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Abstract: DNA replication is a fundamental process ensuring the maintenance of the genome each
time cells divide. This is particularly relevant early in development when cells divide profusely,
later giving rise to entire organs. Here, we analyze and compare the genome replication progression
in human embryonic stem cells, induced pluripotent stem cells, and differentiated cells. Using sin-
gle-cell microscopic approaches, we map the spatio-temporal genome replication as a function of
chromatin marks/compaction level. Furthermore, we mapped the replication timing of subchromo-
somal tandem repeat regions and interspersed repeat sequence elements. Albeit the majority of
these genomic repeats did not change their replication timing from pluripotent to differentiated
cells, we found developmental changes in the replication timing of rDNA repeats. Comparing sin-
gle-cell super-resolution microscopic data with data from genome-wide sequencing approaches
showed comparable numbers of replicons and large overlap in origins numbers and genomic loca-
tion among developmental states with a generally higher origin variability in pluripotent cells. Us-
ing ratiometric analysis of incorporated nucleotides normalized per replisome in single cells, we
uncovered differences in fork speed throughout the S phase in pluripotent cells but not in somatic
cells. Altogether, our data define similarities and differences on the replication program and char-
acteristics in human cells at different developmental states.

Keywords: human cells; induced pluripotent stem cells; pluripotent embryonic stem cells; genome
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Figure S1. Image analysis pipeline for RFi detection, characterization and measurements. (A) Pre-
processing of multicolor hyperstack includes the segmentation of nucleus of interest using DAPI
intensity in FiJi (3D Image] suite/3D nuclei segmentation). The segmented binary mask defines the
ROI using the Image calculator (min) in FiJi. (B) Pipeline explains the process of 3D RFi or spot
segmentation. From the processed image, 3D stack maxima points were extracted, the locations
were used as seed to cluster. Threshold was applied to filter the seeds before starting to cluster. The
segmented RFis were then imported to 3D ROI manager. The number, volumetric, and distance
analysis were performed on the 3D ROI manager. The 3D ROIs were overlaid on other channels to
get the intensity values of the respective channels.



Genes 2024, 15, 305

3 of 17

A S P . . . . .
Analysis pipeline for subnuclear distribution of RFi to chromatin compaction classes in R/Nucim
multicolor
hyperstack DAPI
Assign
voxel
size

Relative fraction [A.U.]
0.00 0.05 0.10 0.15 0.20

1.2 3 4 5 6 7
chromatin compaction levels

|IC PR CDC core

IC = Interchromatin
PR= Perichromatin regions >

B H3K36me3 J

CDC-= Core of chromatin
domains l
04 - DAPI
H3K36me3
EdU
0.3 =
EdU

02
aniiir
oo Ll 1M ifi
1 3 4 5 6 7
Figure S2. Image analysis pipeline for mapping RFis to chromatin compaction classes using Nucim

Compaction classes
package on statistical analysis platform R. (A) Pipeline illustrates the import of multicolor hyper-
stacks to R, using DAPI intensity, to create a nuclear mask, followed by division of individual nu-
cleus into seven chromatin compaction classes (from 1-7, increasing compaction). (B) Using an in-
tensity weighted threshold, the signals from other channels can be mapped to individual compac-
tion classes and relative fraction can be measured. For details see the methods.
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Figure S3. S phase progression of hiPSC B4 and BJ-5ta (both diploid). (A) A pulse-chase pulse-chase
experiment, followed by detection of nucleotide analogs and PCNA, and images using confocal mi-
croscopy shows the spatial pattern of RFi in three-time points.
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Figure S4. Histone modification dynamics with progressing S phase stages. (A) Heatplot depicts the
fold change of the sum intensity of histone modification enriched in individual S phase stages as
indicated. The mean intensity of each histone modification was measured using the segmented RFi
as masks in S phase stages in individual cells and normalized per histone modification and cell line.
For details, see Figure S1 B. (B) Representative images of histone modifications in hiPSC A4, and
hTERT RPE1 as indicated. (C) Relative fraction of the euchromatin mark H3K9ac, and the facultative
heterochromatin mark H3K27me3 to compaction classes. (D) Relative fraction of the heterochroma-
tin marks H3K9me3, and H3K36me3 in individual compaction classes. For detail regarding map-
ping see Figure S2. Scale bar: 10 um.
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Figure S5. Metaphase and interphase fluorescence in situ hybridization (FISH) of the repetitive ge-
nomic elements. (A) Illustration of a chromosome shows the localization of tandem and interspersed
genomic repeats. (B) Images show the FISH of rtDNA, centromere, LINE1, and Alu on metaphase
spread from hTERT RPE1. (C) Example images, and enlarged images show the dual FISH performed
on the interphase nucleus. Scale bar is 10 pum in large, and 2 pm in enlarged images. (D) The illus-
tration depicts the Repli-FISH co-detection of active replication foci/RFi and DNA probes using flu-
orescence in situ hybridization analysis to characterize the replication timing of the targeted ge-
nomic repeats.
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Figure S6. Repli-FISH analysis of interspersed and tandem repeats using conventional and AND
methods. (A) Heat plots show the comparison between the conventional method by RFi intensity
measurement at the segmented probe. The AND method uses a separately segmented probe, and
RFi followed by colocalizing object quantification (B) The images show the representative images of
repli-FISH between rDNA repeats and PCNA (RFi) in hiPSC A4. The contours in the enlarged im-
ages depict the replicating rDNA in respective S phase stages.

Table S1. Statistics parameters of Figure 1.

) Cell EdU EdU
Figure Cell type N . SD
cycle Mean Median
hESC H1 S 1394 5331.50 5179.49 1138.77
hiPSC A4 S 1132 3988.85 3988.85 309.34
hTERT
S 2409 6336.59 6154.67 1726.99
Cell cycle RPE1
profiling hESC H1 G1/G2 1209 2108.154  2027.53 584.14
hiPSC A4 G1/G2 1048 1701.61 1553.78 615.68
hTERT
G1/G2 2585 2979.96 3035.81 355.93

RPE1
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Table S2. Statistics parameters of Figure 2.

. S phase .
Figure  Cell type Mean Median SD p-value
stages
Vs
hiPCS
A4091
hESC H1 SI 20 729 694 222 Vs
hTERT
RPE1
0.81
Vs
hTERT
hiPSC A4 SI 12 636 603 195
RPE1
0.03
hTERT
SI 15 522 456 182 -
RPE1
Vs
hiPCS
A4
RE 0.27
number  hESC H1 SII 20 502 501 192
(2B) Ve
hTERT
RPE1
0.0
Vs
hTERT
hiPSC A4 SII 12 669 691 241
RPE1
0.5
hTERT
S1I 15 374 288 247 -
RPE1
Vs
hiPCS
A41.0
hESC H1 SIII 20 59.40 32.50 67.90 Vs
hTERT
RPE1

1.0
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Vs
hTERT
hiPSC A4 SIII 12 101 41 121
RPE1
0.96
hTERT
SIII 15 131 99 96.20 -
RPE1
Vs
hiPCS
A41.0
hESC H1 SI 20 52 47 18 VS
hTERT
RPE1
1.0
VS
hTERT
hiPSC A4 SI 12 47.30 42 16.40
RPE1
1.0
hTERT
SI 15 55.40 53 18.50 -
RPE1
Vs
hiPCS
RFi A41.0
volume hESC H1 SII 20 44.30 40 13.30 A%
(2B) hTERT
RPE1
1.0
Vs
hTERT
hiPSC A4 SII 12 47 43 14.60
RPE1
1.0
hTERT
SII 15 46.80 44 13.60 -
RPE1
VS
hiPCS
A40.09
hESC H1 SIII 20 397 39 2390 V']
hTERT
RPE1

0.0
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VS
hTERT
hiPSC A4 SIII 12 571 8 10015
RPE1
0.14
hTERT
SIII 15 252 43 689 -
RPE1
Vs
hiPCS
A40.0
hESC H1 SI 20 7.29 6.90 3.68 Vs
hTERT
RPE1
0.0
VS
hTERT
hiPSC A4 SI 12 7.88 7.22 4.18
RPE1
0.0
hTERT
SI 15 11.60 6.25 25.90 -
RPE1
VS
hiPCS
Inter A40.0
RFi
) hESC H1 SII 20 7.54 7.18 3.75 %
distance
s (2B) hTERT
RPE1
0.0
VS
hTERT
hiPSC A4 SII 12 8.02 7.42 4.17
RPE1
0.0
hTERT
SII 15 17.50 7.29 38.60 -
RPE1
VS
hiPCS
A40.0
hESC H1 SIII 20 6.35 5.84 3.460 Vs
hTERT
RPE1

0.0
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VS

hTERT
hiPSC A4 SII 12 6.76 6.03 3.87
RPE1
0.0
hTERT
SII 15 10.80 8.04 19.10 -
RPE1
Vs
hiPCS
A40.0
hESC H1 S1 20 0.70 0.68 0.40 Vs
hTERT
RPE1
0.0
Vs
hTERT
hiPSC A4 SI 12 0.73 0.68 0.49
RPE1
0.0
hTERT
S1I 15 0.89 0.72 0.79 -
RPFE1
Vs
hiPCS
RFi to A40.13
nuclear
hESC H1 SII 20 0.60 0.54 0.39 Vs
border
2B) hTERT
RPE1
0.0
Vs
hTERT
hiPSC A4 SII 12 0.57 0.48 0.40
RPE1
0.0
hTERT
SII 15 0.78 0.58 0.79 -
RPE1
Vs
hiPCS
A40.0
hESC H1 SIII 20 0.80 0.80 0.42 Vs
hTERT
RPE1

0.0
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VS

hTERT
hiPSC A4 STII 12 0.93 0.82 0.60
RPE1
0.0
hTERT
SIII 15 0.60 0.50 0.59 -
RPE1
Table S3. Statistics parameters of Figure 3.
S
. Media
Figure Cell type  phase N Mean SD p-value
n
stages
vs hiPCS
A41.0
hESC H1 SI 10 2194 2232 312
vs hTERT
RPE1 0.81
vs hTERT
hiPSC A4 S1 10 1939 1934 291
RPE1 0.86
hTERT
SI 10 1866 1894 341 -
RPE1
vs hiPCS
A41.0
hESC H1 SII 10 2350 2228 465
vs hTERT
Number of
nano-RFis RPE1 0.99
vs hTERT
3O hiPSC A4 SII 10 2063 2040 347
RPE1 0.98
hTERT
SII 10 2138 2259 345 -
RPE1
vs hiPCS
A40.43
hESC H1 SIII 10 996 787 476
vs hTERT
RPE10.16
vs hTERT
hiPSC A4 SIII 10 936 983 412
RPE1 0.99
hTERT
SII 10 1111 1112 387 -
RPE1
EdU /PCN A vs hiPCS
High- A41.0
hESC H1 S 1394 1.35 1.02 2.08
throughput vs hTERT
(3D) RPE1 0.04
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vs hTERT
hiPSC A4 S 1132 1.41 0.92 1.86
RPE1 0.01
hTERT
S 2409 1.75 1.54 0.47 -
RPE1
vs hiPCS
A4 0.99
hESC H1 SI 12 1.19 0.87 1.15
vs hTERT
RPE1 0.01
vs hTERT
hiPSC A4 SI 16 3.85 1.14 1.50
RPE1 0.0
hTERT
SI 10 0.76 0.68 0.49 -
RPE1
vs hiPCS
A4 0.99
hESC H1 SII 16 2.17 1.33 2.59
vs hTERT
EJdU/PCNA RPE1 0.0
ratio (3 D) vs hTERT
hiPSC A4 SII 10 0.99 0.88 0.49
RPE1 0.52
hTERT
SII 10 0.75 0.64 0.46 -
RPE1
vs hiPCS
A40.01
hESC H1 SIII 11 0.96 0.25 1.75
vs hTERT
RPE1 0.0
vs hTERT
hiPSC A4 SIII 23 0.71 0.73 0.32
RPE11.0
hTERT
SIII 14 0.74 0.70 0.39 -
RPE1
Table S4. Statistics parameters for Figure 4.
Median
. Number
Figure Sample . 10D Mean [kb] p-value
of oris [kb]
[kb]
vsiPCS 0.41
Origin hESC 0 kb 88056 10.04 33.43 164.0
vs HMEC 0.0
number,
hiPSC 0 kb 80633 8.94 37.46 185.8 vs HMEC 0.0
inter-
HMEC 0 kb 37703 11.76 79.92 281.0 -
origin

hESC10kb 41523 37.87 72.81 234.1

vs iPC_10kb 0.0




Genes 2024, 15, 305

13 of 17

distances vs HMEC_10kb
(4B, C) 0.0
hiPSC 10 vs HMEC_10kb
37081 35.73 81.49 268.
kb 0.0
HMEC 10
19165 86.09 157.32 379.1 -
kb
vs iPC_20kb
0.0
hESC20kb 26718 69.23 113.18
289.6 vs HMEC_20 kb
0.0
vs HMEC_20 kb
hiPSC 20
24043 69.66 125.71 327.6 0.0
kb
HMEC 20
16901 105.01 178.42 399.8 -
kb
vs iPC_30kb
0.0
hESC30kb 20035 98.39 150.72 335.2
vs HMEC_30 kb
0.0
hiPSC 30 vs HMEC_30 kb
18042 101.45 167.46 375.3
kb 0.0
HMEC 30
15265 123.41 197.55 417.4 -
kb
HMEC- human mammary epithelial cells.
Table S5. Statistics parameters of Figure 6.
. S phase Media
Figure Probe Cell type N Mean SD
stages n
SI 19 59.42 5459  28.18
hESC H1 SII 18 57.92 5275  29.64
SII 22 62.25 57.99  29.19
S1 18 84.91 8593  23.66
Repli- .
hiPSC A4 SII 15 68.48 68.56  19.65
FISH Alu
SII 15 64.91 68.55  24.99
heatplot
S1 11 62.09 62.26 13
(5D) hTERT
SII 14 46.44 4487  10.07
RPE1
SII 11 42.92 43.94 8.47
hESC H1 S1 19 36.11 32.39 18.36
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LINE1 SII 18 39.13 35.25 20.01
SIII 22 40.59 37.30 19.44
SI 11 37.90 36.30 14.48
hiPSC A4 SII 17 41.72 39.98 15.58
SIII 16 32.54 31.52 9.56
SI 17 58.79 59.82 18.27
hTERT
SII 14 65.60 61.70 28.30
RPE1
SIII 16 49.14 51.67 11.46
SI 35 1.33 0.31 4.36
hESC H1 SII 27 1.54 0.54 4.48
SIII 8 1.73 0.55 6.70
SI 13 50.12 51.86 22.97
hiPSC A4 SII 11 53.14 51.47 15.92
Centromere
SIII 18 36.95 30.94 22.55
SI 10 41.54 39.57 17.68
hTERT
SII 13 62.66 57.11 27.33
RPE1
SIII 13 52.81 49.03 23.22
SI 35 5.19 3.27 8.38
hESC H1 SII 27 4.87 3.48 5.92
SIII 8 5.06 3.42 7.39
S1I 15 46.55 44 17.07
hiPSC A4 SII 10 43.34 38.69 15.73
rDNA
SIII 13 46.60 40.78 26.54
SI 16 50.76 46.8 19.59
hTERT
SII 12 37.28 30.15 22.90
RPE1
SIII 13 37.30 31 2291
Table Sé6. Statistics parameters of Figure 7.
. S phase .
Figure Cell type Mean Median SD p-value
stages
Vs
hiPSC
A41.0
hESC H1 SI 35 10.32 10 6.08 Vs
hTERT
Replicatin
RPE1
g rDNA
0.66
spots (6 C)
Vs
hTERT
hiPSC A4 SI 19 10.68 11 4.15
RPE1

0.86
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hTERT
SI 13 13.92 9 12.25 -
RPE1
Vs
hiPSC
A4 0.99
hESC H1 SII 27 6.81 6 5.66 Vs
hTERT
RPE1
0.03
Vs
hTERT
hiPSC A4 SII 13 5.85 5 2.82
RPE1
0.05
hTERT
SII 20 12.70 12 5.97 -
RPE1
vs
hiPSC
A4 0.99
hESC H1 SIII 8 7.25 7 5.95 Vs
hTERT
RPE1
0.83
Vs
hTERT
hiPSC A4 SIII 12 8.75 9 3.57
RPE1
0.37
hTERT
SIII 9 2.67 2 2.96 -
RPE1
Vs
hiPSC
A40.0
hESC H1 SI 23 1.65 1.87 0.98 vs
hTERT
Colocalizi
RPE1
ng rDNA
1.0
& RPA
Vs
194 spots
hTERT
(6 E) hiPSC A4 SI 14 2.14 15 1.83
RPE1
0.02
hTERT
SI 11 0.64 0 1.03 -

RPE1
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VS

hiPSC
A40.99
hESC H1 SII 12 0.42 0 0.69 Vs
hTERT
RPE1
0.75
Vs
hTERT
hiPSC A4 SII 13 0.85 1 0.99
RPE1
0.99
hTERT
SII 12 1.17 0.5 1.59 -
RPE1
Vs
hiPSC
A410
hESC H1 SIII 22 0.23 0 0.43 Vs
hTERT
RPE1
0.99
Vs
hTERT
hiPSC A4 SIII 14 0.36 0 0.93
RPE1
1.00
hTERT
SII 3 0.67 1 0.58 -
RPE1
Table S7. Statistics parameters of Figure S4.
. Histone S phase Media
Figure Cell type Mean
mark stages n
SI 14 89.03 8739  29.63
hiPSC A4 Sl 10 77.77 8493  40.71
SHI 20 80.03 78.45  27.77
H3K9%ac
SI 9 46.18 4241  23.83
Histone hTERT
Sl 10 41.27 39.10 17.22
modificati RPE1
SHI 6 29.06 27 13.28
on
SI 14 14.99 1230  10.95
heatplot
(5.3 A) hiPSC A4 Sl 8 14.53 1143  11.25
' SHI 14 16.46 9.88 17.24
H3K9me3
SI 10 27.29 2511  14.66
hTERT
SII 5 21.24 1852  11.08
RPE1
SHI 15 24.81 2236 1341
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SI 14 24.83 2206 1291
hiPSC A4 SII 8 24.54 21.66  13.73
SIII 14 29.42 24.72  18.50
H3K36me3
S1 10 16.23 1344  11.37
hTERT
SII 5 12.84 9.87 10.57
RPE1
SIII 15 12.76 10.24  10.06
SI 14 23.52 21.85 11.10
hiPSC A4 SII 10 19.21 17.58 9.68
SIII 20 14.40 13.28 7.27
H3K27me3
S1 9 24.99 2091 15.57
hTERT
SII 10 24.23 19.75  17.03
RPE1
S 6 24.18 18.42  18.89




