes to centromere
and pericentromere organization and packaging. To address these
questions, M. musculus and M. spretus provide anatural model system
todetermine the molecular principles that underlie chromatin organi-
zation and packaging on different satellites.

Heterochromatin follows repeat abundance

We measured the degree to which the abundance of the minor and
major satellite is reversed in the two species using liver samples: the
minor satellite accounts for 4.4% of the M. spretusbut only 0.5% of the
M. musculusinput DNA, whereas the major satellite occupies 7.9% of the
M. musculusbutonly 0.2% of the M. spretusinput DNA (Extended Data
Fig.1a-d and Supplementary Table1). To test whether satellite identi-
ties affect centromere and pericentromere formation, we analysed
the underlying DNA sequences using chromatinimmunoprecipitation
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Fig.1|Pericentromericsatellites of two closely related mouse species
adoptdistinct DNA shapes. a, Organization of minor and major satellite
DNAin M. musculusand M. spretus.b,c, CENP-A or H3K9me3 ChiIP results from
MNase-digested M. musculus (b) or M. spretus (c) chromatinisolated from liver
samples. Fold enrichment was calculated as the fraction of reads that align

to the major or minor satellite (>80% sequence identity) in the ChIP sample
divided by the fractionin theinput sample (Tukey box and whiskers plots,
n=3independent experiments except M. musculus H3K9me3 ChIP (n=1)).
d,e, Images (d) and quantification (e) of M. musculus (m)-M. spretus (s) hybrid
oocytes expressing TALE-mClover (major satellite) and dCas9-mCherry

and guide RNA (gRNA) (minor satellite) fixed at metaphase I and stained for
H3K9me3. e, The H3K9me3 ratio at pericentromeres (M. musculus/M. spretus)
for eachbivalent (n=95bivalents from twoindependent experiments; blue
line, median). f, Liver nuclei from M. spretus and M. musculus stained for
H3K9me3. Fluorescence in situ hybridization was performed with probes
against CENP-B boxes (minor satellite). A total of 14 cells per condition from

followed by sequencing (ChIP-seq). The two chromatin domains are
defined by well-characterized epigenetic marks: the histone H3 variant
CENP-Afor centromeres and histone H3 trimethylated at K9 (H3K9me3)
for pericentromeric heterochromatin. We found that CENP-A chroma-
tinis present mainly on minor satellite arrays, with a similar percentage
of CENP-A ChIP-seq reads mapping to minor satellite in both species
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W A+T stretches
twoindependent experimentsyielded similar results.g,h, Images (g) and
quantification (h) of M. spretus and M. musculusliver nuclei stained for DNA
(SYTOX Green and DAPI) and centromeres (anti-centromere antibody). h, The
Pearson’s correlation coefficient was calculated for nuclear SYTOX Green
and DAPI(n=16 and 17 nuclei for M. musculus and M. spretus, respectively).
i, A+T-rich tetranucleotides associated with narrow DNA minor groove* along
representative M. musculus major or minor satellite arrays shownside by side.
Jj.k, Consensus major satellite monomer (green, left) or minor satellite dimers
(magenta, right) with stretches of aminimum of four contiguous A or T bases.
Despite similar A+T content (63-66%), major and minor satellites differ in how
clustered the Aand Tbases are.l, Number of contiguous A or T bases in major or
minor satellite arrays per 234 bp (single major satellite repeatlength). Dataare
mean +s.d.n =500 arrays; two-tailed Mann-Whitney U-test. ****P< 0.0001. All
box plotsshow the individual values (circles), median, 25th and 75th percentiles
(hinges), smallest and largest value at most 1.5 x interquartile range of the hinge
(whiskers).Scalebars,10 pmand 1 pm (insets).

(Fig.1b and Supplementary Table 1). In contrast to the allegiance of
centromeres to the minor satellite, H3K9me3-defined pericentromeric
heterochromatin assembles on whichever satellite is more abundant:
the minor satellite in M. spretus and the major satellite in M. musculus
(Fig.1cand Supplementary Table1). To determine whether heterochro-
matinformsto asimilar extent onthe different satellites, we measured



pericentromeric H3K9me3 using immunofluorescence microscopy
on paired homologous chromosomes in M. musculus x spretus hybrid
oocytes. We found similar amounts of H3K9me3 on M. musculus and
M. spretus pericentromeres (Fig.1d,e). Therefore, although the minor
satelliteis conducive to centromere specification, possibly due to the
presence of CENP-B boxes?, pericentromeric heterochromatin forms
equally well oneither satellite. These findings also suggest that M. spre-
tus centromeric and pericentromeric chromatin sorts into epigeneti-
cally distinct domains at the same type of satellite, perhaps through
spatial separation as has recently been observed in human cells using
cryo-electron tomography?.

Divergent satellites differ in DNA shape

Although M. musculus and M. spretus chromosomes have similar
amounts of pericentromeric heterochromatin, only M. musculus nuclei
form DAPI-rich foci known as chromocentres, which colocalize with
H3K9me3-labelled pericentromeric heterochromatin® (Fig. 1f). This
finding is consistent with DAPI enrichment at M. musculus chromo-
somes compared with M. spretus®® and at the major compared with the
minor satellite in M. musculus®. By contrast, another DNA dye, SYTOX
green, shows no distinct fociin either species (Fig.1g). SYTOX and DAPI
staining are well correlated in M. spretus nuclei but notin M. musculus
nuclei (Fig. 1h), suggesting that higher intensities in M. spretus simply
reflect higher DNA density, but DAPI foci in M. musculus must reflect
some other property of the DNA. Major and minor satellites are both
A+Trich (63-66%), indicating that A+T content cannot explain DAPI
enrichment at the major satellite. Because DAPI binds to narrow DNA
minor grooves formed by contiguous A or T base pairs® * that deviate
from anideal B-form double helix**, we hypothesized that the distinct
satellites forming pericentromeres in M. musculus (major) and M. spre-
tus (minor) adopt distinct DNA shapes. To address this, we quantified
the abundance of tetranucleotides (including contiguous A or T bases)
known to adopt narrow minor groove® in major and minor satellites. We
found thatall nine of the narrowest tetranucleotides areenriched in the
major satellite compared with the minor (Fig. 1i, Methods and Extended
DataFig.2a). Moreover, each major satellite monomer has 20 stretches
with aminimum of four contiguous A or T bases (Fig. 1j,I and Extended
DataFig.2b), whereas the equivalent length of the minor satellite con-
tainsonly 12 suchstretches (Fig. 1k,l and Extended Data Fig. 2c). These
resultsindicate that major satellite repeats contain a higher density of
narrow minor DNA grooves than minor satellite repeats, supporting
our hypothesis that major and minor satellites differ in DNA shape.

HMGAI1 distinguishes divergent satellites

The sequence-dependent shape of DNA creates structural cues for
binding by DNA-shape-recognizing proteins*?¢, suggesting that such
proteins may bind differentially to pericentromeric satellites in M. mus-
culus and M. spretus. A primary candidate for differential binding is a
chromatin architectural protein, HMGAL1, thatis enriched at DAPI-rich
fociininterphaseinprimate cellsand M. musculus pericentromeres*>'°,
HMGAI1 has three AT-hook motifs that mediate binding to A+T-rich satel-
lite DNA and can bridge major satellite repeats in vitro®. Furthermore,
HMGA1 competes with DAPI-like small molecules for binding to the
DNA minor groove along A+T stretches® * (Extended Data Fig. 3a,b).
As AT-hook motifsinsertinto the minor groove of one face of the DNA
double helix, spanning about 4 bp (base pairs)*, we predicted that
HMGA1would be enriched at the major satellite, which contains more
contiguous A+T stretches with aminimum length of 4-5 bp (Fig.1liand
Extended Data Fig. 2d) than the minor satellite, which contains more
stretches with a minimum length of 3 bp (Extended Data Fig. 2e). By
analysing HMGA1 ChIP-seq data from M. musculus somatic cells*°, we
find that HMGAL is enriched twofold at the major satellite compared
with the minor satellite (Fig. 2a and Supplementary Table 2). To test

whether HMGALl preferentially binds to M. musculus pericentromeres,
we analysed its localization in M. musculus x spretus hybrid oocytes
by immunostaining. Mus musculus and M. spretus HMGAL1 proteins
have an identical sequence (Extended Data Fig. 4a,b), excluding dif-
ferences in DNA binding or epitope recognition. Measurements of
paired homologous M. musculus and M. spretus chromosomes show
that M. musculus pericentromeres recruit more HMGALI than those
of M. spretus (Fig. 2b,c). Moreover, HMGAL1 levels are similar across
hybrid and parental oocytes (Fig. 2b,c). This lack of dependence on
genetic background differs from another chromatin packaging protein,
condensinll, for which thelocalization to major satellite is reduced in
hybrid M. musculus x spretus oocytes compared with M. musculus, con-
tributing to subfertility in the hybrid®. Instead, the threefold binding
preference of HMGAL for M. musculus major satellite (Fig. 2c) can be
accounted for by the predicted number of minimum 4-bp-long contigu-
ous A+T stretches (2.9-fold; Supplementary Table 1). Moreover, since
HMGAL1bindstobulk chromatininbothspecies (Fig.2b), itsenrichment
at M. musculus pericentromeres reflects the capacity to bind narrow
DNA minor grooves in the major satellite rather than heterochromatin
binding. Overall, these findings strongly indicate that HMGA1 recog-
nizes the distinct DNA shape adopted by the major satellite and that
DNA shapeisamolecular feature that underlies differential packaging
of divergent pericentromeres (Fig. 2d).

HMGALI1 loss causes satellite stretching

HMGAL1 regulates gene expression* and bundles multiple pericen-
tromeres into chromocentres in interphase nuclei'®. However, its
enrichmentatindividual M. musculus pericentromeresin female meiosis
(Fig. 2b,c) and high expression in proliferating tissues in the embryo*
suggest additional functions in packaging major satellitein condensed
chromosomes. To selectively disrupt HMGAI1 function during cell divi-
sion, we used antibody-mediated protein degradation for acute protein
removal during female meiosis (Trim-away*’; Fig. 3a and Methods).
This acute depletion approach minimizes potential compensation by
other HMG family members with similar chromatin-packaging roles*.
The injected antibody does not enter the nucleus® (Fig. 3b,c) and the
mild decrease in HMGALl in the intact nucleus is most likely due to pro-
teinturnover. Near-complete degradation occurs within3 hof nuclear
envelope breakdown (early meiosis I; Fig. 3d,e). Kinetochores and cen-
tromeric chromatin were displaced away from the bulk chromatinin
HMGAI1-depleted oocytes (Fig. 3d and Extended DataFig. 5), with massive
stretching of DNA corresponding to the major satellite (Fig. 3f,g). Stretch-
ing was reduced by treatment with the microtubule-depolymerizing
agentnocodazole and restored by nocodazole washout (Extended Data
Fig. 6), showing that stretching depends on microtubules. Together,
these data demonstrate that HMGA1 packages pericentromeric chro-
matin to withstand microtubule forces during female meiosis.

To determine whether HMGA1 depletion affects kinetochores, which
form on centromeric chromatinadjacentto pericentromeres, we exam-
ined highly expressedin cancer 1(HEC1), amajor microtubule-binding
protein at kinetochores. We find decreased levels of HEC1 at kineto-
chores (Fig. 4a,b) and increased kinetochore clustering (Fig. 4c,d),
suggesting disrupted kinetochore function. In mouse oocytes, kine-
tochores facilitate bipolar spindle assembly*. Consistent with the
disrupted kinetochore functionin HMGA1-depleted oocytes, we found
delayed spindle bipolarization (Fig. 4e,f). Mouse oocytes typically
build a transient radially symmetric apolar spindle*® (Fig. 3a). Block-
ing spindle bipolarization using a kinesin-5 inhibitor (STLC) revealed
more asymmetric morphology in HMGA1-depleted oocytes (Extended
Data Fig. 7a-c), indicating disrupted microtubule organization.
HMGAI-depleted oocytes eventually formed bipolar spindles, which
coincided with reduced major satellite stretching, but few cells were
abletodivide (Fig.4g). Given that spindle forces remain strong during
late meiosis I, reduced stretching in late meiosis I is probably due to
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Fig.2|HMGALlisenriched at pericentromeres on the major satellite DNA.

a, Previously published HMGA1ChIP-seq data (M. musculus embryonic stem
cells)*®were analysed to calculate fold enrichment as the fraction of reads that
align to the major or minor satellite (>80% sequence identity) in the ChIP sample
divided by the fractionin theinput sample (Tukey box and whiskers plots,n=2
independentexperiments for each). Box plotsindicate individual values (circles),
median, 25th and 75th percentiles (hinges), smallest and largest value at most
1.5 xinterquartile range of the hinge (whiskers). b,c, Hybrid M. musculus

(m) x spretus (s) and parental M. musculus and M. spretus oocytes expressing
TALE-mClover targeting the major satellite and dCas9-mCherry in complex
with gRNA targeting the minor satellite were fixed and stained for HMGAL.
Scalebars, 5 pmand 2 pm (insets). The HMGAlsignal was quantified at major
and minor satellites representing M. musculus or M. spretus pericentromeres.
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Dataare mean +s.d., with means showninboxes. n =284 (major satellitein
M. musculus), 194 (minor satellite in M. spretus), 144 (major satellite in hybrid)
and 144 (minor satellite in hybrid) pericentromeres from 2-3 independent
experiments; Kruskal-Wallis test followed by Dunn’s multiple-comparison test.
***xp < (0.0001; NS, not significant (P= 0.1059, major satellite in M. musculus
versus hybrid; P=0.4159, minor satellite in M. spretus versus hybrid).

a.u., arbitrary units. d, Although both major and minor satellites can form
pericentromeric heterochromatin, the major satellite has ahigher density

of narrow DNA minor grooves as shown by asymmetric DAPI staining. HMGA1
preferentially binds to narrow DNA minor grooves through amechanism
similar to DAPIbinding andis therefore enriched on the major satellite.
Drawings of the DNA molecule with DAPIland HMGA1AT hook were based on
structures from the Protein Data Bank (PDB): 5T4W and 2EZF, respectively.
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Fig.3|HMGA1packages pericentromeres during female meiosis.

a, Schematic of meiosis lin M. musculus oocytes from milrinone-induced
G2/prophasearrest to bipolar spindle assembly. HMGALlis depleted after
release when the nuclear envelope breaks downand an anti-HMGA1l antibody
and TRIM21canaccess condensing chromosomes (see Methods for details).
The majorsatelliteis markedingreen.b,c, Arrested M. musculus oocytes were
injected with Trim21 mRNA and anti-HMGAL1 (or control) antibodies, incubated
for 6 hto enable Trim21 expression, then fixed and stained for DNA (DAPI) and
HMGAL. b, Images show nucleioutlined by adashed line.c, HMGALlintensity
was quantified. Dataare mean +s.d., with meansshowninboxes.n =30 oocytes
per condition from twoindependent experiments. d,e, Mus musculus oocytes
wereinjected with Trim2I mRNA and anti-HMGAL1 (or control) antibodies,
incubated for 3 h, released from arrest, fixed 3 hlater (6 hafter injection) and
stained for DNA (DAPI), HMGAland the kinetochore protein HEC1. d, Asterisks

compensatory DNA packaging mechanisms (for example, through
condensin I1*). We conclude that HMGAL1 ensures pericentromere
rigidity both to withstand spindle forces and to promote timely
kinetochore-mediated spindle assembly.

show DNA threads connecting chromosome arms with kinetochores.
DAPIsignalis enhancedintheinsets to visualize thin threads of DNA. e, HMGA1
intensity was quantified. Dataare mean + s.d., withmeans showninboxes.n=30
(control) and 28 (depletion) oocytes from two independent experiments;
two-tailed Mann-Whitney U-test. ****P<0.0001.f,g, Control or HMGA1-
depleted M. musculus oocytes expressing TALE-mClover targeting the major
satellite were fixed during early meiosis I and stained for DNA (DAPI) and HEC1.
Insets show differences inmajor satellite length (green bars) (f). Pericentromere
stretching was quantified as the length of major satellite connectinga
kinetochore tobulk DNA. g, Dataare mean +s.d., with means showninboxes.
n=240 (control) and 270 (depletion) pericentromeres from 48 (control) and

54 (depletion) oocytes fromthree independent experiments; two-tailed Mann-
Whitney U-test.****P<0.0001.Scalebars,5 umand 2 pm (insets). Dashed lines
inc,e,gindicate average intensity (c,e) or length (g) of the control condition.

Disproportional impact of HMGAL1 loss

Because HMGAL is enriched on the major compared with the minor
satellite in hybrid M. musculus x spretus oocytes (Fig. 2b,c) and its

Nature | www.nature.com | 5
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Fig.4 | HMGA1ldepletiondisruptskinetochore organization and delays
bipolarspindle assembly. a-d, Control or HMGA1-depleted M. musculus
oocytes expressing TALE-mClover, which targets the major satellite, were
fixed during early meiosis 1and stained for DNA (DAPI) and HEC1. Scale bars,
Sumand2 pm (insets). a, Major satellite signal isenhanced in the HMGALI-
depleted oocyte to visualize thin threads of DNA. b, HEC1 was quantified at
individual kinetochores. Data are mean *s.d., with means shown in boxes.
n=20 (control) and 27 (depletion) oocytes from two independent experiments;
unpaired two-tailed t-test. **P=0.0018. ¢,d, Kinetochore clustering was
measured using HEC1as amask (c) and counting the number of distinct foci per
cell (d). Dataare mean +s.d., with means shown inboxes. n =20 (control) and
28 (depletion) oocytes from two independent experiments; unpaired two-
tailed t-test.****P < 0.0001. e,f, Images (e) and quantification (f) of control or

depletionresultsinmassive stretching of the major satellite in M. mus-
culusoocytes (Fig. 3f,g), we predict that HMGA1 preferentially packages
the major satellite rather than minor satellite. To test this prediction,
we depleted HMGAL in M. musculus x spretus hybrid oocytes to com-
pare chromosomes with pericentromeres built on different satel-
lites in the same cell. Consistent with our prediction, we found that
M. musculus pericentromeres were significantly more stretched than
M. spretus pericentromeres (Fig. 5a,b and Extended Data Fig. 8a-d).
To test whether differential disruption of pericentromere packaging
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HMGA1-depleted M. musculus oocytes expressing TALE-mClover, which
targets the major satellite, were fixed at the indicated timepoints and stained
for DNA (DAPI) and microtubules (a-tubulin). Scale bars, 10 pm. f, Bipolar
spindles were counted to quantify spindle assembly kinetics. Data are means
(bars) and individual values (circles). n=50 (3 h, control), 62 (3 h, depletion),
42 (5h, control), 55 (5 h, depletion), 36 (7.5 h, control) and 57 (7.5 h, depletion)
oocytes; ordinary one-way analysis of variance (ANOVA) followed by Tukey’s
multiple-comparisontest.*P=0.0187 (3 h), NS (P=0.5306 (5h) and P=0.9428
(7.5h)).g, Control or HMGAI1-depleted M. musculus oocytes were cultured until
metaphase of meiosis Il. Representative images show a polar body (control;
white asterisk) or lack thereof (HMGA1depleted). Frequency of polar body
extrusion was quantified. n=60 oocytes per condition from twoindependent
experiments, Fisher’s exact two-sided test. ****P < 0.0001. Scale bars, 10 pm.

alsoextends to kinetochore function, we examined mitotic arrest defi-
cient1(MAD1), acheckpoint protein that localizes to kinetochores
thatlack stable microtubule attachments during meiosis*®. We meas-
ured MADI intensity at individual kinetochores and computed the
ratio of M. musculus to M. spretus kinetochores in each hybrid oocyte
(Fig. 5¢,d and Extended Data Fig. 9a—c). At an early timepoint (3 h),
most kinetochores were MAD1-positive, as expected because kine-
tochore-microtubule attachments are typically unstable early in meta-
phase 1***°, and the M. musculus/M. spretus ratio was similar in control



and HMGAI-depleted oocytes. At a later timepoint (7 h), MAD1 was
twofold higher on M. musculus compared with M. spretuskinetochores
inHMGAI1-depleted hybrid oocytes, indicating more unstable attach-
ments at M. musculuskinetochores. We could not accurately measure
MADI1-GFPlevelsin control hybrid oocytes at 7 h because most attach-
ments are stable by this time and lack MAD1. Higher MAD1 levels at
M. musculus kinetochores are not explained by bigger kinetochores,
because HEClis lower on M. musculus compared with M. spretuskineto-
choresinHMGAI-depleted cells (Fig. 5c,e and Extended Data Fig. 9d-f).
These results demonstrate a disproportionate role of HMGAL in the
packaging of M. musculus pericentromeres, which are built on the major
satellite, compared with M. spretus pericentromeres built onthe minor
satellite. Moreover, DNA-shape-mediated chromatin packaging has
functionalimplications for the formation of kinetochore-microtubule
attachments during female meiosis.

Discussion

Together, our work provides experimental evidence that the pericentro-
mericsatellite DNA sequenceinfluencesits packaging and functiondur-
ing chromosome segregation. We found that the sequence-mediated
shape of the DNA molecule is adeterminant of pericentromere packag-
ing during female meiosis in mammals. We found that, although both
minor and major satellites can form pericentromeric heterochroma-
tin, they differ in their dependence on HMGAL, which recognizes DNA
shape (Fig.2d). The high density of contiguous A+T stretches in major
satellite repeats is consistent with anintrinsic capacity toadopt the nar-
row DNA minor groove recognized by HMGAL. We found that HMGA1
packages individual pericentromeres, probably by bundling DNA via
its three AT-hook motifs®, similar to bundling multiple pericentromeres
into chromocentres during interphase'. Disrupting pericentromere
packaging during meiosis by HMGA1 depletionleads to pericentromere
stretching by microtubules, indicating that pericentromeric rigid-
ity is needed to withstand the spindle forces™* that pull and push
chromosomes during cell division®. These findings also indicate that
major satellite packaging in female meiosis requires both condensin 11*°
and HMGAL, reflecting the challenges that large satellites pose to the
genome. Given that acute HMGAL1 depletion results in nearly fivefold
longer major satellite stretches compared to the equivalent condensin
Il depletion®, HMGA1 might be the more potent packaging mechanism.

Acute HMGAI1 depletion most likely disrupts kinetochore organiza-
tion (Fig. 4a-d) via the massive pericentromere stretching (Fig. 3f,g),
consistent with more disrupted M. musculus than M. spretus kineto-
choresinhybrid oocytes (Fig. 5c-e). Our results also reveal theimpor-
tance of pericentromere rigidity for kinetochore interactions with
microtubules locally and organization of the spindle more globally
(Extended Data Fig. 7d). We propose that the delay in bipolar spindle
formation in HMGAIl-depleted cells (Fig. 4e,f) is due to kinetochore
clustering (Fig. 4c,d), which would change the spatial organization
of the key microtubule crosslinker protein regulator of cytokinesis
1 (PRC1)®. Disruption of kinetochore-microtubule attachments
(Fig. 5c,d) is probably mediated by Aurora A kinase destabilizing
attachments near microtubule-organizing centreslocated in the apolar
microtubule ball**** (Extended Data Fig. 7d). Alternatively, stretched
pericentromeres may fail to create tension, which typically stabilizes
attachments®. Altogether, our work using acute depletion in meiosis
reveals an important function of HMGAL1 distinct between its roles in
maintaining chromocentre integrity and in preventing DNA damage
and micronuclei formation during interphase®.

Using the closely related species of M. musculus and M. spretus as a
natural model system with variation in pericentromeric satellites pro-
videsinsightinto the evolution of satellite DNA. Distinct satellites are
thought to emerge fromalibrary of common repeats presentin closely
related species (library hypothesis®®) but it is unclear how some repeats
become more abundant than others. Satellites may have features (such

as A+T content or repeat length) that are advantageous, for example,
at centromeres or pericentromeres® *°, and thus favoured by natural
selection. However, that scenario does not explain the differential
abundance of major and minor satellites in M. musculus and M. spre-
tus. Although both satellites can form pericentromeric heterochro-
matin (Fig. 1), major satellite expansion occurred specifically in the
M. musculus lineage™* (Fig. 5f). Alternatively, satellites may increase
their abundance by meiotic drive through biased inheritance during
female meiosis'. Although expansion of centromeric minor satellite
correlates with drive?®, there is no evidence that major satellite can
driveinmeiosis. Our findings suggest amechanism to facilitate satellite
expansion without requiring any particular satellite function (Fig. 5g).
We propose that expansionis costly if the satellite isnot properly pack-
aged. A satellite that adopts a DNA shape prevalent at other genomic
loci (such as enhancers®), however, would be efficiently packaged
by conserved DNA-shape-recognizing proteins, thus minimizing the
cost of expansion. An alternative model is selection for heterochro-
matin protein variants that bind the expanded satellite to reduce fit-
ness costs®’. Under our model, adopting a DNA shape recognized by
highly conserved HMGAL1 facilitated expansion of the major satellite
in the M. musculus lineage. Consistent with our model, recent work
in M. musculus x spretus hybrid oocytes demonstrated that failure to
package the major satellite can lead to chromosome missegregation.
Thateffectis mediated by reduced condensin Il at the major satellitein
the hybrid background compared to thatin M. musculus and underlies
subfertility in the hybrid®. By contrast, we show that HMGAL recruit-
ment depends on DNA shape and not the genetic background (Fig.2b,c).
This finding implies that HMGAL is not involved in the subfertility of
M. musculus x spretus hybrid mice and that a readily available HMGA1
poolis presentin M. musculus, M. spretus and hybrid oocytes, probably
owingtoits highly conserved functioningenome organization. There-
fore, DNA-shape-mediated satellite packaging by highly conserved and
abundantarchitectural proteins can explain along-standing paradox:
how large satellite arrays rapidly evolve while evading fitness costs
associated with their expansion.

It will be important in the future to expand on our model, which is
based onthebinding patterns of asingle DNA-shape-recognizing archi-
tectural protein. We propose that this will entail defining the binding
patterns of other DNA-shape-recognizing architectural proteins in
diverse eukaryotes. We speculate that another protein thatis sensitive
to DNA sequence and/or shape facilitated minor satellite expansionin
M. spretus. Candidatesinclude other HMG proteins, histone Hl variants
that compete with HMG proteins for DNA binding®* and the centro-
meric protein CENP-B®, Recent findings in Drosophila might offer
an additional example as distinct pericentromeric AATAACATAG and
GAACAGAACATGTTC satellites are both packaged by highly conserved
Prod®, possibly because each adopted its cognate DNA shape, facili-
tating expansion in the closely related Drosophila melanogaster and
Drosophila simulans lineages, respectively. Interestingly, most peri/
centromeric satellites in eukaryotes are A+T rich®, suggesting that
the general satellite-packaging principles we propose based on our
mouse models may be beneficial in diverse species to withstand spin-
dle forces. Furthermore, our modelis built on experimentation using
acute HMGA1 depletion. Given that Hmgal knockout mice are viable,
albeit with impaired insulin signalling®, compensatory mechanisms
for packaging the major satellite must arise upon traditional gene dis-
ruption. The contribution of these compensatory mechanismsin the
female germline could be tested using conditional HMGA1 depletion.
Finally, it willbeinteresting to directly test theimpact of DNA shape rec-
ognition on major satellite expansion through manipulation of shape.
Despite recent advances in the sequencing of repetitive regions*?,
satellite-manipulation methods remain in their infancy. For now, our
model provides amechanistic explanation for how a specific megabase
satellite array could emerge at short evolutionary time scales from a
library of repeats present in closely related species®*%¢,
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Fig.5|HMGA1depletiondisproportionately disrupts M. musculus
pericentromeres. a,b, Control or HMGA1-depleted M. musculus (m) x spretus (s)
hybrid oocytes were fixed during early meiosis Iand stained for DNA (DAPI) and
kinetochore (HEC1). Cells were expressing TALE-mClover (major satellite) and
dCas9-mCherry and gRNA (minor satellite). Scale bars, 5 pmand 2 um (insets).
Theratio of M. musculus/M. spretus pericentromere stretching was quantified as
major satellite length/minor satellite length. b, Data are mean + s.d., with means
showninboxes.n=19 (control) and 24 (depletion) hybrid oocytes from two
independent experiments, five pericentromeres per species measured per
oocyte, unpaired two-tailed t-test. ****P < 0.0001. c-e, Control or HMGA1-
depleted M. musculus x spretus hybrid oocytes were fixed during early or

late meiosisland stained for DNA (DAPI) and kinetochore (HEC1). Cells were
expressing MAD1-2xGFP and dCas9-mCherry/gRNA (minor satellite). Scalebars,
10 pmand2 pm (insets). d,e, Unattached kinetochores (d) and kinetochore size (e)
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were quantified as aratio between average MAD1 or HEC1 signal at M. musculus
and M. spretuskinetochores. Dataare mean + s.d., with means showninboxes.
n=30(3h,control),31(3 h,depletion) and 38 (7 h, depletion) hybrid oocytes from
twoindependent experiments, at least 17 kinetochores quantified per oocyte,
ordinary one-way ANOVA followed by Tukey’s multiple-comparison test.

***+P < (0.0001, ***P=0.0001(MADL), ***P=0.0004 (HEC1), NS (P= 0.6906 (MAD1)
and P=0.1402 (HEC13 hversus 7 hdepletion)). f, Expansion of major satellite
(green) along the M. musculuslineage®. g, Different satellites have distinct DNA
shapes. Asatelliterecognized by existing packaging proteins can be efficiently
packaged and expand in the genome without severe fitness costs. Conversely,
asatellite thatis notrecognizedis not packaged, leading to afitness cost of
expansion. Note that this model does not predict that DNA-shape-mediated
mechanisms evolved to promote satellite expansion but rather that satellites
co-optexisting mechanisms that evolved to bind to other parts of the genome.
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Methods

Mice

Mus musculus mouse strains were purchased from The Jackson Labora-
tory (C57BL/6), stock no. 000664; used for sequencing experiments)
or Envigo/Inotiv (NSA, stock no. 033 corresponding to CF-1; used for
oocyte experiments). Mus spretus was purchased from Jackson Labo-
ratory (SPRET/EIJ, stock# 001146; used for sequencing experiments)
or RIKEN BioResource Research Center (SPR2, RBRC00208; used for
oocyte experiments). CF-1female mice were crossed to SPRET/Ei) male
mice to generate hybrids. All mice used in this study were female at
2-4 months old. Mice were housed in controlled room-temperature
conditions with minimal disturbances, light-dark cycle of 12 heach and
humidity ranging from 30% to 70% depending on the season. All animal
experiments were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania and were consistent with
the National Institutes of Health guidelines (protocol no.: 804882).

MNase-digested chromatin and native ChIP

ChIP was performed as previously described?. In brief, nuclei were
isolated from flash-frozen mouse livers M. musculus (C57BL/6)) or
M. spretus. Livers were homogenized in 4 mlice-cold buffer1(0.32 M
sucrose, 60 mM KCl, 15 mM NacCl, 15 mM Tris-Cl, pH 7.5, 5 mM MgCl,,
0.1mMEGTA, 0.5 mMDTT, 0.1 mM PMSF, 1 mM leupeptin-pepstatin,
1mM aprotinin) per g of tissue by Dounce homogenization. The
homogenate was filtered through 100-pum cell strainer (Falcon) and
centrifuged at 6,000g for 10 min at 4 °C. The pellet was resuspended
inthe same volume of buffer I. An equivalent volume of ice-cold buffer
Isupplemented with 0.2% IGEPAL was added and samples were incu-
bated on ice for 10 min. Then 4 ml nuclei were layered on top of 8 ml
ice-cold buffer Il (1.2 M sucrose, 60 mM KCI, 15 mM NaCl, 5 mM MgCl,,
0.1mM EGTA, 15 mM Tris, pH 7.5,0.5 mM DTT, 0.1 mM PMSF, 1 mM
leupeptin-pepstatin, 1 mM aprotinin) and centrifuged at 10,000g
for 20 min at 4 °Cwith no brake. Pelleted nuclei were resuspended in
buffer A (0.34 Msucrose, 15 mMHEPES, pH 7.4,15 mM NacCl, 60 mMKClI,
4 mMMgCl,, 1mMDTT, 0.1 mMPMSF, 1 mM leupeptin-pepstatin,1 mM
aprotinin), flash-frozenin liquid nitrogen, and stored at —-80 °C. Nuclei
were digested with MNase (Affymetrix) using 0.05-0.1U pg* chro-
matin in buffer A supplemented with 3 mM CacCl, for 10 min at 37 °C.
Thereaction was quenched with10 MM EGTA onice 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 X-100, 0.5 mM DTT, 0.5 mM PMSF, 1 mM
leupeptin-pepstatin, 1 mM aprotinin) was added before to centrifu-
gation at 18,800g for 15 min at 4 °C. The supernatant containing the
MNase-digested chromatin was pre-cleared with 100 pul 50% Protein G
Sepharose bead (GE Healthcare) slurry in 1x post-MNase buffer for
approximately 2 h at 4 °C with rotation. Beads were blocked in NET
buffer (150 mM NacCl, 50 mM Tris, pH 7.5, 1 mM EDTA, 0.1% IGEPAL,
0.25% gelatin and 0.03% NaN,). The pre-cleared supernatant was
divided so thatan estimated 250 pg chromatin was used for ChIP (10 pg
H3K9me3 antibody, Abcam ab8898; or 10 pg anti-mouse-specific
CENP-A antibody'®) and 12.5 pg was saved as input. ChIP samples were
rotated at4 °Cfor2 h.Immunocomplexes were recovered by addition
of100 pl 50% NET-blocked Protein G Sepharose bead slurry followed
by overnight rotationat4 °C. The beads were washed three times with
wash buffer 1 (150 mM NacCl, 20 mM Tris-HCI, pH 8,2 mM EDTA, 0.1%
SDS, 1% Triton X-100), once with high salt wash buffer (500 mM NacCl,
20 mM Tris-HCI, pH 8,2 MM EDTA, 0.1% SDS, 1% Triton X-100) and the
chromatin was eluted twice each with 200 pl elution buffer (50 mM
NaHCO,, 0.32 mM sucrose, 50 mM Tris, pH 8, 1mM EDTA, 1% SDS) at
65°Cfor10 minat1,500 rpm. The input sample was adjusted to afinal
volume of 400 pl with elution buffer. To each 400 pl input and ChIP
sample, 16.8 plof 5MNaCland 1 pul of RNAse A (10 mg ml™) was added.
After1hat37°C, 4 plof 0.5 M EDTA and 12 pl proteinase K (2.5 mg
ml™?, Roche) were added, and samples were incubated for another2 h

at42 °C. Theresulting proteinase K-treated samples were subjected
to a phenol-chloroform extraction followed by purification of DNA
with a QIAquick PCR Purification column (Qiagen) in preparation for
high-throughput sequencing.

High-throughput sequencing

Purified, unamplified input or ChIP DNA (see ‘MNase-digested chro-
matin and native ChIP’ section) was quantified using a 2100 Bioana-
lyzer High Sensitivity kit (Agilent). DNA libraries were prepared for
multiplexed sequencing according to lllumina recommendations as
described® with minor modifications using NEB enzymes. In brief,
5nginput or ChIP DNA was end-repaired and A-tailed. TruSeq adap-
tors (Illumina) were ligated, libraries were size selected to exclude
polynucleosomes and adapter-modified DNA fragments were enriched
by PCR using KAPA polymerase. Libraries were assessed by Bioana-
lyzer and the degree of nucleosome digestion for each experiment
was assessed to avoid any potentially over digested samples. Libraries
were submitted for 150-bp, paired-end sequencing on a NextSeq 500
instrument (Illumina).

Paired-end sequencing analysis

Paired-endsequencinganalysis was performedas previously described”
withsome modifications. Inbrief, SeqPrep (https://github.com/jstjohn/
SeqPrep) was used to remove adapters and merge paired-end Illumina
reads using a minimum overlap parameter adjusted for read length
(-q25-L25-035). FastQC (v.0.11.8) was used before and after SeqPrep
to assess read quality. To analyse minor and major satellite DNA, we
used a custom tandem repeat analysis as described® with the following
modifications. Joined reads were aligned to a trimerized mouse minor
satellite consensus (GenBank: X14464.1)% to a dimerized mouse major
satellite consensus (GenBank: VO0846.1)* or to the reverse comple-
ment of those tandem consensus sequences using the MATLAB localign
function (MATLAB R2020a, MathWorks). Joined reads that aligned
with atleast 80% identity were chosen for further analysis. To calculate
the percentage 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
asthefraction of reads mapping to the minor (or major) satellite from
the ChIP divided by the fraction of reads mapping to the minor (or
major) satellite in the input.

Analysis of HMGA1 ChIP-seq data

HMGA1 ChIP-seq data (IlluminaHiSeq 2500, 50 bp read length, single
end) from M. musculus embryonic stem cells were downloaded from
the Sequence Read Archive (SRA; accession numbers: SRR5749536,
SRR5749537, SRR5749546 and SRR5749545)*°. Single-end sequenc-
ing analysis was performed as follows. TrimGalore (https://github.
com/FelixKrueger/TrimGalore) was used for adapter and quality trim-
ming (--illumina -e 0.1 --stringency 3 --quality 20). To analyse minor
and major satellite DNA, we used the custom tandem repeat analysis
described in ‘Paired-end sequencing analysis’ section. Furthermore,
the HMGA1 ChlIP-seq data were mapped to high-fidelity long-read
sequencing (LRS) reads containing continuous minor and major sat-
ellite arrays’™. LRS data were downloaded from the SRA (accession
number SRR11606870; minor satellite SRR11606870.111923, major
satellite SRR11606870.2342980). Sequence alignment was performed
using Bowtie2 (bowtie2 --end-to-end --very-sensitive --no-mixed
--no-discordant -q--phred33)™.

A+T stretch and tetranucleotide analysis

Publicly available long reads generated using a PacBio Sequel Il Sys-
tem with HiFi sequencing from C56BL/6) M. musculus strain” were
analysed using Python 3.11 to count the number of A+T stretches per
repeatin major and minor satellite. First, reads containing only major
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or minor satellite motifs wereisolated (major satellite: 37,744 reads with
GAAAACTGAAAA motif; minor satellite: 4,045 reads with CENP-B box
ATTCGTTGGAAACGGGA). Second, 500 reads per satellite (15-20 kb
long) wereisolated via BLAST 2.6.0 package using representative major
(SRR11606870.2342980) or minor (SRR11606870.111923) satellite
homogenous type I contiguous arrays as queries™. Third, an average
of minimum 3-, 4- and 5-bp-long A+T stretches (non-overlapping) or
anaverage of tetranucleotides associated with narrow minor groove
(overlapping) was computed for each of 500 reads per satellite.

HMGA1sequence analysis

The M. musculus canonical Hmgal coding sequence (ENS-
MUST00000118599.9) was used as a query to identify M. spretus
Hmgal in the non-annotated genomic assembly (GCA_001624865.1)
using BLAST (tblastn) and synteny analysis.

Immunofluorescence microscopy and fluorescence in situ
hybridization

Liver nuclei from M. musculus or M. spretus were cytospun onto Shan-
don SuperFrost Plus slides (Thermo Fisher Scientific) in a cytofunnel
(Thermo Fisher Scientific) at 1,500 rpm for 5 min prior to fixationin 4%
formaldehyde in PBS for 10 min, permeabilized with 0.2% Triton X-100
inPBS for 5 min, blocked inimmunofluorescence blocking solution (2%
FBS, 2%BSA and 0.1% Tween-20in PBS) for 20 minand thenincubated in
primary (45 min) and secondary (20 min) antibodies diluted inimmuno-
fluorescence blocking solution with washes in 0.1% Tween in PBS after
each antibody incubation. Rabbit anti-H3K9me3 (1 pug ml™; Abcam;
ab8898) followed by fluorophore-conjugated secondary antibody Cy5
anti-rabbit (1:200;Jackson ImmunoResearch Laboratories; 711-175-152)
were used. Afterimmunofluorescence treatment, cells were post-fixed
in4%formaldehydein PBS for 10 min and further processed for fluores-
cenceinsitu hybridization using CENP-B-Cy3 PNA probes (Panagene)
for minor satellite detection following the manufacturer’s protocol. In
brief, cells were pretreated with 100 pg ml™ RNase A followed by 0.005%
pepsin, fixed in 4% formaldehyde, dehydrated, air-dried, hybridized
with 200 nM PNA probe, washed and counterstained with DAPI before
mounting in Vectashield (Vector Laboratories).

SYTOX staining

Liver nuclei were cytospunontoslides as above, and fixed in 4% formal-
dehydein PBS for 10 min. Immunofluorescence staining was performed
asabove, using anti-centromere antibody (1:500; Antibodies Incorpo-
rated15-235) and Cy5 anti-humanantibody (Jackson ImmunoResearch
Laboratories; 709-175-149) to detect the centromeres. Cells were again
fixed in 4% formaldehyde in PBS for 10 min, treated with 100 pg ml™
RNase A in 2x SSC for 1 h at 37 °C, counterstained with DAPlin 2x SSC
for 5 min followed by 167 nM SYTOX Green (Invitrogen) in 2x SSC for
30 min, with rinses in 2x SSC after each stain. The slides were rinsed
indistilled water prior to mounting. The Pearson’s correlation coeffi-
cient between SYTOX intensity and DAPlintensity was quantified from
deconvolved images of nuclei (20 z slices, elliptical region of interest
of constant size across images using the Image)” plug-in Coloc 2 (point
spread function 2 pixels)).

Oocyte collection and culture

Female mice were primed with pregnant mare somatic gonadotropin
(M. musculus; 5 U per mouse; 367222; Calbiochem) or CARD Hyper-
Ova (M. spretus and M. musculus x spretus hybrid; 150 pl per mouse;
Cosmo Bio USA; KYD-010-EX-X5) injected into the intraperitoneal cav-
ity 38-48 h prior to oocyte collections to induce superovulation. The
ovaries were isolated in M2 medium (M7167; Sigma-Aldrich Milipore)
with 2.5 mM phosphodiesterase 3 inhibitor milrinone (M4659;2.5 mM;
Sigma-Aldrich Milipore) to block maturation. Germinal vesicle oocytes
were collected, denuded mechanically from cumulus cells usingamouth
pipette with plastic 100-pum-diameter stripper tips (CooperSurgical;

MXL3-100) and incubated for atleast1 honahot plate (38 °C) in mineral
oil before microinjection (9305; FUJIFILM Irvine Scientific).

Plasmid and RNA preparation

A pGEMHE-Trim21-OLLAS plasmid used for Trim-away experiments
was generated by subcloning Trim21 from the pGEMHE-mCherry-
Trim21 plasmid (kind gift from M. Schuh; Addgene; no. 105522;
ref.43) into apGEMHE backbone with C-terminal OLLAS tag. pGEMHE-
Borealin-OLLAS was generated by cloning Borealin (also known as
Cdca8) from a cDNA library of mouse testis and subcloning it into
a pGEMHE backbone with C-terminal OLLAS tag. Inserts and back-
bones were linearized by PCR reaction using KAPA Polymerase HiFi
HotStart ReadyMix (KK2602; Roche) and ligated using In-Fusion Snap
Assembly (638948; Takara). Primers were designed using SnapGene
7.1.1 (Dotmatics) software. Other plasmids were generated else-
where: pIVT-dCas9-mCherry expressing catalytically dead Cas9,
which targets the minor satellite through a gRNA that recognizes the
5’-ACACTGAAAAACACATTCGT-3’ sequence™; pTALYM3-TALE-mClo-
ver (kind gift from M.-E. Torres-Padilla; Addgene; no. 47874) expressing
aTALE protein that recognizes the 5’-TGCCATATTCCACGT-3’ sequence
of the major satellite repeat®, pIVT-Mad1-2xGFP*8. All plasmids were
amplified in Escherichia coliStellar Competent Cells (636763; Takara)
and purified using a NucleoSpin kit (740588.25; Takara). mRNA was
prepared using T7 mScript Standard mRNA Production System
(C-MSC100625; CellScript) in vitro transcription kit.

Oocyte microinjection

Oocytes were microinjected with approximately 5 pl of mRNAs in M2
medium with 2.5 mM milrinone and 3 mg ml™ BSA at room tempera-
ture with a micromanipulator TransferMan NK 2 or TransferMan 4r
(Eppendorf) and picoinjector (Medical Systems Corp). Oocytes were
thenincubated in 30-50 pl drops of Chatot-Ziomek-Bavister (CZB)
medium (MRO19D; Thermo Fisher Scientific) in mineral oil (M5310;
Sigma-Aldrich Milipore) at 37.8 °C and 5% CO, (Airgas) for 16 h to
allow protein expression. To deplete HMGAL, the Trim-away approach
was used®. In brief, milrinone-arrested oocytes were microinjected
with approximately 5 pl mix containing Trim21-OLLAS mRNA and
0.5 mg ml™ of purified polyclonal normal rabbit IgG (used as control;
12-370; Sigma-Aldrich Milipore) or recombinant rabbit monoclonal
anti-HMGA1antibodies (EPR7839 clone; ab226112; Abcam). The mix was
supplemented with the following reagents (see captions of Figs.1-5):
TALE-mClover 200 ng pl™'; Mad1-2xGFP 100 ng pl™%; Trim21-OLLAS
300-600 ngpl™; dCas9-mCherry120-160 ng ul™; gRNA 20-30 ng pl
Borealin-OLLAS100 ng pl . Oocytes were thenincubated for atleast3 h
to enable mRNA expression before the cells were released by washing
out milrinone. This was achieved by passing cells through five 100-pl
drops of CZB medium. Antibodies were passed through Amicon Ultra-
0.5100-K columns (Sigma-Aldrich Milipore, UFC5100625) to remove
preservatives and glycerol following an established protocol™. IGEPAL
at 0.05% final concentration was added to facilitate injections of viscous
mRNA and protein solutions.

Oocyte immunofluorescence

Oocytes were fixed in2% paraformaldehyde dissolved in PBS (pH 7.4) for
20 minatroom temperature with 0.1% Triton X-100 for 15 minat room
temperature, placed in blocking solution (PBS with 0.3% BSA and 0.01%
Tween-20) overnight at 4 °C, incubated for 1 h with primary antibody
in blocking solution, washed three times for 15 min each, incubated
for 1 h with secondary antibody, washed three times for 15 min each
and mounted in Vectashield with DAPI (H-1200; Vector) to visualize
chromosomes. Kinetochores were labelled using mouse anti-HEC1
antibody (C-11; sc-515550; Santa Cruz; 1:100-200). Recombinant rabbit
monoclonal anti-HMGA1lantibody (EPR7839 clone; ab226112; Abcam; at
0.1 pg/mlconcentration) was used to determine HMGAl enrichment at
pericentromeres and AlexaFluor 488-conjugated anti-HMGA1 antibody
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(EPR7839 clone; ab204667; Abcam) was used to assess depletion effi-
ciency in meiosis I (1:500) and to test binding in netropsin-treated
germinal vesicle oocytes (1:5,000). Rabbit anti-H3K9me3 (1:500;
Abcam; ab8898) antibody was used to measure heterochromatinin
hybrid M. musculus x spretus oocytes. Rat monoclonal anti-OLLAS
(1:100; clone L2; NBP1-06713; Novus Biologicals) antibody was used
to detect Borealin-OLLAS. To stain microtubules, oocytes were fixed
in preheated 2% paraformaldehyde dissolved in PEM buffer 200 mM
PIPES; 20 mM EGTA; 2 mM MgCl,; pH 6.9) with 0.5% Triton X-100 for
20 minat38 °C, washed with 0.5% Triton X-100 in PEM buffer for 15 min
at 38 °C, placed in blocking solution (PBS with 0.3% BSA and 0.01%
Tween-20) overnightat4 °C, incubated for 1 hwith mouse monoclonal
anti-a-tubulin (1:1,000; DMI1A clone; T6199; Sigma-Aldrich Milipore)
antibody inblocking solution, washed three times for 15 mineach, incu-
bated 1 hwith secondary antibody and washed three times for 15 min
each before mounting. The secondary antibodies used were: donkey
anti-rabbit AlexaFluor 488 (1:500, Invitrogen), anti-mouse AlexaFluor
555(1:500, Invitrogen), anti-mouse AlexaFluor 594 (1:500, Invitrogen),
anti-mouse AlexaFluor 647 (1:500, Invitrogen) and anti-rat AlexaFluor
647 (1:500, Invitrogen). To test HMGA1 competition for narrow DNA
minor groove, germinal vesicle M. musculus oocytes were treated with
200 puM netropsin (Sigma-Aldrich Milipore; N9653-5MG) for 1 h prior
to fixation and subsequent staining with AlexaFluor-488-conjugated
anti-HMGA1antibody (EPR7839 clone; ab204667; Abcam) performed
asdescribed above.

Image acquisition

Images of liver cells were captured on aninverted fluorescence micro-
scope (DMI16000 B; Leica) equipped with a charge-coupled device
camera (ORCA AG; Hamamatsu Photonics) and a100x, 1.4 numerical
aperture (NA) oil-immersion objective. Images were collected as 0.2 pm
zsections and z series were deconvolved using LAS-AF 3.6.0.20104
(Leica). Images of oocytes were collected as z stacks (31 or 41 slices)
at 0.5-pm intervals to visualize the entire meiotic spindle using a
confocal microscope (DMI4000B; Leica) equipped with a 63x,1.3 NA
glycerol-immersion objective lens, an xy-piezo z stage (Applied Sci-
entific Instrumentation), a spinning disk (Yokogawa Corporation of
America) and an electron multiplier charge-coupled device camera
(ImageEM C9100-13; Hamamatsu Photonics), controlled by MetaMorph
7.5software (Molecular Devices). Excitation was carried out with a Vor-
tran Stradus VersaLase 4 laser module with 405-,488-,561-and 639-nm
lasers (Vortran Laser Technology). Panels of microscopy images were
prepared using ImageJ 1.53t software”. Oocytes extruding polar bodies
were imaged using transmitted light with a Nikon Eclipse TE2000-U
inverted light microscope equipped with a 10x objective using 1.5x
maghnification, RS RoperScientific 7360-0001 camera and MetaMorph
7.5 software (Molecular Devices).

Image analysis

To quantify relative HMGALl intensity at pericentromeres in M. musculus,
M. spretus and hybrid bivalents, sum intensity projections were used.
Circular six-pixel-diameter regions were drawn to measure intensities
at major (M. musculus) or minor (M. spretus) satellites and the nearby
cytoplasm. The mean HMGA1 background intensity (cytoplasm) was
subtracted fromthe mean HMGALlintensity at pericentromeres. Values
were obtained for ten randomly selected, non-overlapping hybrid
bivalents for each cell. HMGA1l depletion efficiency was calculated on
the basis of maximum projectionimages. A DAPI-based mask was cre-
ated for eachimage usingidentical intensity thresholds for control and
HMGAI-depleted cells and the Image]) 1.53t software plug-in Analyze
Particles (size 3-inifinity; circularity 0.00-3.00). The mean HMGA1
intensity in the mask was measured, and a 50 x 50-pixel box drawn at
the cell periphery was used to subtract the cytoplasmic background.
HMGAL intensity at the chromocentresin control and netropsin-treated
M. musculus oocytes was calculated using custom-size circular regions

of interest on the basis of the mean intensity projection of each chro-
mocentre. First, the mean cytoplasmic HMGA1 signal (background)
was subtracted from the mean chromocentre HMGA1signal and mean
non-chromocentre chromatin HMGAL signal. Second, the intensity
ratio of the chromocentre HMGALl signal over the non-chromocentre
chromatin HMGAL1 signal was computed. Pericentromeric length in
M. musculus and hybrid oocytes was measured by connecting chro-
mosome arms and the nearest kinetochore signal linked by a thread
of amajor (M. musculus) or minor (M. spretus) satellite on the basis of
maximum projectionimages. Owing to poor kinetochore staining, the
pericentromericlengthin M. spretus oocytes was measured as the long-
estaxis of the minor satellite signal on the basis of maximum projection
images. The ratio of major to minor satellite length was reported to
estimate the relative stretching of M. musculus and M. spretus peri-
centromeres. To measure the kinetochore size in oocytes, circular
five-pixel-diameter regions were drawn, and mean HECl intensities
were calculated and corrected for local cytoplasmic background onthe
basis of sumintensity projectionimages. Intensities for eight randomly
selected distinct kinetochores were obtained for each cell and the
mean intensity was calculated for each cell. Kinetochore clusteringin
oocyteswas calculated using the Analyze Particles Image] plug-in (size
3-inifinity; circularity 0.00-1.00) on the basis of maximum intensity
projectionimages. Aster eccentricity in oocytes arrested with 10 uM
S-trityl-L-cysteine; 164739 (STLC; Sigma-Aldrich Milipore) was meas-
ured using amodified MTAster pipeline (CellProfiler v.2.1.1)”. In brief,
maximum intensity projection images were used to identify microtu-
bule asters as objects of 80-500 pixelsin diameter. Objects outside the
diameter or adjacent to the border of the image were discarded. The
threshold strategy and method were ‘adaptive’ and ‘otsu’, respectively,
with two-class thresholding, weighted variance, smoothing method
selected automatically and correction factor 4.0. The lower and upper
bounds onthe threshold were 0.0 and 1.0. The image size was used to
calculate the adaptive window size. The remaining parameters were
left unchanged. Kinetochore-microtubule attachment stability in
hybrid oocytes was measured by quantifying the MAD1 intensity at the
kinetochores using the automated Python-built Centrocalc tool”. In
brief, kinetochores were identified automatically as spots with aradius
of 150 nm and local maxima were found using the HEC1 signal. Up to
38 spots were selected, separated by a minimum of 2 pixels and 3D
ellipsoid regions of 4 x 4 x 3 pixels were drawn. HEC1and MAD1 intensi-
ties were calculated as mean greyscale pixel values corrected for local
cytoplasmic background. Each kinetochore was manually assigned as
M. musculus or M. spretus on the basis of the size of the minor satellite
signal. The meanintensity of each cell was calculated for each species.
Only spots associated with a minor satellite signal were analysed.

Statistics

Allexperiments were carried outin two to threeindependent biological
replicates; exact samplesizes are listed in the captions of Figs.1-5. The
analyses were performed using Microsoft Exceland GraphPad Prism 10.
Allgraphs were generated in GraphPad Prism 10. Two-tailed t-tests and
one-way ANOVAs were used for analysing data that followed a normal
distribution. Two-tailed Mann-Whitney U-tests and Kruskal-Wallis
tests were used to analyse data that did not follow a normal distribu-
tion. Corrections for comparing multiple variables and exact Pvalues
are listed in the captions of Figs. 1-5. Sample size choice was dictated
by the ability to derive meaningful statistics, typically by selecting at
least ten oocytes or liver cells for each condition per experiment. The
investigators were not blinded during data collection and quantifica-
tion because the phenotypic changes were visibly distinguishable for
analysed conditions. Cells analysed were selected at random.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.



Data availability

The ChIP-seq data generated in this study have been deposited in
the SRA under BioProject accession code PRJINA1074844. The ana-
lysed datasets are publicly available under SRA Experiment accession
codes: M. musculus input, SRX2939766, SRX2939768, SRX2939769;
M. musculus CENP-A ChIP-seq, SRX2939767, SRX2939772, SRX2939773;
M. musculus H3K9me3 ChIP-seq, SRR27928404; M. spretus input,
SRR27922556, SRR27922557, SRR27922558; M. spretus CENP-A ChIP-
seq, SRR27922553, SRR27922554, SRR27922555; M. spretus H3K9me3
ChIP-seq, SRR27922552; input and HMGA1 ChIP-seq, SRR5749536,
SRR5749537, SRR5749546 and SRR5749545; long-read M. musculus
genome assembly, SRR11606870. All other data needed to evaluate
our conclusions areincludedin the paper andits Supplementary Infor-
mation. Source data are provided with this paper.

Code availability

Python code used to analyse A+T stretches and tetranucleotides is
available at Github (https://github.com/DDudka9/DNA-shape.git).
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Extended DataFig.1| M. musculus and M. spretusharbor differentamounts
of major and minor satellites. a-d, High-throughput sequencing of MNase-
digested M. spretus or M. musculus chromatin. Reads were aligned to atrimer
of minor satellite (a,b) or adimer of major satellite (c,d) consensus sequences
(see Methods). Histograms show distribution of reads aligning to minor (a) or

major (c) satellite, with 80-100% range expanded ininsets. The percent of
reads that aligned with >80% identity to minor (b) or major (d) satelliteis
plotted as a Tukey box and whiskers plot (N =3 independent experiments).
Boxplotsindicate median, 25" and 75" percentiles (hinges), smallest and
largest value at most 1.5 *interquartile range of the hinge (whiskers).
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Extended DataFig. 2| M. musculus and M. spretus pericentromeric
satellites differ in AT-rich tetranucleotides and frequencies of contiguous
A/Ts.a,Number of AT-rich tetranucleotides associated with narrow DNA minor
groove® per length of asingle major satellite repeat (234 bp) averaged from 500
M. musculus major or minor satellite arrays. Note that the ten tetranucleotides
with narrowest minor grooves (top, bold) are counted along representative

arraysinFig.1i.b,c, Major (b) or minor (c) satellite consensus monomer
sequences with stretches of 4 or more consecutive A/Ts shaded ingrey; the
17-bp CENP-Bboxisunderlined. d,e, Number of minimum 5 bp- (d) or 3bp-
long (e) contiguous A/T stretches in major or minor satellite arrays per 234 bp
length of asingle major satellite repeat). Mean and standard deviation
indicated, n=500 arrays; two-tailed Mann-Whitney test, ****P < 0.0001.
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Extended DataFig.3 | HMGA1 competes with netropsin for binding to
major satellite. a,b, Control or netropsin-treated M. musculus oocytes were
fixed in germinal vesicle stage and stained for DNA (DAPI) and HMGAL (a).
Scalebars, 5 umand 2 pum (insets). The ratio of HMGA1signal at chromocentres

b

Intensity ratio (chromocenter / chromatin)

HMGA1 intensity

*kk%k

Control Netropsin

tonon-chromocentre chromatin was quantified (b). Mean and standard
deviationindicated, meansshowninboxes, n =40 (control) and 30 (netropsin)
oocytes from3independent experiments, with an average of 3 chromocenters
measured ineach oocyte; two-tailed Mann-Whitney test, ****P < 0.0001.
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Extended DataFig. 5|Kinetochores displaced from chromosome arms
remain associated with centromeric chromatin. Immunofluorescence
images of control or HMGAIl-depleted M. musculus oocytes represented in
Fig.3f.Cells were expressing Borealin tagged with the OLLAS epitope to visualize
centromeric chromatin. Colocalization of Hecl (kinetochore; magenta asterisks)
and centromeric Borealin-OLLAS is shown (white asterisks). Note that Borealin
alsolocalizes tobulk chromatin. Scale bars 5 umand 2 pm (insets). 3 independent
experiments showed the same result.
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Extended DataFig. 6 | Microtubules mediate major satellite stretchingin (“nocodazole”), or after microtubules were allowed to regrow (“washout”).
HMGAI1-depleted oocytes. Immunofluorescence images of HMGAl-depleted DAPIstained DNA and anti-a-tubulin antibody-stained microtubules. Scale bar
M. musculus oocytes expressing major-satellite-targeting TALE-mClover and 10 pm. 2independent experiments showed the same result (17 control-and

treated with nocodazole to depolymerize microtubules. Oocytes were fixed in 15nocodazole-treated oocytes). Nocodazole washout was done oncein
early meiosis I before removing microtubules (“not treated”), during treatment 10 oocytes, all showing the same result.
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Extended DataFig.7 | HMGAldepletiondisrupts microtubule organization.
a-c, Controland HMGA1-depleted M. musculus oocytes expressing major
satellite-targeting TALE-mClover were treated with akinesin-Sinhibitor (STLC)
inearly meiosisIto arrest cells before spindle bipolarization, fixed, and stained
for DNA (DAPI) and microtubules (anti-a-tubulin). 2independent experiments
showed the sameresult. Single z-slices (a) from confocal stacks show the
concentricring formed by chromosomes and radialsymmetry of the microtubule
aster in control oocytes, but lack of symmetry in HMGA1-depleted oocytes.
Note that major satellite signal isenhanced in HMGA1-depleted oocyte to
visualize thin threads of DNA. Maximal intensity projections (b) show the entire
microtubule aster and were used to automatically generate amask around the
aster ((c), greenoutline) using CellProfiler (see Methods). Scalebars 10 pm.
Note that Aand B show different cells. For controland HMGA1-depleted

M. musculusoocytestreated with STLC, aster eccentricity was quantifiedona
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scale of O (perfectcircle) to1(straightline) ((c), mean and standard deviation
indicated, means showninboxes, n =25 (control) and 23 (depletion) oocytes
from2independent experiments; unpaired two-tailed t-test, ****P < 0.0001).

d, HMGA1packages major satellite in M. musculus oocytes to withstand forces
exerted by microtubules and microtubule motors that pull kinetochores toward
spindle poles while pushing chromosomes away from the poles. Inthe absence
of HMGA1, major satellite-built pericentromereslose rigidity and yield under
spindle forces, resulting in stretching, kinetochore clustering, and reduction
inkinetochoresize.Kinetochore clustering may destabilize microtubule
attachments because of proximity to Aurora A kinase at microtubule organizing
centers (orange, MTOCs). Disrupted kinetochore organization may alsointerfere
with the oocyte spindle assembly pathway dependent on PRC1atkinetochores
(purple).
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Extended DataFig. 8| Disproportionateimpact of HMGAldepletionon
packaging of M. musculus and M. spretus pericentromeres. a, Quantification
of M. musculusand M. spretus pericentromere length in control or HMGA1-
depleted hybrid M. musculus x spretus oocytes (means and standard deviations
areindicated, means showninboxes, n =95 (control) and 120 (depletion)
pericentromeres from 2 independent experiments; Kruskal-Wallis test
followed by Dunn’s multiple-comparison test, ****P < 0.0001, *P = 0.0466).
Dotted linesindicate mean M. musculus (green) or M. spretus (magenta)
pericentromere lengthin control hybrid oocytes. These data were used to
calculate major over minor satellite length ratios shownin Fig. 5b. b, Datain
panel Awereusedto calculate the depleted over control satellite length ratios
for M. musculus (major) or M. spretus (minor) pericentromeresin hybrid

M. musculus x spretus oocytes (means and standard deviations areindicated,
means shown inboxes; two-tailed Mann-Whitney test; ****P < 0.0001).

c,d, Controlor HMGA1-depleted M. spretus oocytes were fixed in early meiosis |
andstained for DNA (DAPI). Cells were expressing TALE-mClover (major satellite)
and dCas9-mCherry/gRNA (minor satellite). Scalebars 5 umor 2 um (insets).
Pericentromere stretching was quantified as the longest axis of minor satellite
signal. Mean and standard deviationindicated, means showninboxes,n=17
(control) and 16 (depletion) M. spretus oocytes from 2 independent experiments,
upto 20 pericentromeres per satellite measured ineach oocyte; two-tailed
Mann-Whitney test, ****P < 0.0001. Note that some pericentromeres were
displaced frombulk chromatin without detectable minor satellite stretching
(asterisk).
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The ChIP-seq data generated in this study have been deposited in the Sequence Read Archive (SRA) under BioProject accession code PRINA1074844. The analyzed
datasets are publicly available under SRA Experiment accession codes:

musculus input: SRX2939766, SRX2939768, SRX2939769

musculus CENP-A ChIP-seq: SRX2939767, SRX2939772, SRX2939773

musculus H3K9me3 ChIP-seq: SRR27928404

spretus input: SRR27922556, SRR27922557, SRR27922558

spretus CENP-A ChIP seq: SRR27922553, SRR27922554, SRR27922555

spretus H3K9me3 ChIP seq: SRR27922552

input and HMGA1 ChIP-seq: SRR5749536, SRR5749537, SRR5749546, and SRR5749545

long-read musculus genome assembly: SRR11606870.
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Sample size No statistical method was used to determine sample sizes. Sample size for each experiment was determined following best practices in the
field, ensuring that a minimal number of mice/cells/pericentromeres/kinetochores were analyzed per each biological replicate required to
detect significance using the appropriate statistical analysis. The availability of animals was also considered.

Data exclusions  All the exclusion criteria were pre-determined and based on the abnormal behavior of the control group (e.g., cell death, lack of a clear
fluorescent signal).

Replication Experiments were done in 2-3 biological replicates. All experiments yielded similar results. DAPI/SYTOX green correlation and nocodazole
washout experiments were done once with at least 10 oocytes/liver cells analyzed independently.

Randomization  Sample randomization was ensured by the fact that each experimental group (oocytes) originated from the same animals.

Blinding Blinding during data collection or analysis was not applicable due to the visually distinct traits of the studied phenotype (DNA stretching).
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies [ 1IIX chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

XXXOXX[O S
DO0OXOOKX

Antibodies

Antibodies used Primary:

. human Anticentromere Antibody (ACA; 15-235; Antibodies Incorporated)

. rabbit anti-mouse CENP-A antibody (custom made; Covance)

. rabbit anti-H3K9me3 (ab8898; abcam)

. rabbit anti-HMGA1 (clone EPR7839; ab226112 abcam)

. rabbit anti-HMGA1 conjugated with AlexaFluor488 (clone EPR7839; ab204667; abcam)
. mouse anti-alpha-tubulin (clone DM1A; T6199; Sigma)

. mouse anti-Hec1 antibody (C-11; sc-515550; Santa Cruz)

. rat anti-OLLAS antibody (clone L2; NBP1-06713; Novus Biologicals)

00N O U WN

Secondary:

donkey anti-human IgG (H+L) conjugated with Cy5 (709-175-149; Jackson ImmunoResearch Laboratories)
donkey anti-rabbit IgG (H+L) conjugated with Cy5 (711-175-152; Jackson ImmunoResearch Laboratories)
donkey anti-rabbit IgG (H+L) conjugated with AlexaFluor488 (A21206; Invitrogen)

goat anti-mouse 1gG (H+L) conjugated with AlexaFluor555 (A21422; Invitrogen)

goat anti-mouse 1gG (H+L) conjugated with AlexaFluor594 (A11032; Invitrogen)

donkey anti-mouse IgG (H+L) conjugated with AlexaFluor647 (A31571; Invitrogen)

goat anti-rat 1gG (H+L) conjugated with AlexaFluor647 (A21247; Invitrogen)

Validation 1. ACA antibody (Antibodies Incorporated 15-235) for immunocytochemistry in mouse oocytes was validated in: PMID: 34314679
(See Figure 6D; centromere-like dot localization pattern, each dot associated with one homologous chromosome).
2. anti-mouse CENP-A antibody was validated for ChIP in mouse cells in: PMID: 37967185
3. anti H3K9me3 antibody ab8898 for immunocytochemistry in mouse was validated in: PMID: 34433012 (See in Figure 3A the
reduction of H3K9me3 signal in mouse knockout of the known heterochromatin regulator CENP-B). This antibody has been used in
the field since 2003 resulting in over 1600 citations according to manufacturer. The antibody has been validated for ChIP applications
according to the manufacturer.
4. anti-HMGA1 antibody for Trim-Away in mouse oocytes was validated here. Namely, Trim-Away-mediated HMGA1 depletion was
confirmed using anti-HMGA1-488 antibody produced from the same clone (See Fig. 3d,e).
5. anti-HMGA1-488 antibody for immunofluorescence in mouse oocytes was validated here by depleting HMGA1 in mouse oocytes
and observing no signal upon staining with anti-HMGA1-488 antibody (produced from the same clone; See Fig. 3d,e).
6. anti-alpha tubulin DM1A antibody for immunofluorescence in mouse cells was validated over the nearly 40 years it has been used
in the field. This antibody was used in over 2000 publications according to manufacturer. Here, we see a clear loss of microtubule
signal in mouse oocytes upon treatment with a known microtubule-depolymerizing agent nocodazole and signal recovery after
nocodazole washout.
7. anti-HEC1 antibody C-11 for immnofluorescence in mouse oocytes was validated in: PMID: 31402175 (See Figure 4B; colocalization
with a known centromere marker CENP-C).
8. anti-OLLAS antibody for immunofluorescence in mouse oocytes was validated here by microinjecting mRNA encoding OLLAS-
tagged Borealin, which resulted in a Borealin-like centromere enrichment and some chromosome arms staining consistent with
literature.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 1. Mus musculus (C57BL/6J, stock# 000664; Jackson Laboratory) - sequencing experiments
2. Mus musculus (NSA, stock# 033 corresponding to CF-1; Envigo/Inotiv) - oocyte experiments
3. Mus spretus (SPRET/EIJ, stock# 001146; Jackson Laboratory) - sequencing experiments
4. Mus spretus (SPR2, RBRC00208; RIKEN BioResource Research Center) - oocyte experiments
Mus musculus/Mus spretus hybrid animals (cross of strains 2 and 4)
All animals were 2-4 months old.
Mice were housed in controlled room temperature conditions with minimal disturbances, light/dark cycle of 12 h each, and humidity
ranging between 30-70% depending on the season.
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Wild animals Study did not involve wild animals.

Reporting on sex Only female meiosis was studied, therefore only female animals were used to collect data. Sex was assigned based on morphological
reproductive traits.

Field-collected samples  No field samples were collected.

Ethics oversight All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania and
were consistent with the National Institutes of Health guidelines (protocol: #804882).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Novel plant genotypes ~ N/A

Authentication N/A

ChlIP-seq

Data deposition
|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Xl Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/bioproject/PRINA1074844

May remain private before publication.
For paired-end sequencing analysis performed for this study, sequences were aligned to a satellite consensus sequence and
not to the genome. Therefore, bed files using genomic coordinates are not available.

Files in database submission BL6-1-H3K9me3_R1.fastq.gz
BL6-1-H3K9me3_R2.fastq.gz
Spretus-3-INP_R1.fastq.gz
Spretus-3-INP_R2.fastq.gz
Spretus-3-CENPA_R1.fastq.gz
Spretus-3-CENPA_R2.fastq.gz
Spretus-2-INP_R1.fastq.gz
Spretus-2-INP_R2.fastq.gz
Spretus-2-CENPA_R1.fastq.gz
Spretus-2-CENPA_R2.fastq.gz
Spretus-2-H3K9me3_R1.fastq.gz
Spretus-2-H3K9me3_R2.fastq.gz
Spretus-1-INP_R1.fastq.gz
Spretus-1-INP_R2.fastq.gz
Spretus-1-CENPA_R1.fastq.gz
Spretus-1-CENPA_R2.fastq.gz
Spretus-1-H3K9me3_R1.fastq.gz
Spretus-1-H3K9me3_R2.fastq.gz
Spretus-3-H3K9me3_R1.fastq.gz
Spretus-3-H3K9me3_R2.fastq.gz

Genome browser session No genome browser session generated.
(e.g. UCSC)

Methodology

Replicates Replicates: 1-3 biological. Replicates were reproduced.
>
Sequencing depth All libraries were sequenced as 150-bp, paired-end reads. Below, we list each sample and total # of reads. Reads were not mapped to S
the genome. N
No
Spretus-1-INP, 11098759 <

Spretus-1-CENPA, 9754224
Spretus-1-H3K9me3, 12487334




Antibodies

Peak calling parameters
Data quality

Software

Spretus-2-INP, 9702899
Spretus-2-CENPA, 8626299
Spretus-2-H3K9me3, 8826454
Spretus-3-INP, 11174163
Spretus-3-CENPA, 12686080
Spretus-3-H3K9me3, 9747402
BL6-1-H3K9me3, 7955897

anti-mouse specific CENP-A antibody published in: PMID: 37967185
rabbit anti-H3K9me3 antibody (ab8898; abcam)

No peak calling performed.
FastQC was used to assess read quality.
SeqgPrep (https://github.com/jstjohn/SeqPrep)

FastQC - version 0.11.8
MATLAB localalign function - version R2020a
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