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ASARs are long noncoding RNA genes that control replication timing of entire
human chromosomes in cis. The three known ASAR genes are located on
human chromosomes 6 and 15, and are essential for chromosome integrity. To
identify ASARs on all human chromosomes we utilize a set of distinctive ASAR
characteristics that allow for the identification of hundreds of autosomal loci
with epigenetically controlled, allele-restricted behavior in expression and
replication timing of coding and noncoding genes, and is distinct from
genomic imprinting. Disruption of noncoding RNA genes at five of five tested
loci result in chromosome-wide delayed replication and chromosomal
instability, validating their ASAR activity. In addition to the three known
essential cis-acting chromosomal loci, origins, centromeres, and telomeres, we
propose that all mammalian chromosomes also contain “Inactivation/Stability
Centers” that display allele-restricted epigenetic regulation of protein coding
and noncoding ASAR genes that are essential for replication and stability of
each chromosome.

For the vast majority of mammalian DNA, homologous regions on
chromosome pairs replicate in a highly synchronized manner'>,
However, genetic disruption of non-protein coding ASAR (“ASyn-
chronous replication and Autosomal RNA”) genes causes a delay in
replication timing on individual human chromosomes in cis, resulting
in highly asynchronous replication between pairs of autosomes* . The
first ASAR genes were identified from a genetic screen designed to
identify loci on human chromosomes that when disrupted resulted in
chromosome-wide delayed replication*®”. This screen identified five
balanced translocations, affecting eight different autosomes, all dis-
playing delayed replication along the length of the chromosomes’.
Characterization of two of the translocation breakpoints identified
discrete cis-acting loci where translocations or deletions resulted in

delayed replication*®. Molecular examination of the disrupted loci
identified two IncRNA genes located on chromosomes 6 and 15, and
were named ASAR6 and ASARI5, respectively*. The ASAR6 and
ASARIS IncRNAs are extremely long (>200 kb), and remain associated
with the chromosome territories where they are transcribed*®*°,
These studies defined the first cis-acting loci that control replication
timing and structural stability of individual human autosomes.

One unusual characteristic of ASAR genes is that they are
expressed from only one allele*®. In contrast, the majority of genes on
mammalian autosomes are expressed from both alleles, i.e., they dis-
play bi-allelic or balance expression. Allelic expression imbalance (AEI)
of protein coding and noncoding genes is well established, and can
arise from several distinct mechanisms. For example, AEI can arise due
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to heterozygosity at DNA sequence polymorphisms within cis-acting
elements that influence the efficiency with which a gene will be tran-
scribed (i.e., expression quantitative trait loci or eQTL; reviewed in
refs. 11, 12). AEl may also occur through epigenetic programming to
regulate gene dosage or to provide “exquisite specificity”, where the
most extreme form of AEI is referred to as mono-allelic expression
(reviewed in refs. 13-17). Genomic imprinting is a well-established form
of epigenetically programmed AEI occurring in a parent of origin
specific manner (reviewed in refs. 18, 19). Alternatively, epigenetically
programmed AEI occurring in a random manner with respect to parent
of origin has been observed for as many as 10% of autosomal genes
(e.g., olfactory receptors, immunoglobulins, and T cell receptors; refs.
20-23). The three known ASAR genes display random epigenetically
programed AEI*®°,

Another unusual characteristic of ASAR genes is that they display
asynchronous replication timing (ASRT) between alleles****, In con-
trast, the timing of DNA replication on autosome pairs occurs in a
highly synchronous manner'. ASRT can arise by different mechan-
isms. For example, ASRT can be caused by heterozygosity at DNA
sequence polymorphisms that dictate the time during S phase that a
locus will be replicated (i.e., replication timing quantitative trait loci or
rtQTL; refs. 25-27). In addition, ASRT occurs at regions of the genome
that display epigenetically programmed AEL Thus, both imprinted and
random AEI genes located on autosomes display ASRT">?*%2 The
three known ASAR genes display random epigenetically programed
ASRT between alleles* %%,

ASAR RNAs share similarities with the vlinc (very long intergenic
non-coding) class of RNAs. The vlincRNAs were characterized as RNA
Polymerase II products that are nuclear, non-spliced, non-
polyadenylated transcripts of >50kb of contiguously expressed
sequence that are not associated with protein coding genes®. There
are currently >2700 annotated human vlincRNAs, which are expressed
in a highly cell type-restricted manner®~¢. The annotated vlincRNAs
have been referred to as genomic “Dark Matter” because the vast
majority of them have unknown function. However, they occupy >10%
of the human genome and represent >50% of the non-ribosomal RNA
within the cell*3¢. Previously, we found that the genomic region
annotated as expressing vlinc273 (>185kb in length) has all of the
physical characteristics that are shared between ASAR6 and ASAR15,
and CRISPR/Cas9-mediated deletion of the vlinc273 genomic locus
resulted in delayed replication of chromosome 6, indicating that
vlinc273 is an ASAR (which we named ASAR6-141°). ASAR6-141 resides
within a cluster of 6 vlincRNA genes, with all 6 being expressed in a
partially overlapping set of human tissues>*°. Furthermore, the original
ASARG6 gene resides within a larger -1 mb genomic region of ASRT that
also contains two other vlincRNA genes, which are also expressed in
different human tissues®’. Taken together, these observations raise the
intriguing possibility that other vlincRNAs are also ASARs, and that
multiple ASARs can be clustered at the same locus, expressed in dif-
ferent cell types, and associated with the same ASRT region.

Deletion and ectopic integration analyses demonstrated that the
chromosome-wide effects on replication timing of ASAR6 and ASAR15
map to the antisense strand of LINE1 (L1) retrotransposons located
within the ASAR6 and ASAR15 RNAs'™. Targeting the L1 sequences,
using oligonucleotide-directed RNA degradation, revealed a functional
role for the L1 sequences within ASAR6 RNA in controlling
chromosome-wide replication timing'®. Previous support for a role for
L1s in epigenetically programmed AEI came from the observation that
L1s are present at a relatively high local concentration (>18%) near both
imprinted and random AEI genes located on autosomes”. The three
known ASAR genes contain >30% L1 sequences within the transcribed
regions* .

Altogether, our findings have suggested that ASARs may be ubi-
quitous essential cis-acting elements of chromosome replication and
integrity. Indeed, we previously found that ~2.5% of chromosome

translocation products, induced by two different mechanisms (ioniz-
ing radiation or Cre/loxP), result in delayed replication timing of entire
human chromosomes’?®, Two of the Cre/LoxP-induced translocations
with delayed replication were further characterized and found to have
disrupted ASAR genes*, suggesting that -2.5% of the human genome
encodes ASARs. Here, we directly tested this hypothesis by taking
advantage of several notable characteristics of the three known ASARs
to identify additional ASAR genes on human autosomes: (1) long
contiguously transcribed regions of >180 kb, (2) epigenetically regu-
lated AEl; (3) epigenetically regulated ASRT; (4) high density of
L1 sequences; and (5) spatial retention of the RNA on the parent
chromosome. We used RNA-seq, Repli-seq, and RNA-DNA FISH assays
on single cell-derived clones from lymphoblastoid cell lines (LCLs)
isolated from two unrelated individuals, both with haplotype phased
genomes, to identify additional ASAR candidates on human auto-
somes. We chose female cells for this analysis to take advantage of X
chromosome inactivation as an internal control for epigenetically
controlled AEI and ASRT that occurs between the active and inactive X
chromosomes. We identified hundreds of autosomal loci that display
epigenetically controlled AEI and ASRT that is comparable to that
observed on the X chromosome. Genetic deletion assays validated the
biological activity of five out of five tested ASAR candidates. Our work
identifies an unanticipated, widespread epigenetic program that
occurs at hundreds of autosomal loci, effects AEI and ASRT of both
noncoding and protein coding genes, has profound roles in chromo-
some structure stability, is predominant over the cis-effects of rtQTLs,
and is distinct from genomic imprinting.

Results

Transcribed loci with allelic expression imbalance are wide-
spread on autosomes

One complicating factor associated with both vlinc and ASAR RNAs is
their extreme length. Thus, determining if these long RNA species
represent single >50 kb contiguous transcripts or represent multiple
overlapping transcripts with different start and stop sites is difficult
using existing technologies. The vlincRNAs were annotated using tiling
of contiguous RNA-seq reads across a given locus allowing gaps in the
contigs of <7 kb to accommodate repetitive elements, e.g. ALUs and
LINEs, that don’t allow for unique mapping of the RNA-seq reads to the
genome®*®, This complication is also evident for all of the known
ASAR RNAs, where the long length (>180kb) and high L1 content
(>30%) make annotation of the transcripts difficult. Given these lim-
itations, we refer to regions of the genome with >50 kb of contiguous
transcription of non-coding DNA as transcribed loci (TL) throughout
this manuscript.

We first sought to identify TL that are expressed in a human
lymphoblastoid cell line (LCL). For this analysis we used publicly
available data from a nuclear-enriched, ribosomal RNA depleted,
strand-specific, RNA-seq dataset from GM12878 (see ENCODE®). Using
a strategy of merging contiguous reads***, a strand-specific call set of
1570 TL was defined. An example of a TL is shown in Fig. 1a, and shows
the genomic location and the strand-specific, contiguous coverage of
the RNA-seq reads for TL:1-187. This TL covers ~500 kb of genomic
DNA, contains two RefSeq lincRNAs (LINC01036 and LINC01037), is
not associated with any known protein coding gene, and contains 562
heterozygous SNPs within the transcribed region. Next, utilizing a fully
haplotype-phased reference genotype (i.e., one haplotype block
spanning each chromosome) for GM12878 to enumerate informative
allele-specific reads*® we assessed AEI of all 1570 TL. AEl was defined as
biased allelic expression outlying the binomial distribution (FDR g-
value <0.01) and greater than 2.5 standard deviations above the mean
bias controlled for expression level (see methods). GM12878 cells are
female and represent a poly-clonal pool of EBV-transformed lympho-
cytes. Random X chromosome inactivation among different cells in the
population would be indicated by an equal number of RNA-seq reads

Nature Communications | (2022)13:6301



Chromosome 6 (mb)

from the maternal (haplotype 1) and paternal (haplotype 2) X chro-
mosomes. However, deviation from equal inactivation of each parental
allele is common in the general female population, and is known as
skewing**2, We found dramatic AEI of both protein-coding and non-
coding RNAs expressed from the X chromosome, indicating that
the LCL pool of cells in GMI2878 has skewed X inactivation
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(see Supplementary Data 1). We identified 78 TL that were expressed
from the X chromosome, and 60 of these TL show AEI (Fig. 1b, c). The
distribution of AEI of the X-linked TL also revealed the presence of 18
TL with equivalent expression from both X chromosomes. These bi-
allelic TL are located in regions of the X chromosome that are known to
escape X inactivation (Supplementary Data 1; and see refs. 42-44).
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Fig. 1| Genome-wide allelic expression imbalance and spatial retention pat-
terns of TL in GM12878. a Genome browser view of a representative example of an
intergenic non-coding contiguously transcribed locus on the plus strand of chro-
mosome 1. The location of TL:1-187 with 436,832 independent RNA-seq reads from
the plus strand (+ strand; blue) and 592 RNA-seq reads from the minus strand (-
strand; green) are shown. The location of 221 LINE1 sequences, totaling 153,348 bp,
representing ~28% of the transcribed sequence are shown in red. b Genome-wide
distribution of AEI of TLs on all autosomes (blue) and the X chromosome (red). We
define AEI as an allelic-bias that is outlying parametric (FDR-Benjamini-Hochberg
corrected binomial test g-value <=0.01) and non-parametric (allelic-bias >=2.5S.D.
above autosome-wide mean, controlled for expression level) estimation of the null-
distribution of bi-allelic expression. ¢ Scatter plot of AEI of autosomal TL (blue dots)
and X-linked TL (red dots) as a function of the number of informative reads.
Opaque dots are outliers on the genome-wide distribution of AEl d Distribution of

the fraction of L1 derived sequence in TL and coding genes. The bracket and *
highlight TLs with >18% L1 sequence. e Chromosome 1 view of AEI of TL (opaque:
statistically significant). The position of TL:1-187 is shown (*). f, h, j Zoom-in views of
AEl of representative TL (dark blue = statistically significant; light blue not sig-
nificant). The location and size of Fosmid probes (see Supplementary Data 2) used
for RNA FISH are shown. g, i, k RNA-DNA FISH images of TL:1-187, TL:15-92, and
TL:6-130 expression in single cells. | RNA-DNA FISH image of TL:6-77 RNA (red),
CHR6 DNA (chromosome paint, white), and XIST RNA (green) visualized within
individual cells, top and bottom panels represent the same four cells with the
nuclear outline drawn in white. m Percent of XIST positive nuclei exhibiting strong
AEl of nine representative TLs, as measured by DNA/RNA FISH visualization (Per-
cent of nuclei with O, 1 or 2 RNA hybridization signals). Source data are provided as
a Source data file.

Table 1| Summary of AEIl and VERT loci

Sample TLs AEITLs AElcoding Random AEITL Random AEl coding VERT loci  AEI TL within VERT  AEIl coding within VERT
EB3_2 (6 clones) 2758 644 9N 68 63 105 82 80

GM12878 (parent) 1570 300 380 N/A N/A N/A N/A N/A

GM12878 (2 clones) 1903 378 613 6 4 144 44 57

Given the dramatic skew in X inactivation, and anticipating a similar
skew in random AEI on autosomes, we next assessed the autosomal TL
for allele-specific expression. In contrast to the X chromosome TL, the
autosome-wide distribution of AEl is consistent with bi-allelic expres-
sion for the majority of TL, but 300 unique TL (encoded by ~90 mb or
~3% of the genome) have AEI that significantly deviated from the null
distribution of equal expression from both alleles (Fig. 1b, ¢; and
Table 1). These TL contain a high L1 content compared to introns
within coding genes (Fig. 1d), which is one of the characteristics of the
known ASARs. The TL with AEl are distributed along the length of every
autosome pair and are expressed in a reciprocal pattern (see Supple-
mentary Data 1). Figure 1e shows allelic expression analysis of all of the
TL on chromosome 1, and highlights the 19 TL that display AEI,
including TL:1-187 (see Fig. 1a, ).

To determine if TL RNAs with AEI remain associated with their
parent chromosomes, we used RNA-DNA FISH to assay for chromo-
some territory localized retention of TL:1-187 plus 8 additional TL in
GM12878 cells. For this analysis we used Fosmid probes to detect TL
RNA (Fig. 1f, h, and j; and see Supplementary Data 2) and a
chromosome-specific paint, BAC (Bacterial Artificial Chromosome) or
centromeric probe to detect DNA for the chromosome of interest. We
detected RNA hybridization signals that remain associated with their
respective chromosomes for all 9 TL RNAs (for examples, see Fig. 1g, i,
k, 1), which is consistent with the spatial-expression pattern observed
for the known ASARs* . For an independent assessment of mono- and
bi-allelic expression, we quantified the frequency of single and double
sites of RNA hybridization. For this analysis we included an XIST RNA
FISH probe as positive control (GM12878 have a single large site of RNA
hybridization signal for XIST in >90% of cells). Scoring only cells with a
single XIST RNA FISH signal indicated a wide variability in the number
of TL RNA hybridization signals, with zero, one or two sites of RNA
FISH hybridization per nucleus (Fig. 1m). Single sites of RNA hybridi-
zation were detected for all TL ranging from 25 to 75% of cells, and two
sites of RNA hybridization were detected for 7 out of 9 TL, ranging
from 2 to 15% of cells (see Fig. 1l for examples). We note that the size of
the RNA hybridization signals detected by all TL probes was variable,
ranging in size from large clouds that occupy the entire chromosome
territory to relatively small sites of hybridization that remain tightly
associated with the expressed allele.

The observations described above indicate that ~300 autosomal
TL are expressed in an allele-restricted manner in GM12878. We next
sought to determine if the AEI of TL was present in LCLs from a second

unrelated individual, and if the AEI could come from either allele in
multiple single-cell derived clones, which would distinguish between
random epigenetically programed AEI from imprinted AEI and AEI
caused by genetic polymorphisms (i.e., eQTL). For this analysis, we
used EB3_2 LCLs, which were isolated from a female with a haplotype-
phased genome®. By leveraging the B-cell origin of LCLs, we isolated
six single-cell derived clones, as defined by the presence of unique
immunoglobulin gene rearrangements (see Supplementary Data 4;
and refs. 6, 21, 46). The EB3_2 clones (EB2, EB3, EB4, EB10, EB13, EB15)
are expected to be isogenic except at the regions of immune gene-
related somatic rearrangements, and were expanded for >25 popula-
tion doublings prior to the generation of nuclear enriched RNA-seq
and Repli-seq libraries (see Fig. 2a). Because EB3_2 cells are female, we
first queried AEI on the X chromosome. The six EB clones display AEI of
66 TL and 127 protein coding genes located on the X chromosome
(Supplementary Data 1). The orientation of the expressed alleles indi-
cated that all six EB clones have the same active and inactive X chro-
mosomes, haplotype 1 (maternal) and haplotype 2 (paternal),
respectively. Figure 2b shows examples of the AEI of X chromosome TL
and protein coding genes, and indicates strong expression from hap-
lotype 1 in all 6 clones.

By analyzing expression from autosomes across all six clones,
2692 TL were defined in the EB3_2 clone set, with 644 TL, or -24%,
showed statistically significant AEI (Table 1). Strikingly, 68 TL were
identified that display AEI from opposite homologs in two or more
clones (Fig. 2c, d), which is consistent with random epigenetically
programed AEL In addition, some clones display equivalent levels of
expression between alleles (i.e., bi-allelic expression) at the same TL
that display AEI of either allele in other clones, while in other clones
there is undetectable expression. The other 576 autosomal TL with AEI
showed expression from single alleles, both alleles or neither allele in
one or more clones (Supplementary Data 1). This AEI pattern is not
consistent with genomic imprinting, nor with the presence of eQTL,
but may be due to random epigenetically programed AEl where we
have not analyzed enough clones to detect expression from opposite
alleles. Regardless, validation of the clone-specific AEI from autosomal
TL was then performed by Sanger sequencing of DNA and cDNA from
the parent multiclonal population and from individual clones
(see Fig. 2e for examples). These data indicate that expression of 68
autosomal TL can originate from either haplotype 1, haplotype 2, both
or neither in different clones isolated from the same individual. These
observations indicate that each allele had acquired the expressed or
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silent state independently from the other allele, and because all pos-
sible combinations were detected in different clones from the same
individual these differential expression states must be under epige-
netic control.

Next, to determine if the TL RNAs that show AEI in LCLs are
associated with their parent chromosome in human primary cells, we
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carried out RNA-DNA FISH using probes to 8 different TL on primary
blood lymphocytes (PBLs). We detected chromosome-associated RNA
hybridization signals for all 8 TL. An example of this analysis is shown
for TL:15-92 in Fig. 2e. Quantification of the number of RNA FISH sig-
nals in >100 cells indicated that all 8 TL were expressed from single
chromosomes in >80% of cells (Fig. 2g). We note that the size of the
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Fig. 2 | Haplotype resolved analysis of allelic expression imbalance of TL RNAs.
a Sub-cloning and allele-specific genomic analysis scheme for 6 clones from the
EB3_2 lymphoblastoid cell line. The left panel shows phased RNA-seq data at one
hypothetical TL showing AEl in different clones. The right panel shows the phased
Repli-seq data at one hypothetical replication domain showing synchronous or
asynchronous replication. b, ¢ Zoom-in views of examples of TL RNAs that display
AEI (Hapl: haplotype 1, Hap2: haplotype 2) on the Y axis and the genomic positions
(megabases) for the X chromosome (CHRX; panel b) or autosomes (panel c)
positions are shown on the X axis. TL and protein coding genes are labeled and
marked by arrows. The panel at -3.5 mb of the X chromosome shows bi-allelic
expression of PRKX, a known escape gene**, and three bi-allelic TL. ¢ Each panel
represents the AEI and location of a prominent TL from 9 different autosomes

(CHRY], etc). d All TL RNAs that display AEI from different alleles within the 6 EB3_2
clones (X-axis: chromosome start-position; Y-axis: AEl as percent). The asterisk
marks TL:1-187. e Sanger sequencing traces of PCR products generated from
genomic DNA and cDNA illustrating heterozygosity in genomic DNA and mono-
allelic expression of either allele from TL RNAs (EB3_2: parent cell population, EB2,
3, 4,10, 13, and 15: clones). f RNA-DNA FISH in PBLs using a Fosmid probe to TL:15-
92 to detect RNA and a chromosome 15 BAC to detect DNA. g Expression of TL in
female PBLs. Quantification of the number of RNA FISH signals (shown 0, 1, or 2) for
8 different TL in nuclei that contained a single XIST RNA FISH signal. In the nuclei
with TL hybridization signals, we detected >80% of nuclei with single sites of TL
RNA hybridization for all 8 TLs. Source data are provided as a Source data file.

RNA hybridization signals detected by all of the TL probes was variable,
ranging in size from large clouds to relatively small sites of hybridi-
zation. We also detected two sites of hybridization for all TL probes in 2
to 20% of cells (Fig. 2g), which is consistent with the LCL RNA-seq data
(see Fig. 2b, c), and indicates that expression and chromosome terri-
tory localization of this set of TL RNAs can be bi-allelic in at least some
cells in the PBL population. Therefore, we conclude that mono- and bi-
allelic expression of chromosome-associated RNAs can be detected for
all 8 TL in primary cells.

Variable epigenetic replication timing occurs at hundreds of
autosomal loci

ASRT occurs at regions of autosomes that display epigenetically pro-
grammed AEI®?*7, To assess the relationship between AEl and ASRT in
LCLs, we next performed allele-specific Repli-seq on the six EB3 2
clones (see Fig. 2a), and on two single-cell-derived clones from
GM12878. Because EB3 2 and GM12878 cells are female-derived LCLs,
we used the differences in replication timing between the active and
inactive X chromosomes as internal controls. First, allele-specific
replication timing profiles were generated for each haplotype from
each clone from both sets of clones, totaling 12 and 4 allele-specific RT
profiles per chromosome for the EB32 and GMI2878 clone sets,
respectively. Second, differences in RT among each clone set was
assessed by measuring the standard deviation (SD) of three subdivi-
sions of the RT profiles. For each clone set, we generated a “combined
RT profile” that included haplotype 1 plus haplotype 2 (e.g. all 12 alleles
in the six EB3_2 clones); and two “allele-specific RT profiles” that
included only haplotype 1, or only haplotype 2. Third, to identify
classical ASRT regions within individual clones, we analyzed the dif-
ference between haplotype 1 and haplotype 2 RT profiles within each
clone separately by comparing the absolute difference in allele-specific
read counts in the Repli-seq data, which can detect ASRT resulting
from either genetic or epigenetic mechanisms’. Figure 3a illustrates
hypothetical RT profiles for a region of the genome that shows syn-
chronous or asynchronous RT, as well as epigenetic variability that
could occur in the RT profiles in different clones from the same
individual.

The genome-wide distribution of the SD for the “combined RT
profile” on autosomes for each 250 kb genomic region revealed a
single large peak (SD <1) of synchronous replication with a shallow
but long right tail of outliers (SD>2.5 x SD + mean: >0.92 for the
EB3_2 clones and >0.90 for the GM12878 clones; Fig. 3b, c). In con-
trast, the distribution of the SD of the “combined RT profile” along
the X chromosome revealed two peaks. One peak is superimposed
with the synchronous autosomal peak (SD<1), and these X chro-
mosome regions represent the late replicating regions on both the
active and inactive X chromosomes (Fig. 3b, c, f). The X chromosome
regions within the second broader peak (SD >1) map to the regions
of the X chromosome that has early replication (Fig. 3f), and the early
replicating DNA is from haplotype 1, which represents the
active X chromosome in all six EB3_2 clones (see Fig. 2b and Sup-
plementary Data 1). The “combined RT profile” analysis of the two

GM12878 clones revealed a similar profile for the autosomes and X
chromosomes (Fig. 3c), with haplotype 2 representing the early
replicating active X chromosome in both clones (see Supplemen-
tary Data 1).

For the “allele-restricted RT profiles”, we compared the RT profiles
of each haplotype in all 6 EB3 2 and both GM12878 clones indepen-
dently from the RT profiles of the other haplotype in each clone set
(Fig. 3d, e). This analysis allowed us to detect outliers in the RT profiles
on each allele in the two clone sets separately (SD >2.5 x SD + mean:
>0.96 for Hap 1 and >0.98 for Hap 2 in the EB3_2 clones; and >0.92 for
Hap 1 and >0.94 for Hap 2 in the GM12878 clones). In contrast to the
“combine RT profile” analysis described above (Fig. 3b, c), the “allele-
restricted RT profile” analysis identified only four relatively small
outlier regions on the X chromosome, two on the active and two on the
inactive X chromosomes (Fig. 3f=j). All four of these regions contain TL
with strong AEI (Fig. 3g-j), and one of these regions contains two loci,
XACT and DXZ4, that are known to be important for X inactivation in
humans (see Fig. 3j; and refs. 47-50). Because this Repli-seq analysis
was performed on clones isolated from the same individual and the
differences in replication timing between the active and inactive X
chromosomes are known to be under epigenetic control, we conclude
that this analysis allows us to detect epigenetically controlled allele-
specific replication timing.

The “combined RT profile” analysis indicated that the vast
majority of autosomal DNA replicated synchronously (SD <1), with a
relatively small number of loci (99 loci in the EB3_2 and 139 loci in the
GM12878 clone sets) with significant differences in allele-specific RT
(Supplementary Data 3). In addition, analyzing the “allele-restricted
RT profiles”, we identified 108 haplotype 1 and 103 haplotype 2
outlier loci in the EB3_2 clones (Fig. 3d, e). In total, we identified
outliers in the autosomal RT profiles for 248 loci in the EB3_2 plus
GM12879 clones, with 37 loci shared between the two clone sets (211
loci representing ~190 mb or ~6% of the human genome; Table 1).
Figure 4a shows the RT profiles on chromosome 5 in the six EB3 2
clones, and indicates that there are 9 loci in the “combined RT pro-
file” with significant differences in RT, and the “allele-restricted RT
profiles” indicated that these differences are associated with either
haplotype 1, haplotype 2 or both. Figure 4b-i shows examples of 8
loci identified as outliers in both EB3_2 and GM12878 RT profiles. The
differences in the “allele-restricted RT” profiles detected at outlier
loci can affect either haplotype 1, haplotype 2 or both. Thus, some
clones display large differences in RT between alleles at the same
locus that displays synchronous replication in other clones, and the
RT profiles in the synchronous clones can either have the earlier or
later replication timing profile (Fig. 4b-i; also see Fig. 5b-j). Taken
together, these observations indicate that each allele had acquired
the earlier or later replication independently from the other allele.
Because the differences in RT at these loci are quite variable and
affect either allele independently, we refer to these loci as having
Variable Epigenetic Replication Timing (VERT). Within the 99 VERT
loci in the EB3_2 clone set we identified 82 TL that display AEI
(Table 1, Supplementary Data 1 and 3; also see Figs. 4b—i and 5 below).
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Fig. 3 | Haplotype resolved analysis of asynchronous replication timing.
alllustration of a hypothetical genomic region with synchronous replication timing
(SRT), asynchronous replication timing (ASRT), and possible clonal variability in
both SRT and ASRT. Outliers in the standard deviation (SD) are highlighted in gray.
b, ¢ Genome-wide distribution of the SD of the combined RT of individual alleles
among clones derived from EB3_2 (12 alleles) and GM12878 (4 alleles). d, e Genome-
wide distribution of the SD of the allele restricted replication timing of each indi-
vidual allele among clones derived from EB3_2 (d: 6 Hapl alleles; e: 6 Hap2 alleles).
Outliers were identified as: SD > 2.5x SD + mean: >0.96 for Hap 1 and >0.98 for Hap
2 in the EB3_2 clones and >0.92 for Hap 1 and >0.94 for Hap 2 in the GM12878
clones. f Chromosome X Early/Late RT profile with SD of haplotype-resolved
replication timing from the 6 EB3_2 clones highlighting (gray shading) outlier
regions from the “combined RT profile” (Hapl plus Hap2) and from the “allele-

restricted RT profile” separately (Hapl or Hap2). Each clone was color coded as
shown, with haplotype 1 shown as a solid line, and haplotype 2 shown as a dotted
line for both sets of clones. The left axis shows the RT profiles, with positive
numbers representing early replication and negative numbers representing late
replication. g-j Zoom in views of the 4 locations that contain outliers in SD of the
“allele-restricted RT profiles”. Each clone was color coded as shown, with haplotype
1 shown as a solid line, and haplotype 2 shown as a dotted line for both sets of
clones. The left Y axis shows the Early/Late RT profiles. The SD of the replication
timing across each locus is shown below each panel. Areas highlighted in gray
represent outliers in the SD. The right Y axis shows the AEI, with smooth rectangles
representing TL and the stippled rectangles representing protein coding genes.
The opaque rectangles show AEI, while the transparent rectangles show bi-allelic
expression of TL and protein coding regions.

In addition, at any given TL with AEI the expression could come from
either the earlier or later replicating allele, indicating that each allele
had acquired the expressed or silent state independent of the repli-
cation timing within these VERT loci.

Asynchronous replication can occur at rtQTL, and lacks coor-
dination between loci

By performing allele-specific Repli-seq on single-cell derived clones,
we were able to address the consequences of DNA sequence
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Fig. 4 | Haplotype phased analysis of ASRT on autosomes. a Chromosome 5 RT
profile from the 6 EB3_2 clones, highlighting regions with standard deviation
(SD) >1from both the “combined allele RT profile” (Hapl and Hap2) and from the
“allele-restricted RT profile” separately (Hapl or Hap2). b-i Representative
examples of regions present in both GM12878 (top panels) and EB3_2 (bottom
panels) clones with variable epigenetic replication timing between alleles. Each
clone was color coded as shown, with haplotype 1 shown as a solid line, and
haplotype 2 shown as a dotted line for both sets of clones. The left Y axis shows
the replication timing (Early/Late) profiles. The SD of the replication timing

across each locus is shown below each panel. The right Y axis shows the AEI, with
smooth rectangles representing TL and the stippled rectangles representing
protein coding genes. The opaque rectangles show AEI, while the transparent
rectangles show bi-allelic expression of TL and protein coding regions. Chro-
mosome number and genomic positions (megabases) are shown on the X axis.
Areas highlighted in gray represent outliers in the SD. f-i The location of rtQTL at
VERT regions, with the Early (E) and Late (L) alleles® for both GM12878 and EB3_2
are shown (also see Supplementary Data 5).

polymorphisms on ASRT. A previous study identified 20 polymorphic
loci, known as rtQTL, by examining RT profiles in human LCLs*. We
found that 12 of the 20 previously identified rtQTL were within VERT
loci detected in either the EB3_2, GM12878, or both Repli-seq data sets.
Surprisingly, we found that these 12 loci display strong epigenetic

differences in replication timing regardless of which rtQTL allele they
contain (Supplementary Data 5). Examples of 4 different VERT loci that
were detected in both GM12878 and EB3 _2 clones, with the genotype
and location of the associated rtQTL, are shown in Fig. 4f-i (also see
below). We found that differences in RT within these VERT regions
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occur at loci that are either homozygous or heterozygous for the rtQTL
alleles, demonstrating that the epigenetic effects described here are
dominant over any DNA sequence polymorphisms that are present at
these loci.

We next sought to address the question of coordination of
asynchronous replication timing. We and others previously reported
that ASRT of random mono-allelic genes is coordinated with other
random mono-allelic genes on the same chromosome, suggesting
that there is a chromosome-wide system that coordinates replication
asynchrony of random AEI genes**?****!, More recently, the asyn-
chrony associated with random AEI genes in mouse pre-B cells was
proposed to be coordinated on all autosomes, resulting in only two
“mirror-image” patterns of asynchronous replication’*®. For the
analysis of coordination at ASRT regions utilizing Repli-seq, we first
defined ASRT regions as outliers on the distribution (SD >1) of the
difference between haplotype 1 and haplotype 2 RT profiles within
each EB3_2 clone. We then classified each allele at each asynchronous
region as either early or late within each clone, and compared the
Early/Late status across multiple regions on individual chromosomes
and between clones. We first analyzed the ASRT on the X chromo-
some. We detected dramatic coordination in the polarity of the ASRT
regions along the length of the X chromosome in all six clones (see
Supplementary Fig. 1), which is consistent with previously reported
ASRT profiles for the active and inactive X chromosomes in LCLs>.
While we detected numerous loci on every autosome that display
ASRT, we found no evidence for coordination, either on the same
autosome or between autosomes (Supplementary Fig. 1b-d). Fur-
thermore, by analyzing the Repli-seq data previously published by
Blumenfeld et al for mouse pre-B cell clones™ using our “combined
RT profile” and ASRT analyses described here, we detected loci in the
mouse genome that display VERT, but did not detect coordination in
the Early/Late replication timing pattern at loci that show ASRT, and
therefore we do not detect a “mirror image” coordination pattern on
mouse chromosomes in the Repli-seq data for mouse pre-B cell
clones (Supplementary Fig. 2). Our data indicate that the clonal Early/
Late pattern at multiple asynchronous loci on human or mouse
autosomes is not coordinated on the same chromosome nor
between different chromosomes.

Variable epigenetic AEI of protein coding genes occurs at
VERT loci

The observations described above indicate that hundreds of TL exhibit
AEl, and that this AEI often occurs at genomic loci detected as having
VERT. We next determined if protein coding genes also display epi-
genetically programmed AEI within VERT loci. Utilizing allele-specific
analysis of the RNA-seq data at protein coding genes, we identified 941
protein coding genes that display AEI, including 11 known imprinted
genes (geneimprint.com; Supplementary Data 1). We also identified 63
protein coding genes that display AEI from opposite homologs in two
or more clones (Fig. 5a and Table 1), which is consistent with random
epigenetically programed AEL Similar to the TL with epigenetically
programed AEIl, some clones display equivalent levels of expression
between alleles (i.e., bi-allelic expression) while other clones express
only one allele, and in yet other clones have undetectable expression.
These observations are consistent with previous work that found a
similar variability in mono-allelic expression of protein coding genes
within LCL clones®. We found that 80 of the 941 protein coding genes
with AEl are within VERT regions (Table 1; also see Supplementary
Data 1and 3). Figure 5b-j shows examples of the RT profiles and AEI of
protein coding genes at genomic regions that also display VERT (also
see Fig. 4f, g, i). These observations indicate that the expressed or
silent state at these protein coding genes was acquired independently,
and that the expressed or silent state is not associated with either
earlier or later replication. Utilizing an ensemble of gene enrichment
analysis tools®, the 63 protein coding genes with random

epigenetically programed AEl were found to be enriched for several
biological processes, with homophilic cell adhesion being the most
significant (P=1.17 x 10E%; Fig. 5k).

Deletion of TL within VERT loci result in delayed replication
timing in cis

The previous ASAR genetic disruption studies were carried out in cells
that displayed strong AEI at the ASAR loci, and disruptions of the
expressed alleles resulted in delayed replication while disruptions on
the silent alleles did not**'°, However, the variability in the AEI
described in this report indicates that TL can be expressed from both
alleles in at least some clones, and that the expressed alleles are
independent of earlier or later replication at the locus. To determine if
TL that reside in VERT regions control replication timing of entire
chromosomes, we used CRISPR/Cas9 to delete 5 different TL genes.
However, given the low cell cloning efficiencies of LCLs, and the rela-
tively low efficiency of generating large deletions (>200 kb) using
CRISPR/Cas9, we used HTD114 cells for this analysis. We chose HTD114
cells for this analysis because the high cloning efficiency allows for
large CRISPR/Cas9 deletions, up to -1.2 mb, as demonstrated during
the characterization of ASAR6-141°. We also chose HTD114 cells for this
analysis because they maintain AEI and ASRT of both imprinted and
random mono-allelic genes, they have a stable karyotype that does not
change significantly following transfection, drug selection and sub-
cloning, and previous knockouts of the three known ASAR genes in
HTDI114 resulted in delayed replication timing, delayed mitotic con-
densation and chromosome structure instability in cis*™. Given the
tissue-restricted expression pattern of TL, we first needed to deter-
mine which of the TL with AEl and VERT are expressed in HTD114 cells.
Therefore, to identify TL that are expressed in HTD114 cells, we first
queried RNA-seq data from HTD114 cells (see ref. 5), and subsequently
used RNA-DNA FISH and Sanger sequencing of PCR products from
reverse transcribed RNA for 16 TL to determine if the RNAs are asso-
ciated with their parent chromosomes and if they show mono- or bi-
allelic expression. For this analysis we used RNA-DNA FISH using Fos-
mid probes to each TL (see Supplementary Data 2) plus a chromosome
centromeric probe to detect DNA. All 16 TL RNA hybridization signals
were found to be associated with their parent chromosome cen-
tromeric DNA hybridization signals, and displayed single or double
RNA FISH signals in the nuclei of HTD114 cells (for examples, see
Figs. 6b, c and 7c, d, i, j). Because the epigenetic variability that results
in AEI at TL can result in mono- or bi-allelic expression in individual
clones, we chose 5 TL that were either mono- or bi-allelic in the HTD114
cells for genetic deletion assays.

TL:1-187 is expressed from chromosome 1 at ~187-187.5 mb (see
Figs. 1a, e-g and 2¢), and Fig. 6a shows the AEl and RT profiles from the
EB3 2 and GM12878 clone sets. Figure 6b and ¢ shows results from the
RNA-DNA FISH analysis in HTD114 cells, and indicates that single sites
of RNA hybridization were detected in ~75% of cells and that two RNA
hybridization signals were detected in -25% of cells, suggesting that
HTD114 cells express both alleles. Figure 6d shows sequencing traces
from two different SNPs (see Supplementary Data 4) that are hetero-
zygous in genomic DNA, and heterozygous in reversed transcribed
RNA isolated from HTDI114 cells, confirming that the TL1-187 tran-
scripts are generated from both alleles in HTD114 cells.

Next, we designed sgRNAs to unique sequences flanking the
genomic region that expresses TL:1-187 (Supplementary Data 4). We
expressed these sgRNAs in combination with Cas9 and screened
clones for deletions using PCR primers that flank the sgRNA binding
sites (see Supplementary Data 4). Because TL:1-187 expression is bi-
allelic in HTD114 cells, we isolated clones that had heterozygous
deletions affecting either homolog. We determined which allele was
deleted based on retention of the different base pairs of heterozygous
SNPs located within the deleted regions, and arbitrarily assigned the
homologs as CHRI1A or CHRIB (see Fig. 6d and Supplementary Data 4).
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Fig. 5 | Haplotype resolved expression and replication of protein coding genes.  stippled rectangles representing protein coding genes and smooth rectangles
a 63 protein coding genes display random epigenetic AEI in EB3_2 clones (X-axis: representing TL. The opaque rectangles show AEI (FDR-BH alpha < =0.01), while the

protein coding gene; Y-axis: AEIl). b—j Examples of genomic regions that contain transparent rectangles show bi-allelic expression of protein coding and non-coding
protein coding genes that display epigenetic AEl and VERT in the six EB3_2 clones.  transcripts. Chromosome number and genomic positions (megabases) are shown
The left axis shows the replication timing (Early/Late) profiles, and the standard on the X axis. k Functional enrichment analysis of coding genes that display ran-

deviation (SD) across each locus is shown below each panel. Outliersin the standard ~ dom epigenetic AEl in EB3_2 clones.
deviation (SD) are highlighted in gray. The right Y-axis shows the AEI, with the
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In addition, to determine how deletion of each allele affected the
number of RNA hybridization signals, we carried out RNA-DNA FISH
using the TL:1-187 probe in heterozygous deletion clones. Figure 6¢
shows the quantification of the RNA FISH signals, and indicates that
deletions of TL:1-187 from either CHR1A or CHRI1B resulted in cells with
single sites of RNA hybridization signals, and no cells with two sites of
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hybridization, confirming that both alleles of TL:1-187 are expressed in
HTD114 cells.

We next assayed replication timing of the two chromosome 1
homologs using a BrdU incorporation assay*®. Cultures of cells were
pulsed with BrdU for 5.5 h and mitotic cells harvested, processed for
BrdU incorporation and subjected to FISH using a chromosome 1 paint
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Fig. 6 | Delayed replication following disruption of TL:1-187. a AEl and ASRT at
TL:1-187 in EB3_2 (top) and GM12878 (bottom) clones. The left Y-axis shows repli-
cation profiles and the standard deviation (SD). The right Y-axis shows AEl, hap-
lotype 1 (Hap1), and haplotype 2 (Hap2). Outliers in the standard deviation (SD) are
highlighted in gray. Chromosome position (megabases) is shown on the X axis.
Smooth rectangles represent TL, stippled rectangles represent coding genes.
Opaque rectangles show AEl, and transparent rectangles indicate bi-allelic
expression. b RNA-DNA FISH using a TL:1-187 probe (green) to detect RNA and a
chromosome 1 centromeric (red) probe to detect DNA. Arrowheads mark the RNA
hybridization. ¢ Quantification of the RNA signals for TL:1-187 in HTD114. An RNA
FISH probe to an intron of KCNQS served as positive control’. d Sequencing traces
of PCR products at heterozygous SNPs (asterisks) within TL:1-187. e Ratio of BrdU
incorporation in chromosome 1A divided by chromosome 1B in cells with hetero-
zygous deletions of TL:1-187. Box plots indicate mean (solid line), standard devia-
tion (dotted line), 25th, 75th percentile (box) and 5th and 95th percentile (whiskers)

and individual cells (single points). P values were calculated using the
Kruskal-Wallis test’®. Values for individual cells are shown as dots. f Chromosome
1 showing the short (p) and long (q) arms, G-bands, heterochromatic block
(bracket), and TL:1-187 (purple dot). g-j Delayed replication and condensation
following deletion of TL:1-187. BrdU incorporation (green) and DNA FISH using a
chromosome 1 paint (red) plus a TL:1-187 BAC (purple). A chromosome 1 translo-
cation is marked with arrowheads. k-m DNA FISH using a chromosome 1 paint (red)
plus the TL:1-187 BAC (purple, arrows). The lagging chromosome lacks the TL:1-187
BAC (asterisks). The short (p) and long (q) arms of the lagging chromosome are
indicated, and arrows in panel m mark the centromeres of the lagging chromo-
some. n, 0 Chromosome following TL:1-187 deletion. DNA FISH using the TL:1-187
BAC (green) and a chromosome 1 paint (red). Scale bars are 10 uM. p Quantification
of chromosome 1 rearrangements. ¢, e, p Source data are provided as a Source
data file.

probe plus a BAC probe from within the deleted region (Supplemen-
tary Data 2). As expected, prior to deletion of the TL:1-187 locus, the
two chromosome 1 homologs display synchronous replication (see
Fig. 6e). In contrast, cells containing heterozygous deletions of either
allele resulted in significantly more BrdU incorporation in the deleted
chromosome than the non-deleted chromosome, indicating that
deletion of either TL1-187 allele results in delayed replication timing in
HTD114 cells (Fig. 6e). These results are consistent with the observa-
tion that both alleles of TL:1-187 are expressed, and that this locus
controls replication timing of human chromosome 1. Therefore, we
name this IncRNA gene ASARI1-187.

One dramatic phenotype associated with chromosomes with
disrupted ASARs is instability of the affected chromosomes, which is
characterized by an increase in the rate of chromosomal
rearrangements’, an increase in non-disjunction events resulting in
cells with anaphase bridges, lagging chromosomes, and micronuclei®’,
and an increase in endoreduplication resulting in an increase in the
ploidy of the affected cells®. During the characterization of chromo-
somes with the ASAR deletions described here, we detected extremely
late DNA replication (also called “G2 DNA synthesis”™*®), delayed
mitotic chromosome condensation, and lagging chromosomes during
anaphase. Figure 6g-j shows an example of an anaphase cell with a
lagging chromosome affecting chromosome 1 that is deleted for
ASAR1-187, and the lagging chromosome also displays delayed mitotic
chromosome condensation and extremely late DNA replication with
BrdU incorporation that occurred during G2, note that BrdU incor-
poration was not detected in any other chromosome. Another exam-
ple of an abnormal anaphase cell with a lagging chromosome 1, also
deleted for ASARI1-187, is shown in Fig. 6k-m, and shows abnormal
mitotic condensation in the large heterochromatic region on chro-
mosome 1. Given the prevalence of these abnormal mitotic figures it is
not surprising that we also detected numerous rearrangements
involving chromosome 1 in cells with deletions of ASAR1-187 in either
CHRIA or CHRIB (Fig. 6n-o0).

TL:8-2.7 is expressed from chromosome 8 at -2.5-2.8 mb (see
Supplementary Data 1), and Fig. 7a and b shows the AEl and RT profiles
from the EB3_2 and GM12878 clone sets. Figure 7c shows examples
from the RNA-DNA FISH analysis in HTD114 cells, and indicates that
single sites of RNA hybridization were detected in ~90% of cells
(Fig. 7d). sgRNAs were designed to unique sequences flanking the
genomic region that expresses TL:8-2.7 (Supplementary Data 4). The
sgRNAs were expressed combination with Cas9, and clones were
screened for deletions using PCR primers that flank the sgRNA binding
sites (see Supplementary Data 4). Clones were isolated that had het-
erozygous deletions affecting either chromosome 8 homolog and we
determined which allele was deleted based on retention of the differ-
ent base pairs of heterozygous SNPs located within the deleted
regions, and arbitrarily assigned the homologs as CHR8A or CHR8B
(see Supplementary Data 4). Next, to determine how deletion of each

allele affected the number of RNA hybridization signals, we carried out
RNA-DNA FISH using the TL:8-2.7 probe (Supplementary Data 2) in
heterozygous deletion clones. Figure 7d shows the quantification of
the RNA FISH signals, and indicates that deletion of TL:8-2.7 from
CHRS8A resulted in cells with zero hybridization signals in ~95% of cells,
and single sites of RNA hybridization signals in ~5% of cells. In contrast,
cells containing deletion of TL8-2.7 from CHR8B contained single sites
of hybridization in >95% of cells, and zero sites of hybridization in ~5%
of cells. These results indicate that TL:8-2.7 shows AEIl in HTD114 cells.

We next assayed replication timing of the two chromosome 8
homologs using a BrdU incorporation assay®. Cultures of cells were
pulsed with BrdU for 5.5 h and mitotic cells harvested, processed for
BrdU incorporation and subjected to FISH using a chromosome 8
centromeric probe plus a Fosmid probe from within the deleted region
(Supplementary Data 2). As expected, prior to deletion of the TL:8-2.7
locus, the two chromosome 8 homologs display synchronous repli-
cation (see Fig. 7e). In contrast, cells containing heterozygous dele-
tions in CHR8A resulted in significantly more BrdU incorporation in
the deleted chromosome than the non-deleted chromosome (Fig. 7e).
Therefore, we name this IncRNA gene ASAR8-2.7.

We next wanted to determine if multiple ASARs expressed from
the same chromosome homolog all regulate replication timing. For
this analysis, we chose three TLs located on chromosome 9. Using
RNA-DNA FISH in combination with Sanger sequencing of PCR pro-
ducts containing heterozygous SNPs we found that TL:9-23, TL:9-24,
and TL:9-30 RNAs are expressed from the same chromosome 9
homolog (CHR9A) in HTD114 cells (Fig. 7h-k). To fully characterized
each chromosome 9 homolog for heterozygosity at SNPs within each
TL in HTDI114 cells, and to confirm expression of all three TL RNAs
occurred in cis, we generated mouse monochromosomal hybrid cells
containing either chromosome 9 homolog in different hybrids (see
Fig. 7k). This allowed us to fully characterize each heterozygous SNP as
being located on either CHR9A or CHR9B (see Fig. 7k for examples).
We next designed sgRNAs to unique sequences flanking each genomic
region and generated single heterozygous deletions of each of the
genomic regions expressing TL:9-23, TL:9-24, or TL:9-30 (Supple-
mentary Data 4). We expressed pairs of sgRNAs in combination with
Cas9 and screened clones for deletions using PCR primers that flank
the sgRNA binding sites (see Supplementary Data 4). We isolated
clones that had heterozygous deletions affecting the expressed allele
(CHRO9A) for all three TLs (Fig. 7k and Supplementary Data 4).

We next assayed replication timing of the two chromosome 9
homologs using a BrdU incorporation assay®. Cultures of cells were
pulsed with BrdU for 5.5 h and mitotic cells harvested, processed for
BrdU incorporation and subjected to FISH using a chromosome 9
centromeric probe. For this analysis we took advantage of a chromo-
some 9 centromeric polymorphism to distinguish the two homologs
and assigned the larger centromere containing chromosome as
CHR9A and the smaller centromere containing chromosome as
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CHR9B (see Fig. 71). As expected, prior to any deletions, the two
chromosome 9 homologs display synchronous replication (see
Fig. 7m). In contrast, cells containing deletions of TL:9-23, TL:9-24, or
TL9-30 from in CHR9A resulted in significantly more BrdU incor-
poration in the deleted chromosomes than the non-deleted chromo-
somes (Fig. 7m). Therefore, we conclude that all three TL control
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replication timing of the same chromosome 9 homolog and name
these INcCRNA genes ASAR9-23, ASAR9-24, and ASAR9-30, respectively.

The chromosome structure instability associated with ASAR dis-
ruptions is characterized by numerous chromosome abnormalities
resulting in frequent chromosomal rearrangements’ . Figure 7n-p
shows examples of cells containing a chromosome bridge,
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Fig. 7 | Delayed replication and instability. Deletions of TL:8-2.7 (a-g) or TL:9-23,
TL:9-24, or TL:9-30 (h-p). a, b, h AEl and ASRT in EB3_2 and GM12878 clones. The
left Y-axis shows replication, and standard deviation (SD). Outliers in the standard
deviation (SD) are highlighted in gray. The right Y-axis shows AEl. The X axis shows
chromosome position (megabases). ¢ FISH for TL:8-2.7 RNA (red, arrows) and
chromosome 8 centromere DNA (green, arrowheads). d Quantification of RNA
signals for TL:8-2.7 before and after deletion. Percent of nuclei with 0, 1, or 2 signals
are shown. e Chromosome 8 showing the location of TL:8-2.7 (red dot). f Delayed
replication following ASAR8-2.7 deletion. BrdU incorporation (green) and DNA
FISH (CHRS cen, purple) plus an ASAR8-2.7 Fosmid (red). g, m Quantification of
BrdU incorporation following ASARS8-2.7 (g) or ASAR9-23, ASAR9-24, or ASAR9-30
(m) deletion. Box plots indicate mean (solid line), standard deviation (dotted line),
25th, 75th percentile (box), 5th and 95th percentile (whiskers) and individual cells
(single points). P values were calculated using the Kruskal-Wallis test’®. i, j RNA-

DNA FISH for TL:9-30 RNA (green, arrows) and TL:9-23 RNA (i) or TL:9-24 RNA (j)
(red, arrows) and chromosome 9 centromere DNA (purple, arrowheads).

k Sequencing traces of PCR products from DNA or cDNA (RNA) isolated from
HTD114, and DNA from cell hybrids containing either CHR9A or CHR9B. I ASRT
after deletion of ASAR9-23. Mitotic cell showing BrdU incorporation (green) and
DNA FISH (CHR9 centromere; red). n-p DNA FISH using chromosome 9 paint
(CHRY; red). m Deletions of ASAR9-23, ASAR9-24 or ASAR9-30 were from chro-
mosome 9A (*CHR9A). n The bracket marks a chromosome bridge, and insets show
longer exposures. 0 Micronucleus containing chromosome 9. p Mitotic cell con-
taining a chromosome 9 fragment. Arrowheads mark intact chromosome 9 s. Scale
bars are 10 uM (c, f, i-j, I, n—-p), and 2.5uM in insets in (f) and (I). q Percent cells
containing rearrangements identified with chromosome paints. Deleted ASARs are
indicated, and chromosomes 8 and 9 were scored in parental HTD114 cells. Source
data are provided as a Source data file (d, g, m, q).

micronuclei, and rearranged chromosomes affecting chromosome 9
in cells with deletion of ASAR9-23. Given the prevalence of these
chromosomal abnormalities it is not surprising that we also detected
numerous rearrangements involving chromosome 8 or 9 in cells with
deletions of ASARS8-2.7, ASAR9-23, ASAR9-24, or ASAR9-30 (Fig. 7q).

Discussion

Chromosome-associated IncRNAs have become well established as
regulators of chromosome scale replication timing, gene expression,
and structural stability***°. The three previously identified ASAR genes
display random epigenetically programed AEI, epigenetically pro-
gramed ASRT, contain a high L1 content, and express RNAs that remain
associated with the chromosome territories where they are
transcribed**°. In this report, we identified 68 autosomal TL that share
all of these “ASAR characteristics”, and genetic disruption of five ASAR
candidates resulted in delayed replication timing of human chromo-
somes in cis. These results suggest that ASAR genes are abundant
throughout the human genome, located in regions of the genome that
display epigenetically controlled AEI and ASRT, and function to pro-
mote proper replication timing and structural stability of each human
chromosome.

In the present study, we used haplotype phased expression and
replication timing assays on multiple single-cell derived LCL clones
isolated from two unrelated individuals to identify loci that display
AEl and ASRT. The clonal and allele-specific analysis of the expres-
sion and replication timing profiles for the autosomes revealed an
unanticipated genomic behavior at >200 loci with differences in AEI
and ASRT that are comparable to the differences observed between
the active and inactive X chromosomes. These autosomal loci con-
tain both protein coding and noncoding genes that are expressed
from single alleles in some clones, expressed from the opposite allele
in other clones, expressed from both alleles in other clones, and are
not expressed from either allele in yet other clones. The stochastic
nature of the AEI at these loci indicates that each allele had acquired
one of two states, expressed or silent, and that each allele chose
between these two states independently from the other allele.
Because this type of AEI is mitotically stable and is not pre-
determined by parent of origin, we refer to the choice of the on-off
state as being random.

Asynchronous replication timing between alleles was originally
observed for loci containing olfactory receptor®® and adaptive immune
system” gene arrays, genes that are clearly associated with the
exquisite specificity provided by mono-allelic expression. Subsequent
studies suggested that all epigenetically programmed mono-allelic
genes display asynchronous replication between alleles”***>*, In the
present study, we found that each allele can adopt earlier or later
replication timing in different clones, which is independent of the
other allele. This variability in replication timing results in some clones
with dramatic ASRT between alleles, but in other clones the two alleles
have synchronous replication, with both alleles adopting either the

earlier or later replication timing. Given this wide variability in repli-
cation timing we refer to these loci as having VERT. These observations
are also consistent with a previous study that identified “megabase
sized” regions of asynchronously replicating domains (ARDs) that
contain imprinted genes on human autosomes'. The relationship
between ARDs and VERTSs is currently not clear, but several ARDs
overlap with regions described here as having VERT. In addition, the
stochastic nature of the allelic expression and replication timing pre-
sent at VERT loci indicates that each allele acquires expression and
replication timing via an epigenetic mechanism that is not dependent
on parent of origin, not dependent on the expression or replication
timing status of the opposite allele, and the choice of which allele is
expressed is not dependent on replication timing. Thus, the Early/Late
pattern of asynchronous replication detected in this study is not
corelated with which allele is expressed, further supporting the con-
clusion that asynchronous replication is not a consequence of tran-
scription of only one allele*??%%2,

The ASRT of random mono-allelic genes has been proposed to be
coordinated with other random mono-allelic genes on the same
chromosome*?***2¢!, The results described here do not support
coordinated ASRT either on the same chromosome nor throughout
the genome. Our analysis of the RT profiles from the published mouse
pre-B cell data® shows evidence of VERT, with numerous examples of
clone-specific ASRT (see Supplementary Fig. 2), but the Early/Late RT
profiles between the two alleles do not support coordinated ASRT on
the same chromosome nor does it support a “mirror image” pattern of
ASRT throughout the genome. Instead, we find that each allele can
choose between earlier or later replication independently from the
other allele, and independently from the other asynchronous loci on
the same chromosome.

The variable epigenetic AEI of protein coding genes described
here is consistent with an earlier study that also used a clonal analysis
and allele-specific expression assay to detect AEI of protein coding
genes in human LCLs”. This heterogeneity in expression state at
autosomal protein coding genes is thought to introduce cellular
mosaicism in what would be otherwise similar cell populations, and
has also been referred to as ‘clone-specific’ mono-allelic expression®.
Our results are consistent with this interpretation and indicate that
expression of each allele is independent of the other allele resulting in
bi-allelic as well as silent clones, implying that the mosaicism that is
generated is even more extensive than previously believed. The pro-
tein coding genes with random epigenetic AEl described here are
consistent with previous observations that indicate that random
mono-allelic expression of clustered Pcdh genes, which are homophilic
cell adhesion molecules, are critical for the generation of cellular
individuality in the nervous system®*®*. Taken with the observation
that homophilic cell adhesion genes display tissue restricted expres-
sion and are located within regions of the genome that show epige-
netic AEI, it suggests that the cells of different tissues use the
epigenetic program described here to generate cellular heterogeneity
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using different homophilic cell adhesion molecules that are distinctive
for each cell type.

In this report, we identified 85 TL expressed from the X chromo-
some, with 66 being expressed exclusively from the active X chro-
mosome and 19 expressed from both the active and inactive X
chromosomes. The bi-allelic X chromosome TL reside within regions
that are known to escape X inactivation*>**. The hypothesis that the X
chromosome contains cis-acting loci important for X chromosome
inactivation that are separate from the X inactivation center was
initially proposed by Drs. Stan Gartler and Arthur Riggs, which they
called the “Way Station” model for X inactivation®. Subsequently, Dr.
Mary Lyon proposed that Lls represent “Booster Elements” that
function during the spreading of Xist RNA in cis along the X chromo-
some facilitating the process of inactivation®®®’. This notion was sup-
ported by the observation that the X chromosome contains ~27% and
autosomes contain ~13% L1 derived sequences®. In addition, Lls are
present at a lower concentration in regions of the X chromosome that
escape inactivation, supporting the hypothesis that L1s serve as signals
to propagate inactivation along the X chromosome®®. Further support
for a role of L1s in mono-allelic expression came from the observation
that L1s are present at a relatively high local concentration (>18%) near
both imprinted and random mono-allelic genes located on
autosomes”’.

Previous studies have suggested that long nascent transcripts that
are detected by COt1 DNA (which is primarily LINE and SINE sequences)
play a dynamic structural role that promotes the open architecture of
active chromosome territories®”’°. The RNA species detected by COtl
DNA in RNA FISH assays are predominantly L1 sequences, and these L1
containing RNAs remain associated with the chromosome territories
where they are transcribed’®. We also note that COtl1 DNA, when used
as an RNA FISH probe, can detect ASAR6 RNA that is expressed and
localized to an individual chromosome territory”, indicating that at
least some of the RNA FISH signal detected by COT1 DNA represents
ASARs. Silencing of COtl RNA has been used as a convenient assay for
the gene silencing function of XIST transgenes when integrated into
autosomes’>”>. Furthermore, Xist-mediated silencing of COtl RNA
expressed from the future inactive X chromosome precedes protein
coding gene silencing during early mouse development’. We recently
used ectopic integration of transgenes and CRISPR/Cas9-mediated
chromosome engineering and found that L1 sequences, oriented in the
antisense direction, mediate the chromosome-wide effects of ASAR6
and ASARI1S5". In addition, oligonucleotides targeting the antisense
strand of the one full-length L1 within ASAR6 RNA restored normal
replication timing to mouse chromosomes expressing an ASAR6
transgene'®. These results provided the first direct evidence that L1
antisense RNA plays a functional role in replication timing of mam-
malian chromosomes. Taken together, these observations suggest that
one role of XIST-mediated X inactivation involves silencing of ASAR
counterparts (i.e., L1 rich X chromosome TL RNA genes) on the X
chromosome, and that regions of the X chromosome that escape
inactivation do so by maintaining expression of TL RNAs that promote
the maintenance of euchromatin within the escape regions. Under this
scenario the L1 rich TL do not function as “Booster Elements” on the X
chromosome, but as targets of XIST-mediated silencing that precedes
inactivation of the protein coding genes on the future inactive X
chromosome.

In addition to the autosomal loci that display VERT, we detected
four regions on the X chromosome, two on the active X and two on the
inactive X, that showed allele-specific epigenetic variability in replica-
tion timing (see Fig. 3g—j). All four of these regions contain TL with
strong AEI, consistent with haplotype 1 representing the expressed and
therefore the active X allele. In addition, one of these regions contains
two loci that are known to be important for X inactivation in humans.
The XACT IncRNA gene is expressed from the active X chromosome
and competes with XIST early in human development for the control of

X chromosome activity*’*%, We note here that the XACT gene is located
within a large TL with an annotated vlincRNA (vlinc483°¢) that is
expressed from the active X chromosome in all six EB3_2 clones (i.e.,
haplotype 1; Fig. 3j and Supplementary Data 1). The relationship
between the spliced XACT IncRNA product and the larger non-spliced
TL is unknown at this time. In addition to XACT, this locus contains
DXZ4 and expresses the DANT2 IncRNA” from the active X chromo-
some in all six EB3_2 clones (Fig. 3j). DXZ4 is a macrosatellite repeat
that lies at the boundary of a “superdomain” on the inactive X chro-
mosome, and the inactive X allele extensively binds CTCF*. Deletion of
DXZ4 leads to the disappearance of “superdomains”, changes in
compartmentalization patterns, and changes in the distribution of
chromatin marks on the inactive X chromosome™. The presence of
VERT loci on the active and inactive X chromosomes suggests that the
epigenetic program described here is not limited to autosomes but
also functions on the X chromosomes in female cells. Whether or not
VERT is present on the single X chromosome in male cells is currently
not known.

In the immune, olfactory, and central nervous systems, cellular
individuality is generated by expression of diverse receptor-type
molecules, and involves random mono-allelic expression resulting in
specific functional properties. To ensure that individual B or T cells
express single Ig or TCR genes, respectively, mono-allelic expression
functions to limit the number of expressed genes to one per cell’’. At
the molecular level, the mechanism of stochastic mono-allelic
expression can help generate cellular individuality and provides
potential functional variation among the individual cells of a complex
system**>%_ The protein coding genes that display epigenetically
controlled AEI described here are primarily involved in homophilic cell
adhesion, suggesting that B cells may also use mono-allelic expression
of cell adhesion molecules in addition to the Ig genes during the
adaptive immune response.

Genomes are defined by their sequence. However, the linear
arrangement of nucleotides along chromosomes is only their most
basic feature. Within this linear arrangement of nucleotides exists
three different types of cis-acting loci known to be essential for normal
function of every eukaryotic chromosome; origins of replication,
centromeres, and telomeres are present on all linear chromosomes
functioning to promote proper replication, segregation, and stability
of each chromosome. The identification of ASARs present on all
human chromosomes and essential for timely replication, condensa-
tion, and genetic stability supports a fourth type of essential cis-acting
chromosomal locus, which we call “Inactivation/Stability Centers (I/
SCs)”. 1/SCs likely are present in all mammals and may pre-date the
evolution of XIST, which is a critical component of the X inactivation
center present in eutherian mammals but absent in metatherian
mammals’. I/SCs are complex loci that contain protein coding genes
that are important for cell-cell adhesion and cellular individuality,
contain multiple non-coding ASAR genes that are expressed in differ-
ent tissues and are responsible for proper replication timing and
structural stability of each chromosome.

Methods

Cell culture

GM12878 cells were obtained from ATCC and EB3 2 cells were from
ref. 45. LCLs were grown in RPMI 1640 (Life Technologies) supple-
mented with 15% fetal bovine serum (Hyclone). Single-cell clones
were isolated by plating individual cells in 96-well dishes, and were
expanded for >25 population doublings. Primary blood lymphocytes
were isolated after venipuncture into a Vacutainer CPT (Becton
Dickinson, Franklin Lakes, NJ) per the manufacturer’s recommenda-
tions and grown in 5mL RPMI 1640 (Life Technologies) supple-
mented with 10% fetal bovine serum (Hyclone) and 1%
phytohemagglutinin (Life Technologies). HTD114 cells are a human
APRT deficient cell line derived from HT1080 cells”’, and were grown
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in DMEM (Gibco) supplemented with 10% fetal bovine serum
(Hyclone). All cells were grown in a humidified incubator at 37°Cina
5% carbon dioxide atmosphere.

RNA-seq

Nuclei were isolated by centrifugation for 0.5 min from GM12878 and
EB3_2 clones following lysis in 0.5% NP40, 140 mM NacCl, 10 mM Tris-
HCI (pH 7.4), and 1.5 mM MgCl,. Nuclear RNA was isolated using
Trizol reagent using the manufacturer’s instructions, followed by
DNase treatment to remove possible genomic DNA contamination.
Briefly, ribosomal RNAs were removed using the Ribo-Zero kit (Illu-
mina), RNA was fragmented into 250-300 bp fragments, and cDNA
libraries were prepared using the Directional RNA Library Prep Kit
(NEB). Paired-end sequencing was done on a NovaSeq 6000 at the
OHSU MPSSR core facility. Sequences were aligned to the human
genome (hgl9) using the STAR aligner’® with default settings.
Duplicate reads and reads with map quality below 30 were removed
with SAMtools™.

Early/Late Repli-seq

Repli-seq libraries were generated using the E/L Repli-seq protocol®. In
summary, rapidly growing cells are pulse labeled with BrdU for 2h,
trypsinized, and fixed with cold ethanol. Next, cells are FACS sorted by
DNA content into ‘early S’ and ‘late S’ fractions until both fractions have
a minimum of 120,000 cells. DNA is then fragmented and sequencing
libraries are prepared with the NEBNext Ultra DNA Library prep kit,
followed by BrdU immunoprecipitation to enrich for BrdU incorpo-
rated DNA, and standard short-read sequencing.

Identification of transcribed loci (TLs)

Nuclear-enriched, strand-specific, ribo-minus, total-RNA sequencing
libraries were first aligned to the hgl9 reference genome using default
parameters with STAR’®. Next SAMtools”® was used to remove dupli-
cate and low quality (<=MAPQ20) reads. TLs were defined using a
strategy of sequential merging of strand-specific, contiguous inter-
genic reads® . Utilizing strand-specific reads, stranded reads sepa-
rated by 1000 bp or less were merged to create contigs, and the
contigs merged again while allowing for gaps of 7kb to allow for
regions that are not uniquely mappable due to presence of full-length
LINE elements. Vlincs were then classified above a minimum cutoff
length of 50 kb of strand specific, contiguous expression. For each cell
line, TLs were defined after combining aligned reads from all derivative
subclones, and considered expressed in each subclone if a minimum of
20 informative reads (i.e., covering a heterozygous SNP locus) were
detected.

Allelic expression imbalance analysis of TLs and coding genes in
GM12878 and EB3_ 2

AEl was defined as the fraction of strand-concordant, allele-specific
reads to the total number of informative reads. Thus, perfect allelic
balance yields a value of 0.5, and perfect allelic bias towards one
haplotype yields a value of 1. For convenience, allelic bias from Hap-
lotype 1 is plotted as positive values, allelic bias from Haplotype 2 is
plotted as negative values, and AEl is transformed to percentages in
the figures.

_ max(Haplotype 1 Reads,Haplotype 2 Reads)

AEI -
Total Informative Reads

x100 @

A fully haplotype-resolved reference genotype for GM12878 was
obtained from the Illumina Platinum Genome project*’, and a fully
haplotype-resolved reference genotype for EB3_2*.

The threshold to call AEl for coding genes and TLs was
defined as the union of outliers identified by a parametric and
non-parametric statistical outlier identification: (1) Two-sided

Binomial-test p-value<=0.001 and FDR Benjamini-Hochberg
adjusted g-value <=0.01; and (2) To address the increase of var-
iance with higher expressed genes, linear regression was used to
model the relationship between AEIl and expression level for all
annotated expressed genes and TLs. Outliers were defined as
expressed TLs or genes displaying AEI greater than the predicted
transcriptome-wide average value plus 2.5 times the standard
deviation of AEI for a given expression level.

Allele-specific DNA replication-timing analysis

~10x whole genome sequencing was performed on the Early and Late
fractions of each Repli-seq sample and reads aligned using BWA
MEM®., Utilizing fully haplotype-resolved reference genotypes, allele-
specific Repli-seq reads were enumerated for each allele of the Early
and Late sequencing fractions. After quantile normalization, the
Log2(Early/Late) ratio was calculated for non-overlapping genomic
windows of 250 kb to create a genome-wide replication timing profile
for each haplotype. To identify regions with epigenetic variation
between alleles, the standard deviation of replication timing among
alleles, SD,jieles, Was calculated for each genomic window. Windows
were considered outliers if displaying an SD,jeles Value 2.5 standard
deviations over the median SDgjees Value of all genomic windows
measured.

PCR and expression analysis

Genomic DNA and total RNA were isolated from tissue culture cells
using TRIZOL Reagent (Invitrogen). cDNA was prepared using the
SuperScript™ III First-Strand Synthesis System (Invitrogen). Reverse
transcriptase reactions were performed in the presence or absence of
reverse transcriptase on 5 pg of total RNA. PCR (genomic and RT-PCR)
was performed in a 25-50 pL volume using 50-100 ng of genomic DNA
or 1-2 uL of cDNA (50-100 ng of input RNA equivalent), 1x Standard
Taq Buffer (New England Biolabs, Inc.), 200 uM each deoxynucleotide
triphosphates, 0.2 uM of each primer, and 3 units of Taq DNA Poly-
merase (New England Biolabs, Inc.) under the following reaction con-
ditions: 95 °C for 2 min, followed by 30-40 cycles of 95°C for 30s,
55-62°C for 455, and 72 °C for 1 min, with a final extension time of
10 min at 72°C. PCR products were separated on 1% agarose gels,
stained with ethidium bromide, and photographed under ultraviolet
light illumination. Sequencing of PCR products was carried out at the
Vollum Institute DNA Sequencing Core facility.

DNA FISH

Mitotic cells were harvested by trypsinization in the absence of col-
cemid. The cells were treated with 75mM KCI for 15min at 37°C,
fixed in 3:1 methanol:acetic acid and dropped on wet slides. The
chromosomes were denatured in 70% formamide in 2 SSC (1.SSC is
150mMNaCl 15 mM Na-citrate) at 70°C for 3 min®. After RNase
(100 pg/ml) treatment for 1h at 37 °C, slides were washed in 2XSSC
and dehydrated in an ethanol series and allowed to air dry. Chro-
mosomal DNA on the slides was denatured at 75 °C for 3 min in 70%
formamide/2XSSC, followed by dehydration in an ice-cold ethanol
series and allowed to air dry. BAC and Fosmid DNAs were labeled
using nick translation (Vysis, Abbott Laboratories) with Spectrum
Orange-dUTP, Spectrum Aqua-dUTP, or Spectrum Green-dUTP
(Vysis). Final probe concentrations varied from 40-60 ng/ul. Cen-
tromeric probe cocktails (Vysis) and/or whole chromosome paint
probes (Metasystems) plus BAC or Fosmid DNAs were denatured at
75°C for 10 min and prehybridized at 37 °C for 10 min. Probes were
applied to denatured slides and incubated overnight at 37 °C. Post-
hybridization washes consisted of one 3-min wash in 50% for-
mamide/2XSSC at 40 °C followed by one 2-min rinse in PN (0.1M
Na,HPO,, pH 8.0/2.5% Nonidet NP-40) buffer at RT. Coverslips were
mounted with Prolong Gold antifade plus DAPI (Invitrogen) and
viewed under UV fluorescence (Olympus).
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RNA-DNA FISH

Cells were plated on Poly-L-Lysine coated (Millipore Singa) glass
microscope slides at ~50% confluence and incubated for 4 h in com-
plete media in a 37 °C humidified CO, incubator. Slides were rinsed 1X
with sterile RNase-free PBS. Cell Extraction was carried out using ice-
cold solutions as follows: Slides were incubated for 30 s in CSK buffer
(100 mM NaCl/300 mM sucrose/3 mM MgCl,/10 mM PIPES, pH 6.8),
10 min in CSK buffer/0.1% Triton X-100, followed by 30 s in CSK buffer.
Cells were then fixed in 4% paraformaldehyde in PBS for 10 min and
stored in 70% EtOH at —20 °C until use. Just prior to RNA FISH, slides
were dehydrated through an EtOH series and allowed to air dry.
Denatured probes were prehybridized at 37 °C for 10 min, applied to
non-denatured slides and hybridized at 3°C for 14-16h. Post-
hybridization washes consisted of one 3-min wash in 50% for-
mamide/2XSSC at 40 °C followed by one 2-min rinse in 2XSSC/0.1% TX-
100 for 1 min at RT. Slides were then fixed in 4% paraformaldehyde in
PBS for 5min at RT, and briefly rinsed in 2XSSC/0.1% TX-100 at RT.
Coverslips were mounted with Prolong Gold antifade plus DAPI (Invi-
trogen) and slides were viewed under UV fluorescence (Olympus).
Z-stack images were generated using a Cytovision workstation. After
capturing RNA FISH signals, the coverslips were removed, the slides
were dehydrated in an ethanol series, and then processed for DNA
FISH, beginning with the RNase treatment step, as described above. We
included an RNA FISH probe to an intron of KCNQS as positive control®
in HTD114 cells.

Chromosome replication timing assay

The BrdU replication timing assay was performed as on exponentially
dividing cultures and asynchronously growing cells. Mitotic chro-
mosome spreads were prepared and DNA FISH was performed as
described above. The incorporated BrdU was detected using a FITC-
labeled anti-BrdU antibody (Roche). Coverslips were mounted with
Prolong Gold antifade plus DAPI (Invitrogen), and viewed under UV
fluorescence. All images were captured with an Olympus BX Fluor-
escent Microscope using a 100X objective, automatic filter-wheel and
Cytovision workstation. Individual chromosomes were identified
with either chromosome-specific paints, centromeric probes, BACs
or by inverted DAPI staining. Utilizing the Cytovision workstation,
each chromosome was isolated from the metaphase spread and a line
drawn along the middle of the entire length of the chromosome. The
Cytovision software was used to calculate the pixel area and intensity
along each chromosome for each fluorochrome occupied by the
DAPI and BrdU (FITC) signals. The total amount of fluorescent signal
in each chromosome was calculated by multiplying the average pixel
intensity by the area occupied by those pixels. The BrdU incorpora-
tion into human chromosomes containing CRISPR/Cas9 modifica-
tions was calculated by dividing the total incorporation into the
chromosome with the deleted chromosome divided by the BrdU
incorporation into the non-deleted chromosome within the same
cell. Boxplots were generated from data collected from 8 to 12 cells
per clone or treatment group. Differences in measurements were
tested across categorical groupings by using the Kruskal-Wallis test®®
and listed as P-values for the corresponding plots.

CRISPR/Cas9 engineering

Using Lipofectamine 2000, according to the manufacturer’s recom-
mendations, we co-transfected HTD114 cells with plasmids encoding
GFP, sgRNAs, and Cas9 endonuclease (Origene). Each plasmid-
encoded sgRNA was designed to bind at the indicated locations
(Supplementary Data 4). 48 h after transfection, cells were plated at
clonal density and allowed to expand for 2-3 weeks. The presence of
deletions was identified by PCR using the primers described in
Supplementary Data 4. The single-cell colonies that grew were ana-
lyzed for heterozygous deletions by PCR. We used retention of

heterozygous SNPs (see Supplementary Data 4) to identify the dis-
rupted allele, and homozygosity at these SNPs confirmed that cell
clones were homogenous.

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

Data availability

The Repli-seq and RNA-seq sequencing data generated in this study
have been deposited in the European Nucleotide Archive database
under accession code PRJEB52794, and are available without restric-
tion. Source data are provided with this paper.

Code availability
Computer code for RNA-seq and Repli-seq analysis is publicly available
at (https://doi.org/10.5281/zenodo.7094766).
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