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Composition and density of non-satellite repeats at centromeric and
pericentromeric regions.

We determined the composition of non-satellite repeat elements at centromeres and
pericentromeres. In the mhaESC T2T assembly, five centromeres (Cen2, Cen6, Cen?,
Cen8, and CenX) each contained one, while one centromere (Cen16) contained two
LTRs (Figures 1B and 4A—4D). In the male C57BL/6J Hifiasm assembly, three
centromeric contigs contained LTRs (Supplementary Figures 1 and 10A). Centromeric
regions were largely devoid of SINEs and LINEs (Figures 1B, 4A—4D, Supplementary
Figures 1A—1C and 10A-10B). No LINE elements were detected within centromeres
except at centromere-telomere junctions and interstitial telomeres in the mhaESC T2T
assembly (Figures 4A-4B, Supplementary Figures 3 and 10A). Pericentric regions
contained more abundant LTRs, SINEs, and LINEs as compared to centromeres
(Figure 4B and Supplementary Figure 10A). Divergent MaSats at pericentric junctions
proximal to chromosomal arms contained a higher density of LTR retrotransposons,
LINEs, SINEs, and simple repeats than centromeric and pericentric contigs (Figure 4D
and Supplementary Figure 10D). Furthermore, the density of all non-satellite repeats
was highest in non-satellite islands within MaSats (Figure 4D). We also found ~1-2
copies of the tRNA gene tRNA-Lys-AAG present within pericentric non-satellite islands
(Figure 4B). Such elements act as barrier elements that prevent the spreading of
pericentric heterochromatin to adjacent centromeres in fission yeast -2, and they may
have a similar function in mouse pericentric regions. Overall, the density of simple
repeats, retrotransposons, LINEs, and SINEs increased gradually from centromeric
regions to pericentric-chromosomal arm junctions.
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Supplementary Figure 1
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Supplementary Figure 1. Distribution of MiSat-containing contigs in Hifiasm
genome assemblies. A) Hifiasm MiSat containing assemblies obtained from PacBio
HiFi sequencing data derived from a C57BL/6J male (this study) B) Hifiasm MiSat
containing assemblies obtained from PacBio HiFi sequencing data derived from a
C57BL/6J 3. C) Hifiasm MiSat containing assemblies obtained from PacBio HiFi
sequencing data derived from mhaESC . Each horizontal bar represents a contig; red
bidirectional arrows mark regions spanning from the pericentric to telomeric ends of the
contig. Color keys at the bottom denote specific repeat types.
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Supplementary Figure 2
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Supplementary Figure 2.

Distribution of MiSat length variants across centromeres

in T2T and Hifiasm assemblies. Density plots showing the genomic distribution of two

types of MiSat monomers:

112-64-dimeric units (left panels) and 112-mer monomers

(right panels) across centromeres in the indicated T2T and Hifiasm assemblies. Bar
graphs above each annotated centromeric region represent local densities (read counts
per 10 Kb bin), aligned to satellite composition tracks below.
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Supplementary Figure 3

A Telomeric-centromeric junction organization
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Supplementary Figure 3. Telomeric-centromeric junction organization in mouse
assemblies. A) Genomic organization of centromeric-telomeric junctions in
representative chromosomes from the mhaESC T2T assembly (Left) and contigs from

the male C57BL/6J Hifiasm assembly (Right). Tracks show the positions of TLC satellite
arrays (red), L1 LINE elements (purple), telomeric simple repeats (black), and MiSats

(blue). TLC-Sat arrays of some centromeric-telomeric junctions also contain LTR
(magenta pink). Notably, interstitial telomeric repeat blocks (black) are found flanked by
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TLC (red) and L1 elements (purple) within centromeric regions in the mhaESC T2T
assembly but are absent in the Hifiasm contigs. Color keys at the bottom represent
specific repeat types. B) Pie charts summarizing the distribution of telomeric arrays
detected as either terminal or interstitial telomeres across the mhaESC T2T, mESC T2T,
and C57BL/6J Hifiasm assemblies. C) Bar plot showing the lengths of interstitial
telomeric blocks identified in the mhaESC T2T assembly across different chromosomes.

Supplementary Figure 4
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Supplementary Figure 4. Pericentric MaSat containing contigs in the male
C57BL/6J Hifiasm assembly. A) Hifiasm assemblies containing pericentric MaSats.
Seven representative contigs out of a total of 678 homogeneous MaSat contigs are
shown. For each contig spanning a pericentric—chromosomal arm junction, a 1 Mb
region from the pericentric end is shown, except for Ptg000002I, Ptg000198I, and
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Ptg000651I1, where the full contigs are displayed. B) Pie chart showing the relative
distribution of contigs by MaSat content: homogeneous MaSat, MaSat with divergent
sequence, and contigs containing both MaSat and MiSat. C) Classification of pericentric
contigs based on divergent MaSat density. D) Violin plot showing the length distribution

of contigs by satellite type category. Color keys at the bottom represent specific repeat
types.
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Supplementary Figure 5
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Supplementary Figure 5. Inversion events at centromeric and pericentromeric
regions. A) Maps of all inversion events detected in centromeric, centromeric-
pericentric junctions, and pericentric contigs in mhaESC T2T (Left) and male C57BL/6J
assemblies (Right) are shown. Red and cyan arrows below each contig indicate forward
and reverse orientation, respectively; a change in arrow direction denotes an inversion
breakpoint. B) A bar graph showing the number of inversions per chromosome in the



125 mhaESC T2T assembly, separated into centromere (blue) and pericentromere (orange)
126  categories.

Supplementary Figure 6
A Percent identity within mhaESC satellite regions
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129  Supplementary Figure 6. Sequence identity within and across centromeric and
130 pericentric regions in mhaESC T2T chromosomes. A) StainedGlass heatmaps

131  representing the percent identity of self-alignments within the centromeric, pericentric,
132  and pericentric-chromosomal arm junctions of select mhaESC T2T chromosomes.

133  Heatmap colors reflect sequence identity, with the scale bar indicating identity values.
134 B) StainedGlass heatmaps illustrating identity across the centromeric regions of select
135 mhaESC T2T chromosomes. Heatmap colors reflect sequence identity, with the scale
136  bar indicating identity values.
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Supplementary Figure 7

A Percent identity within Male C57BL/6J Hifiasm centromeric contigs
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Supplementary Figure 7. A) StainedGlass heatmaps representing the percent identity
of self-alignments within centromeric contigs of the male C57BL/6J assembly. Heatmap
colors reflect sequence identity, with the scale bar indicating identity values. B)
StainedGlass heatmaps representing the percent identity of self-alignments within
representative centromeric, pericentric, and pericentric-chromosomal arm junctions
contigs of the male C57BL/6J assembly. Heatmap colors reflect sequence identity, with
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the scale bar indicating identity values. C) Percentage of sequence identity among
MiSat units (Left) and MaSat units (Right) across the indicated contigs of the male
C57BL/6J assembly.

Supplementary Figure 8
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Supplementary Figure 8. Detection of well-characterized human centromeric

HORs using CENdetectHOR. Detection of HORs on centromeres of chromosomes 1,
4, and 12 from the CHM13 T2T human genome assembly using CENdetectHOR. Each

panel shows the centromeric region (Red) with HOR arrays detected by

CENdetectHORSs. Below each HOR track, color keys for the top three HORs are given.

This figure serves as a validation benchmark, demonstrating that CENdetectHOR
accurately detects canonical HORs in well-characterized human centromeres.
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Supplementary Figure 9
A Distribution of HORs across male C57BL/6J Hifiasm MiSat containing contigs
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Supplementary Figure 9. Identification and characterization of HORs in mouse
centromeres. A) Distribution of HORs detected by CENdetectHOR within MiSat-
containing contigs from the male C57BL/6J Hifiasm assembly. Each horizontal bar
represents a contig, with colored tick marks denoting different HOR variants. The Y-

centromere HOR distribution is shown separately in Figure 3. B) Phylogenetic clustering
of HORs detected across all MiSat contigs. Distinct clusters indicate divergence among
HOR families, with a unique cluster formed by HORs from CYH7, CYH13, and CYH20.

C) Phylogenetic relationships among HORs excluding the CenY.
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Supplementary Figure 10

A. Non-satellite repeat distribution on representative male C57BL/6J Hifiasm contigs
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Supplementary Figure 10. Non-satellite repeat composition at centromeric and
pericentric regions in male C57BL/6J assembly. A) Representative contigs showing
the distribution of LTRs, LINEs, SINEs, and simple repeats on centromeric, pericentric,
and junction regions. Contigs are drawn to scale. A zoomed-in view across a 100 Kb
region is shown below each contig. B) The density of retrotransposons (IAP and non-
IAP LTRs), SINEs, LINEs, and simple repeats across satellite regions.
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Supplementary Figure 11

Pericentromere 1 Mb segment Chromosome arm

ptg0000391 19Mb
I 1 T 02 o R A A R e (p e i Chr 1

W v

ptg000135| 8Mb Xkrd
0 0 0 . OO0 O 0 0 R A 0 RS - g
Vmn1r2 Gm52720 Gm11787 Tgsl Lyn Rps20 Plagl
ptg000205! 6Mb Vmn1r3 Tmemé8 Mos Chchd7
Chr5
Gm15772 Cdké Rbm48 Pex1 Ankib1
Fam133b  Gatad1
ptg000016l 40Mb 1700109HO8Rik Tmbim7
_I_I-_—- Chré
Samd9l Vps50
ptg0003031 31Mb Gmes79  Sam Hepacam? -
__IIHI||IHIIIIIHI\IHIIIIIIIIIIIIIIIIII\I\I\II\IIIIIIII\I-IIIIIIIII\IIIII||||\|!:ll|||II\IHE---l-.-l Chr7
not3 Mboat7
AU018091 Cacng7 Cacngb diufa3 Tsen34 Pira2  Lilraé
' Nirp12  Prckg  Cacng8 Tarm1 Oscar Tmc4 Rps9 Pira13 Pira12
ptg000104| 14Mb Myadm Tfpt Leng1PirbPiral Gm10693

A1 W N 0 1 00 1 000000 O RN B oy~ Chr 8
Zfp358  Camsap3 FcorClecdg
Pex11g Pnplaé_ Xab2 Trappc5 Cd209a  Cd20%e

Insr Arhgef18  mm Rps23rg1: Retnm
Saxo5 Stxbp2 Pcp2 Mcemp1
Ptg0003661 1Mb Mcoln1 Pet100 Fcer2a
I 00 0 T O R N WM~ Chr @
ptg0000101 76Mb Alkbh8 Cwf19I2 Gucyla2

(BRI TN
is -ps Eif4
Sfi1

ptg000194l 13Mb GmS51877
O 0 0 000 00O 00 0 O OO0 N UMD WAMO W~ Chr 12

IIIIIIIIIIIIIIIIII\IIIII\IIIII-IIIIIII-IIIIIIII-I--HII-I--I-IIIIIIIIII1l8I-GIIE ] Chr 11
nppS t

Drgl Pik3ipl ~ Rnf185 mSelenom  Tugl Osbp2 SIc356d Ton2 Pest
Patz1 Pla2g3 Smtn 4921536K21Rik

Rab10 Kif3c  AslxI2 Dtnb Ch
1T ST R D A AR AT r13
] e Speer6-ps1 Gdi1Tasor2

ptg000093l 15Mb
0N A 1 O O B VTR O I AAMIVNUN W immm - Chr 14

t9000099! 12Mb Gm41099 Ube2e2
El-—-l----___ Chr 15
i Ccdc152 Ghr Fbxo4
ptg0000591 52Mb Selenop
10 O AT T N R I P N T I T T Chr 16
e . . Zhol 74ZIfE97cl|uap1 Nlrc3 Dr:ase1

Oor1f19 Mefv Zfp263  Or2Clamm mmmm  S|x4 =mmm Crebbp

Naa60 Trap1

ptg0001711 5Mb 1700037C18Rik

000 00 00 OO0 00 AR POMREEA - e 17

o e Pisd 1 ps2 Scaf8 wab1rn Nox3
ptg000028| 6Mb Tiam2 Cldn20
00 5 M A AR RO Chr 18
Vmn1r238 Crem a2 Bambi
ptg000232| 5Mb
O 01 00000 OB 000 19
i Ighmb P Tesmin 02Rik
' Cptla Gal

ptg0006511 0.6Mb
(T 5 O 0 S 1 1 Chr X unplaced NT_165789.3

7712 Tmihe  Spry3  Vamp7 LOC118568469
ptg0004391 1. b

IIIIIIIIIIII---III\IIIIIIIIIIIIIIIIIII_ I Y T R PN ChrY
H2al2b H2a|2c
90 kb Y-centromere 0

Rbmy1a1 Slry
M 120-mer MiSat M 112-mer MiSat M112-64-mer MiSat M TLC Sat [ | Simple repeat

175 Il MaSat i Divergent MaSat|l] Non-repeat |l LTR M (DNA H LINE SINE

176  Supplementary Figure 11. Assembly maps of male C57BL/6J Hifiasm contigs
177  spanning pericentric-chromosomal arm junction. For each contig containing a
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pericentric-chromosomal junction, a 1 Mb region encompassing the pericentric end is
displayed, showing both the chromosome-specific genes that map to the GRCm39
genome assembly and the junction contig itself. Below each contig map, the divergent
MaSat units are marked in orange, annotated genes are represented in blue, and
pseudogenes are shown in grey. All chromosome-specific genes and pseudogenes we
identified in these junctions are listed.

Supplementary Figure 12

A CpG density and methylation frequency profiles on mESC T2T satellite regions
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Supplementary Figure 12. mCpG density and methylation frequency profiles on
mESC T2T satellite regions. A) For each chromosome, mCpG site density per 50 Kb
bin (Top) and DNA methylation frequency per 50 Kb bin (Bottom). B) Violin plots
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comparing overall mCpG density (Left) and CpG methylation frequency (Right) across
different satellite repeat types.

Supplementary Figure 13
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Supplementary Figure 13. DNA methylation on centromeric and pericentric
regions in the male C57BL/6J Hifiasm assembly. CpG methylation frequency and

mCpG density across 10 Kb bins on A) centromeric, B) centromeric-pericentric junction,
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196  C) homogeneous pericentric, and D) Divergent pericentric contigs are shown E) The
197 mCpG density and DNA methylation frequency on individual contigs from divergent
198 MaSat, homogeneous MaSat, and MiSat categories.

Supplementary Figure 14
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201 Supplementary Figure 14. Transcript levels and DNA methylation at satellites and
202 pericentric-chromosomal arm junctions in the male C57BL/6J Hifiasm assembly.
203 A) RNA-seq signal profiles mapped to representative MiSat containing centromeric
204 male C57BL/6J Hifiasm contigs. B) RNA-seq signal profiles mapped to representative
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MaSat containing pericentric and pericentric-chromosomal arm junctions male
C57BL/6J Hifiasm contigs. C) Quantification of average RNA-seq signal per contig,
grouped by repeat context. Bars represent mean + s.d. from n = 3 independent
biological replicates. Each replicate corresponds to RNA-seq data from the liver tissue
of an individual male C57BL/6J mouse. RNA was extracted, processed, and sequenced
separately for each replicate without pooling. All replicates are biological; no technical
replicates were included. D) Correlation between average RNA expression and mCpG
density (Left) and DNA methylation frequency (Right Pearson correlation coefficients (r)
were calculated using a two-sided test. Exact p-values and r values are shown on the
plots. No multiple-comparison corrections were applied, as only pairwise correlations
were tested.
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Supplementary Figure 15
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Supplementary Figure 15. Chromatin enrichment on uniquely mappable mhaESC
T2T satellite regions using a k—mer filtering approach. A) CUT&RUN-Seq
enrichment profiles for CENP-A, CENP-B, H3K9me3, and H3K27me3 across
centromeric and pericentric satellite regions of the mhaESC T2T assembly. Read
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alignments were performed using Bowtie2 following k-mer filtering to reduce mapping
ambiguity. The Y-axis shows the log2 enrichment ratio relative to IgG controls, with fixed
axis limits across a given chromatin mark: -4 to +10 for CENP-A, -3 to +2 for CENP-B,
and -6 to +4 for H3K9me3 and H3K27me3. B) Violin plots showing normalized
enrichment scores (signals relative to 1IgG) across 120-mer MiSats, 112-mer MiSats,
112-64-dimeric MiSats, homogeneous MaSats, and divergent MaSats.C) Scatter plots
showing correlations between CENP-A and CENP-B enrichment (Top) and between
H3K9me3 and H3K27me3 (Bottom) across annotated satellite types. Pearson
correlation coefficients (r) and corresponding p-values are shown.
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Supplementary Figure 16
A Chromatin organization on Male C57BL/6J Hifiasm Contigs
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Supplementary Figure 16. Chromatin enrichment on satellite-containing regions
in male C57BL/6J mice. A) Log, enrichment profiles of CENP-A, CENP-B, H3K9me3,
and H3K27me3 relative to IgG control across representative centromeric and pericentric
regions in the Hifiasm assembly of male C57BL/6J mice. The enrichment values are
plotted with a fixed logz Y-axis range for a given chromatin mark: -4 to +10 for CENP-A,
-3 to +2 for CENP-B, and -6 to +4 for both H3K9me3 and H3K27me3. B) Violin plots
displaying normalized enrichment scores for each chromatin factor across major
satellite classes: 120-mer MiSats, 112-mer MiSats, 112-64-dimeric MiSats,
homogeneous MaSats, and divergent MaSats. C) Scatter plots showing correlations
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242  between CENP-A and CENP-B (Top), and H3K9me3 and H3K27me3 (Bottom)
243  enrichment signals across satellite categories. Pearson correlation coefficients (r) and p-
244  values are indicated.

Supplementary Figure 17
A Chromatin at mhaESC T2T centromeres c 2C
en
0 Cen1 0.80 Cen2A 0.8 0 Cen2B 0.90 Cen3 05 (i Cend 05 0 Cen5 0.8
CENP-A ™ i i ikl - e ]
CENP-B e
- - [ - -~ - -
H3K27me3
0 Cené oi 0 Cen7 07 0 Cen8 070 Cen9 0.9 (i Cen10 1.0
CENP-A e ————— - [~
CENP-B - . N
-~ - = - A o - PR s bnmgl -
H3K27me3
0 Cen11 (i Cen12 (i Cen13 (i Cen14 gi Cen15
CENP-, Aw
CENP-B
- s P - - - e
H3K27me3
Cen16 o Cen17 08 0 Ceni18 0.8 0 Cen19 08 0 CenX 0.9
CENP-A un mmient mate shemstiny e S ee————
CENPB.._.A.....L.M.._.._“..... | —
e, - -~ -~ -~ -
H3K27me3
B Chromatin organization at mhaESC T2T centromere-telomere junctions
0Kb 857 Kb
Chr1
0 Terminal telomeres 100 Kb Telomeric repeats (73 Kb)
CENP-A e - — - e - - C e e . .
CENP-B [rda=— = — e e . ~ ‘ —
o | il
H3K27me3
— —> "
Tolomare TLC Interstitial telomeres 610K
0Kb 958 Kb V_‘_\ 1141 Kb
ey | Chur 2 5 51 [
0 Terminal telomeres 100 OKb Terminal telomeres 100kb
JEpo———- _
CENP-A -
- ——— e " = PRSI ettt . . ot trte. |
CENP-B
H3K27me3 - -
— —>
Telomere TLC Telomere TLC
C Chromatin organization on centromeric interspersed non-satellite elements
0Kb 958 Kb 0 Kb 800 Kb
Crvs | N h7 [ ——
——
CENP-A I — e ———————————————
CENP-B
H3K27me3 -
IAPLTRTa_Mm ERVBY 1 LTR_MM
246 M 120-mer MiSat M112-mer MiSat l112-64-mer MiSat ll TLC [ll Simple repeat llHomogeneous MaSat MDivergent MaSat [liNon-repeatlILTR Bl LINE' SINE

247  Supplementary Figure 17. Chromatin profiles on mESC T2T centromeres,

248 centromere-telomere junctions, and interspersed non-satellite repeats. A)

249 CUT&RUN-seq enrichment profiles (log, signal over IgG control) for CENP-A, CENP-B,
250 H3K9me3, and H3K27me3 across satellite-rich centromeric regions of the mESC T2T
251 genome assembly. Numbers above each centromere indicate the start and end
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coordinates (in Mb) of the annotated centromeric regions. Chromatin profiles across B)
centromere—telomere junctions. C) representative contigs containing interspersed non-
satellite repeats located within centromeric regions, revealing chromatin signatures
associated with these atypical centromeric segments. Each track shows enrichment
with fixed Y-axis scaling for a given chromatin mark: -4 to +10 for CENP-A, -3 to +2 for
CENP-B, and -6 to +4 for H3K9me3 and H3K27me3.
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Supplementary Figure 18

CENP-B box variants, Chromatin enrichment and DNA methylation on mhaESC T2T centromeres
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Supplementary Figure 18. CENP-B box composition, chromatin enrichment and
DNA methylation across all centromeres in the mhaESC T2T assembly. From top
to bottom, the tracks include satellite repeat annotations, mCpG density, enrichment of
CENP-A and CENP-B relative to the IgG control, and stacked bar plots depicting the
relative abundance of canonical and variant CENP-B box motifs (V1-V14). Notably,
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PacBio HiFi long CCS reads did not align well to the mhaESC T2T centromeres
containing interstitial telomeres (Centromere 4, 9, 10, 12, and 16). Conversely, PacBio
HiFi CCS reads aligned well with all MESC T2T centromeres (Supplementary Figure 12)
and C57BL/6J Hifiasm contigs (Supplementary Figure 13). This indicates that the
assembly of interstitial telomere-containing mhaESC T2T centromeres may need
additional validation or refinement.
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Supplementary Figure 19
A Density of CENP-B boxes in C57BL/6J male Hifiasm centromeric contigs
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Supplementary Figure 19. Sequence motifs and chromatin enrichment at

centromeric and pericentric regions. A) Heatmap showing the density of canonical

Divergent MaSat Il Simple repeat

and variant CENP-B box motifs across MiSat containing C57BL/6J Hifiasm contigs. The
consensus canonical CENP-B box sequence is shown at the top, and single-nucleotide
deviations observed in variant CENP-B boxes are indicated in maroon. The color scale
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indicating motif density per Mb is shown below the heatmap. B) Log, CENP-A and
CENP-B enrichment profiles (Top), stacked bar plots of CENP-B box variant
composition (middle) and DNA methylation profiles (Bottom) on contigs containing
different classes of MiSats (120-mers, 112-mers, and 112-64-dimers). The chromatin
enrichment values are plotted with a fixed Y-axis range for a given chromatin mark: -2 to
+7 for CENP-A and -2 to +2 for CENP-B. C) Pie charts showing the distribution of
CENP-B box variants on contigs containing 120-mer, 112-64-dimeric, and 112-mer
MiSats.
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