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Chapter 6
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Summary
Nuclear reprogramming is the process of altering gene expression profiles of (dif-
ferentiated) cells into those of desired stem cells via overexpression of master 
regulators of cell identify over a period of time. The most commonly used example 
of nuclear reprogramming is the generation of induced pluripotent stem cells from 
fibroblasts. Other types of reprogramming from one cell type into another have 
been described, including the reprogramming of fibroblasts  into induced tropho-
blast stem cells. Here we show that nuclear reprogramming can lead to changes 
in the number of chromosomes in a cell (aneuploidy), depending on the factors 
used for reprogramming. Aneuploidy is likely to have a detrimental effect on the 
function of reprogrammed cells and poses a major risk for clinical implementation 
of reprogrammed cells. Our study highlights the importance of characterizing the 
genome of reprogrammed cells and the necessity of choosing reprogramming fac-
tors that avoid or minimize genome alternations.

Introduction
Embryonic stem cells (ESCs) are pluripotent stem cells that can differentiate into 
each of the three embryonic lineages (endoderm, ectoderm, and mesoderm) and 
all somatic cell types (1). As such, ESC-based therapies have the potential to treat 
a wide range of diseases by replacing damaged or lost cells (2). However, ESCs 
only occur in the blastocyst inner cell mass during early embryogenesis for a brief 
period of time before differentiating into lineage-committed stem cells as devel-
opment progresses (1). Somatic cells (such as fibroblasts) can be reprogrammed 
into an ESC-like state by overexpression of a mix of transcription factors consisting 
of Oct4, Sox2, Klf4, and c-Myc (OSKM). Like ESCs, these induced pluripotent stem 
cells (iPSCs) can self-renew indefinitely and differentiate into each of the three 
embryonic lineages (3). The use of iPSCs in the clinic has two major advantages 
over using ESCs: they can be generated without the need for embryo’s, and iPSCs 
can be obtained using the patient’s own cells and would thus be genetically identi-
cal to the patient.
The OSKM mix consists of two master regulators of pluripotency (Oct4 and Sox2) 
and two other transcription factors with roles in the cell cycle and proliferation 
(Klf4 and c-Myc) (3). Although it has been shown that c-Myc is dispensable for 
reprogramming, the use of OSK alone results in a reduced efficiency of reprogram-
ming and fewer iPSC colonies (4). Klf4 and c-Myc are believed to promote repro-
gramming by promoting the high levels of proliferation and inducing hypomethyl-
ation and euchromatization associated with pluripotency (5). However, both Klf4 
and c-Myc are known oncogenes (6-8), and chimeric mice generated using iPSCs 
show elevated occurence of cancers (9). This high cancer occurrence represents a 
major barrier to implantation of iPSCs in the clinical setting.
A new mix of reprogramming factors consisting of Sall4, Nanog, Esrrb, and Lin28 
(SNEL) that can be used to produce high quality iPSCs was recently described (10). 
The SNEL factors are downstream targets of Sox2 in a network of pluripotency 
genes (11) and are thought to activate core pluripotency circuitry without (strong-
ly) activating other pathways (10). SNEL iPSCs injected into blastocysts contribute 
to high-grade chimeras and generate five times as many living and nursed all-iPSC 
pups as OSKM iPSCs. Chimeric mice generated using SNEL iPSCs did not show any 
obvious evidence signs of tumorigenicity. Interestingly, OSKM appears to induce 
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DNA damage and H2AX phosphorylation, while the SNEL iPSCs did not, suggesting 
that the OSKM mix induces genome instability in targeted cells (10).
Recently it was also shown that mouse embryonic fibroblasts (MEFs) can also be 
reprogrammed into cells resembling trophoblast stem cells (TSCs) (12,13), cells of 
the outer blastocyst layer that constitute precursors of extra-embryonic tissues 
such as the placenta (14). These induced trophoblast stem cells (iTSCs) were ob-
tained by overexpression of Gata3, Eomes, and Tfap2c (GET or 3F). Addition of c-
Myc to this mix (GETM or 4F) induced a ~2-fold increase in reprogramming efficien-
cy. The iTSCs display similar patterns of gene expression, epigenetic modifications, 
and H2A.X deposition as blastocyst derived TSCs (bdTSCs). Finally, iTSCs function 
similarly to bsTSCs as seen by their ability to differentiate into trophoblast lin-
eages and contribution to placenta formation after injection into blastocysts (12). 
Since one-third of all human pregnancies are affected by placental-related disor-
ders (15), iTSCs might have high clinical relevance in the future.
As nuclear reprogramming appears capable of inducing genome instability, we 
decided to investigate if nuclear reprogramming has a lasting effect on genome 
instability and chromosome content of cells by performing Strand-seq and single-
cell whole genome sequencing (scWGS) on different types of reprogrammed cells. 
Although we find no evidence for ongoing genome instability in any of the repro-
grammed cell types, we show that iPSCs reprogrammed using OSKM frequently 
display trisomy 8, while no such aberrations were detected in SNEL iPSCs. These 
differences correlate with overall iPSC quality and their ability to contribute to 
embryogenesis when injected into blastocysts. We also detected high levels of 
aneuploidy in iTSCs, but at similar frequencies as for bdTSCs, suggesting this is an 
inherent feature of TSCs instead of an effect of nuclear reprogramming. We pro-
pose that single-cell genome analysis should be implemented as a quality control 
of reprogrammed stem cells in the future.

Results
Nuclear reprogramming into iPSCs does not induce elevated SCE rates
In order to investigate any potential differences between the SNEL and OSKM iPSCs, 
we assessed whether the OSKM iPSCs displayed more genome instability than SNEL 
iPSCs. It is known that out of the 8-12 iPSCs injected into a 2n or 4n embryo, three 
cells at the most contribute to embryogenesis (16). For this reason, even a low 
percentage of genomically unstable cells could contribute to poor developmental 
potential. It is therefore important to assess genome instability at the single cell 
level, and we decided to perform Strand-seq (17) on these cells. We assessed SCE 
rates in 6 cell lines: embryo-derived ES cells, the MEFs used to generate iPSCs, two 
SNEL iPSC lines, and two OSKM iPSC lines.
The results show that although SCE rates vary between the different iPSC lines 
(Figure 1), this variation is not caused by differences between the OSKM and SNEL 
lines (both SNEL lines have average SCE rates which lie between those of the two 
OSKM lines). Nuclear reprogramming also does not appear to induce lasting ge-
nome instability; none of the iPSC lines have significantly higher SCE rates than 
the parental MEFs. Further analysis of the data did reveal that the OSKM#8 cells 
displayed high levels of trisomy for chromosome 8, while none was detected in the 
other cells. Therefore we decided to investigate the occurrence of trisomy 8 in the 
different cell lines.
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Trisomy 8 is a frequently occurring aberration in OSKM and OSK iPSC lines
Trisomy 8 is among the most common chromosomal abnormalities seen in both ES 
cells and iPS cells (18-20) and it has been shown that trisomy 8 confers a prolifera-
tive advantage to ES cells but that these cells rarely contribute to the germ line 
of chimeric mice (21).
In order to assess the occurrence of trisomy 8 in different types of iPSCs, we 
performed scWGS on 22 different cell lines (one ESC line, seven SNEL lines, eight 
OSKM lines, and six OSK lines). The OSK lines, generated using Oct4, Sox2, Klf4, 
but not c-Myc, were added to assess the effect of c-Myc on chromosome aberra-
tions. For identification of aneuploidies we used the AneuFinder software package 
(22), which assigns copy numbers to chromosomal regions based on sequencing 
read depth. We detected trisomy 8 in 3/8 OSKM lines and 4/6 OSK lines, but did 
not detect any in either the control ESC line or any of the 7 SNEL lines (Figure 2A, 
Figure S1). In total, the OSKM and OSK lines displayed 21.7% and 18.9% trisomy 8, 
compared to 0% in the SNEL lines (p=2,6x10-19 and p=1,2x10-16, respectively). The 
difference between OSKM and OSK was not significantly different (p=0.07). We also 
investigated the occurrence of other aneuploidies than trisomy 8 in each cell line 
(Figure 2B). The results show varying levels of aneuploidy in each of the cell lines. 
On average the SNEL, OSKM, and OSK lines displayed 15,6%, 16,1%, and 23,2% an-
euploid libraries, which is not significantly different between the three (p=0,47). 
Besides trisomy 8, we did not detect any frequently occurring aneuploidies across 
different cell lines (Figure S1).
We then compared the frequency of trisomy 8 and aneuploidy we detected in 
the SNEL and OSKM iPSC lines to the percentage of pups born alive when these 
iPSCs were injected into embryos as previously published (10) (Table S1). Although 
there are no clear correlations between the number of pups born alive and either 
trisomy 8 or aneuploidy, it is interesting to note that none of the cell lines where 
trisomy 8 was detected yielded living pups when injected into embryos.

Figure 1 - SCE rates in iPSCs. SCE rates for ESCs, parental MEFs, SNEL iPSCs, and OSKM iPSCs. P-value 
was determined using ANOVA test.
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No increased SCE rates in induced trophoblast stem cells
We decided to assess if the nuclear transformation of MEFs into iTSCs induced 
lasting genome instability by performing Strand-seq on both the MEFs, two bdTSC 
cell lines, three 3F iTSC lines, and two 4F iTSC lines, as well as an ES cell line for 
comparison. Exponentially growing cells were pulsed with BrdU for one cell divi-
sion, BrdU-labelled single cells were sorted, and Strand-seq libraries were made. 
Analysis of average SCE rates between the different cell lines did not reveal any 
significant differences between the different the MEFs, bdTSCs, and iTSCs (Figure 
3).

bdTSCs and iTSCs are highly aneuploid, often gain copies of chromosome 11
Given the high occurrence of trisomy 8 in the OSKM iPSCs, we decided to investi-
gate chromosome content of the different TSC lines by means of single-cell whole 
genome sequencing. Analysis of these results showed that each of the bdTSC and 
iTSC lines displayed libraries containing a gain of either one or two copies of chro-
mosome 11, while none was detected in the ESC or MEF libraries (Figure 4A, Figure 
S2). The frequency of chromosome 11 gains were high on both bdTSC lines (81,5% 

Figure 2 - Aneuploidy in iPSCs. (A) Frequency of trisomy 8 in the scWGS libraries shown in panel A, 
different types of iPSCs are colour-coded. (B) Frequency of aneuploid libraries for each cell line tested 
here, different types of iPSCs are colour-coded. Trisomy 8 was excluded from analysis.

Figure 3 - SCE rates in iTSCs. SCE rates for ESCs, parental MEFs, bdTSCs, and iTSCs. P-values were 
determined using ANOVA test.
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and 93.3%), it varied between 7,1% and 90,3% in the iTSC lines. Further analysis 
of the data did not reveal any other chromosomes consistently lost or gained be-
tween the different bdTSC and/or iTSC lines. Analysis of overall levels of aneu-
ploidy showed striking differences between the different cell lines (Figure 4B). 
While 60% of the ESC and 96% of the MEF libraries were completely disomic for all 
chromosomes, all the bdTSC and iTSC libraries showed high levels of aneuploidy 
(0-37.5% fully disomic libraries). Strikingly, both Bl6 bdTSC and 4F iTSC#1 lines 
displayed massive aneuploid libraries, with several libraries containing tetraploid 
chromosomes, while the other cell lines displayed more moderate levels of aneu-
ploidy (Figure S2).

Discussion
Reprogrammed stem cells, such as iPSCs and iTSCs, hold great promise for treating 
a wide range of diseases in the future (2). However, several barriers prevent these 
cells from being used in the clinical setting. One such barrier is the potential ge-
nome instability induced by nuclear reprogramming, as evidenced by the elevated 
incidence of cancer in chimeric mice generated using OSKM iPSCs (9).
Here we show that nuclear reprogramming does not appear to induce lasting ge-
nome instability, although there is evidence for DNA damage during the reprogram-
ming process (10). However, reprogramming cells using OSKM can lead to altered 
karyotypes in iPSCs. We specifically find that OSKM iPSCs are prone to develop tri-
somy of chromosome 8 in up to 100% of cells. Since trisomy 8 confers a proliferative 
advantage to ESCs (21) and presumably iPSCs as well, a single cell with trisomy 8 
could overgrow an entire iPSC colony. Furthermore, trisomy 8 impairs contribution 
of ESCs to the germ line (21), indicating a (partial) deficiency in their capability 
to generate healthy mice. None of the OSKM iPSC lines displaying trisomy 8 could 
yield living mouse pups after implantation into embryos. By contrast, we could not 
detect any trisomy in the different SNEL iPSC lines we tested, and these cells could 
generate living pups at higher frequency than the OSKM iPSCs (10). It should be 
noted that out of the five OSKM iPSC lines that could not contribute to living pups, 
three showed trisomy 8, while none was detected in the other two lines (Table 

Figure 4 - Aneuploidy in iTSCs. (A) Frequency of gain of chromosome 11 in the scWGS libraries shown 
in panel A. (B) Frequency of aneuploid chromosomes for each cell line tested here.
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S1). This suggests that trisomy 8 is not the sole cause of these iPSCs inability to 
generate living pups, although it is also possible that OSKM iPSCs are more likely to 
acquire trisomy 8 after injection into embryos, leading to failure to produce pups.
The exact mechanism behind acquisition of trisomy 8 in OSKM iPSCs is not clear. 
Since the SNEL iPSCs do not display any trisomy 8 and the SNEL factors are down-
stream targets of Sox2 (11), trisomy 8 is most likely caused by one of the OSKM 
factors or a (downstream) target that is not activated by SNEL. Overexpression of 
c-Myc can be excluded as the causative factor, as the use of OSK alone also results 
in high frequency of trisomy 8.
Like for the iPSCs, we could not detect any ongoing genome instability in iTSCs. 
However, all iTSC lines displayed higher levels of aneuploidy than both ESCs and 
MEFs, with a high frequency of gaining chromosome 11. Although the exact causes 
and consequences of high levels of aneuploidy in iTSCs are not known, it does not 
appear to affect any of the TSC characteristics and functions (12). Furthermore, 
high levels of aneuploidy were also detected in bsTSCs, suggesting aneuploidy is 
a characteristic of TSCs and not an effect of nuclear reprogramming into iTSCs. 
TSCs are known to endoreduplicate during differentiation, yielding cells containing 
a multitude of the normal DNA complement (23). Therefore, it seems likely that 
TSCs and cells derived from TSCs can tolerate high levels of aneuploidy and pos-
sibly even depend on them. It should be noted that for the studies described here, 
we sorted cells containing a 2n DNA complement based on PI staining of the DNA.
In conclusion, we present evidence that nuclear reprogramming can lead to acqui-
sition of aneuploidy in reprogrammed cells, which could potentially affect their 
ability to function in a similar manner as endogenous stem cells. For example, 
aneuploidy has been linked to miscarriage and birth defects in both humans (24) 
and mice (25). This study highlights the importance of fully characterizing re-
programmed cells for any potential induction of genome instability and/or aneu-
ploidy. We therefore propose that single-cell genome analysis should be used as a 
quality control of reprogrammed stem cells in the future and before these cells are 
implemented in the clinic.

Methods
Cell culture and single cell sorting. All cells were derived and cultured as previ-
ously described (10,12). For Strand-seq, cells were pulsed with 40 µM BrdU (Sigma 
Aldrich) for one cell division (12 hours for iPSCs and ESCs, 18 hours for bdTSCs 
and iTSCs, 24 hours for MEFs). Cells were harvested after BrdU pulse, nuclei were 
isolated by suspending cells in nuclei isolation buffer (100mM Tris-HCl pH7.4, 150 
mM NaCl, 1 mM CaCl2, 0.5 mM MgCl2, 0.1% NP-40, 0.2% BSA). In each sample, cor-
responding cells cultured without BrdU were added as an internal control. Nuclei 
were stained with Hoechst-33258 and PI by adding both to the isolation buffer at 
final concentration of 10 µg/mL and incubating suspensions on ice for 30 minutes. 
Nuclei were sorted based on low Hoechst (quenching by presence of BrdU in DNA) 
and PI (G1 phase) fluorescence. For whole-genome sequencing, untreated cells 
were suspended in nuclei isolation buffer and stained with PI (10 µg/mL). G1 phase 
nuclei were sorted based on low PI fluorescence. All nuclei were sorted using a 
MoFLo Atrios or MoFlo XDP sorter (Beckman Coulter) into 96-well skirted PCR plates 
(4Titude) containing 5uL freeze medium (Pro-Freeze CDM Freeze Medium (Lonza) 
containing 15% DMSO).
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DNA fragmentation and library construction. Library preparation was performed 
using the protocols previously described (17) with the following modifications. En-
zymatic reactions were performed in smaller volumes but with the same enzyme 
and buffer concentrations.  All clean-ups were performed using AMPure XP mag-
netic beads (Agencourt AMPure, Beckman Coulter). After adapter ligation and PCR, 
clean-ups with magnetic beads were performed twice using a 1.2 volume of beads. 
For WGS library preparation, PCR was performed directly after adapter ligation 
without treating the DNA with Hoechst and UV. All pipetting was performed using 
the Bravo Automated Liquid Handling Platform (Agilent).
Illumina sequencing. Libraries were pooled for sequencing and 200- to 400-bp 
size range fragments were purified using a 2% E-Gel Agarose Gel (Invitrogen). DNA 
quality was assessed and quantified on a High Sensitivity dsDNA kit (Agilent) on the 
Agilent 2100 Bio-Analyzer and on the Qubit 2.0 Fluorometer (Life Technologies). 
For sequencing, clusters were generated on the CBot (HiSeq2500) and single-end 
50 bp reads were generated were generated using the HiSeq2500 sequencing plat-
form (Illumina).
Bioinformatic analysis. For Strand-seq, indexed qseq files were processed as pre-
viously described (17) using the BAIT software package (26). SCEs were identified 
by BAIT and confirmed by visual inspection. The scWGS libraries were analysed 
using the AneuFinder software as previously described (22,27).
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Supplementary figures and table
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Figure S1 - Aneuploidy heatmaps for scWGS libraries made from different cell lines. Each horizontal 
line represent a single-cell library, cell line number of libraries is indicated above each heatmap. Chro-
mosome copy numbers are colour-coded, libraries were sorted based on similarity. Y-chromosome is not 
shown due to low mapping quality of reads to this chromosome.

Figure S2 - Aneuploidy heatmaps for scWGS libraries made from different cell lines. Each horizontal 
line represent a single-cell library, cell line number of libraries is indicated above each heatmap. Chro-
mosome copy numbers are colour-coded, libraries were sorted based on similarity. Y-chromosome is not 
shown due to low mapping quality of reads to this chromosome.
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Table 1 - Overview of percentage of mouse pups born alive after injection of iPSCs into embryo’s (data 
taken from (10)) and percentage of cells with trisomy 8 and overall aneuploidy (excluding trisomy 8).




