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Recent technological advances have facilitated the assembly of telomere-to-
telomere (T2T) genomes. The current T2T CHM13 showcases the complete
architecture of the human genome, yet its use in functional experiments is
limited by discrepancies with the actual genome of the specific biological
system under study. Access to reference assemblies for experimentally rele-
vant cell lines is therefore essential in advancing sequencing-based analyses
and precise manipulation, particularly in highly variable regions such as cen-
tromeres. Here, we present RPE1vl.1, the near-complete diploid genome
assembly of the hTERT RPE-1 cell line, a non-cancerous human retinal epithelial
model with a stable karyotype. Using high-coverage Pacific Biosciences and
Oxford Nanopore Technologies long-read sequencing, we generate a high-
quality de novo assembly, validate it through multiple methods, and phase it
by integrating high-throughput chromosome conformation capture (Hi-C)
data. Our assembly includes chromosome-level scaffolds that span cen-
tromeres for all chromosomes. Comparing both haplotypes with the CHM13
genome, we detect haplotype-specific genomic variations, including the
translocation between chromosome 10 and chromosome X t(X;10)
(Xg28;10g21.2) characteristic of RPE-1 cells, and divergence peaking at cen-
tromeres. Altogether, the RPE1v1.1 genome provides a reference-quality
diploid assembly of a widely used cell line, supporting high-precision genetic
and epigenetic studies in this model system.

Over the past three decades, the field of genomics has seen rapid
advancements. A pivotal moment was the launch of the Human Gen-
ome Project in 1990, which sequenced DNA from 20 anonymous
individuals using Sanger and shotgun sequencing methods. The final
assembly, released in 2003, represented a composite genome derived
from this group”. Despite this progress, the reference from the

Human Genome Project still lacks ~8% of total DNA pertaining to the
repetitive regions of the human genome. Advances in sequencing
technologies over the last 20 years, particularly those generating long
reads, have enabled the assembly of more complete human genomes.
This progress culminated in 2022 with the assembly of a high-quality,
fully complete human genome derived from the CHMI3 cell line, which
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originated from a hydatidiform mole resulting from an ectopic
pregnancy®. This assembly was a remarkable achievement, as it
represented the first complete human genome without gaps; however,
the CHM13 cell line is essentially haploid, containing only the paternal
haplotype duplicated within an enucleated oocyte. In contrast, phased
diploid genomes, where both haplotypes are individually resolved,
enable the study of maternal and paternal genetic diversity and gene
expression imprinting, which can lead to haplotype-specific diseases.
They also allow for the investigation of the functional consequences of
allele combinations that co-segregate on the same haplotype. Recent
years have seen notable progress in sequencing and assembling
diploid genomes. These include the high-quality assemblies of HG002,
an immortalized lymphoblastoid cell line derived from B lymphocytes
of a male individual*, and CN1, a healthy male Chinese individual from
Hubef’, as well as the T2T reference genome with a Y chromosome for
the Han population (T2T-YAO)®. The Human Pangenome Reference
Consortium (HPRC) represents the next major step in capturing
human diversity. This initiative has released a draft that includes
genomes from 47 individuals, aiming to better represent global
genomic diversity’. Having representative genomes from diverse
populations is essential for addressing biological questions and for a
deeper understanding of variation both within and between indivi-
duals. However, the genomes of diploid cell lines commonly used in
laboratories worldwide—serving as the basis for numerous in vitro
experiments and biological observations—are still largely unexplored.
The absence of reference-quality genome assemblies for these cell
lines limits our ability to generalize experimental findings and fully
understand the genetic variability and biological implications of
laboratory observations.

Here, we present RPE1v1.1, the near-complete reference-quality de
novo genome assembly of the hTERT RPE-1 cell line, derived from a
noncancerous human retinal pigment epithelial (RPE) cell line, RPE-
340, which was immortalized by the human telomerase reverse tran-
scriptase (hTERT)®’. The hTERT RPE-1 cell line features a diploid kar-
yotype with 46 chromosomes and lacks transformed phenotypes,
making it a valuable model for studying normal physiological func-
tions of human chromosomes. It is among the top three most used cell
lines in cellular and molecular biology laboratories worldwide, and
RPE-1 cells have been utilized in thousands of studies'®. The near-
complete genome of hTERT RPE-1 was generated using Hi-C technol-
ogy to support phasing, as trio-based phasing" is not applicable to cell
lines, achieving a final Quality Value (QV) higher than 61 for both
haplotypes, with 17 chromosomes reaching a QV of 67—corresponding
to an estimated base accuracy above 99.9999%. This human diploid
reference serves as a key resource for the broader scientific commu-
nity and is a turning point, enabling high-resolution phased genetic
and epigenetic analyses across a wide range of studies involving this
important cell line.

Results

Diploid genome assembly and gaps curation

We aimed to construct a haplotype-resolved reference genome for the
immortalized cell line RPE-1. This cell line is characterized by a stable
diploid karyotype of 46 chromosomes, including a previously reported
unique chromosomal rearrangement'*'*'®, Specifically, this rearran-
gement involves the duplication of the long arm of chromosome 10,
which is translocated to the telomeric g-arm of chromosome X,
denoted as t(X;10)(Xg28;10g21.2), resulting in the 46,X,der(X)
(Xpter>Xq28::110g21.2>10qter) karyotype (Supplementary Fig. 1a-d).
We employed state-of-the-art practices to achieve a near-complete
diploid genome assembly using long-read technologies (“Methods”).
We generated Pacific Biosciences (PacBio) High-Fidelity (HiFi) reads at
46x coverage and Oxford Nanopore Technologies (ONT) reads at 125x
coverage, with 30x coverage for reads over 100 kb (ultra-long reads)
(Supplementary Fig. 2a). Additionally, we used Hi-C data at 30x

coverage to phase the haplotypes, leveraging its ability to capture
long-range chromosomal interactions which enables the separation
of the two haplotypes even in the absence of parental trio
information”. The ONT sequencing data were produced exclusively
using R10.4 chemistry, achieving a final basecalling accuracy of 99%
(Supplementary Fig. 2b).

The sequencing data were used as input for the automated gen-
ome assembly pipeline Verkko v1.4'%. The draft assembly produced by
the tool was composed of a total of 42 and 54 scaffolds per haplotype
(Fig. 1a and Supplementary Table 1). The number of gaps was 49 for
Hapl and 25 for Hap2, with a total gap length of 734,056 bp for Hapl
and 994,785 bp for Hap2 (Supplementary Table 1). Chromosomes 10
and X, which are the two involved in the karyotypically stable rear-
rangement for this cell line, accounted for 76% of total gap length in
Hapl. This is primarily due to the duplication of chromosome 10 g-arm,
creating a triplex structure in this region that deviates from the
expected diploid state and leads to local assembly collapse (Supple-
mentary Fig. 3 inset). Chromosomes 1, 13, 14, 16, 18, 22, and X (Hapl),
and chromosomes 5, 14, 18, and X (Hap2) were represented with
more than one scaffold, suggesting regions of insufficient read
coverage, misjoined or chimeric reads that were preventing the com-
plete scaffolding of these chromosomes (Supplementary Table 2). We
also tested a more recent version of the assembler, Verkko v2.0".
However, the draft assembly generated with this version (Supple-
mentary Fig. 2c) contained a greater number of gaps (70 for Hapl and
26 for Hap2). While it yielded fewer unassigned contigs, their total base
length was comparable to that of the Verkko vl.4 draft assembly
(Supplementary Fig. 4a). When mapped against the CHM13 reference
genome, the unassigned sequences produced by the two Verkko ver-
sions showed similar patterns, with most of them aligning to chro-
mosome 10 or to ribosomal DNA regions (Supplementary Fig. 4b).
These results prompted us to use the draft assembly produced by
Verkko v1.4.

Next, we utilized Hi-C data mapped back to the draft assembly to
achieve chromosome-level scaffolding and correct phasing errors. The
Hi-C contact map, visualized using PretextView (see “Methods”),
enabled us to identify misjoined points and to merge segments of the
same chromosome into a single scaffold® (Supplementary Fig. 5a). A
subsequent round of dual manual curation yielded 23 chromosome-
level scaffolds for each haplotype.

We then focused on the gaps present in the assembly after dual
manual curation (Supplementary Fig. 5b and Supplementary Table 2).
Apart from chromosomes 10 and X, gaps were found in chromosomes
1,2,3,5,12,13,16, 17, 18, and 21, including some centromeric regions
(Supplementary Fig. 5b). To address these remaining gaps, we applied
two complementary gap-closing strategies (see “Methods”). The first
involved mapping ultra-long ONT reads (>100 kb) to the assembly
(Supplementary Fig. 6a). Gaps spanned by ONT reads with at least
40 kb of mapped sequence on both sides were initially patched with
the interleaving read segments (Supplementary Fig. 6b). To minimize
errors introduced by ONT reads, we subsequently aligned PacBio HiFi
reads to the patched genome and used these high-accuracy alignments
to reconstruct a consensus sequence across the filled regions. This
approach allowed to close gaps on chromosomes 2, 16, and 17 of Hapl,
and on chromosomes 3, 5,12, and 16 of Hap2 (Supplementary Table 2).
In cases where no ultra-long reads were found with an extensive
alignment on both side of a gap, we leveraged information from the
assembly graph generated by Verkko (Supplementary Fig. 6¢), as done
for chromosome 3 of Hapl. In this case, we identified a bubble span-
ning positions 61.4-62.3 Mb, containing multiple alternative paths
between the two ends. To resolve it, we mapped ONT reads to the
graph and found alignments that unambiguously supported a single
path through the unitigs. Using this graph-based approach, we were
also able to close gaps on both haplotypes of chromosome 18 (Sup-
plementary Table 2).
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Verkko v1.4 RPE-1 genome assembly graph
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Fig. 1| Quality control of the RPE-1 genome. a Assembly graph of the RPE-1
diploid genome generated by Verkko v1.4, used to generate the final RPE1v1.1
reference, visualized using Bandage. The phased blocks are colored in red (Hap1)
and blue (Hap2). The short arms of chromosomes 13, 14, 15, 21, and 22, which
contain rDNA arrays, are unphased and appear as tangled regions. b Merqury
assembly spectrum plot for the evaluation of RPE1v1l.1 genome quality based on the
comparison of k-mers from HiFi and k-mers from the assembly. The plot displays
the multiplicity distribution of four categories of read-derived k-mers: k-mers
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found only in the reads (read-only), those unique to each haplotype assembly, and
those shared between the two haplotypes (shared). ¢ Circos plot showing Clip-
based Regional Errors (CREs, blue) and the heterozygous sites (green) identified by
CRAQ at specific genomic regions for each chromosome of RPE1v1.1 Hapl and
Hap2. d Bar plot showing, for each RPE1v1.1 chromosome, the amount of sequence
(in kb), classified by Flagger as erroneous (orange), collapsed (blue) or haploid
(structurally correct, green).
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Finally, we did not curate two 3.5Mb and 2.5Mb contigs with
sequence identity to centromere and pericentromere of CHMI3
chromosome 18, and a 3 Mb-long contig that aligned only partially—
171 kb—to the centromere of CHM13 chromosome 3, while also show-
ing additional alignments to the short arms of acrocentric chromo-
somes (SAACs). As a result, these contig were excluded from further
analysis and remain classified as unassigned. The telomeres were
successfully assigned to all the chromosomes, excluding the unplaced
SAACs and g-arm of chromosome 10, due to the aforementioned
translocation (Supplementary Fig. 7). The p-arm telomeres of chro-
mosomes 16 and X and the g-arm telomere of chromosome 4 were
identified among the unassigned sequences generated by Verkko and
subsequently recovered through manual curation. The total size of the
final RPE1v1.1 assembly reached 3.06 Gb for Hapl and 2.99 Gb for Hap2,
closely aligning with CHM13v2.0 and HGOO02, except for -43 Mb of
unresolved rDNA from acrocentric chromosomes (Supplementary
Fig. 8). A total of 15 and 16 chromosomes were assembled T2T without
gaps for Hapl and Hap2, respectively (Supplementary Table 2). The
genome exhibited good contiguity (contig N50 equal to 136 Mb for
Hapl and 135Mb for Hap2), just short of that of T2T assemblies
CHM13v2.0” and T2T-YAQ® (Supplementary Table 3). To our knowl-
edge, our final RPE1vL.1 represents the first assembly of a human
diploid laboratory cell line at near-complete, reference-quality, and
fully phased resolution.

Quality control of the RPE-1 genome

The RPE1v1.1 assembly was evaluated using a variety of quality control
(QC) tools and strategies. We first assessed the alignment of PacBio
HiFi reads across the entire genome (Supplementary Fig. 3). The cov-
erage plot revealed a homogeneous distribution for the majority of
chromosomes and for both haplotypes. As expected, chromosomes 10
and X exhibited distinct patterns in coverage. Specifically, we observed
a dip in coverage within the translocated telomere on chromosome X
and an increase within the duplicated long arm of chromosome 10,
reflecting the rearrangement and consistent with the copy number
gain (Supplementary Fig. 3). The chromosome 14, 15, 21, and 22 SAACs
showed an increase in coverage (Supplementary Fig. 3), due to the
unassigned repetitive rDNA. To further validate the assembly, HiFiread
alignments were filtered to retain only the primary ones, and the fre-
quencies of the most common (primary) and the second most com-
mon (secondary) base in the aligned reads at each position were
calculated and displayed with a NucFreq plot* (Supplementary Fig. 9).
The assembly displayed a higher level of secondary bases in a few
specific genomic locations, indicating potential misassemblies or
errors: within human satellite (Hsat) regions of chromosomes 3, 4, and
9 (approximately 300 kb in total, including ~100 kb within pericen-
tromeric satellites), centromere of chromosome 18, and chromosome
15 and 22 SAACs (Supplementary Fig. 9). The remaining chromosomes
showed consistently low levels of secondary bases across both hap-
lotypes, underscoring the high quality and reliability of the assembly
(Supplementary Fig. 9).

We also employed the Merqury k-mer-based, reference-free eva-
luation pipeline” using HiFi reads to determine genome quality and
completeness® (see “Methods”). We obtained a QV of 64.1 for Hapl
and 61.8 for Hap2, within the range observed for other high-quality
human assemblies (Supplementary Table 3), and 99.8% completeness
for both haplotypes. For the regions where gaps were resolved, the QV
scores exceeded 65 (an error every 8.5 Mb), and no outstanding errors
were reported. Merqury was also employed to compute and plot k-mer
spectra, which revealed a multiplicity profile consistent with a near-
complete, haplotype-resolved assembly (Fig. 1b). To further evaluate
assembly quality, we analyzed HiFi read alignment patterns using the
CRAQ* and Flagger® tools (see “Methods”). CRAQ uses read clipping
information to identify regional and structural errors, and provides
metrics expressing the regional and overall assembly quality (AQI). In

the final RPEIv1.1 assembly, CRAQ detected only -2 Mb of potential
assembly errors, primarily corresponding to regions with unresolved
gaps and specific telomeric sequences (Fig. 1c). The AQI score excee-
ded 98, underscoring the quality of the assembly. An AQI score greater
than 90 is generally considered indicative of a reference-quality
assembly?*. Flagger enabled us to differentiate between assembly
errors, collapsed regions and reliable sequences. Of the 6.05 Gb total
assembly, 5.99 Gb were classified as error-free (Fig. 1d), with 2.4 Mb
identified as assembly errors and 55 Mb as collapsed regions, primarily
corresponding to the chromosome 10 duplicated region (Fig. 1d).
Notably, the centromere of chromosome 18, which also showed high
frequency of secondary bases (Supplementary Fig. 9), was flagged as
erroneous in its terminal region (Supplementary Fig. 10). This suggests
a potential assembly issue in this region, likely because of its being
part of an extended run of homozygosity in the assembly graph,
which may have led to unassigned contigs (Fig. 1a). As Flagger identi-
fied the largest number and extent of regions affected by gaps,
errors, or collapses compared to other QC methods, we used the
coordinates of these regions to define a low-confidence annotation
track in the final assembly. Finally, we evaluated the presence of con-
served single-copy ortholog genes using compleasm®. The analysis
identified 99.71% complete genes (with 3.28% duplicated) in Hapl, and
99.73% (with 0.7% duplicated) in Hap2. Of the 452 duplicated genes in
Hapl, 375 are located on the duplicated long arm of chromosome 10,
indicating that the elevated duplication rate is largely driven by the
presence of three gene copies in this triploid region. The missing genes
were 0.21% and 0.09% (Supplementary Tables 1 and 4), while the
fragmented genes were 0.08% and 0.09% for Hapl and Hap2,
respectively.

In addition to validating the completeness and correctness of the
assembly, we tested whether errors were present when phasing the
two haplotypes using Hi-C information. First, we used SecPhase” (see
“Methods”) to identify HiFi reads with incorrect haplotype alignment.
No read needed to be relocalized, indicating that Hi-C data were suf-
ficient to phase the assembly into two haplotype blocks. To further
verify the phasing accuracy of the RPElIvl1 genome, we analyzed
Strand-seq data generated from 80 RPE-1 cells by Sanders and
colleagues”. Strand-seq is a single-cell DNA sequencing technique that
selectively targets parental template strands in daughter cells,
enabling the identification of structural variants, chromosome mis-
orientations, and the phasing of haplotypes across entire
chromosomes®. Reads from each RPE-1 cell were aligned to the
RPE1v.1.1 genome, and the breakpointR R package® was used to detect
strand state changes (see “Methods”). For each chromosome, the
longest informative region—when available—presented reads mapping
to both Watson and Crick strands in most cells. This pattern is indi-
cative of proper chromosome-scale phasing in the RPE1v1.1 assembly
(Supplementary Fig. 11).

To confirm that RPE-1 is karyotypically stable, we cytogenetically
analyzed potential variations across the cell population and in differ-
ent batches. We did not observe karyotypic changes at the cytogenetic
level, with stable presence of the t(X;10)(Xg28;10¢g21.2) marker chro-
mosome in all batches in this study (Supplementary Fig. 1d). RPE-1 cells
have a diploid karyotype (Supplementary Fig. la-c). Indeed, we
detected 46 chromosomes for the majority of metaphases, with only a
subset showing 44 or 45 chromosomes, likely due to chromosome
sliding during metaphase preparation (see “Methods”). We did not
observe evidence of aneuploid, polyploid, tetraploid or pseudo-
tetraploid clones in any of the samples analyzed (Supplementary
Fig. la-c). Furthermore, no gross chromosomal rearrangements or
other cytologically visible chromosomal abnormalities were observed
comparing batches of RPE-1 acquired from different sources, implying
that RPE-1 cells have a remarkably stable diploid asset and the
assembly represents a universal reference for functional analysis of
RPE-1 experiments and data across batches.
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Altogether, the RPEIvl.1 represents a reference-quality, near-
complete assembly to support genome-wide functional analysis with
precision.

Translocation of q-arm of chromosome 10 on g-arm of chro-
mosome X and hTERT plasmid insertion

Cytological and sequencing analyses described in the literature have
shown that the RPE-1 cell line exhibits a stable marker
chromosome'®>"¢, This marker involves a duplication of the long arm
of chromosome 10, which is thus present in three copies in RPE-1 cells,
two copies in the intact chromosome 10 and one extra copy translo-
cated to the telomeric region of chromosome X (Fig. 2a, b and Sup-
plementary Fig. 1). The duplicated translocation was detected in the
assembly graph generated by Verkko v2.0, where the interlinked tri-
plex bandage of chromosome X g-arm is contiguous to chromosome
10 g-arm (Fig. 2a). Karyotype analysis performed in our laboratory
using the same RPE-1 cell samples that were used for the sequencing
experiments confirmed the 46,X,der(X)(Xpter>Xg28::110g21.2->10gter)
karyotype with the presence of the marker chromosome t(X;10)
(Xg28;10¢21.2) (Fig. 2b and Supplementary Fig. 1). The chromosome
contacts between chromosome 10 and chromosome X was also visible
on the dual Hi-C contact map for both haplotypes (Fig. 2¢c, d). To
accurately reflect this translocation in the final genome assembly, we
mapped the precise breakpoint at base-pair resolution and curated the
assembly accordingly. A multi-step approach was used to manually
curate this large structural variant, starting from the phased haplotype
assemblies (Fig. 2e and Supplementary Fig. 12). HiFi and ONT reads
were aligned to the diploid genome, revealing chimeric alignments
indicative of a 73.18 Mb segmental duplication of the g-arm of chro-
mosome 10 fused to the telomeric region of chromosome X. This
fusion was accompanied by a 3603 bp microdeletion at the X chro-
mosome breakpoint. The presence of contiguous read alignments
spanning the reconstructed junction further confirmed the precise
location of the breakpoint. Read alignment scores suggest that the
translocation involves chromosome 10 Hap2 and chromosome X Hapl,
resulting in a 227.21 Mb rearranged chromosome. However, since Hi-C-
based phasing assigns haplotype labels independently for each
chromosomeY, it is not possible to determine whether the transloca-
tion occurred between chromosomes of the same haplotype—as pre-
viously reported®—or between different haplotypes. Resolving this
ambiguity would require further validation or complementary phasing
approaches. Altogether, our assembly recapitulated some character-
istic features of the RPE-1 genome, such as the presence of the t(X;10)
(Xg28;10¢21.2) translocation. We were also able to locate the complete
hTERT plasmid sequence (Supplementary Fig. 13). The original cell line
RPE-340 was immortalized using a construct (pGRN145 plasmid) to
introduce the hTERT, resulting in hTERT RPE-1 cells®*’. To identify the
genomic location of the insertion, the hTERT sequence was aligned to
the RPE1vL.1 assembly using both NUCmer®*® and Minimap2**2. Both
tools consistently mapped the insertion to the p-arm of chromosome
20 in Hap2 (Supplementary Fig. 13a). The full 15 kb plasmid sequence
was reconstructed using SnapGene (Supplementary Fig. 13b). The
plasmid sequence was masked in the RPE1v1.1 assembly according to
NCBI request during genome submission.

Genomic variation between the human RPE-1 haplotypes and
CHM13 genome

Having generated a near-complete human genome, we reasoned that
RPE1v1.1 is one of a few available chromosome-level assemblies that
can be analyzed to understand diversity between human cell lines and
across individuals at whole-genome level. A prior study conducted
using the HG002 phased diploid genome indicated that differences
between the two haplotypes of the same individual affect nearly half of
all coding regions, with the highest levels of polymorphism con-
centrated in the centromeric regions®. To explore inter-haplotype

variation within the RPElvl.l diploid genome, we first measured
sequence identity and alignment length using NUCmer and dnadiff. On
average, haplotypes aligned over segments of 471 kb with a sequence
identity of 99.83%. 393 Mb of Hapl did not align to Hap2, and 323 Mb
of Hap2 did not align to Hapl, reflecting the different lengths of the
two haplotypes. An additional comparison between the two haplo-
types performed using SyRI* identified 3,119,795 SNPs, 65 inversions,
1400 translocations, 1.4 Mb of insertions and deletions (30-500 bp),
and 256 Mb of large structural variants (>100 kb) between the haplo-
types (Supplementary Fig. 14 and Supplementary Table 5). Notably,
many structural rearrangements were concentrated in centromeric
regions (Supplementary Fig. 14). To investigate regional variation in
more detail, we quantified SNP density in nonoverlapping 10 kb win-
dows across the genome (see “Methods”). While the average SNP
density across chromosome arms was 0.1% (one heterozygous marker
every 1000 bp), it increased to 0.6% within centromeric regions (active
o-satellite higher-order arrays), with the highest peaks in the cen-
tromere of chromosome 19 and in the pericentromeric region of
chromosome 9, where it reached up to 7.1% and 7.3%, respectively
(Fig. 3). We speculate that centromere divergence is primarily due to
crossover suppression***, which limits meiotic recombination and
preserves centromere blocks into intact parental haplogroups with
high genetic diversity.

To expand our analysis beyond intra-genomic comparisons, we
aligned each RPE-1 haplotype to the CHM13 assembly and assessed
differences using SyRI (Fig. 4 and Supplementary Table 5). When
restricting the analysis to autosomes, CHM13 was 95.64% syntenic with
RPE-1 Hap1 and 95.85% with Hap2. The X chromosome was excluded
due to the translocation and additional sequence length in RPE-1,
which could confound alignment accuracy. Both haplotypes displayed
a comparable number of variants relative to CHM13: Hapl showed
3,064,100 SNPs, 54 inversions, and 796 translocations, while Hap2 had
3,221,002 SNPs, 77 inversions, and 1441 translocations. In both com-
parisons, approximately 445 Mb of sequence remained unaligned, and
the average alignment length was 384 kb.

SyRI also identifies highly diverged regions (HDR)—segments
within aligned syntenic or translocated regions that exhibit dense
clusters of SNPs or structural variants, often associated with copy
number variations or rearrangements. We identified 1653 HDRs com-
paring CHM13 vs. Hapl, 1623 comparing CHM13 vs. Hap2, and 1617
comparing Hapl vs. Hap2. As expected, HDRs were enriched in cen-
tromeric regions, consistent with their elevated SNP density. We also
found that the Major Histocompatibility Complex (MHC) locus, known
for being one of the most gene-dense and polymorphic stretches of
human DNA*, was classified as an HDR element in all comparisons
(Supplementary Fig. 15).

Historically, incomplete human reference genomes, largely lack-
ing linear sequences for centromeres and other HDRs, have obscured
the true extent of variation in these regions, leading to the perception
that humans are 99.9% identical at the sequence level. However, near-
complete or complete diploid references now enable comprehensive
assessment of genome-wide variation, both between haplotypes and
across individuals. Our findings from the RPE-1 genome underscore a
lower-than-expected sequence identity between haplotypes, with
centromeres emerging as the most divergent regions of the human
genome.

Comparing the RPE-1 genome to individuals from the human
pangenome reference

Currently available human assemblies are often obtained by sequen-
cing freshly isolated lymphocytes from individuals. Our RPE-1 genome
provides an interesting opportunity to understand how representative
commonly used laboratory cell lines are of the broader human popu-
lation, and to characterize the differences—if any—between a labora-
tory cell line isolated from human tissue over 20 years ago and a
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human subject. To this end, we applied a pangenome analysis (see
“Methods”) comparing the genomic landscape of the RPE-1 cell line to
individual genomes from the HPRC®. To place these comparisons in a
broader reference context, we also included the CHM13® and the

GRCh38* assemblies, enabling us to assess both inter-individual var-
iation and differences among existing human genome references
within a unified pangenomic framework (Fig. 5a). As expected, whole-
genome analysis showed that the haplotype 2 of RPE-1 genome clusters
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Fig. 5 | Pangenome analysis of RPE-1 in comparison to HPRC and other
human reference assemblies. a Cartoon of comparison and dendrogram of the
RPE-1 genome and HPRC samples based on whole-genome (all chromosomes)
pangenome analysis. The tree shows the genomic relationships between RPE-1
haplotypes (green), individual HPRC genomes (red), CHM13 (blue), and GRCh38
(purple). Created in BioRender. Giunta, S. (2025) https://BioRender.com/nozlc3z.
b Principal Component Analysis (PCA) of the whole pangenome. The plot shows the
first two principal components, with the percentage of explained variance

0.05
Dimension 1 (14.79%)

indicated on each axis. HPRC samples are represented by red dots, RPE-1 by green
triangles, CHM13 by a blue square and GRCh38 by a purple cross. Given that the
centromeric sequences of GRCh38 are masked, we interpret the first principal
component (PC1) as representing the centromeric diversity of the assemblies.
Furthermore, the distinct positioning of RPE-1 haplotype 1 (RPE-1#1) on PC2 high-
lights its divergence in chromosome X due to the t(X;10)(Xg28;10¢21.2) translo-
cation. AFR African, AMR American, EAS East Asian, SAS South Asian.
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within the broader group of HPRC genomes (Fig. 5a), confirming
overall genomic similarity between the cell line and typical human
genomes. RPE-1 haplotype 1, on the other hand, branched into a dis-
tinct cluster, indicating some degree of divergence from the HPRC
individuals likely due presence of rearranged chromosome t(X;10)
(Xg28;10¢21.2) in this haplotype. This divergence was further sup-
ported by the Principal Component Analysis (PCA) of whole-genome
data (Fig. 5b). To gain a more nuanced understanding of this genomic
landscape, we conducted chromosome-specific analyses (Supple-
mentary Fig. 16-19). These analyses confirmed that the distinctive
positioning of RPE-1 Hap2 in whole-genome comparisons is primarily
driven by the translocated chromosome X (Supplementary Fig. 19a).
This translocation exemplifies the specific genomic alterations that
can occur in established cell lines, and our analysis shows the impact of
deviation from expected ploidy in the resulting clustering. Impor-
tantly, for all other chromosomes, our chromosome-specific pangen-
ome analyses showed a similar pattern to individuals. For these non-X
chromosomes, both haplotypes of RPElvl.1 consistently clustered
together with HPRC samples, converging also based on the expected
population of origin (Supplementary Fig. 16-18). This finding indicates
that the majority of the RPE-1 genome maintains close similarity to
typical human genomes, with the exception of the altered chromo-
some X. PCA analysis of a cell line-specific locus such as the MHC
further confirmed the trend for both haplotypes (Supplementary
Fig. 19b). On the other hand, GRCh38 reference is the assembly that
most deviates from human subjects, likely due to both being a com-
posite of many individuals and to the remaining gaps within the
assembly. The positioning of RPE-1 within the human genomic land-
scape indicates that it maintains core human genomic structures for
the majority of its genome but has evolved distinct genomic features
on chromosome X, which may reflect adaptations to in vitro culture
conditions or its immortalized state (Supplementary Fig. 16-19).
Altogether, the genomic stability of RPE-1-along with its close simi-
larity to HPRC genomes in both whole-genome and chromosome-
specific analyses, and its experimental tractability in culture—under-
scores its continued value as a model for studying human cellular
processes and functional genomics. By capturing the specific altera-
tions on chromosome X, the RPE1vl.l assembly provides a crucial
reference for studies involving X-linked genes and haplotype-resolved
chromosome biology of this widely used cell line.

Discussion

Here, we present the near-complete and fully phased human diploid
reference genome for the experimentally amenable laboratory cell line
RPE-1. To our knowledge, this is the first reference-quality de novo
assembly of a laboratory cell line. The RPELv1.1 assembly presents a
high base-level accuracy (QV>61 for both haplotypes), complete
phasing of haplotypes in the absence of trio-binning, and extensive
completeness across all chromosomal regions, including hard-to-
assemble ones like centromeres. Importantly, this assembly serves as a
key resource for functional genomic studies. Unlike other human
assemblies typically used to benchmark population-level diversity, the
RPE-1 genome has the potential to enable high-precision, haplotype-
resolved analysis of sequencing data generated from this cell line. By
using a reference that matches the cell line under study (isogenomic
reference), it is possible to mitigate reference bias, enhance multi-
omics data processing, and improve downstream analyses—particu-
larly within polymorphic regions most affected by sequence variation,
such as centromeres.

The RPE1v1.1 assembly represents a bona fide reference because
RPE-1 cells have a stable karyotype, as tested using different batches of
RPE-1 cells, even from different laboratories. Of note, the genome we
sequenced is able to capture a faithful representation of human
diversity in line with the pangenome data. Our analysis suggests that,
while the RPE-1 genome retains fundamental human genomic

characteristics, it has acquired unique features during its establish-
ment and maintenance as a cell line, likely due to adaptations to
in vitro culture conditions, its immortalized state, and above all, the
specific chromosomal rearrangements pertaining to the t(X;10)
(Xg28;10¢g21.2) translocation. Despite these changes, cytogenetic
analyses confirm that RPE-1 maintains a remarkably stable diploid
karyotype across passages and batches, with no evidence of polyploidy
or other extensive chromosomal rearrangements. This genomic sta-
bility, combined with the overall proximity of RPE-1 to the HPRC
genomes in whole-genome analyses, supports its continued relevance
as a model for human cellular processes.

As we enter the era of personalized reference genomes, our work
underscores the value of extending genome assembly initiatives to
include experimentally-relevant cell lines. This proof of concept serves
as the foundation for a call for a broader effort to generate high-quality
assemblies of cell lines widely used across the scientific community,
enabling more accurate and informative functional genomics research.
Work is underway to generate reference assemblies for embryonic
stem cells, allowing improved monitoring of their genomic and epi-
genomic transitions from pluripotency to specialized cell types.
Looking ahead, we envision the expansion of cell line reference gen-
omes as a catalyst for advancing organoid research and precision
genome engineering, ultimately paving the way for the creation of
comprehensive cell line pangenomes.

To our knowledge, this is one of the first genomes assembled end-
to-end within a single laboratory—starting from cell culture and pellet
preparation, through sequencing, to the final assembly curation.
However, there is an urgent need for more streamlined and optimized
protocols and tools to handle the analysis of such assemblies, includ-
ing read alignment and downstream processing, which remain parti-
cularly challenging due to their diploid nature and potential genome
rearrangements. New standardized protocols for production criteria,
assembly pipelines, and manual curation are essential to improve the
fidelity of reference-quality genome generation and to make it more
accessible and automated. Among current human reference-quality
assemblies, the RPE-1 reference genome is, as far as we are aware, the
first one completed outside of the United States or China, highlighting
the importance of increasing international efforts and collaboration.
This is particularly important, as we believe that near-complete gen-
ome assemblies for every cell line will be necessary to enhance multi-
omics analyses and enable epigenomic and genomic manipulations at
a truly whole-genome scale across diverse experiments.

A current limitation in working with cell lines is that, while Hi-
C-based haplotype phasing can resolve haplotypes across entire
chromosomes, it assigns haplotype labels (Hapl and Hap2) arbitrarily
for each chromosome in the absence of parental sequence data”. As a
result, we were not able to determine the maternal or parental origin of
the chromosomes in RPE1v1.1. To address this, we are actively inves-
tigating epigenetic and allelic signatures—such as telomere length and
methylation patterns at imprinted loci—to reduce the arbitrariness of
haplotype labeling. We are confident that these approaches will ulti-
mately enable a consistent assignment of chromosomes to their
respective haplotypes and allow for maternal and paternal distinction
in cell lines.

Since the RPEIvl.1 assembly still contains some gaps, low-
confidence regions, and unassigned rDNA, we provide a dedicated
low-confidence annotation track based on Flagger output that high-
lights collapsed and uncertain regions to guide users. We are actively
working to enhance the genome’s overall quality through additional
sequencing experiments and the implementation of advanced com-
putational methods aimed at achieving T2T completeness for each
chromosome and validating assembly accuracy, especially at
centromeres’,

Despite these limitations, RPEIvl.l offers a much-needed,
reference-quality genome that supports high-precision read
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alignment, due to the matching of reads and reference for isogenomic
mapping, and minimizes reference bias. This marks the beginning of a
new era in functional genomics, where matched reference genomes
tailored to experimental systems enable haplotype-resolved, whole-
genome analyses with unprecedented accuracy. We anticipate that
additional diploid human cell lines of interest will soon be assembled
in the same way, expanding the availability of high-quality matched
references for functional genomics research.

Methods

Ethics declarations

The research study has been approved by the Comitato Etico Terri-
toriale Lazio 1 and the University of Rome “La Sapienza” Institutional
Review Board (prot.3/2024 of 08.01.2024), including consent for
publication of research data by Geron Corporation that holds the
license for the RPE-1 cell line (ATCC-CRL-4000).

Cell lines

The hTERT-immortalized RPE (hTERT RPE-1) cells used to generate the
RPE1v1.1 assembly and for karyotype analysis were validated by
MSKCC; a second batch of cells, used only for cytogenetic character-
ization, was purchased from ATCC (CRL4000). RPE-1 cells are near-
diploid human cells of female origin with 46 chromosomes. Cells were
cultured in DMEM/F12 medium supplemented with 10% fetal bovine
serum (Gibco 10270-106), 100 pg/ml streptomycin, 100 U/ml penicillin
(Euroclone ECB3001D) and 2 mM glutamine (Euroclone ECB3000D).
Cells were grown at 37 °C in a humidified atmosphere of 5% CO,, and
tested negative for mycoplasma contamination.

Metaphase spread preparation

hTERT RPE-1 cells at 70% confluence were harvested by trypsinization
after 2-h treatment with colcemid (100 ng/ml, Roche 10295892001) to
arrest cells in mitosis, washed with PBS and incubated with a pre-
warmed hypotonic solution (0.07 M KCI) for 30 min at 37 °C. After
centrifugation, swollen cells were fixed with a solution of methanol-
acetic acid (3:1) and washed twice with the same fixative solution. Fixed
cells were dropped onto clean, wet slides and air dried overnight. All
centrifugation steps were performed at 320 xg for 5min at room
temperature (RT).

Karyotype analysis

To confirm the chromosomal structure of the assembly, a karyotype
for hTERT RPE-1 cells was generated. To obtain the G-banding staining,
metaphase spreads from hTERT RPE-1 cells were treated with trypsin
(0.5%, Thermo Scientific 15090046), washed with 1X PBS and stained
with GIEMSA (10%, Thermo Scientific 10092013). For the R-banding,
metaphase spreads were washed with a phosphate buffer (0.07M
NaH,PO,4, 0.07 M Na,HPO,, 1 mM NaCl, pH 6.8) followed by 2-h incu-
bation with Chromomycin A3 (0.6 mg/ml, Sigma-Aldrich C2659) at RT
in a dark, moist chamber. Slides were then washed with NaCI-HEPES (4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (0.15M NaCl, 5 mM
HEPES), stained for 15 min in a methyl green solution (0.1 mM, Sigma-
Aldrich) and washed twice with NaCI-HEPES. The antifading (Vecta-
shield H-1000; Vector Laboratories) isopropilgallate 1:300 was added
to the slides before storing them at 4 °C for 3 days in a dark, moist
chamber. Images were acquired using a Thunder fluorescent widefield
microscope (Leica) at x100 magnification.

DNA extraction

hTERT RPE-1 cells at 70-80% confluence were harvested by trypsini-
zation, washed with PBS and centrifuged at 1000 rpm for 5 min at RT.
Cell pellets were prepared in individual aliquots of 1.5 x 10° cells, frozen
in dryice and stored at -80 °C until further use. High molecular weight
(HMW) DNA and ultra-high molecular weight DNA (UHMW) was
extracted from hTERT RPE-1 dry cell pellets using the Monarch HMW

DNA extraction kit for cells and blood (New England Biolabs, NEB
T3050L) and for tissue (NEB T3060L), following manufacturer’s
instructions and introducing few technical improvements. HMW DNA
was quantified by Nanodrop and Qubit with a broad range kit (Thermo
Scientific Q32850). Native DNA size distribution was assessed using
Femto Pulse with the Genomic DNA 165 kb kit (Agilent FP-1002-0275).

Library preparation and sequencing

Sequencing data were obtained using two complementary long-read
sequencing technologies for the assembly of hTERT RPE-1 cells: PacBio
HiFi long reads and ONT long reads. Additionally, Arima Genomics Hi-
C and Illumina sequencing technologies were used. HMW DNA from
1.5x10° cells was used to generate PacBio HiFi libraries with the
SMRTbell express template prep kit 2.0 (PacBio 100-938-900). Size
selection was performed with Megaruptor 2 (Diagenode) with default
settings, and fraction sized 15-20 kb (as determined by Femto Pulse)
was sequenced on the Sequel lle platform with SMRT Cells 8 M (PacBio
101-389-001), using the chemistry 2.0 with 2-h pre-extension, 2-h
adaptive loading and 30-h movie collection time, to reach a coverage
of 46x in PacBio HiFi reads. Circular Consensus Sequencing reads were
obtained using SMRT-Link (https://github.com/WenchaoLin/SMRT-
Link) with default parameters. UHMW DNA from 6 x10° cells was
used to generate UL ONT libraries with the UL DNA sequencing kit
(ONT SQK-ULK114) following manufacturer’s instructions. 90 pl of
library was loaded in a R10.4.1 (FLO-PRO114M) flow cell and sequenced
on the PromethlON 24, with two nucleases washes and reloads after 24
and 48 h of sequencing resulting in a total coverage of 85x from reads
with an average read length of 70 kb, and of ~30x from >100 kb reads
with an average Phred Q score >20. These ONT data were basecalled
with Guppy v6.3.9. In parallel, HMW DNA from 6 x 10° cells was used to
generate additional UL ONT libraries with the same UL DNA sequen-
cing kit and protocol. 90 pl of library was loaded in a R10.4.1 (FLO-
PRO114M) flow cell and sequenced on the PromethION 2 Solo, with two
nucleases washes and reloads after 24 and 48 h of sequencing to reach
a total coverage of 10x (average 19 kb), with an average Phred Q score
>35. These ONT data were basecalled with Guppy v6.5.7. HMW DNA
from 1.5 x10° cells was used to generate Illumina libraries with the
Nextera XT DNA Library Preparation kit (Illumina FC-131-1024) and
Illlumina DNA PCR-Free Library Prep, Tagmentation Library Prepara-
tion kit (Illumina 20041795) following manufacturer’s instructions.
HMW DNA from 2 x 10° cells was used to generate Hi-C libraries with
the Arima High Coverage Hi-C+ kit (Arima Genomics A101030) and the
Arima Library Prep Module kit v2 (Arima Genomics A303011) accord-
ing to the manufacturer’s protocols. Hi-C libraries were sequenced on
the Illumina Nova-Seq 6000 to reach a coverage of ~30x in Hi-C reads.
Raw data were processed with Cutadapt v4.0 (https://github.com/
marcelm/cutadapt)®® to trim the adapters, with the option -u S.

Whole genome assembly and manual curation

Before assembling the genome of hTERT RPE-1 cells, global genomic
features such as heterozygosity, repeat content and size were eval-
uated with GenomeScope v2.0 (https://github.com/tbenavil/
genomescope2.0)*® from unassembled HiFi raw sequencing reads. A
first pseudo-phased assembly was generated using Hifiasm v0.19.8-
r603 (https://github.com/chhylp123/hifiasm) with HiFi data**’. To
integrate the long-range information from ultra-long ONT reads for
scaffolding, leverage Hi-C data for phasing, and enable dual manual
curation, we selected Verkko (https://github.com/marbl/verkko)™® as
the assembler for the final diploid genome reconstruction. Both
Verkko v1.4 and v2.0 were employed in the assembly process, with the
full set of HiFi, ONT, and Hi-C reads. The Bandage v0.8.1 tool (https://
github.com/rrwick/Bandage)** was used to visualize the graphs**. The
number of gaps found in the draft genomes generated by both Verkko
versions was calculated with Gfastats v1.3.6 (https://github.com/vgl-
hub/gfastats)*. Unassigned contigs were aligned to the CHM13 v2.0
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genome using MashMap v3.1.3 (https://github.com/marbl/MashMap)*®
with parameters --pi 90 -s 1000 -f map to infer their most likely chro-
mosomal origin. Contigs aligning to rDNA arrays, as defined in the
CenSat annotation (https://github.com/marbl/CHM13), were classified
as rDNA sequences. Based on the results of these analyses, we decided
to use the draft assembly generated by Verkko v1.4.

Following the VGP pipeline”, Hi-C reads were independently
mapped to haplotype 1 and 2, as well as to the diploid assembly
(including unassigned contigs, used only to obtain a comprehensive
alignment), using the BWA-MEM v0.7.17-r1188 aligner*” with default
parameters. The final alignment file was converted into a contact map
using PretextMap v0.1.9 (https://github.com/wtsihpag/PretextMap).
PretextView v2.0 (https://github.com/wtsi-hpag/PretextView) was
used to visualize the contact map and to manually curate the assem-
blies by resolving misjoins and integrating contigs larger than 300 kb
into chromosome-scale scaffolds. Following the scaffold path assign-
ment, the final contact map was converted into an AGP (A Golden Path)
file, which describes the assembly scaffold structure. This AGP file
served as input for the subsequent dual manual curation phase, aimed
at separating the two haplotypes. The curation was performed using
the Rapid-curation-2.0 pipeline (https://github.com/Nadolina/Rapid-
curation-2.0), resulting in 23 chromosome-level scaffolds for each
haplotype. MashMap*® was then used with parameters -f one-to-one --pi
95 -s 10000 to perform a genome-to-genome alignment, with the
CHM13 assembly used as a reference; chromosome identity was
assigned based on alignments longer than 500 kb with a sequence
identity greater than 99%. Chromosome orientation and structural
accuracy were then assessed by generating dot plots between RPE-1
and CHM13 chromosomes using the NUCmer tool from the MUMmer
v4.4 suite (https://github.com/mummer4/mummer)*® with parameters
--mum -c 100 -b 500 -1 50 and mummerplot. The ideogram showing the
positions of gaps after dual manual curation was generated using the
Rideogram v0.2.2 R package*.

Gaps curation
To address the gaps remaining after dual manual curation, ONT reads
>100 kb were mapped back to the assembly using minimap2 v2.17-r941
(https://github.com/Ih3/minimap2)*** with the option -ax map-ont.
After removing reads with MAPQ <20 with the view utility of SAMtools
v1.17 (https://github.com/samtools/samtools)*’, the alignment was
visualized using IGV*° and, for each gap spanned by reads aligning for
at least 40 kb on both flanking regions, the longest read with the lowest
edit distance was selected to replace the corresponding stretch of N
bases, thus generating a temporary gap-filled assembly. Given the
lower base-level accuracy of ONT reads compared to HiFi data, we
subsequently realigned HiFi reads to this assembly using minimap2
with the option -ax map-hifi. The resulting alignment file was given as
input to DeepVariant v1.6.1 (https://github.com/google/deepvariant)®,
setting the model type to PACBIO, to call variants in gap-filled regions.
Variants were then filtered to retain only those with a Variant Allele
Frequency of 1 with the view tool from the BCFtools v1.10.2 suite
(https://github.com/samtools/bcftools)*?. The filtered VCF file was
used to construct the consensus sequence using bcftools consensus.
For gaps that remained unfilled after the initial
approach-particularly those with multiple possible paths in the
assembly graph—we employed an alternative strategy. First, gfalign
(https://github.com/vgl-hub/gfalign)* was used to map ONT reads to
the assembly graph generated by Verkko. When alignments supported
a single unambiguous path through the graph bubble, the corre-
sponding sequence of unitigs was extracted and used to fill the gap.

Evaluation of de novo genome assembly

An initial assessment of the RPE1v1.1 assembly quality was performed
by aligning HiFi reads to the diploid genome using minimap2 with the
option -ax map-hifi, followed by coverage visualization with the kpBars

function from the KaryoploteR v1.28.0 R package (https://github.com/
bernatgel/karyoploteR)*. Primary alignments were extracted using
samtools view with the option -F 2308 and used to generate a NucFreq
plot with the NucPlot.py script from the NucFreq vO0.1 toolkit (https://
github.com/mrvollger/NucFreq)*. The HetDetection.R script®* was
used to identify possible errors in the assembly.

Merqury v1.3 (https://github.com/marbl/merqury)” was used
with default parameters to evaluate the assembly using 31-mer counts
calculated from the HiFi reads with Meryl v1.4.1 (https://github.com/
marbl/meryl/)%.

Genome completeness was evaluated using compleasm v0.2.6
(https://github.com/huangnengCSU/compleasm)* with the primates
lineage. Additional assembly metrics were computed with Gfastats
v1.3.6 (https:;/github.com/vgl-hub/gfastats)*® and QUAST v5.2.0
(https://github.com/ablab/quast)®. Assembly errors were also eval-
uated using CRAQ v1.0.9 (https://github.com/JiaoLaboratory/CRAQ)**
with parameters -mgs 1000 -q 10 -avgl 45 -avgs 60 -pl T -b T, which
mapped HiFi reads to the diploid genome and calculated reads cov-
erage and clipping information to compute AQI scores and generate a
circos plot with heterozigous regions and errors. The read-based
pipeline Flagger v0.3.3 (https://github.com/mobinasri/flagger)® was
used to detect errors, collapsed and reliable regions within the diploid
assembly. The alignment file required by the pipeline was created by
mapping HiFi reads to the diploid genome using Winnowmap v2.03
(https://github.com/marbl/Winnowmap)*” with parameters -ax map-
pb -Y -L —-eqgx --cs -I8g and repetitive 15-mer counts generated from the
assembly by using meryl count with the option k=15, followed by
meryl print with the option greater-than distinct = 0.9998.

SecPhase v0.4.3 (https://github.com/mobinasri/secphase)” was
used to assess the quality of haplotype phasing based on the alignment
of HiFi reads to the diploid assembly produced by minimap2. To fur-
ther validate haplotype phasing, we retrieved publicly available raw
reads from Strand-seq libraries relative to 80 RPE-1 cells” and aligned
them to the RPE1v1.1 diploid genome using BWA-MEM v0.7.17-r1188
with default parameters. Then, strand state changes were identified
using the breakpointr function from the breakpointR v1.20.0 R
package”, setting the window size of 1,000,000. This analysis was
performed on two sets of alignments: the complete set, which enabled
identification of informative regions—defined as genomic intervals
where reads mapped to both strands in a single cell-and a filtered
subset containing only reads with a minimum MAPQ score of 10,
indicative of uniquely mapping reads with haplotype-specific align-
ment. The latter allowed us to pinpoint informative regions that sup-
port correct phasing, based on the presence of reads mapping to
opposite strands on the two haplotypes. For each chromosome in each
cell, the longest informative region longer than 10 Mb was selected, if
present; the duplicated region on the g-arm of chromosome 10 was
excluded from analysis. These results were then summarized in a
heatmap indicating, for each chromosome and cell, whether Strand-
seq data supported phasing (reads mapping on opposite strands on
the two haplotypes), did not support phasing (same strand on both
haplotypes), showed mixed behavior, or if there was no sufficiently
long informative region.

Telomere presence and length were evaluated using the find_te-
lomere.sh script from the VGP assembly pipeline (https://github.com/
VGP/vgp-assembly/blob/master/pipeline/telomere/find_telomere.sh).

Multi-step identification and curation of breakpoint in phased
haplotypes

To map the exact t(X;10)(Xg28;10¢21.2) translocation breakpoint
characteristic of hTERT RPE-1 cells'®, we first examined read coverage
by independently aligning HiFi and ONT reads to each haplotype of the
RPE-1 genome using minimap2 with the -x parameter set to map-hifi
and map-ont, respectively. The reads were then aligned against the
diploid genome to identify the haplotype with the translocated
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chromosome X. Chimeric alignments involving sequences from both
chromosomes 10 and X were used to pinpoint the breakpoint location.
Based on this evidence, the marker X chromosome containing the
t(X;10)(Xg28;10¢g21.2) translocation was manually reconstructed. To
validate this curation, reads were realigned to the resulting FASTA file,
confirming the presence of contiguous breakpoint-spanning align-
ments with >99% identity.

PGRNI145 plasmid insertion

The sequence of the pGRNI145 plasmid containing the hTERT was
retrieved from the ATCC website'®, The hTERT sequence was aligned
against the RPE1v1.1genome with NUCmer with parameters --mum -[50
and minimap2 with default parameters; alignment results were visua-
lized using mummerplot and IGV, respectively. For both alignments,
the only match between the hTERT sequence and the genome was
within chromosome 20 Hap2. When realigning reads originally map-
ping to Hapl onto Hap2 with minimap2, a gap in read alignment was
found within a 15kb region surrounding the insertion site. Based on
this information, a 15kb region from chromosome 20 Hap2 was
extracted, and the complete plasmid sequence was reconstructed
using SnapGene software (www.snapgene.com). During the submis-
sion of the genome to NCBI, we were asked to mask the plasmid
sequence (genomic coordinates chr20_hap2: 3946958-3962318) due
to it being flagged as non-human DNA.

Identification of structural variants and genome annotation
The genome-to-genome alignment files required to run SyRI were
produced using minimap2 with the parameter -x asmS for genomes
with low sequence divergence. SyRl v1.6.3 (https://github.com/
schneebergerlab/SyRI)*®> was used with default parameters to
compare Hapl (reference) versus Hap2 (query), CHM13 versus Hapl,
and CHMI13 versus Hap2. SyRI outputs the complete information
about structural variants and genomic rearrangements between two
genomes, such as syntenic regions, copy number variation and
HDRs, as well as SNPs and indels. Final visualization was obtained with
Plotsr vL11 (https://github.com/schneebergerlab/plotsr)*®. The
positions of SNPs between Hapl and Hap2 were extracted from the
SYRI TSV output file and used to calculate SNP densities across
10 kb genomic bins. These densities were visualized along HDR coor-
dinates using KaryoploteR. The average SNP density in chromosome
arms and live HORs was calculated using only bins with more than 50%
overlap with syntenic, inverted or translocated regions identified
by SyRI.

Whole-genome alignments were also generated using the NUC-
mer tool from the MUMmer v4.4 suite with parameters --maxmatch -c
100 -b 500 -1 50. The resulting alignments were filtered using delta-
filter with options -m -i 99 -[ 100000. Summary statistics were then
computed with the dnadiff utility.

Liftoff v1.6.3 (https://github.com/agshumate/Liftoff)** was used to
map genes from the human transcriptome annotation of ENSEMBL 112
(GRCh38.p14 genome) to the RPEIvl.l genome. Centromeres were
annotated using the HumAS-HMMER _for_AnVIL tool (https://github.
com/fedorrik/HumAS-HMMER _for_AnVIL), which outputs a BED file
containing the locations of a-satellite higher-order repeat (HOR)
arrays. From this file, we extracted the coordinates of live HOR arrays,
marked by the character L.

Pangenome comparative analysis

We combined assemblies from the draft human pangenome
reference” with the RPEv1.1 assembly and then built chromosome-
specific pangenome graphs with PGGB*° (commit: a15e350). We per-
formed pairwise alignments with the wfmash sequence aligner
(https://github.com/waveygang/wfmash; commit: 251f4el), requiring
homologous regions at least 50 kb long and nucleotide identity of at
least 98%. We used the alignment between all assemblies to build

unbiased pangenome graphs with the seqwish variation graph
inducer® (commit: 75e807c), ignoring alignment matches shorter than
23 bp (to remove possible spurious relationships caused by short
repeated homologies). We used the ODGI toolkit®* (commit: 679e65¢)
to generate a comprehensive graph of all chromosomes and compute
graph-based Jaccard distances between haplotypes. Data visualization
and analysis, including the creation of graph-based dendrograms and
PCA were performed with the R development environment (version
4.4.1), equipped with the following packages: tidyverse (version 1.3.1),
ggplot2 (version 3.5.1), ggtree (version 3.12.0), ggrepel (version 0.9.5),
and ape (version 5.8). For the all-chromosomes and chrX-specific
analyses, we removed 17 HPRC haplotypes that behaved as strong
outliers in chromosome X: HG00621#1, HGO0673#1, HGO1106#1,
HGO1109#1, HGO1243#1, HGO01258#1, HGO1358#1, HG01928#1,
HGO01952#1, HGO02055#1, HGO02145#1, HG02486#1, HGO02572#1,
HGO02717#1, HG03098#1, HG03492#1, and HGO3579#1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The CHMI13 v2.0 and GRCh38.p14 genome assemblies used in this
study are available at NCBI under the GenBank assembly accession
GCA_009914755.4 [https://www.ncbi.nlm.nih.gov/datasets/genome/
GCF_009914755.1] and GCA_000001405.29 [https://www.ncbi.nlm.
nih.gov/datasets/genome/GCF_000001405.40/], respectively. The
HPRC pangenomes used in this study were downloaded from the
human pangenomics S3 bucket (https://s3-us-west-2.amazonaws.com/
human-pangenomics/index.html?prefix=pangenomes/freeze/freezel/
pggb/chroms/). The RPE1v1.1 genome generated in this study has been
deposited in NCBI GenBank under the accession numbers
JBJQNKOO0O000000 (Hapl) and JBJQNLOO0O0O00000 (Hap2), with links
to BioProject accession numbers PRJNA1193286 (Hapl) and
PRJNA1193302 (Hap2), both under the umbrella BioProject accession
number PRJNA1195024. The versions described in this paper are
JBJQNKOO0000000.1 and JBJQNLOO0000000.1. The genome can be
visualized in the UCSC genome browser at https://genome.ucsc.edu/h/
GCA_050656315.1 (Hapl) and https://genome.ucsc.edu/h/GCA_
050656345.1 (Hap2). Release of the RPE-1v1.1 reference genome has
been approved for public access by Geron Corporation. The HiFi, ONT
and Hi-C sequencing data used to generate the genome have been
deposited in SRA under the accession numbers SRR33464826,
SRR33464827, SRR33464828, and SRR33464829 (HiFi), SRR33464817,
SRR33464818, SRR33464819, SRR33464820, SRR33464821,
SRR33464822, SRR33464823, SRR33464824, SRR33464830, and
SRR33464831 (ONT), and SRR33464825 (Hi-C) with links to BioProject
accession number PRJNA1193286. Annotation tracks for the RPEIv1.1
genome, including the low confidence RPE1v1.1regions, and additional
processed data are available and documented at the GitHub repository
https://github.com/GiuntalLab/RPE1 and at the linked Zenodo reposi-
tory https://doi.org/10.5281/zenodo.15789913%,

Code availability

Custom scripts and tools used to generate the figures of this manu-
script are available and documented at the GitHub repository https://
github.com/GiuntaLab/RPE1 and at the linked Zenodo reposi-
tory https://doi.org/10.5281/zenodo.15789913%,
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