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INTRODUCTION: Transposable elements (TEs),
repeat expansions, and repeat-mediated struc-
tural rearrangements play key roles in chromo-
some structure and species evolution, contribute
to human genetic variation, and substantially
influence human health through copy number
variants, structural variants, insertions, dele-
tions, and alterations to gene transcription and
splicing. Despite their formative role in genome
stability, repetitive regions have been relegated
to gaps and collapsed regions in human ge-
nome reference GRCh38 owing to the techno-
logical limitations during its development. The
lack of linear sequence in these regions, par-
ticularly in centromeres, resulted in the in-
ability to fully explore the repeat content of
the human genome in the context of both local
and regional chromosomal environments.

of gaps and collapsed regions. Additionally,
a complete genome enables the opportunity
to explore the epigenetic and transcriptional
profiles of these elements that are fundamen-
tal to our understanding of chromosome struc-
ture, function, and evolution. Comparative
analyses reveal modes of repeat divergence,
evolution, and expansion or contraction with
locus-level resolution.

RESULTS: We implemented a comprehensive
repeat annotation workflow using previously
known human repeats and de novo repeat
modeling followed by manual curation, in-
cluding assessing overlaps with gene annota-
tions, segmental duplications, tandem repeats,
and annotated repeats. Using this method, we
developed an updated catalog of human re-
petitive sequences and refined previous repeat
annotations. We discovered 43 previously un-
known repeats and repeat variants and char-
acterized 19 complex, composite repetitive
structures, which often carry genes, across
T2T-CHM13. Using precision nuclear run-on
sequencing (PRO-seq) and CpG methylated
sites generated from Oxford Nanopore Tech-

RATIONALE: Long-read sequencing supported
the complete, telomere-to-telomere (T2T) as-
sembly of the pseudo-haploid human cell line
CHM13. This resource affords a genome-scale
assessment of all human repetitive sequences,
including TEs and previously unknown re-
peats and satellites, both within and outside

Complete human repeat
annotations and discovery
CpG Nascent Non- Satellites
. - repetitive I ) . ﬁ
methylation transcription @ dem repeats rsé?epaltes/lowcomplemy
Z—00—Z N — )
9% % i COMPOSite elements B
Structural RNAs
Inter-
Ny mmon spersed | Class | SINE Y
T2T-CHMI3 N repeats | repeats - SVA
! oo (retroelements) |L|NE ‘(
GRCh38: :
| |
LTR m
o0 o ° ° Locus level Class Il repeats
-l = ==
H- 1 ™)
Repeat level
TSS pA 6
—_—
I S N w—— r

Telomere-to-telomere assembly of CHM13 supports repeat annotations and discoveries. The human
reference T2T-CHML3 filled gaps and corrected collapsed regions (triangles) in GRCh38. Combining long read-based
methylation calls, PRO-seq, and multilevel computational methods, we provide a compendium of human repeats, define
retroelement expression and methylation profiles, and delineate locus-specific sites of nascent transcription genome-wide,
including previously inaccessible centromeres. SINE, short interspersed element; SVA, SINE-variable number tandem repeat—
Alu; LINE, long interspersed element; LTR, long terminal repeat; TSS, transcription start site; pA, polyadenylation signal.
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nologies long-read sequencing data, we assessed
RNA polymerase engagement across retro-
elements genome-wide, revealing correlations
between nascent transcription, sequence diver-
gence, CpG density, and methylation. These
analyses were extended to evaluate RNA poly-
merase occupancy for all repeats, including
high-density satellite repeats that reside in
previously inaccessible centromeric regions of
all human chromosomes. Moreover, using both
mapping-dependent and mapping-independent
approaches across early developmental stages
and a complete cell cycle time series, we found
that engaged RNA polymerase across satellites
is low; in contrast, TE transcription is abun-
dant and serves as a boundary for changes in
CpG methylation and centromere substructure.
Together, these data reveal the dynamic rela-
tionship between transcriptionally active retro-
element subclasses and DNA methylation, as
well as potential mechanisms for the deriva-
tion and evolution of new repeat families and
composite elements. Focusing on the emerging
T2T-level assembly of the HGO02 X chromo-
some, we reveal that a high level of repeat var-
iation likely exists across the human population,
including composite element copy numbers
that affect gene copy number. Additionally, we
highlight the impact of repeats on the struc-
tural diversity of the genome, revealing repeat
expansions with extreme copy number differ-
ences between humans and primates while
also providing high-confidence annotations
of retroelement transduction events.

CONCLUSION: The comprehensive repeat anno-
tations and updated repeat models described
herein serve as a resource for expanding the
compendium of human genome sequences and
reveal the impact of specific repeats on the
human genome. In developing this resource,
we provide a methodological framework for
assessing repeat variation within and between
human genomes. The exhaustive assessment of
the transcriptional landscape of repeats, at both
the genome scale and locally, such as within
centromeres, sets the stage for functional studies
to disentangle the role transcription plays in the
mechanisms essential for genome stability and
chromosome segregation. Finally, our work
demonstrates the need to increase efforts toward
achieving T2T-level assemblies for nonhuman
primates and other species to fully understand
the complexity and impact of repeat-derived
genomic innovations that define primate lin-
eages, including humans.
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Mobile elements and repetitive genomic regions are sources of lineage-specific genomic innovation and
uniquely fingerprint individual genomes. Comprehensive analyses of such repeat elements, including
those found in more complex regions of the genome, require a complete, linear genome assembly. We
present a de novo repeat discovery and annotation of the T2T-CHM13 human reference genome. We
identified previously unknown satellite arrays, expanded the catalog of variants and families for repeats
and mobile elements, characterized classes of complex composite repeats, and located retroelement
transduction events. We detected nascent transcription and delineated CpG methylation profiles to
define the structure of transcriptionally active retroelements in humans, including those in centromeres.
These data expand our insight into the diversity, distribution, and evolution of repetitive regions that

have shaped the human genome.

tudies of mobile elements and repeat
arrays have long shown that eukary-
otic genomes are in constant flux (7).
Transposable element (TE) insertions
and repeat-mediated structural rear-
rangements can influence gene regulation,
create new coding structure, and affect chromo-
some stability. Transposition, expansion, and
contraction of repeats generate species-specific
genomic innovations (7, 2), major evolution-
ary transitions (3), and human- and primate-
specific adaptations (4). Together, TEs and other
forms of repetitive DNA, constituting more than
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half of the human genome, are the largest con-
tributor to human genetic variation and affect
human health (5) owing to their roles in dele-
terious copy number variants (CNVs), struc-
tural variants (SVs), insertions, deletions, and
alterations to gene transcription and splicing.

A major challenge in tracking and under-
standing repeat structure, function, and vari-
ation is that large complex repeats, sequences
in tandem arrays, and recent insertions by
TEs have been largely impenetrable to avail-
able sequencing and assembly technologies.
Despite this challenge, a species-agnostic re-
peat database (the Dfam database) (6), manual
curation (7), and the development of improved
algorithms for repeat discovery (8, 9) have laid
the groundwork underlying efforts to create
and finish a complete map and catalog of the
repertoire of human repeats.

Previous assemblies of a reference human
genome contained gaps and collapsed re-
peats (10). Capitalizing on recent advances
in ultralong sequencing and assembly meth-
ods, the Telomere-to-Telomere (T2T) Consor-
tium generated a complete human reference
genome on the basis of the pseudo-haploid
genome of an androgenetic hydatidiform mole
(CHM13hTERT cell line, hereafter CHM13) (11).
This assembly, T2T-CHM13v1.1, resulted in the
addition of more than 200 mega-base pairs
(Mbp) of DNA and resolution of collapsed and
unassembled regions in previous reference
genomes. The gap-filled and decompressed
regions, representing 8% of the human ge-
nome, are dominated by tandemly arrayed
repeats [such as in the alpha satellite arrays

that are found in higher-order repeat arrays
(HORs) within centromeres (12)] and complex
repeats in pericentromeres, subtelomeres, and
some chromosome arms (i.e., acrocentrics).
T2T-CHM13 supported additional annota-
tions for human repetitive sequences resid-
ing in previously unassembled regions of the
human reference GRCh38 and added repeat
annotations for low copy repeats genome-wide.
In total, we identify 53.9% of the T2T-CHM13
assembly as repetitive. Here we highlight key
advances from this resource, while illustrating
the power of combining multiple approaches
and tools to enhance genomic discoveries.
Eukaryotic repeats are classified into two
main types on the basis of their genomic or-
ganization: tandem repeats and interspersed
repeats (Fig. 1A) (6, 13). Tandem repeats are
further subdivided into satellites and simple
repeats; satellites are often further defined
by their regional chromosomal distribution
(centromeric, for example). With the excep-
tion of pseudogenes retroposed from struc-
tural RNAs (tRNAs, ribosomal RNAs, etc.),
interspersed repeats largely refer to TEs, which
are classified on the basis of their mechanism
of propagation (6, 14-16). Class I elements are
spread within genomes via retrotransposition
and are further subdivided into two broad
subclasses. One subclass consists of long inter-
spersed elements (LINEs) and long terminal
repeat (LTR) elements, which typically encode
their own catalyzing enzymes. The other con-
sists of short interspersed elements (SINEs)
and the composite retroelement SINE-VNTR-
Alus (SVAs), both of which are nonautonomous,
relying on LINE-encoded proteins for retro-
transposition. Class II elements are those that
are mobilized through transposase, helicase,
or recombinase and include TEs such as Tcl-
Mariner and hAT. These varied repeat types
constitute a major portion, and in some cases
the majority [for example, 85% of wheat ge-
nomes (17)], of eukaryotic genome sequences.
The varied modes of propagation of such
repeats, from simple insertion events to pro-
moting nonallelic recombination, facilitate
genomic diversity, often in bursts of activity
followed by periods of neutral evolution. Fur-
thermore, organismal defense mechanisms
that have evolved to counter the deleterious
effects of mobilization, such as DNA methyl-
ation, can influence the sequence evolution
of targeted elements. Repeats represent the
nexus of evolutionary forces, the selfishness
of mobile elements, and the cellular mecha-
nisms marshaled to silence them. The genomic
turbulence engendered by repeats makes them
the most challenging genomic regions to study.
However, insights from studies of these regions
have revealed regulatory and coding domains
critical to organismal life histories and human
health. A full accounting of repeat domains
permitted by a gapless telomere-to-telomere

10f16

2202 ‘9z |udy uo uoibuiysepn 1o A1sieAiun e B10:aous10s MMM//:SANY WO} papeo jumod



RESEARCH | COMPLETING THE HUMAN GENOME

Fig. 1. T2T-CHM13 _— A TANDEM REPEATS INTERSPERSED REPEATS
assembly supports b s M Composite B Satellites Simple/Low Complexity CLAISSI 5 NCALASS 1]
dentifcaton o LR ey Repeats pevotenecs,

previously unknown B . : Nt variant TTTTTn  TACGTACGn »w »

repeat families T~ . Complex/Composite o | o ERV

and complex epige- T iﬁEN arrayed M oA

netic signatures. n A — e TN | |NE

(A) Schematic illustrat-

ing examples of tandem
repeats, including

satellites, simple and

low complexity repeats

and composites, and
interspersed repeats,
including class |

and class Il TEs, and
structural RNAs.

(B) Ideogram of CHM13
indicating the locations

of annotated composite
elements (red),

satellite variants and C
unclassified repeats syntenic
(aqua), and arrays = nonsyntenic
or monomers of L
sequences found within ifted oy o o o alFerigt i e
those arrays (purple). (531,990 l I I I l e Imm |L|I \‘II “I \ll
GapS in GRCh38 with chr1:227,638?7725—228,077,‘4471435,'720'ng '
no synteny to T2T-

CHM13 (1I) are shown
in black boxes to

the left of each
chromosome, centro-
mere blocks [including
centromere transition
regions (12)] are Variabl ongth aray — ot PR 10479
indicated in orange. ~15KB  49bp-~17KB ~L5SKBMERIA Alub SVA-A AlubAluID AW 166MIR2LCIMIRZICMIR2ICLIE Alub Alub  Alub Alub  Alwb 128

(C) (Left) The number N N
of TEs lifted and E
unlifted from T2T- region

CEN

CHMI3 to GRCh38. subTeLo [l n-s MER1A
(Right) Bar plot neither - - 10 444484 TELO-A TELO-C
showing percentage of
TEs by class (DNA,
LTR, LINE, SINE, and
retroposon) that were
unlifted from T2T-
CHM13 gap-filled
regions (nonsyntenic,
red) and syntenic

AT

i

o

I Lﬁ.

il

iy
-

lu
4b- T
[IT1

w

scale 100 kb

1043
3148
4777
10679
780

227,900,000 | 227,950,000 | 228,000,000 | 228,050,000 |

2
1

5 2
1 1

% of TE class unlifted
]
i

+SHAN0 o ——

u unmethylated

T T
oév »'& \‘\«' ‘_}\& °a°° B methylated
A%
&

1strand |

MERS MERIA  Alub Alub Alub MIRb LTRAL
TELO-B TELO-C

LIME4c
TELO-A

g
=]
]

©
N
«

o
N
[

Aggregated Methylation Frequency
o
w
o
-
3

o
<)
S

-20kb bins scaled to length (bp) +20kb

- . S s @
regions (gray); the e — — T T [THCT - I
n values show the subTELO I 0 | I —

number of elements CpG Density

within each class
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frequency tracks are shown. The MDR is indicated. (Bottom) A zoomed image of individual nanopore reads showing consistent hypomethylation in the MDR
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dark blue, low CpG; bright blue, high CpG). The location of the ajax repeat array and the MER1A element within the TELO-C subunit are indicated.
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DNA sequence is therefore essential to a full
understanding of the origins and function of
the human genome.

Results
Comprehensive repeat annotations for a
complete human genome

We developed a computational pipeline to dis-
cover previously unknown repeat annotations
and tandem arrays while reducing false posi-
tives from pseudogenes, segmental duplica-
tions, and Dfam overlaps (I8) (fig. S1). At each
step, computational analysis was supplemented
by manual curation and polishing. In total,
49 previously unidentified repeat types from
RepeatModeler were curated, including 27 re-
peats (Fig. 1B and fig. S2) as well as 22 poten-
tially older TE repeats whose alignment scores
precluded classification and were thus set aside
(table S1). Among the 27 identified repeats were
one previously unknown centromeric satellite
[86.6% of base pairs found within centromere
regions defined in (77, 712)] and 10 repeats clas-
sified into five variants of known satellites
[three centromere transition satellites (GSATII,
HSAT5v1, and HSAT5v2) and two interstitial sat-
ellites (SATR1 and SST1)] and five previously
unknown repetitive sequences. Manual cura-
tion identified an additional 13 interstitial sat-
ellite arrays (and monomers of the satellites);
three repetitive sequences, all of which were
previously unknown and unclassified; and
19 composite elements (including 16 curated
composite subunits), defined as a repeating
unit consisting of three or more repeated se-
quences, including TEs, simple repeats, com-
posite subunits, and satellites (fig. S2). In total,
62 repeat entries were classified and submitted
to Dfam as previously unannotated human re-
peats, with 19 elements added as a “composite”
track for the T2T-CHM13v1.1 genome browser
(Table 1 and table S2).

This updated repeat library yielded annota-
tions of human repeats within regions previ-
ously unresolved in GRCh38 and provided copy
number support to identify additional, previ-

ously unnoticed repeat elements genome-wide
(Fig. 1B and fig. S2). Using this T2T-CHM13-
based repeat library, the T2T-CHM13v1.1 assem-
bly was fully annotated for all repeat classes,
resulting in 1.65 giga-base pairs (Gbp) of repeat
annotations (53.94% of the genome), of which
168.3 Mbp are found within the 182.1 Mbp
of gap-filled T2T-CHM13 genomic sequence
(92.4%), representing added annotations, and
5.5 Mbp of which are previously unknown hu-
man repeats that we identified genome-wide
(Table 1; tables S2 and S3; and fig. S3). Re-
annotation of GRCh38 (without the Y chromo-
some) using the T2T-CHM13 repeat database
resulted in annotation of 2,114,766 bp of pre-
viously uncataloged repeats (Table 2 and table
S3), demonstrating the utility of a T2T-level
assembly in supporting more comprehensive
repeat annotations. Additionally, reannotation
of the GRCh38 Y chromosome revealed pre-
viously unidentified annotations consisting of
six composite elements, eight satellite arrays,
156 satellite variants, and six unclassified re-
peats, totaling 161,055 bp in repeat annota-
tions discovered through this study (fig. S4
and table S4).

The reannotated GRCh38 and annotated
T2T-CHM13 were compared with reverse
liftOver coordinates (CHM13 to GRCh38) to
identify TE insertions specific to CHM13 (18).
TEs found in CHM13 but not in GRCh38 were
further grouped into those that are in gap-filled
regions (nonsyntenic overlap) or those that
are potentially polymorphic between these
two genomes or were collapsed in the GRCh38
assembly (syntenic overlap but missing in
GRCh38) (Fig. 1C).

Across 4,531,994 TEs with lifted coordinates
(i.e., shared between T2T-CHM13 and GRCh38),
118,787 lifted TE pair annotations were dis-
cordant between the two genomes (fig. S5A);
82.3% of these (97,719 discordant liftOver pairs)
were typically short loci with low scores and
therefore of questionable discordance (19),
and/or subtle subfamily reclassifications (fig.
S5B and table S5). Among the 20,427 unlifted

]
Table 1. Complete genome assembly supported discovery and refinement of human repeat
annotations. Repeats identified through RepeatModeler and manual curation (RMv2) shown in
counts and base pairs, by category, for T2T-CHM13v1.1 and GRCh38 (excluding the Y chromosome)

(Fig. 1B and table S2).

CHM13v1.1 GRCh38 (excluding Y)
Repeat category
RMv2 RMv2
Count Bp Count Bp

Composite subunits 4,446 2,805,296 1162 536,979
Unclassified repeats 1,234 1,025,084 783 570,985
Satellite variants 730 568,841 671 591,294
Monomers of arrayed satellites 11,900 1,127,758 2,651 415,508
Total 18,310 5,526,979 5,267 2,114,766

Hoyt et al., Science 376, eabk3112 (2022) 1 April 2022

TEs specific to T2T-CHM13, all TE classes are
represented (Fig. 1C), with 35.2% of TE sites
specific to gap-filled regions in T2T-CHM13
(7194 total TEs) (tables S5 and S6). Unlifted
TE sites are found genome-wide, with a higher
density on the acrocentric chromosomes 13,
14, 15, 21, and 22 (fig. S5C and table S7).

Composite elements shape the human genome
and local methylation

Composite structural elements contribute to
human diversity and disease through struc-
tural variation and copy number variation, par-
ticularly when exonic regions are “captured”
in a core unit (20). We annotated 19 composite
repeat elements (table S2 and figs. S6 to S11) in
T2T-CHM13, each composed of three or more
repeated sequences, including TEs, simple re-
peats, composite subunits, and satellites (I8).
Most composites are found in a tandem array
only on a single chromosome (figs. S6, A to F,
and S7, B to G), and in eight cases, each core
unit contains protein-coding annotations (fig.
S7), indicating that unequal crossing-over events
and concerted evolution among composite units
contribute to the expansion or contraction of
gene families within humans (table S2).
One composite, 5SRNA_Comp, consists of a
portion of the 55 RNA, an AluY, and two sub-
unit repeats as an array of 128 repeating units
with high sequence similarity (most share 98
to 100% identity) on chromosome 1 (fig. S9, A
and B). Using methylation profiles developed for
T2T-CHM13 and long read-based methylation
clusters (21), we find that the methylation pat-
tern of the 5SRNA_Comp is not consistent
across the array; rather we find a drop in
methylation, which we called a methylation
dip region (MDR), internal to the array, sim-
ilar to the centromere dip region (CDR) iden-
tified in higher-order arrays of alpha satellites
in T2T-CHM13 (21) (Fig. 1D). The location of the
MDR is not linked to DNA sequence, as neither
the GC content nor sequence identity is var-
iable across repeat units in this array (Fig. 1D
and fig. S9B), suggesting that other epigenetic
factors may facilitate the drop in methylation.
We annotated a highly complex composite,
TELO_Comp, that consists of multiple satellite
arrays and other composites (Fig. 1E), with
instances found on 10 chromosomes (figs. S12
and S13) at interstitial, pericentromeric, and
subtelomeric loci. The canonical TELO_Comp
consists of three 3-kbp (kilo-base pair) com-
posites (TELO-A, -B, and -C subunits), each
containing multiple TEs, downstream of a
variable-length array of a 49-bp satellite repeat
unit, ajax, bounded by a duplicated sequence,
teucer (Fig. 1E). In-depth analysis of the over-
all structure of the subunits across all loci and
phylogenetic analyses of the TELO-A subunit
(18) (fig. S12 and table S8) indicate that sub-
telomeric units are a monophyletic group of
recent origin, likely by segmental duplication
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Table 2. Repeat annotations are more refined for CHM13v1.1. Kilo—-base pairs of repeat annotations, by repeat class and family, for different human
genome assemblies with T2T-CHM13v1.1 RMv2, GRCh38 RMv2, and GRCh38 Dfam3.3 only. Note that AluJb is included in the Alu repeat family category.

CHM13v1.1 GRCh38 (excluding Y)
Repeat class Repeat family RMv2 RMv2 Dfam3.3
Kbp % of assembly Kbp % of assembly Kbp % of assembly
5S-Deu-L2 221.0 0.0072 218.2 0.0075 210.9 0.0072
Alu 308,309.7 10.0926 304,734.4 10.4283 305,457.4 10.4531
SINE MIR 80,937.9 2.6495 80,726.2 2.7625 79,989.0 2.7373
tRNA-Deu 48.4 0.0016 481 0.0016 46.1 0.0016
tRNA-RTE 549.0 0.0180 546.9 0.0187 525.9 0.0180
tRNA 16 0.0066 1.6 0.0069 15 0.0067
Retroposon SVA 4,654.7 0.1524 4,507.8 0.1543 4,520.7 0.1547
CRL 10,817.9 0.3541 10,805.0 0.3698 10,571.1 0.3618
Dong-R4 120.1 0.0039 121.0 0.0041 115.2 0.0039
I-Jockey 15.7 0.0005 15.6 0.0005 14.8 0.0005
L1 512,421.5 16.7742 507385.6 17.3633 507,866.7 17.3797
LINE L1-TxL 49.6 0.0016 50.3 0.0017 491 0.0017
L2 104,083.4 3.4072 103,819.6 3.5528 102,055.0 3.4924
RTE-BovB 872.7 0.0286 875.3 0.0300 843.2 0.0289
RTE-X 3,195.6 0.1046 3,190.0 0.1092 3,097.8 0.1060
Penelope 68.0 0.0022 68.4 0.0023 63.1 0.0022
ERV1 83,480.5 2.7327 82,370.2 2.8188 82,641.0 2.8281
ERVK 8,611.5 0.2819 8,370.9 0.2865 8,468.0 0.2898
LTR ERVL 59,049.8 1.9330 58,682.4 2.0082 58,646.0 2.0069
ERVL-MaLR 110,751.8 3.6255 110,098.6 3.7677 109,957.5 3.7629
Gypsy 4,843.6 0.1586 4,826.3 0.1652 4,629.3 0.1584
Undefined 31727 0.1039 3,176.1 0.1087 3,081.7 0.1055
Crypton 44.4 0.0015 451 0.0015 44.5 0.0015
Crypton-A 2L7 0.0007 22.0 0.0008 20.6 0.0007
Kolobok 65.7 0.0021 65.7 0.0022 63.9 0.0022
MULE-MuDR 1,008.0 0.0330 985.5 0.0337 986.8 0.0338
Merlin 40.3 0.0013 40.6 0.0014 40.0 0.0014
PIF-Harbinger 68.5 0.0022 70.0 0.0024 67.6 0.0023
PiggyBac 540.6 0.0177 541.4 0.0185 5615 0.0185
TcMar 44.9 0.0015 455 0.0016 452 0.0015
TcMar-Mariner 2,961.4 0.0969 2,888.2 0.0988 2,872.1 0.0983
TcMar-Pogo 45 0.0001 4.2 0.0001 4.0 0.0001
DNA TcMar-Tel 135.8 0.0044 135.8 0.0046 1341 0.0046
TcMar-Te2 16781 0.0549 1,666.6 0.0570 1,665.6 0.0570
TcMar-Tigger 37,999.9 1.2439 37,725.0 1.2910 37,557.8 1.2853
hAT 561.8 0.0184 561.6 0.0192 543.1 0.0186
hAT-Ac 653.4 0.0214 634.7 0.0217 610.5 0.0209
hAT-Blackjack 2,608.8 0.0854 2,603.9 0.0891 2,589.8 0.0886
hAT-Charlie 46,980.9 15379 46,779.6 1.6008 46,468.2 1.5902
hAT-Tagl 476.1 0.0156 476.5 0.0163 463.2 0.0159
hAT-Tipl00 12,250.5 0.4010 12,034.5 0.4118 11,915.0 0.4077
hAT-hAT19 18 0.0001 17 0.0001 16 0.0001
Undefined 1,201.8 0.0393 1,202.9 0.0412 1163.1 0.0398
Kilo-base pairs of TEs 1,405,826.3 1,393,370.3 1,390,841.6
Kilo-base pairs of non-TEs 241,986.3 122,998.7 118,576.2
Assembled kilo-base pairs 3,054,815.5 2,922,175.7 2,922,175.7
TEs masked 46.02 47.68 47.60
Non-TEs masked 7.92 421 4.06
% repeatmasked 53.941 51.892 51.654

events (fig. S13A and tables S8 and S9), where-
as interstitial and pericentromeric units are
polyphyletic. Moreover, each subtelomeric unit
contains the ajax array proximal to the telo-
mere, indicating that inverted orientations are

Hoyt et al., Science 376, eabk3112 (2022) 1 April 2022

favored at subtelomeric loci. Location-specific
repeat diversification in subunit content and
structure as well as ajax and teucer repeat copy
numbers, which each retain high sequence
identity (figs. S13, B and C, S14, and S15, and

tables S10 and S11), reveal differential evolu-
tionary forces acting on TELO_Comp loci
on the basis of chromosome location.
Meta-analysis of aggregated methylation fre-
quency across the TELO_Comp units (20 Kbp)
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(Fig. 1E) shows that the ajax satellite array is
hypermethylated across all elements, with a
discernible drop in methylation across TELO-A
subunits and peak of methylation in the MERIA
unit in elements containing TELO-C. Subtelo-
meric and interstitial TELO_Comp elements
share similar methylation profiles, with higher
methylation levels across the entire element,
whereas pericentromeric TELO_Comp units
have lower overall methylation levels. This
indicates that local epigenetic states affect
overall methylation levels but do not change
relative levels within the ajax array and TELO
subunits. Comparison of aggregated methyla-
tion frequency across TELO_Comp units at the
same loci in the human diploid assembly for
HGO002 (fig. S16) (21) show that overall methyl-
ation levels are higher across TELO_Comp ele-
ments, including those found in centromeres,
as expected from global differences in meth-
ylation level between T2T-CHM13 and HGO02.
However, the overall methylation pattern for
the TELO_Comp elements (Fig. 1E and fig.
S16) is retained, indicating it is an epigenetic
signature of this repeat in humans.

Transcriptional, epigenetic, and structural
differences define TEs across the
human genome

Precision nuclear run-on sequencing (PRO-seq)
(22) detects nascent transcription from RNA
polymerases with nucleotide resolution at
genome scale. The resulting read density pro-
files quantitatively reflect the occupancy of
active polymerases across the genome. Sites of
accumulating RNA polymerase activity (22, 23),
such as promoter-proximal pause sites, 3' cleav-
age and polyA regions, splice junctions, and
enhancers, indicate points of transcription
regulation (22, 24). In addition, because PRO-
seq captures RNA synthesis before mecha-
nisms that affect RNA stability take place,
unprocessed and unstable RNAs can be de-
tected with high sensitivity. Capitalizing on
the single-base resolution of PRO-seq and CpG
methylation profiles (21), we define profiles
of RNA polymerase activity that distinguish
different families of retroelements (Fig. 1A).
We assessed PRO-seq signal, CpG methyla-
tion density, CpG site density, and sequence
divergence from the consensus for each ele-
ment within each subfamily, further classified as
full-length or truncated and grouped by relative
age (fig. S17 and tables S12 and S13) (I18). For each
element type, density profiles were correlated
with known features of specific repeats.
Across all full-length retroelements in T2T-
CHM13, PRO-seq density profiles show signals
of RNA polymerase accumulation (Fig. 2, A
to E, and fig. S18). AluY elements show two
signal peaks; the first corresponds to the
known RNA pol III promoter site within the
first monomer, while the second, broader peak
within the second monomer indicates the site

Hoyt et al., Science 376, eabk3112 (2022) 1 April 2022

of a second, ancient 7SL RNA promoter (25),
whose presence might promote polymerase
pausing (Fig. 2A). The peak distribution closely
mimics the relative size of the left and right Alu
monomers and thus reflects the dimerization
of Alu. Although active transcription continues
in truncated AluY elements, there is no longer a
visible signal of promoter exclusivity, and RNA
polymerase signal spreads across the element.
Full-length AluY elements retain a similar
methylation profile and show low divergence
levels corresponding with low, single-copy
k-mer density. Truncated and older elements
(AluJ and AluS) (table S13 and figs. S18 to S22)
show broad methylation profiles with low
CpG content and higher divergence (Fig. 2A).
Transcriptionally active retroelement fami-
lies wherein the majority of full-length ele-
ments show high PRO-seq signal (AluY, SVA,
and L1Hs; Fig. 2, purple lines in parallel plots)
do have some full-length members that ex-
hibit the full diversity of transcriptional ac-
tivity, likely influenced by local chromatin or
epigenetic features of surrounding insertion
sites.

Whereas PRO-seq signal is detected in trun-
cated HERV-Ks (human endogenous retrovirus
type K) that retain LTRs [LT (less than 7500 bp
in length)/LTR+] (I8), signal is reduced and
completely lost in truncated elements without
LTRs, as expected (26). Full-length HERV-Ks
[GT (greater than 7500 bp in length)/LTR+]
(18) generally have low methylation levels despite
higher CpG content than the LT HERV-Ks,
albeit with nonsignificant P values (Fig. 2B
and figs. S18 to S20). Given the low number
of HERV-K elements and high identity among
5'and 3' LTRs of HERV-K elements (GT range
0.21 to 23%, average 12.05%; LT range 1.98 to
28.96%, average 11.58%), discerning a clear 5’
promoter signal was not possible. Further-
more, SVA_E and SVA_F elements, the only
SVA elements in the human genome that retain
mobility (27, 28), both show similar PRO-seq
peaks (Fig. 2, C and D), which distinguishes
them from their truncated counterparts SVA_A,
SVA_B, SVA_C, and SVA_D (figs. S18 to S22).

We find evidence for RNA polymerase pro-
moter proximal pausing at the 5’ end of the
SVA element at predicted transcription start
sites (TSSs) (29). Notably, we find PRO-seq
peak signal at the 3’ end within the HERV-K/
LTR5a-derived portion of the element, over-
lapping with the Kruppel-associated box
(KRAB)-containing zinc finger proteins (KZFPs)
controlled enhancer activity (TEEnhancer)
identified in this region (Fig. 2, C and D, gray
arrowheads) that contributes to human-specific
early embryonic transcription (30). While some
truncated SVA_F elements retain the 5’ pro-
moter signal, most SVA elements retain the
3' signal (Fig. 2, C and D, and figs. S18, S20,
and S21) and thus may also retain the ability to
modulate gene expression.

L1Hs elements, a major contributor to hu-
man structural variation (3I), show a strong
promoter-proximal pause signal at the 5’ end
(32) (Fig. 2E). This site also contains a methyl-
ation peak followed by a hypomethylated TSS,
delineating full-length L1Hs elements from their
truncated counterparts (Fig. 2E and figs. S18 to
S22). As elements become inactivated through
5' truncation (33, 34) and increased diver-
gence, CpG content and transcriptional signal
drops considerably (Fig. 2, E and F, and figs.
S18 to S22), indicating that CpGs are likely
targeted for methylation and subsequent de-
amination from cytosine to thymine.

To extend our analyses and demonstrate the
applicability of this approach in studying other
complex repeats in the human genome, we
focused on the TE-derived macrosatellite SST1
[also called MER22 (35) and NBL2 (36, 37)].
SST1 has demonstrated meiotic instability (38),
and its methylation status is of clinical rele-
vance to multiple cancer types (39-42). SST1
arrays are variable in the human population
(38), and our annotations identify about a two-
fold increase over the 342 loci (315,515 bases)
(table S14) identified in GRCh38 (excluding
the Y chromosome, which carries an additional
587 loci) (fig. S4). Randomized Axelerated Max-
imum Likelihood (RAXML) phylogenetic anal-
ysis with representative loci subsampled from
the 16 autosomes on which SST1 resides (18)
(Fig. 3, A and B, and table S15) showed that the
array situated on the long (q) arm of chromo-
some 19 represents the ancestral SST1 in the
human genome and carries a propensity for
centromere seeding and array size expansions
or contractions across primate lineages (35, 43).

The number of overlapping PRO-seq reads,
average methylation, and percent divergence
for each SST1 element in CHM13 were com-
pared to delineate correlations among tran-
scriptional, epigenetic, and structural features
of SST1 across genomic loci. PRO-seq revealed
that the SST1 arrays on chromosome 4 and
centromeric monomers on chromosomes 9,
13, and 14 are highly transcribed in compar-
ison to other SST1 loci and are grouped in a
single phylogenetic cluster (Fig. 3, A, C, and
D; fig. S23; and table S16), indicating that
centromeric SST1 repeat arrays are transcrip-
tionally inactive in CHM13.

Statistical analyses of SST1 repeats showed
that the highly transcribed repeats are both
longer and less diverged from the consensus
sequence (¢ test, P < 0.0001) (Fig. 3C, fig. S24,
and table S17) despite their basal location in
the phylogenetic tree (Fig. 3A). CpG methyl-
ation levels are high (>50%) for SST1 within
chromosome 4 and 19 arrays, low (<50%) for
centromeric monomers, and variable (low and
high) for centromeric arrays (Fig. 3, A and D;
figs. S24 and S25; and tables S16 and S17).
Metaplots of aggregated methylation fre-
quency across SST1 repeat units support this

50f16

2202 ‘9z |udy uo uoibuiysepn 1o A1sieAiun e B10:aous10s MMM//:SANY WO} papeo jumod



RESEARCH | COMPLETING THE HUMAN GENOME

A HERV-K R
- s . b i m ] wen [N e
o T T e T A L )
4 1.00-| PR
: 10{Sense STiTRs | sl Ww W Full Length
H B 075+ | oAl
Ah A I PE
2 [ —A 050~ , = |
I TPt e
N ) 10]Antisense 000 -100] Antisense == 3
Tes - .00- . kb VNTR 77 akb VNTR 765 | i
-0.5kb_ +0.1kb -0.5kb_ Tss TES Tss TES Mlelhy\ ’/ Diveréence ‘ Y 40.1kb W :0.1kb ME(h‘ﬂ”Cl Divergence
- M 0.1kb W01k -0.1kb +0.1kb #CpGs kemers - - = pGs kemers
E 1R e = N
@ 2 | 1 52 ZE \
k] 3 il Bl it \ T g g b
3 > fie + g | PR\ N B s R
= - L £ g = \
| H 5 5 y Truncated
| | I -
pELd
T o
. i I 1 °
Methyl | Divergence K T
= - £l #CpGs femers g g
2 2 fRiga £ g
] ] 2 5
H H g | . 4 N ! = =
= i = > (3 &=
E | = i g 5 £ =
% g = =|
H | L 3 [= =
\ 3
El
Tes T o =
TES  Methyl | Divergence s T P T Tes  Methyl | Divergence
05k 0.1k -0.5kb +0.1kb #CpGs kemers o™ 01k 01k 0.1k -akb woakp kb +0. HCpGs fcmers
e [ ——— ——— C— o= [
o 8 16 000 050 100 O >15 . a— 16 000 100 0 10 2 30 000 050 100 O >15
PRO-seq read density Methylation Frequency PRO-seq read overlaps PRO-seq read density Methylation Frequency PRO-seq read overlaps PRO-seq read density Methylation Frequency  PRO-seq read overlaps
. E L1Hs F Lip
A 100 Sense 100
7] 50
// Full Length 075 | | Full Length
L T osof (1] (/1 ”
i X
-50 T s ihighmnl M“M’] T L1PA2-3,L1P1
° VNTR 100 k:mmﬁ w " TES g 3 i
-4kb TES o m—— N o — TES
- ok 1
0.1k pbihyt | Divergence 010 ibihyl | pivergence 0L g
= = T HCpGs femers = #CpGs emers H
3% ® 3 =% =% s
=3 g 1 25 = 1
Truncated \\ H Truncated
S 2 o | | |
% H o ) Méthyl | Divergence
- 2 2 o #CpGs. kemers
Y g H £
V= g L]
- . o= - of ) 3| L1PA4-17, L1P2-4, LIPREC2
g g Meéthyl | Divergence | g 3 Méthyl | Diverence | 4
g 8 HCpGs femers 5 £ HCpGs emers ]
< H 5 H 5
s = 1 = 2 1 g

Scaled to total range

i I
3 O _ = o : Divergence
-akb TES  -akb TES  méthyl | Divergence kb TE kb TES  Mbthyl | Divergence | S TES kb s PGS em
+0.1kb +0.1kb #CpGs k-mers +0.1kb +0.1kb #CpGs k-mers +0.1kb +0.1kb
——— | = — [ —— _0 —_— . —— [ ——] _-— @
0 8 16 000 050 100 O >15 o 3 6 9 000 050 100 © >15 o a4 8 000 050  1.00 0

PRO-seq read density Methylation Frequency PRO-seq read overlaps Total PRO-seq signal

Fig. 2. Transcriptional profiles of TEs are highly correlated with sequence
divergence and epigenetic features. (A to F) RNA polymerase occupancy,
methylation levels, CpGs, and divergence for (A) AluY, (B) HERV-K, (C) SVA-E,
(D) SVA-F, (E) L1Hs, and (F) L1P elements from CHM13. Heatmaps of (left panel)
T2T-CHM13 PRO-seq density (Bowtie2 default “best match,” purple scale) and
average profiles showing sense and antisense strands (upper panels, standard
error shown in gray) and (right panel) methylated CpGs (red-purple scale,
aggregated frequency per site) for TEs grouped by their length [(A) to (E)] [full-
length (FL) and truncated (TR)] or L1PA subfamily [(F), all truncated)]. HERV-K
groups are delineated as follows: >7500 bp elements (GT) and <7500 bp
elements (LT) with both 5" and 3" long-terminal repeats (LTR+). (HERV-K
elements with only one or no LTR are shown in fig. S18C). Both GT and LT/LTR+
HERV-K elements are scaled. All other TEs are anchored to the 3' end, with a

Methylation Frequency

PRO-seq read overlaps Total PRO-seq signal Methylation Frequency PRO-seq read overlaps
specified distance from the anchor (bottom left). Standard error for composite
(gray), TSS (transcription start site), TES (transcription end site), location of the
VNTR (variable number tandem repeat) within SVA are indicated. A dotted line is
included on the heatmap denoting the static 0.1 kbp from the end of the
annotated element. Representative schematic of elements and respective
subcomponents are shown above the composite profile, scaled to the TES; red
blocks indicate previously known promoter regions. (Right side of each panel)
Parallel plots for each TE are shown, highlighting each group of TEs (FL/TR, or
L1P subfamily; HERV-K plots represent LTRs only). Vertical axes represent scaled
values for average methylation, number of CpG sites, and divergence from
RepeatMasker consensus sequences for each instance of the element. Coloration
by the number of overlapping PRO-Seq reads where purple represents the

highest read overlap and blue the lowest, on the scale matching each plot.

observation and indicate that while interstitial
arrays and monomeric SST1s carry the same
methylation frequency at their 5’ end, mono-
meric SST1s lose most methylation across the
body of the element (Fig. 3E and figs. S25 and
S26). Irrespective of this methylation pattern,
heatmaps of PRO-seq density show that all
highly transcribed SST1s have two internal
peaks of high RNA polymerase occupancy that
are closely spaced and in opposite orientations
(Fig. 3D and fig. S25B), characteristic of RNA
pol II promoters and enhancers.

Hoyt et al., Science 376, eabk3112 (2022) 1 April 2022

Together, these data suggest selective pres-
sure to retain the genomic integrity of older,
less diverged SST1 arrays and monomers that
are actively transcribed, whereas silenced re-
peats found in centromeric arrays are more
susceptible to sequence variation. Contrary to
expectations that CpG methylation renders
repeats transcriptionally silent (44, 45), we
find that high levels of average methylation
across interstitial, arrayed SST1s define these
transcribed repeats on chromosome 4 (Fig. 3,
A, D, and E) and bear a resemblance to meth-

ylation patterns observed over gene bodies
(46, 47). Chromosomal instability and cancer-
ous phenotypes associated with demethylation
and/or transcription of SST1 repeats have been
reported (48, 49), indicating a need to delineate
patient-specific and locus-specific annotations
for SST1 (39, 50).

The transcriptional landscape of
human centromeres

Centromere transcription is integral to proper
centromere function, affecting the loading
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Fig. 3. Transcriptional,
epigenetic, and structural
differences define SST1
elements across the
human genome. (A) RAXML
phylogenetic analysis of
SST1 elements [subsampled
to represent each chromo-
somal location and aligned
using MAFFT (107)] (tables
S14 to S17). Bootstrap
values are indicated by color
(as per key to the left) at the
base of each node. Branch
lengths indicate distances
and unresolved nodes were
collapsed. “Chr#" followed
by letters A to F indicates
the array designation by
T2T-CHM13 chromosome
unless SST1 is present as a
monomer or as duplicons
(DUP) (indicated in gray
text). Colored circles

by chromosome labels
indicate phylogenetic
clusters (e.g., chromosomes
7,12, 17, and 20 in green
and chromosomes 13, 14,
and 21 in aqua). (Right) For
each SST1 sequence

or group of collapsed
sequences on the tree,
average methylation fre-
quency (0, hypomethylated;
1, hypermethylated) is
indicated in blue, and
PRO-seq read coverage is
indicated in purple as per
key inset. Tan boxes denote
noncentromeric arrays.

(B) The location of SST1
elements across T2T-CHM13
is indicated by red bars
within the chromosome
schematic (table S14). Tan
blocks indicate centromeres
and centromere transition
regions as per (12). SST1L
arrangement as a single
monomer (blue dot),
duplication (green dot), or
array (purple triangle) is
indicated. Locations of SST1
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arrays on the Y chromosome are shown for GRCh38 (CHM13 is 46,XX). (C) Violin plot of SST1 elements shows statistically significant differences between expression
levels (repeat overlap of PRO-seq reads, Bowtie2 default “best match™) and length of the element (¢ test, P < 0.0001) as well as percent divergence (t test,
P < 0.0001). Dot colors indicate interstitial arrays on chromosome 19 (purple) and chromosome 4 (yellow) with a read overlap higher than 15. All other locations
with a read overlap lower than 15 are indicated in black. Fifteen read overlap cutoffs determined by analyzing the range of read overlap among all SST1s (fig. S23).
(D) T2T-CHM13 PRO-seq profiles (Bowtie2 default “best match,” upper panel) of SST1 grouped by average methylation levels (<50% and > 50%). Each element

is scaled to a fixed size with standard error shading (gray), TSS, TES, and +0.1 kbp are shown (bottom). Heatmaps (lower panels) of PRO-seq density (purple scale,
normalized reads per million aggregate for sense and antisense) grouped by average methylation levels (>50%, top; <50%, bottom). Clusters of specific SST1 loci
are indicated to the right. (E) Metaplot of aggregated methylation frequency (100 bins total) of SST1 elements (500 bp to 2 kbp), +0.1 kbp, grouped by chromosomal
location and arrayed versus monomeric or duplicated [orange, centromeric (CEN) array; blue, centromeric monomer; green, noncentromeric array]. Truncated
noncentromeric/CEN monomers and duplications not shown; length filtering resulted in n = 1.

Hoyt et al., Science 376, eabk3112 (2022)
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Fig. 4. Centromere landscape is characterized by the transcription of TEs
rather than satellites. (A) (Left) Cell sorting data showing the stages of the
cell cycle after synchronization and release. (Right) Ribbon plots of repeat
abundance in PRO-seq data [shown as reads per million (RPM)] assessed by
CASK method in asynchronous and synchronized Hela cells collected at time
points across the cell cycle (key in inset). A zoomed image shows the reads for
the lower range of expressed repeats, including all satellites classified in T2T-
CHM13 (tan). (B) Ribbon plot of repeat abundance in PRO/ChRO-seq data,
shown as RPM, assessed by CASK method across different developmental stages
and samples. Datasets include T2T-CHM13 PRO-seq and native RNA-seq,
PRO-seq for RPE-1 (differentiated retinal pigment epithelial cells), and ChRO-seq
for H9 ES (embryonic stem cells), DE (differentiated endoderm cells), duodenum
tissue, and ileum tissue. A zoomed image shows the reads for the lowest of
categories of repeats across all samples, including the satellites classified in

T2T-CHM13. (C) Repeat enrichment across PRO-seq and RNA-seq datasets

(all times points and tissues) ranked from least (red) to most enriched (blue)
on the basis of k-mers normalized to genomic frequency in T2T-CHM13. (D and
E) Recently active retroelements (green ticks in RM2 track) found embedded
within alpha satellite HOR arrays (red) in (D) an “old” TE island derived

from segmental duplications on chromosome 3 and (E) solo embedded TEs and
“young” TE islands on chromosome 1. Stranded PRO-seq profiles (Bowtie2
default “best match™) across chromosome 3 and 1 regions encompassing the
centromere are shown (top). TEs are transcriptionally active (PRO-seq Bowtie2
“best match” mapping (yellow), k-100 overfit mapping (gray), and single

(blue) and dual filtered (red) k-100 mapping data are indicated for both strands)
and located (black boxes) at transitions in CpG methylation (metaplot at
bottom; 200 bins total) and CpG density (blue, below) within the array. Key of
elements in cenSAT and RM2 tracks indicated at bottom.

of newly synthesized centromere protein A
(CENP-A) histones (51-57). Although evidence
suggests that RNA is a critical component
of the epigenetic cascade leading to faith-
ful CENP-A assembly, an assessment of nas-
cent transcription across human centromeres
has been lacking. The availability of high-
confidence centromere annotations for T2T-
CHM13 (12, 58, 59) provides an opportunity
to assess transcription and active RNA poly-
merase activity across previously unresolved
regions of a human genome reference: the cen-
tromere and the pericentromere. To capitalize
on the T2T-level assembly and the resolution
of PRO-seq at single nucleotides, we developed

Hoyt et al., Science 376, eabk3112 (2022) 1 April 2022

genome-dependent and genome-independent
approaches to define the landscape of centro-
mere transcription (18) (figs. S27 and S28).
We observed low levels of satellite tran-
scription (figs. S29 to S33 and table S18), in-
dicating that RNA polymerase occupancy at
centromeric satellites in CHM13 is lower than
that observed for all other repeat types. The
low levels of satellite transcription are not ex-
plained by differences in genomic abundance
between satellite repeats and other repeats.
Indeed, after normalizing the observed PRO-
seq levels with shuffled reads, satellite tran-
scription is the lowest among all other repeat
types (fig. S33), indicating genome-wide re-

pression of centromere satellite transcription,
including the CENP-A-containing HORs (12).

Given that centromere transcription and
CENP-A deposition are dynamic processes
(60), we tested whether repeat transcription
varied across the cell cycle. After synchroni-
zation and release into mitosis, we find that
repeat transcription across the genome drops
in mitosis (Fig. 4A and fig. S34)). SINEs, LINEs,
and LTRs increase transcription rates at the
1-hour time point and reach a steady state by
1.5 hours, coincident with the transition to G1
after CENP-A loading. Notably, satellite tran-
scripts are detected, but at low levels across
the cell cycle (Fig. 4A and figs. S29 to S34). We
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used available datasets to determine whether
the low level of satellite transcription was spe-
cific to CHM13 or its early developmental stage.
Across cell types and developmental stages,
retroelements show dynamic PRO-seq pro-
files, yet satellite transcription remains low
(Fig. 4B and figs. S35 and S36). Across all cell
types and time points, alpha satellites within
the CENP-A-containing HORs (72) show gen-
erally higher PRO-seq signal than do de-
generate HOR alpha satellite arrays (dHORs)
and monomers or interstitial alpha satellites
(MONSs) (fig. S37). Thus, although nascent
transcription is low, transcription from alpha
satellites is detectable within the HOR domain
that demarcates the active centromere (Fig.
4C). The low level of detectable transcripts
within the active HOR domains contrasts with
the transcriptional level of pericentromeric
satellite arrays where satellite transcripts pro-
mote the recruitment of chromatin modifiers
to maintain the heterochromatic status of these
domains (61).

TE annotations for T2T-CHM13 show that
members of retroelement subfamilies known
to contain full-length and, in some cases,
transpositionally active members are found
within centromeric HOR satellite arrays and
retain their PRO-seq signal (fig. S38 and table
S19). We find evidence for multiple types of
TE-alpha satellite associations across T2T-
CHM13 (table S19); all chromosomes have TE
insertions within alpha satellites, but several
lack TEs within HORs (e.g., all acrocentric
chromosomes). We also find “older” TE islands
within HORs, derived from segmental duplica-
tions (Fig. 4D and fig. S39), recent insertions of
TEs within HORs, and aggregates of TEs that
appear to form emerging TE islands (Fig. 4E,
right, and fig. S40). Single insertions of TEs
found within HORs, dHORs, and monomeric
regions (table S19) remain transcriptionally
active (Fig. 4, D and E, and fig. S38) yet show
limited evidence of transcription of adjacent
alpha satellites (Fig. 4E and figs. S39 and S40),
indicating that read-through transcription
from embedded TEs may affect alpha satel-
lites, but not in the arrays underlying the
CDR, the region defined by CENP-A enrich-
ment (Fig. 4E, left) (12).

Given the higher proportion of L1Hs in-
sertions in HORs and work showing a link
between L1 transcription and neocentromere
formation (57, 62), we compared embedded
L1Hs within HORs to those found in dHORs,
monomers, and chromosome arms to deter-
mine whether L1Hs embeds retained their TE
signatures or were “overwritten” by their local
chromatin environment. We find no statistical
evidence that L1Hs within HORs and dHORs
deviate in length, divergence, or average meth-
ylation from those found outside of these
regions (figs. S41 and S42 and table S20).
However, L1Hs within monomeric segments

Hoyt et al., Science 376, eabk3112 (2022) 1 April 2022

of alpha satellites are both more diverged and
less methylated than L1Hs that are in HORs
(P < 0.05), dHORS (P < 0.01), or not embedded
at all (P < 0.001) and show less transcription
than their counterparts elsewhere in the ge-
nome, including those in the HOR and dHOR
(figs. S38 and S42).

Although we find no clear link between alpha
satellite transcription and the CENP-A domain
overlapping the CDR (12, 21), transcription
detected from embedded TEs marks shifts in
methylation frequencies across satellite do-
mains, establishing putative TE boundaries.
Whether and how TEs facilitate these shifts is
unknown. In previous work, the activity and
copy number of TEs has been linked to alter-
ations in methylation levels within centro-
meres in interspecific hybrids, resulting in
chromosome instability (63), indicating that a
balance of methylation is required for centro-
mere stabilization. With the technological ad-
vances presented in the assembly and annotation
of the T2T-CHM13 human reference, com-
parative studies across other species will aide
in revealing how the structure of the satellite-
dense centromeres of human differs from that of
TE-enriched centromeres in other species (64)
and how these differences affect centromere
function and chromosome evolution.

Putative TE-driven genomic DNA transductions
and their evolutionary consequences

The complete sequence provided by T2T-
CHM13 revealed previously unknown patterns
of repeat expansions across the short (p) arms
of acrocentric chromosomes. In T2T-CHM13
(I11), we discovered previously unannotated
repeat arrays of a 64-nucleotide sequence (Fig.
1B) present in high copy numbers on the p
arms of acrocentric chromosomes 14, 15, 21,
and 22 (17) and in single or low copy number
(<5) on eight other chromosomes (Fig. 5A and
tables S2 and S21). A solo monomer resides
on chromosome 10, with all other occurrences
adjacent to an AuSx3 element (thus, with Alu
satellite, or WaluSat). The lack of identity
among 5’ and 3' sequences of the chromosome
10 locus and the AluSx-WaluSat loci on all
other chromosomes (fig. S43), coupled with
phylogenetic analyses across primates (figs.
S43 to S46), indicates that an ancestral dup-
lication of the chromosome 10 locus was
followed by a mobile element insertion to
form the AluSx-WaluSat unit in the last shared
ancestor with Catarrhini.

The WaluSat sequence exists as a single mono-
mer at eight loci, as a duplication at three loci,
and in one case as a pentamer. However, once
segmental duplication events placed the AluSx-
WaluSat on the p arms of chromosomes 14,
15, 21, and 22, WaluSat amplified into longer
arrays, ranging from 26 copies (chromosome 15)
to 5836 copies (chromosome 14) (Fig. 5A). We
hypothesize that the high degree of sequence

similarity and copy number variation among
p arm WaluSat arrays is due to frequent non-
allelic or ectopic recombination events on
acrocentric chromosomes (11, 65), which may
be exacerbated by replication challenges asso-
ciated with the predicted periodic G-quadruplex
structures (66) identified at junctions of WaluSat
sequences within arrays (I18) (Fig. 5, B and C).

The low identity among the sequences adja-
cent to the chromosome 3 AluSx-WaluSat and
other AluSx-WaluSat loci, along with the iden-
tification of putative target site duplications
(TSDs), may indicate that a transduction event
followed the Alu insertion and preceded the
spread across the human genome via dupli-
cations. TE-mediated transduction (i.e., a TE
transduction event), a process by which retro-
elements co-mobilize DNA flanking the ele-
ment to new genomic loci (67-70), has been
observed for L1 and SVA elements in humans
(67-73). TE transduction events mediated by
Alu elements are seemingly rare (74), likely
because of efficient termination of RNA poly-
merase III on sequences with long poly-T tract
lengths and nearby RNA secondary structures
(75). Given the age of the initial insertion of the
AluSx element, it is unknown if such an event
was mediated by an RNA polymerase III or
cryptic upstream RNA polymerase II promoter,
or if other rearrangements specific to chro-
mosome 3 degraded signal of shared identity
with other segmental duplications (Fig. 5A,
dashed box).

Beyond potentially seeding new repeat se-
quences across the genome, TE transductions
can affect the genome through exon shuffling
(67,71, 76) and are a possible source of somatic
mutations (74, 75). Here, we applied a set of
computational approaches (18) (fig. S47) to
annotate putative TE transduction events in
T2T-CHM13. In total, we analyzed 971,993
L1s and 7068 SVAs (figs. S48 to S51). After
stringent filtering for potential artifacts, such
as segmental duplications and putative dupli-
cations of truncated elements, we find 65 L1,
five 3’ SVA, and 11 5’ SVA transduction events
(tables S21 and S22 and figs. S50 and S51).

Of these 81 annotated transduction events,
78 are shared with GRCh38 (Fig. 5D and table
S23), and three appear specific to T2T-CHM13.
One T2T-CHM13 TE transduction is in a re-
gion of no synteny with GRCh38 and is caused
by an L1PA4, representing an older event ac-
cording to Kimura-2 distances (fig. S49). Of
the remaining two T2T-CHM13 TE transduc-
tions, both events are derived from the youn-
gest, human-specific TEs, L1Hs and SVA-F, and
may represent polymorphic TE transductions.
However, we find the offspring TE in both
GRCh38 and T2T-CHM13, yet the transduced
sequence is missing in GRCh38, owing to a
collapse in the sequence, highlighting the uti-
lity of a T2T-level assembly in identifying puta-
tive TE transduction events.
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Fig. 5. TE activity affects genomic repeat diversity in CHM13. (A) Maximum likelihood (ML) phylogenetic

analyses of the AluSx3-WaluSat locus across T2T-CHM13. Chromosome location is indicated (starting
nucleotide position shown) at each branch. Bootstrap values shown at each node, distance indicated by

length of branch. Left shows the sequential order of events, initiating with a duplication of the chromosome

10 WaluSat locus followed by mobile element insertion (MEI) of an AluSx3. The identification of putative TSDs

(pink, fig. S43) and a lack of identity among sequences adjacent to WaluSat on chromosome 3 and all other loci

(fig. S43) may indicate that a transduction event preceded the spread of AluSx3-WaluSat across the human

genome (dotted box). MEI events upstream of the AluSx3-WaluSat are concordant with phylogenetic relationships

among loci and indicate that the derivation of AluSx3-WaluSat loci across other chromosomes were the result

of segmental duplication events (gray shaded box). Once the AluSx3-WaluSat was duplicated to the acrocentric

chromosomes 14, 15, 21, and 22, a massive expansion of the WaluSat sequence (blue boxes) occurred. The
number of WaluSat monomers within each acrocentric array is indicated on the right with monomer number

relative to maximum monomer count 5836 on chromosome 14. (B) G-quadruplex (G4) analysis of a single 64-mer

monomer of the WaluSat sequence showed no predicted G4 structures (top), while an in silico construct of a
tandem array of the WaluSat shows high G4 coverage at the junction between individual WaluSat monomers

across the array. (C) G4 analysis of the p arm of chromosome 14 shows a peak in G4 predictions coincident with

the WaluSat array. Bottom is a zoom inset of a subset of the array showing that the junctions between most
monomers carry predicted G4 structures. (D) Transduction events predicted for CHM13 (L1, pink; SVA 5/,
purple) and shared between T2T-CHM13 and GRCh38 (gray shades) are shown. Chromosome connections link
progenitor and offspring locations (fig. S49).

CHM13 serves as a reference for comparative
repeat analyses across humans and other
primate genomes

Studies of the link between TE activity and
chromatin states can extend beyond local in-

Hoyt et al., Science 376, eabk3112 (2022) 1 April 2022

fluences, as exemplified by LINE and SINE
transcriptional activity and the chromosome-
wide silencing of the X chromosome during X
inactivation (77-79). Two noncoding RNAs on
the X chromosome are central to the inac-

tivation of one X in females, Xist and Tsix (80).
These two loci overlap one another in a sense
and antisense orientation but are in distinct
topologically associating domains (TADs);
Tsix is the antisense repressor of Xist, whose
up-regulation leads to X inactivation (81). The
bipartite structure of the locus in two TADs
facilitates partitioning of the X inactivation
center (XIC) and supports appropriate timing
of X inactivation through Xist transcription in
early development (82). Moreover, an early step
in the formation of heterochromatin across the
inactive X is the silencing of LINEs and SINEs
within the Xist RNA compartment (77).

The scarcity of SNPs (21) in T2T-CHM13,
coupled with the short reads of PRO-seq data,
made it impossible to discern transcripts orig-
inating from one X allele versus the other
within CHM13. However, we were able to
phase reads into their individual alleles, sup-
porting the assessment of methylation differ-
ences of TEs between the two X chromosomes
in the XIC. PRO-seq signal was found across
the Xist locus, whereas no signal was detected
from the Tsix locus, indicating that X inacti-
vation has proceeded, resulting in differential
methylation profiles across alleles (Fig. 6A). Low
methylation (Fig. 6A, blue block in cluster 2)
marks the initiation of Xist transcription,
followed by high methylation levels across the
Xist/Tsix locus on this allele, inclusive of the
interspersed repeats found across the locus
(Fig. 6A and table S25). A distinct pause (indi-
cated by a pileup of PRO-seq signal, boxed in
Fig. 6A) after the termination signal of the
Xist transcript unit was found that coin-
cides with the TAD junction and delineates
the Xist and T'six domains. These data are in-
consistent with a report that androgenetic
hydatidiform moles lack X inactivation (83).

We also compared both the XIC and
chromosome-wide repeat content of the chro-
mosome X from T2T-CHM13 and HG002 (XY).
As expected, the XIC in HG002 shows high
methylation across the locus and only a single
allelic cluster, with no detectable transcripts
across the Tsix/Xist domain (Fig. 6B and table
S25). Sequence comparison of the 269,020 re-
peats assessed between the haploid X of HG002
and T2T-CHM13 (Fig. 6C and tables S26 and
$27), excluding the pseudoautosomal region (see
fig. S52 for T2T-CHM13 PAR annotations),
currently unassembled in HG002, uncovered
778 repeat differences, of which 70% were simple
repeats and 21% were TEs (64 of which were
length outliers) (I8) (fig. S53). Collectively, these
data demonstrate that the depth of repeat
annotations based on the T2T-CHM13 assembly
can serve as a reference for studying human
variation inclusive of repeats that affect local
and regional chromatin, gene expression, and
gene copy numbers.

While many of the previously unidentified
repeat classifications coincide with gaps filled
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Fig. 6. Repetitive elements
define differences between
human genomes and nonhuman
primates. Single read methylation 8
profiles were extracted, and

reads were clustered on the basis
of the methylation state of the Xist
promoter from (A) T2T-CHM13
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in the T2T-CHM13 assembly, these data sup-
ported genome-wide annotation of previously
undiscovered repeats and TEs (Fig. 1B). To de-
termine whether these repeat classifications
were specific to humans, we searched for or-
thologous sequences in the human reference
GRCh38 and available genome assemblies for
primates representing the great apes (Pan
troglodytes, Gorilla gorilla, Pongo abelii),
Hominoidea (Hylobates moloch), Catarrhini
(Macaca mulatta, Rhinopithecus roxellana),
Platyrrhini (Callithrix jacchus), and Strepsirrhini
(Microcebus murinus) (I8).
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When comparing copy numbers of repeat
annotations between T2T-CHM13 and long-
read, high-quality assemblies available for other
great apes (chimpanzee, gorilla, and orangutan)
(84), we still find an increase in copy number
across most of the repeats identified herein
(Fig. 6D, fig. S2, and table S28). Many repeats
appear only as monomers in other primate ge-
nomes or are absent in Strepsirrhini, Platyrrhini,
Catarrhini, and lesser apes; these reduced
counts are largely influenced by the quality
of these assemblies and potentially high rates
of divergence among repeats, and they high-

light the need for telomere-to-telomere assem-
bly approaches for comparative analyses (85).
Finally, eight of the repeats identified herein
are human-specific, with an additional 11 found
only as monomers in other species (Fig. 6D and
table S28).

Conclusions

The assembly of the complete, telomere-to-
telomere human genome reference facilitated
development of an atlas of repeats that make
up >53% of the human genome. Through
this collaborative effort, we have developed a

11 of 16

2202 ‘9z |udy uo uoibuiyse/ 1o A1SIeAIuN Te 610°80Us 105" MMM/:ST1Y WO} papeoumod



RESEARCH |

COMPLETING THE HUMAN GENOME

resource of human repeat annotations and
methods to guide future efforts in exploring the
complexities of repeat biology in human and
other primate genomes. We focused on repeat
sequence, CpG methylation, and transcrip-
tional annotation; updated repeat models
and implemented repeat modeling tools that
supported the identification of previously un-
known satellite arrays; expanded the catalog
of variants for known repeats and TEs; and
developed annotations for complex, compo-
site repeat elements. Deeper exploration
of such repeats revealed the complexity of
genetic mechanisms that affect repeats
during different phases of their life cycle
and thus illustrate the myriad mechanisms
by which they are major contributors to
defining the structure and content of the
human genome.

For example, we found that a TE insertion
event captured a short sequence, WaluSat, in a
primate ancestor. Subsequent segmental dupli-
cations of the region carrying this composite
TE-sat repeat spread the sequence across sev-
eral human chromosomes, including four of the
acrocentric chromosomes. The satellite portion
of the repeat expanded to almost 0.5 Mbp of
sequence on the acrocentric chromosomes,
resulting in the alteration of the structure of
this portion of the chromosome into regions
dense with G4s, which are potentially func-
tional elements (86). This example highlights
the need for future functional studies dissect-
ing the impact of repeats on the local chromo-
some environment, such as replication timing,
local transcription, DNA damage and repair
processes, and establishing TAD boundaries.
Moreover, this example lays the groundwork
for exploring the impact of local environments
(such as gene-poor regions as found on the
acrocentric arms of human chromosomes) on
sequence constraint and mutation rates for
emergent repeats.

We provide a high-confidence functional
annotation of repeats across the human ge-
nome. For example, we find that the tandemly
arrayed TE-derived satellite SST1 carries dis-
tinctive methylation and transcriptional pro-
files, including an enhancer embedded in each
unit, found only in specific arrays on chromo-
somes 19 and 4. These arrays are hypervariable
in the human population, and alterations in
their activity have been linked to cancer (36, 48).
However, a full understanding of copy num-
ber variation, epigenetic instability, and tran-
scription of SST1 elements has been hampered
by a lack of complete annotations of copies
of these elements elsewhere in the genome.
Our functional annotation revealed transcrip-
tional signatures of both promoters and en-
hancers within active SST1 elements that may
affect local transcription and chromatin struc-
tures. Moreover, this enhancer implicates SST1
in defining cellular partitions, such as para-
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speckles and phase-separated condensates
(36, 87), that could have an impact on other
genomic loci.

Combined with defining the linear order and
content of centromeric sequences (12), we find
that engaged RNA polymerase signal is low
across centromeric satellites arranged in arrays,
irrespective of stages of the cell cycle or de-
velopment. Rather, active transcription is de-
tected in embedded retroelements coinciding
with shifts in methylation states that demar-
cate active centromere domains. To date, the
centromere biology field has been limited by a
lack of a linear assembly across human centro-
meres, challenging the development of models
to describe genetic and epigenetic elements
that define centromeric chromatin. Our data,
in concert with centromere annotations (12),
reveal that these high-density repeat regions
are not static in sequence, epigenetic, or tran-
scriptional activity and that there is a high
degree of substructure across the centromeric
regions that affect function. Comparing the
landscape of the variable centromere forms
across domains of life, and in human disease,
will reveal the complex life cycle of centro-
meres (64).

Studies of human genetic variation have
been relatively blind to repeat variation among
individuals, particularly arrayed and complex
repeats, as these types of sequences are recal-
citrant to short-read sequencing technologies,
mapping, and functional annotation method-
ologies. As a prospective of the utility of com-
plete reference genomes in studying human
genetic variation, we compared two T2T X
chromosomes. We find 218 kbp of repeat dif-
ferences between these two chromosomes
(0.18% of the chromosome, excluding the
1.9-kbp PAR), including repeat variation in
complex arrays that carry exonic material
and thus affect gene dosage. Thus, com-
parative analyses of T2T-level assemblies
reveal the potential for discovering an even
wider range of repeat variation across the
46 chromosomes that constitute the human
genome.

Finally, our work demonstrates the need to
increase efforts toward achieving T2T-level
assemblies for nonhuman primates to fully
understand the complexity and impact of
repeat-derived genomic innovations that
define primate lineages, including humans.
Although we find repeat variants that appear
enriched or specific to the human lineage, in
the absence of T2T-level assemblies from other
primate species, we cannot truly attribute
these elements to specific human phenotypes.
Thus, the extent of variation described herein
highlights the need to expand the effort to
create human and nonhuman primate pan-
genome references to support exploration of
repeats that define the true extent of human
variation.

Materials and methods summary

Repeat model discovery

RepeatMasker4.1.2-p1 (88) with the Dfam3.3
repeat library and RepeatModeler2.0.1 (8) were
used to define repeats across the genome, fur-
ther refined using extensive manual curation,
as described in (18). This database was used to
generate a final mask of the T2T-CHM13v1.1
assembly. ULTRA (9) was used to improve the
accuracy of tandemly repetitive satellite anno-
tations. Gaps of >5 kb in T2T-CHM13v1.1 repeat
annotations were identified with BEDtools (89)
and manually curated. Monomer structure was
confirmed using self-alignment plots. Repeat
models were further refined to remove any
false positives (e.g., fragments of other TEs,
pieces of simple repeats), as described in (I8).

Composite elements

We defined a composite element as a repeat-
ing unit consisting of three or more repeated
sequences (TEs, simple repeats, subunits, and/
or satellites) found as a tandem array in at
least one genomic location. A composite sub-
unit is a previously unknown repeat annotation
that is found within a composite. Whereas the
locations of some composite elements within a
family are present as a single copy and thus are
likely segmental duplications derived by non-
allelic homologous recombination (90), a com-
posite family is distinguished by the presence
of composite elements in an array in at least
one location.

LiftOver/reverse liftOver analyses

LiftOver chains were generated from LASTZ
alignments between GRCh38 and T2T-CHM13v1.1
and X chromosomes of T2T-CHM13 and HG002
with considerations as per (18). Reverse liftOver
was performed from repeat annotations in
both assemblies; BEDtools (89) was used to
intersect the T2T-CHM13 coordinates with
regions lacking synteny to GRCh38. Results
were parsed into one of five categories: full
match (i.e., SINE/Alu/AluSx), class match (i.e.,
SINE/Alu), family match (i.e., SINE), no match,
and those set aside and subject to extensive
manual curation to identify correct matches.

Methylation metaplots

Nanopore CpG methylation data for T2T-
CHM13 and HGO02 was processed as in (21).
CpG methylation frequency was calculated
by fraction of methylated reads to total cover-
age within bins in T2T-CHM13 or HG002 with
the BSgenome Bioconductor package (21, 91).
Multiples of three bins were further smoothed
with the “rollmean” function from the R pack-
age Zoo. Methylation clustering was performed
by selecting all reads spanning a locus and
using the mclust (v5.4.7) R package with the
“VII” model to cluster methylation calls across
the locus (92). CpG density heatmaps were
calculated by counting the total number of
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CpG sites per position relative to the repeat
start and end and dividing by the total num-
ber of repeats in each group. Methylation
single-read plots were generated in the ggplot2
R package using geom_rect() to plot individ-
ual reads with methylated CpGs as red and un-
methylated CpGs as blue.

Identification and classification of full-length
and truncated TEs

Full-length elements of recently active TE fam-
ilies [AluY, L1Hs, HERV-K, and SVA_E/F (93)]
were retrieved from the RepeatMasker output
and cross-referenced with PRO-seq data and
CpG methylation data as per (I8). All retroele-
ment classes were grouped into relative age
categories based on divergence and phyloge-
netic distribution (6, 88, 94-99). LINEs, SINEs,
and retroposons were grouped by subfamily;
LTRs were grouped by family.

PRO-seq

For each of two PRO-seq replicates, cells were
processed as per (18, 22). PRO-seq libraries
were prepared as previously described (22)
with minor modifications (100). Permeabi-
lized cells were mixed with permeabilized
Drosophila S2 nuclei in all 4-biotin-NTP run-
on reactions. After amplification, libraries were
polyacrylamide gel electrophoresis (PAGE)-
purified to remove adapter-dimers and select
molecules between 140 and 650 bp. Libraries
were sequenced on an Illumina NextSeq 550
(single-end, 75 bp). Raw fastq files were trimmed
for quality, length, and adapters using cutadapt
(101) and reverse complemented using the
fastx-toolkit (702). Bowtie2 (103) alignment to
Dm6 was used to remove Drosophila spike-in
reads; remaining reads were aligned to T2T-
CHM13 using default (“best match”) parame-
ters (and k-100 for comparison); multimapping
alignment files were subjected to single-copy
k-mer filtering and processed into beds with
BEDtools (89) for subsequent normalization
with nonmitochondrial alignments to obtain
counts in reads per million mapped (RPMM)
as described in (78). Complementary analyses
were performed on read data (unmapped) as
outlined below and in (I8).

Statistical analyses and data visualization

BEDtools (89) map was used to calculate av-
erage methylation and CpG density across all
repeats in RepeatMaskerV2 (RMv2) and in-
corporated into 3D graphs and parallel plots.
Genomic data were visualized using RIdeogram
(v0.2.2) (104), Circos (v0.69-6) (105), and Circa
(v1.2.2). Genome browser tracks and centro-
meric satellite (cenSAT) annotations for T2T-
CHM13 are as described in (11, 12, 21, 65).
Heatmaps for PRO-seq profiles were gener-
ated using deepTools2 (106). Normalized data
were binned in 10-bp windows, and repeat
elements were anchored to the 3’ end, with
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the exception of HERV-K, which was divided
into subcategories on the basis of length and
presence of dual LTRs and scaled as per (I8).
The maximum value per bin and composite
profiles were summarized by averaging each
bin across all regions in the group; standard
error was estimated and is shown in gray in
each composite. Methylation heatmaps for
HERV-K were generated in R ggplot2 by nor-
malizing repeat size by start and end position
and using geom_tile() to plot CpG methylation
frequency at each position. For all other ele-
ments, methylation heatmaps were anchored
at the 3’ and using geom_tile() to plot CpG
methylation frequency at each position.

SST1/L1Hs embed analyses

SST1 sequences were extracted from CHM13
annotations via BEDtools (89) and aligned
with MAFFT (107). The evolutionary history
was inferred by using RAXML (108) and the
GTR+G model (109) as matched by jModelTest
(110); 100 bootstrap replicates reported. PRO-
seq density for SST1 with <15 and =15 reads
overlapping were determined by plotting the
distribution of read overlaps across all anno-
tated SST1 elements. BEDtools (v2.29.0) (89)
was used to intersect SST1/L1Hs repeats with
genomic locations, methylation (21), and tran-
scriptional data. An unpaired ¢ test was per-
formed to quantify differences among repeats
in each group by repeat length, percent diver-
gence, percent insertions, percent deletions,
and average methylation. Violin plots were
generated via GraphPad Prism (v9.1.1).

Hela cell cycle analyses

Given the low rate of cell division and synchro-
nization challenges in CHM13 cells, HeLa-S3
cells were used, noting the caveat that this cell
line carries high levels of karyotypic instability
(111). HeLa-S3 cells were arrested as per (112),
mitotic cells collected and subsequently grown
for the corresponding time or immediately
permeabilized (mitotic sample) as described
in (I8). All time points were collected in rep-
licate experiments. Before cellular permeabi-
lization, 10% of each sample was removed,
fixed in cold 75% ethanol, and stained with
propidium iodide, and DNA content was ana-
lyzed using a BD FACSAria II. The flowCore
package was used to read FCS files into R. PRO-
seq libraries (both replicates) were prepared
as previously described (22), with minor mod-
ifications as for CHM13 (18). All data were pro-
cessed, mapped, and normalized as above for
CHM13. Comparative and quantitative analyses
are outlined below and described in (I8).

H9 ChRO-seq data analyses

External chromatin run-on and sequencing
(ChRO-seq) data (GSE142316) for four develop-
mental stages in replicate (ES, DE, duodenum,
and ileum) (713) of H9 cells were used for com-

parison to CHM13. H9 ChRO-seq data was pre-
processed using the proseq2.0 pipeline to
generate adapter-trimmed and deduplicated
fastq files used for repeat composition analysis
as per (I18).

Preprocessing, mapping, and postprocessing of
RNA-seq data (CHM13 and HG002)

Data from two replicates of CHM13 paired-
end native RNA sequencing (RNA-seq) using
oligoDT (12) were processed with the same
workflow as the CHM13 PRO-seq data, with
minor modifications as per (I18). External
paired-end ribodepleted RNA-seq data for
HGO002 (GM24385) were used for compari-
son, preprocessed as per CHM13 RNA-seq and
mapped to a combined assembly of T2T-CHM13
autosomes, HG002 chrX, and GRCh38 chrY
with Bowtie2.

Comparative analyses of transcript
quantification approaches

To complement TE (herein) and centromere
satellite repeat annotations (12), we imple-
mented a three-pronged approach to define
centromere transcription as described in (18):
a mapping-dependent approach, in which PRO-
seq (two replicates) and RNA-seq (two rep-
licates) data were mapped and reads were
intersected with single copy 4-mers derived from
the T2T-CHM13 assembly and whole-genome
shotgun polymerase chain reaction-free reads
(11, 114); a mapping-independent approach
in which unmapped PRO-seq and RNA-seq
reads were annotated using classification of
ambivalent sequences using k-mers (CASK)
and a T2T-CHM13-dependent k-mer database
formed via T2T-CHM13 repeat annotations;
and a genome-independent approach, in which
PRO-seq and RNA-seq reads were processed
through RepeatMasker using the human Dfam
3.3 library. RepeatMaskerV2 (RM2) was inter-
sected with cenSAT annotations to identify and
label repeats adjacent to alpha satellites des-
ignated HOR, dHOR, MON, or “none of the
above” regions (RMv2-alpha).

To compare across these three methods,
BEDtools (89) coverage was used to obtain
counts of reads overlapping repeats defined
in RMv2 and RMv2-alpha across all mapping
methods, requiring at least 50% (~25 to 30 bp,
roughly equivalent to the CASK k-mer length)
of the read to overlap the repeat element [and
see (18)]. The relative abundance of each re-
peat was similar across replicates; thus, counts
from both replicates were summed. Variable
bowtie mapping parameters (default, k-100,
and k-100 filtered for single copy %-mers with
multiple filters) on PRO-seq and RNA-seq
datasets were assessed (18).

WaluSat analyses

The evolutionary history of WaluSat, AluSx,
and the AluSx-WaluSat loci were inferred by
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using the maximum likelihood method as
described (18). Dotplots were generated by
comparison of 1.5-kb sequences flanking both
5" and 3’ regions adjacent to WaluSat inser-
tions with FlexiDot as per (I8). G-quadruplex
analysis was performed with G4Hunter (115).

Transduction analyses

TE transduction events were analyzed using
the modified TSDfinder tool (67), filtering for
artifacts such as segmental duplications and
truncated elements, and refined on the basis
of TE age using Kimura-2 distance parameters
as described in (Z8).

ChrX liftOver analysis and repeat
fasta comparison

Lifted T2T-CHM13 chrX to HG002 coordi-
nates were compared (I8) using a similarity
score as a percentage of the max score (>90%
were considered concordant, <50 bp were in-
sufficient; others were considered potentially
polymorphic). Sequences of interest were
filtered for length differences between the
liftOver coordinates. Differences were sub-
ject to manual curation depending on repeat
type, and the final loci were subjected to
RepeatMasker analysis.

Copy number comparison across primates

Copy number comparisons across primate
genomes (I8) were generated with the most
recent, available primate genomes for each
species: Pan troglodytes (accession: GCA_
002880755.3) (84), Gorilla gorilla (accession:
GCA_900006655.3) (116), Pongo abelii (accession:
GCA_002880775.3) (84), Hylobates moloch
(accession: GCA_009828535.2), Macaca
mulatta (accession: GCA_008058575.1) (117),
Rhinopithecus roxellana (accession: GCF_
007565055.1) (118), Callithriz jacchus (accession:
GCF_009663435) (119), and Microcebus murinus
(accession: GCF_000165445.2) (120). BLAST
was used to search each genome for individual
instances of the corresponding repeat or com-
posite element, requiring at least an 85% length
match to the query repeat/composite monomer
and a 100% match requirement across the 85%
length for gap tandem arrays.
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