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7Centre for Medical Genetics, UZ Brussel, Laarbeeklaan 101, Brussels, Belgium

*Correspondence: claudia.spits@vub.be

https://doi.org/10.1016/j.stemcr.2018.05.007
SUMMARY
In this study, we deep-sequenced the mtDNA of human embryonic and induced pluripotent stem cells (hESCs and hiPSCs) and their

source cells and found that the majority of variants pre-existed in the cells used to establish the lines. Early-passage hESCs carried few

and low-load heteroplasmic variants, similar to those identified in oocytes and inner cell masses. The number and heteroplasmic loads

of these variants increased with prolonged cell culture. The study of 120 individual cells of early- and late-passage hESCs revealed a

significant diversity in mtDNA heteroplasmic variants at the single-cell level and that the variants that increase during time in culture

are always passenger to the appearance of chromosomal abnormalities. We found that early-passage hiPSCs carry much higher loads

of mtDNA variants than hESCs, which single-fibroblast sequencing proved pre-existed in the source cells. Finally, we show that these

variants are stably transmitted during short-term differentiation.
INTRODUCTION

It is by now well established that human embryonic and

induced pluripotent stem cells (hESCs and hiPSCs) display

substantial nuclear genome instability while kept in cul-

ture (reviewed in Lund et al., 2012 and in Nguyen et al.,

2013). A significant amount of research has been devoted

to this topic, proving that these cells undergo replicative

stress (Jacobs et al., 2014, 2016; Lamm et al., 2016) and

the cultures are frequently taken over by recurrent chro-

mosomal abnormalities conferring an in vitro survival

advantage (Amps et al., 2011; Avery et al., 2013; Nguyen

et al., 2014; Merkle et al., 2017). In contrast, only a few

studies provide some insight on the integrity of their

mitochondrial genome, despite the important role mito-

chondria play in reprogramming and maintenance of

the stem cell state (Van Blerkom, 2008; Lonergan et al.,

2007). Undifferentiated human and mouse ESCs contain

few, spherical, and immature mitochondria, similar to

those found in preimplantation embryos. The number

and maturity of the mitochondria increase upon differen-

tiation, concurrent with the switch from glycolysis to

oxidative phosphorylation for energy production (Facu-

cho-Oliveira and St John, 2009). Conversely, human

somatic mitochondria undergo morphological and func-
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tional changes during reprogramming to hiPSCs (Suhr

et al., 2010), with a shift from oxidative phosphorylation

to glycolysis. Furthermore, attenuating mitochondrial

function in undifferentiated hESCs increases the mRNA

levels of the pluripotency genes, compromises their differ-

entiation potential, and increases the number of persisting

tumorigenic cells after differentiation (Mandal et al.,

2011).

Work from the field of disease modeling has provided

some very interesting insight on the effect of specific

mtDNA mutations on hPSC differentiation capacity, pro-

liferation rate, and reprogramming efficiency (Yokota

et al., 2015, 2017). For instance, mtDNA haplogroups

appear to affect cellular function. Work on mouse ESCs

has shown that in both undifferentiated and differenti-

ating cells, the mitochondrial haplogroup has a significant

impact on the expression of genes involved in pluripo-

tency and differentiation, and does consequently influ-

ence the capacity of the cells to differentiate (Kelly and

St John, 2010; Kelly et al., 2013). In the human, recent

work in the context of mitochondrial replacement in

oocytes indicated that some haplogroups can modify the

growth dynamics of hESCs, resulting in a growth advan-

tage that can lead to a culture takeover (Kang et al.,

2016a).
or(s).
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Maitra et al. (2005) were the first to show mtDNA

changes in human pluripotent stem cells (hPSCs). They

found that two out of ten hESC lines had acquired hetero-

plasmic single nucleotide variants (SNVs) during culture.

Technical limitations at that time precluded the study of

the full mitochondrial genome while simultaneously

establishing the variant load. The advent of massive paral-

lel sequencing made it possible for Prigione et al. (2011) to

study four hiPSC lines in detail, and compare their full

mtDNA with that of the two source cell lines. They identi-

fied a number of SNVs that significantly differed in hetero-

plasmic load between lines and as compared with their

source cells. However, they were unable to provide an

explanation for these observations. Later, our group identi-

fied by long-range PCR numerous large deletions in the

mtDNA of hESCs (Van Haute et al., 2013). Most recently,

two recent reports studied heteroplasmic SNVs in hiPSCs

(Kang et al., 2016b; Perales-Clemente et al., 2016). Both

studies found that different hiPSC lines established from

the same source cells harbored different variants,

frequently with a pathogenic effect, some of which could

be traced back to the source cell cultures. These findings

suggest that the differences among the hiPSC lines are

due to their clonal nature, each line representing the

mtDNA content of one individual source cell. They hy-

pothesized that there is considerable mosaicism in the

source cell cultures, and that this is related to somaticmuta-

genesis, and correlating to the age of the cell donor (Kang

et al., 2016b).

In this study, we address the issues that were not

covered by the studies discussed above. First, we aimed

at thoroughly studying mtDNA variants in hESC cultures,

as these were rarely investigated in the previous reports. To

this aim, we carried out deep sequencing of the mtDNA of

seven early-passage hESC lines. In order to identify the

origin of the variants found in the hESCs, we analyzed

the mtDNA in the blood of the women who donated

the embryos used to derive these hESC lines. We also stud-

ied 11 human oocytes and eight inner cell masses (ICMs)

from blastocysts as the source cell type of hESC. Next, we

analyzed multiple passages of these hESC lines to assess

the impact of long-term culture, and carried out single-

cell analysis of early- and late-passage lines to better un-

derstand the dynamics of variants in culture. Secondly,

we investigated the origin of the diversity in mtDNA var-

iants in hiPSCs. We deep-sequenced 17 hiPSC lines

derived from two different fibroblast lines, and by

different reprogramming methods. We studied these two

source fibroblasts lines as a bulk, and for one of the lines

also the single cells, in order to assess the levels of mosai-

cism and the matching between the individual source cells

and the hiPSC lines. Finally, we studied the transmission

of mtDNA variants during differentiation, by differenti-
ating multiple hiPSC clones into ectoderm and definitive

endoderm.
RESULTS

Early-Passage hESCs Carry Low-Frequency mtDNA

Variants Similar to Those in the Embryos Used for

Derivation

First, we used massive parallel sequencing to analyze the

fullmtDNAof sevenhESC lines at early passages, i.e., under

30. This method allows the comprehensive sequencing of

the full mtDNA together with the quantification of hetero-

plasmic sites with loads as low as 1.5%. The results are

shown in Figures 1A and 1B; all details can be found in

Table S3. Most of the lines displayed one to two heteroplas-

mic variants, none predicted to be pathogenic (Figure 1B),

and with a cumulative variant load (i.e., the sum of all the

frequencies of the different heteroplasmies) ranging from

2.0% to 50.8% (details in Table S3).

To investigate if these low-frequency variants were deri-

vation-induced, inherited, or culture-induced, we first

studied the mtDNA in blood samples of the women

who donated the embryos for the derivation of five of

the seven lines. In all cases, the homoplasmic variants

were identical between the donors and the lines. How-

ever, none of the heteroplasmies identified in the hESCs

was found in the blood sample of the donor. In fact,

none of the blood samples contained any heteroplasmic

variant (data in Table S4). This can be explained by the

fact that heteroplasmic variants may be lost in rapidly

proliferating tissues such as blood, and approximately

15% of variants may be germline mutations (Rebolledo-

Jaramillo et al., 2014).

Next, we sequenced 11 single oocytes and eight ICMs,

as these cells are the closest proxy in terms of mtDNA

content to the first passages after hESC derivation. The

results are shown in Figures 1A and 1B, all data in Table

S5. We detected heteroplasmic variants in 9 out of 11

oocytes, at cumulative loads ranging from 2.1% to

28.4%, none predicted to be pathogenic (Figure 1A, Table

S5). In some cases, the same variants were found recur-

rently in the oocytes from the same donor, but often at

different frequencies. For instance, in three out of four

oocytes of donor 1 we found the variant m.150C>T, at

loads of 5%, 13%, and 20%. In the ICMs, we found

heteroplasmic variants in all but one, with a cumulative

variant load ranging from 2.0% to 44.8%. The three

ICMs donated by the same patient showed a very low

number of variants and a low cumulative frequency,

but no overlap was found (Table S5). Two variants were

found to be likely pathogenic, with loads of 3.0% and

4.4%, respectively.
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Figure 1. Heteroplasmy Levels and Path-
ogenicity Scores of the mtDNA Variants
in Oocytes, ICMs, and hESC Lines
(A) Heteroplasmies retrieved in early hESCs
compared with oocytes and ICMs. The y axis
indicates the heteroplasmic load of the
variants. The individual variants are defined
as a single bar with the height proportional
to their load, and the color pattern corre-
sponding to its location in the mtDNA
sequence, as shown in legend in the figure.
The numbers after the GV, MI, and MII refer
to the donor’s code. All the variants from
one sample are stacked to obtain the
cumulative heteroplasmic load value.
(B) Pathogenicity scores obtained with
Mutpred2. Variants with a score over 0.611
have a high probability of being patho-
genic.
(C) Variants in different passages of VUBhESC
lines, the variants are represented as in (A).
(D) Pathogenicity scores in early (passage
below 30) and late (above passage 50)
hESCs. All data can be found in Tables S2–S6.
Overall, these results show that the type and load of the

heteroplasmic variants found in early passages of hESCs

and those identified in oocytes and ICMs are very similar.

This suggests that the variants we identified in the hESCs

were already present in the embryos at the origin of the

cell lines.

An Increase in mtDNAVariants Correlates with Time

in Culture and the Appearance of Chromosomal

Abnormalities

To investigate the effect of prolonged in vitro culture, we

analyzed multiple later passages of five of the hESC lines

studied before, ranging from passage 57 to 209. The results

are summarized in Figures 1C and 1D; all details can be

found in Table S3.While the early-passage samples showed

few variants at relatively low loads, the later passages

showed an overall increase in the number of variants per

line (up to six in VUB07) with a higher cumulative load

(ranging from 5.0% to 128.9%). In these later passages,

we also found five variants predicted to be potentially path-

ogenic, and two others highly likely to be pathogenic.

However, the variants with a high pathogenic score were

present at loads below 10% (Figure 1D and Table S3).

Interestingly, the increase in the cumulative variant load

in culture is not the result of the clonal expansion of pre-ex-

isting variants of the early passages. Inmost of the cases the

variants identified in the earlier passages were not retrieved

in the later ones, and vice versa (Table S3). Only one variant
104 Stem Cell Reports j Vol. 11 j 102–114 j July 10, 2018
of VUB02 was recurrent in all three passages analyzed

(m.234A>G in passage 22, 57 and 209), although its heter-

oplasmic load significantly varied among passages. The

same variant was observed in passages 66 and 125 of

VUB04, but not in passages 22, 27, and 104. To explain

these peculiar observations, we retraced the ‘‘laboratory

history’’ of the lines and checked the karyotypes of all sam-

ples by array-based comparative genomic hybridization

(CGH) (all karyotypes can be found in Table S6). In some

cases, several sub-lines had clearly originated from the

same line, by cycles of cryopreservation and parallel cul-

ture. In VUB02, all three samples had been collected during

continuous culture, and belonged to the same chromoso-

mally normal sub-line. This is concordant with the

presence of the same variant in all samples, in which the

variation in load can be caused by random drift.

Conversely, the later passages of other lines had often

acquired chromosomal abnormalities. In these cases, the

mtDNA genotype differed completely between sub-lines.

For instance, VUB03 passage 87 and passage 127 have

both a gain of 20q11.21, but bothmutations occurred inde-

pendently, as they have different sizes. Also, the samples

were collected from cultures that were kept in the lab at

different time periods. This indicates that these two sam-

ples belong to two different sub-lines, which is concordant

with the difference inmtDNAvariants. Another interesting

case is that of VUB04, where passages 27, 66, and 125

belong to the same sub-line, which was kept in culture



Figure 2. Schematic Representation of
mtDNA Variant Transmission in Different
Sub-lines of VUB04
The two variants represented by blue
(m.203G>A) and red (m.11155C>A) mito-
chondria are passenger mutations of cells
that acquired a chromosomal abnormality
conferring growth advantage and resulted
in clonal culture takeover. For the variant
m.203G>A, we observe how one bottleneck
(first ‘‘hit,’’ red star) causes the appearance
of the variant in passage 66 and an expan-
sion until a homoplasmic level at passage
125. During in vitro culture, spontaneous
mutation and random drift resulted in cells
carrying new mtDNA variants. An indepen-
dently grown dish of VUB04 acquired a
second chromosomal abnormality (second
‘‘hit,’’ blue star), generating a sub-line not
carrying the m.203G>A variant but showing
another variant, m.11155C>A, passenger
of the cell acquiring the second chromo-
somal aberration. der(18) = der(18)t(18,5)
(q21.2; q14.2).
continuously. During that time span, the line acquired a

derivative chromosome 18 (der[18]t[18,5] [q21.2; q14.2])

conferring growth advantage, which at passage 66 was still

mosaic and expanding, and at passage 125 was present in

all cells. This is concomitant with a progressive increase

in the load of m.203G>A. Additionally, during culture, a

second sub-line from VUB04 appeared, with a second

abnormality (a gain of 20q11.21) that took over the cul-

ture, resulting in a different heteroplasmy pattern at pas-

sage 104, as compared with the other VUB04 sub-line.

These observations can be explained by assuming that

the cultures contain a significant cellular diversity in terms

of mtDNA variants. When a cell acquires a chromosomal

abnormality that results in a selective advantage, the cul-

ture goes through a genetic bottleneck, and after some

time, all the cells of the sub-line will be descendants of

that one mutant cell. In this scenario, any mtDNA variants

in that founder cell will be passenger mutations that will

also take over the culture, although without necessarily
having any functional benefit. Figure 2 illustrates how

this hypothesis would apply to VUB04.

mtDNA Cellular Mosaicism in Early- and Late-Passage

hESCs

The observations described above led to two questions:

howmuch cellular diversity is there in terms ofmtDNAvar-

iants, and does it fluctuatewith time in culture? To test this,

we collected single cells from VUB03, VUB04, and VUB14,

at early passages (p23, p22, and p21, respectively) and late

passages (p87, p104, and p86, respectively). For each

passage, we collected 20 single cells, which were analyzed

using only one of the two different long-range PCRs for

mtDNA enrichment (set 1 or set 2). This means that ten

cells were studied individually for each specific region;

the results have not been pooled. The data are summarized

in Figure 3, all data can be found in Tables S7–S9.

Overall, the results show a remarkable level of diversity in

the mtDNA variants among individual cells. Most of the
Stem Cell Reports j Vol. 11 j 102–114 j July 10, 2018 105



Figure 3. Heteroplasmies Observed in Single Cells of Early and Late hESC Lines
Single cells from three VUB lines (VUB03, VUB04 and VUB14) were sequenced after mtDNA PCR amplification using set 1 (A–C) or set 2
(D–F). The y axis represents the load of the variants observed; the single variants are defined as a single bar with the height proportional to
their frequency. All the variants from one sample are stacked to obtain the cumulative load. The variants in white are unique to one cell,
while the ones recurring in more than one cell are color-coded as indicated in the legends. For every line, the pathogenicity results are
reported (G–I); a threshold of 0.611 defines variants with a high probability of being pathogenic. All data can be found in Tables S7–S9.
variants are unique to each cell, especially in early passages,

with heteroplasmic loads between 2% (the lower detection

limit) and 35% (Figures 3A–3F, white bars). Variants found

in more than one cell were also consistently identified in
106 Stem Cell Reports j Vol. 11 j 102–114 j July 10, 2018
the analysis of theDNA sample extracted from the bulk cul-

ture dish used to collect the single cells. Recurrent variants

were found in all late-passage samples, and in the early pas-

sage of VUB14 (Figures 3A–3F, colored bars). Importantly,



the pathogenicity scores of the variants in the later pas-

sages were higher as compared with the early ones (Figures

3G–3I). These recurrent variants possibly have two

different origins, in line with the results described in the

previous sections. It is most likely that the variant in

early-passage VUB14 pre-existed in the embryo that was

used for derivation, while the recurrent variants in the later

passages appear because of the culture takeover by a chro-

mosomally abnormal cell.

For instance, in the early passage of VUB03, 11 out of 20

cells carry mtDNA variants, but all of them are unique. At

this point, the line was chromosomally normal. At passage

87, the line acquired a gain of 20q11.21, an event that

occurred sometime after passage 60, when the line was still

genetically normal. By passage 87, all the cells carried

mtDNA variants, of which five were recurrent and two

were present in most cells. This strongly suggests that

the founder cell that originally acquired the gain of

20q11.21 also carried those five variants. Similarly, in

VUB04, 9 out of 20 of the cells from the early, chromoso-

mally normal passage carry diverse and unique variants.

In the late passage, when the line had become genetically

abnormal, carrying a derivative chromosome 18 and a gain

of 20q11.21, 15 out of 20 cells carried mtDNA variants.

Most of these variants were different from the variants

found at passage 22, but were still unique to one cell,

except variant m.11155C>A, which is found in nine out

of ten cells. It can be assumed that the cell that

acquired the gain 20q11.21 also carried the m.11155C>A

variant.

It is noteworthy that, when removing the recurrent var-

iants, assumed to be already present in the founder cell that

took over the culture, the late hESC passages still show an

increased number of variants per cell, and at higher indi-

vidual loads. The maximum cumulative load for set 1 in

VUB03 was 12.5% in the early and 23.3% in the late pas-

sage, in VUB04 it was 9.7% in the early and 35.4% in the

late passage, and in VUB14 it was 30.5% in the early and

78.1% in the late passage.

High-Load mtDNAVariants in hiPSCs Originate from

the Source Fibroblasts and Stably Transmit during

Differentiation

We studied the mitochondrial genome of early-passage

clonal hiPSC lines derived from two different fibroblast cul-

tures at two different institutions, named STBG-iPSCs (nine

clones) and VUBi004 (eight clones). The STBG-iPSC lines

were generated with different reprogramming methods,

which did not appear to have a clear differential impact

on the mtDNA integrity. For VUBi004, we sequenced pas-

sage 5 of all the lines and passage 10 of four clones. Data

are shown in Figure 4 and the complete data in Tables

S10 and S11.
The first striking point is that (low-passage) hiPSCs very

frequently harbored variants with high cumulative loads

(up to 172.6% in the STBG-iPSC lines and 239.6% in

VUBi004 clones), and predominantly located in coding re-

gions. This is in stark contrast with hESCs, which even in

the late passages did not accumulate comparable loads.

Furthermore, potentially pathogenic variants, which in

late-passage hESCs never showed loads above 10%, can

reach near homoplasmy in hiPSCs. The variants retrieved

in clones originating from the same source fibroblasts are

rarely the same, with only two lines displaying the same

set of variants at slightly different loads, while sequencing

the same clonal line at passage 5 and passage 10 yielded the

same exact heteroplasmies, with very small fluctuations in

their frequency (Table S11).

Thismight be again due to significant cellular diversity in

the fibroblast culture. When looking into the bulk source

fibroblasts of the STBG-iPSC lines, we found a cumulative

variant load of 15.3%, resulting from seven variants, but

none of these was the same as those identified in the

different STBG-iPSC clones. Conversely, the source fibro-

blasts of VUBi004 carried 16 variants, with a cumulative

load of 64.6%. Seven of these variants were also found in

the iPSC lines, with much lower heteroplasmic loads in

the fibroblast culture compared to the iPSC clones. During

the technical setup and validation of the sequencing

method used in this paper, we sequenced 11 single cells

from the VUBi004 fibroblast culture (part of the data

shown in Table 1, all results in Table S12 and in Zambelli

et al., 2017). We found that some of the individual fibro-

blast cells carry at high loads the variants that are identified

at lower loads in the DNA extracted from whole culture

dishes. Therefore, the heteroplasmic load measured in the

DNA extracted from whole culture dishes is in fact the

average of a mosaic culture. For instance, m.12071T>C is

present at a frequency of 9.9% in the bulk DNA sample,

but is nearly homoplasmic in 2 out of the 11 tested

fibroblast cells, while the rest of the cells are only carrying

wild-type sequence. In line with this, when comparing

these results with those of the VUBi004 clones, we

find very similar patterns. For instance, the variant

m.2760A>G has a load of 5.8% in the bulk fibroblast cul-

ture, but is present in one of the single fibroblast at

95.8% and in one of the clonal hiPSC lines at 72.2%.

Finally, we assessed the transmission andmaintenance of

the heteroplasmic load of these variants during short-term

differentiation. For this, we differentiated six hiPSC clones

into definitive endoderm and ectoderm. We characterized

the cells by immunostaining for SOX17 and PAX6, and

real-time PCR for SOX17, FOXA2, PAX6, SOX1, and

POU5F1 (part of the data is shown in Figures 5A and 5B,

the rest can be found in Figure S1). We sequenced the

mtDNA of the cells prior to the start of the differentiation,
Stem Cell Reports j Vol. 11 j 102–114 j July 10, 2018 107



Figure 4. Heteroplasmies Observed in hiPSCs Lines and Their Source Cells
(A) Heteroplasmies found in multiple lines derived with different reprogramming methods from individual 1.
(B) Heteroplasmies found in hiPSC lines derived from individual 2, all with the same reprogramming method. The y axis represents the
frequency of the variants observed; the single variants are defined as a single bar with the height proportional to their frequency, and the
color pattern corresponding to the location in the mtDNA, as shown in legend in the figure. All the variants from one sample are stacked to
obtain the cumulative load value.
(C) Pathogenicity scores obtained with Mutpred2; a threshold of 0.611 defines variants with a high probability of being pathogenic. All
data can be found in Tables S10 and S11.
and at the endpoint. The results show that the heteroplas-

mic variants, both synonymous and non-synonymous

with pathogenic potential, are preserved at near identical

loads throughout two independent processes of differenti-

ation (Figure 5C, pathogenicity scores in Table S11).
DISCUSSION

Taken together, our data reveal significant levels of mtDNA

mosaicism and diversity in hPSC cultures, with significant

differences between hESCs and hiPSCs. While early pas-

sages of hESCs display few variants at a low heteroplasmic

level, hiPSCs and late-passage hESCs show a drastic shift in

heteroplasmy and in type of variants, with an increase in

their pathogenicity scores. These significant differences

are, in the case of hiPSCs, due to the generation of clonal

lines from a strongly mosaic somatic cell culture, while

for hESCs, it is due to another type of clonal event: the cul-

ture takeover by one cell, driven by a chromosomal abnor-

mality conferring growth advantage.

The results of early hESC passages show that the lines

carry variants very similar to those we identified in human

oocytes and ICMs, and reflect normal human germline

variance. In this sense, our data are in line to that reported
108 Stem Cell Reports j Vol. 11 j 102–114 j July 10, 2018
by two groups, which recently observed the presence of few

mtDNA variants with relatively low pathogenicity in

human oocytes (Boucret et al., 2017; Kang et al., 2016b).

Also, the study of Kang et al. (2016b) included data from

human somatic cell nuclear transfer hESCs. Our data are

similar in terms of the type and loads of mtDNA variants

detected, with generally few variants per line and mainly

in noncoding regions.

In contrast, late-passage hESCs carry more and higher

load variants, which do not appear to necessarily be the

result of a progressive increase in load of the variants

detected in the early passages. Our results suggest that

this is mainly caused by the clonal expansion of one cell

in culture. The single-cell sequencing data show that

even at early passage, there is considerable diversity in

mtDNA genotypes, likely originating from random drift

and low levels of spontaneous mutagenesis. Culture take-

over by a single stem cell carrying an acquired chromo-

somal abnormality conferring a selective advantage, results

also in a ‘‘takeover’’ by an mtDNA genotype as a passenger

variant (as illustrated in Figure 2). In this manner, the

clonal expansion results in a previously undetectable

variant (mainly because it is only present in one or few

cells) quickly rising in frequency until taking over the cul-

ture. In the pioneering work of Maitra et al. (2005), the



Table 1. Comparison of Sequencing Data of Bulk Fibroblast Culture, Single Fibroblasts, and hiPSC Clonal Lines from Individual 2

Variants Bulk DNA

Single Fibroblasts hiPSCs

Cell 1 Cell 4 Cell 8 Cell 9 Cell 11 Clone A Clone H Clone V

m.414T>G 6.2 0 0 0 – – 0 73.7 0

m.2760A>G 5.8 – – – 95.8 0 0 72.2 0

m.2947T>C 0 – – – 0 0 31.2 0 15.8

m.3563G>A 1.6 – – – 0 31.5 0 0 0

m.9276G>A 3.1 0 15 0 – – 0 0 0

m.12071T>C 9.9 98 0 100 – – 0 0 0

m.12850A>G 15.6 0 100 0 – – 0 0 0

m.15258T>C 0 0 0 0 – – 3.2 0 17.4

m.15617G>A 4.2 0 0 41 – – 0 0 0

m.16166A>G 3 0 0 0 – – 0 18.9 0

Both single cells and clonal hiPSCs are characterized by the presence of variants at relatively high heteroplasmic levels. In most cases, these variants are

present in the bulk DNA of the fibroblast culture but always at lower levels. In one case, the same variant is found in a single cell, in the bulk culture and in

one hiPSC clone (m.2760A>G). For clarity, only the samples with matching variants are indicated, all data can be found in Table S11 (VUBi004) and Table S12

(single fibroblasts). – indicates no results for this region, this depending on the primer set used for mtDNA amplification.
authors found that two out of ten hESC lines acquired

heteroplasmic mtDNA variants during long time in culture

(45 additional passages in one case and 175 in the other).

Interestingly, the lines that acquired these variants also

had acquired a chromosomal abnormality, while none of

the five karyotypically normal lines showed de novo

mtDNA variants. These observations can be explained by

our model, and are fully in line with the findings on our

hESC lines.

In the case of hiPSCs, the main cause for the increase in

heteroplasmic variants seems to be the clonal expansion

of a single reprogrammed somatic cell from a culture with

significant cellular diversity in terms of mtDNA. This diver-

sity in mtDNA variants among lines derived from the same

source was also reported in the works of Prigione et al.

(2011), Kang et al. (2016b), and Perales-Clemente et al.

(2016), all of them suggesting that the variants were

already present in the fibroblast population. In our work,

we show that this is indeed correct. The single-cell

sequencing data show that every fibroblast from the source

cell culture displays a specific subset of mtDNA variants,

which are often personal, and at near homoplasmic loads.

Furthermore, the identification of an individual fibroblast

matching one of the hiPSC lines further strengthens this

point. Also, we did not find significant differences in the

type or load of the variants between the different lines

from the same source but established using different re-

programming methods. This is in line with the results of

Prigione et al. (2011), who also found no difference in

the type and number of variants detected in cells reprog-
rammed with two different methods. Finally, we found

that the variants are stably transmitted to the differentiated

progeny. In this work, we used short differentiation proto-

cols, but it is unlikely that the stability of the variants is

related to the differentiation time, since a report from

Hämäläinen et al. (2013) showed stable levels of hetero-

plasmy in hiPSCs after longer differentiation protocols,

up to 16 weeks for neurons and 7 weeks for teratomas.

Nevertheless, we cannot exclude that specific variants

might influence the growth and/or differentiation capacity

of the cells, leading to a shift in the heteroplasmy levels in

the differentiated cells.

Another important aspect of our findings is the differ-

ence in pathogenic potential seen in variants present in

hiPSCs compared with hESCs. The higher pathogenic

potential of the variants retrieved in the hiPSCs shows

that the source cells, despite being derived from healthy in-

dividuals, can carry a certain degree of dysfunctional,

heavily mutated cells. Furthermore, it appears that patho-

genic variants are not necessarily selected against during

reprogramming or during hPSC culture. It is possible that

this is because the metabolic needs of pluripotent cells

greatly rely on glycolysis rather than oxidative phosphory-

lation. Conversely, once the hPSCs are differentiated, this

may result in metabolic dysfunction, as elegantly demon-

strated by Kang et al. (2016b). This underscores the impor-

tance of determining themtDNAvariant load in hPSC lines

before their use in a clinical setting.

Finally, our data on early-passage hESCs and on short-

term culture of hiPSCs suggests that, if no culture takeover
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Figure 5. Transmission of mtDNA Heteroplasmies during hiPSC Differentiation
(A and B) All cell lines show abundant expression of (A) ectodermal (PAX6) and (B) endodermal (SOX17) markers, proving the successful
differentiation of the six clones of VUBi004 into the two different lineages. One example of immunohistochemistry is shown in the figure,
the remaining data can be found in Figure S1. The quantitative real-time PCR data shown in the plots is represented as fold-change increase
relative to the undifferentiated cells.
(C) Comparison of the heteroplasmy levels of mtDNA variants in hiPSC in their undifferentiated and differentiated state. In all cases but
one, the variants are stably transmitted through short-term differentiation. The ectoderm obtained from clone H shows a small fluctuation
in the heteroplasmic load of some of the variants.
is involved, the mtDNA variant load remains grossly stable

during at least 20 passages, although individual cells may

be slowly adding up spontaneous mutations. On the other

hand, it was already shown that older individuals carry

increased mtDNA variant levels in different tissues (Kang

et al., 2016b), this clearly having a significant impact on

the obtained hiPSCs. This factor should probably be

taken into accountwhen identifying cell donors for reprog-

ramming, and can complicate the identification of suitable

autologous hiPSC lines for regenerative medicine in

aged individuals. Nevertheless, despite the high load of

mtDNA variants we found in most of the hiPSCs analyzed,

in both our sources we were also able to obtain lines with

a low variant load, with one line carrying no heteroplas-

mies. Although this type of screening is cumbersome, it is

important to bear in mind the significant impact mito-

chondria have on the functionality of the differentiated

progeny.
EXPERIMENTAL PROCEDURES

Ethical Approval
The Institutional Medical Ethics Committee of the University

Hospital UZ Brussel and the Vrije Universiteit Brussel approved

all experiments in this study. Experiments involving human

embryos were also approved by the Belgian Federal Committee

on medical and scientific research on human embryos in vitro.
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All individuals involved in the study gave signed informed

consent.

Cell Culture
The VUB hESC lines were derived and characterized as previously

described (Mateizel et al., 2006, 2010). The lines were grown either

on inactivated mouse embryonic fibroblast feeder layers using a

standard hESC medium as described in (Mateizel et al., 2006,

2010), or on culture dishes coated with 5 mg/mL of recombinant

Laminin-521 (Biolamina) in Nutristem (Biological Industries)

with 0.5% 100 U/mL penicillin/streptomycin (Thermo Fisher

Scientific), as described in (Dziedzicka et al., 2016).

TheVUBi004 iPSC lineswere obtained by transducing fibroblasts

with p4ORF-dTomato as described in Warlich et al. (2011). Clonal

iPSC lines weremanually isolated at day 30 post-transduction, and

further cultured individually on Laminin-521 and Nutristem. The

iPSC lines derived in the laboratory of S. Viville, named STBG-

iPSCs, were established using different reprogramming methods,

as listed in the Table S1 and as described in Jung et al. (2014).

The fibroblast line was established from a skin biopsy from a

53-year-old female donor. The cells were cultured in F-12 Nutrient

Mix Ham (Life Technologies) with 20% fetal calf serum (Thermo

Fisher Scientific), 0.5% penicillin/streptomycin (Thermo Fisher

Scientific), and 1% glutamine (Thermo Fisher Scientific). The cells

were expanded up to passage 4.

hiPSC Differentiation
The protocol for differentiation to definitive endoderm was adapt-

ed from Sui et al. (2012). hiPSCs were seeded on Laminin-521



coated dishes at a density of 30,000 cells/cm2. The day after

plating, cells were treated with a medium containing RPMI 1640

supplemented by GlutaMAX (Thermo Fisher Scientific), 0.5%

B27 supplement (Thermo Fisher Scientific), 100 ng Recombinant

Human/Mouse/Rat Activin A (R&D Systems), and 3 mM

CHIR99021 (Stemgent). The second day, cells were treated with

the same medium without CHIR99021. Cells were cultured for 2

additional days in RPMI 1640.

The ectoderm differentiation protocol was adapted from Chetty

et al. (2013) and Chambers et al. (2009). hiPSCs were seeded on

Laminin-521 coated dishes at a density of 50,000 cells/cm2, and

treated the day after with a medium consisting of KnockOut

D-MEM (Thermo Fisher Scientific), 10%KnockOut Serum Replace-

ment (Thermo Fisher Scientific), 500 ng/mL Recombinant Human

Noggin Protein (R&D Systems), and 10 mM SB431542 (Tocris).

Differentiation medium was changed daily and cells treated for a

total of 4 days.

Oocytes and Embryos
Oocytes were retrieved after conventional ovarian stimulation. In

this study, we used oocytes found to be immature after removal of

the granulosa cells and thus not useful for the patient’s treatment.

We analyzed 11 oocytes obtained from three donors at different

stages of maturation: 5 at the germinal vesicle stage, 3 at meta-

phase I, and 3 atmetaphase IImatured in vitro (details can be found

in Table S2). The ICMs were isolated from blastocysts shown to be

affected with a monogenic disease after preimplantation genetic

diagnosis. Blastocysts were vitrified after trophectoderm biopsy

on day 5/6, warmed (Van Landuyt et al., 2015), and cultured over-

night in blastocystmedium (ORIGIO,CooperSurgical) to day 6.We

studied eight ICMs coming from six donors (details in Table S2).

Bulk DNA Extraction and Collection of ICMs and

Single Cells
DNA was isolated from whole culture dishes by proteinase K–SDS

lysis, followed by phenol-chloroform extraction and ethanol

precipitation.

All single cells (hESCs, fibroblasts, and oocytes) and ICMs were

collected by mouth-controlled pipetting as previously described

(Spits et al., 2006). Briefly, all cells were sequentially washed in

three individual droplets of calcium- and magnesium-free

medium, and collected in sterile PCR tubes containing 2.5 mL lysis

solution (200 mM NaOH and 50 mM DTT). The samples were

stored at �20�C until further processing. Prior to PCR amplifica-

tion, the samples were lysed by 10-min incubation at 65�C.
The ICMs were isolated from blastocyst stage human embryos.

The ICM was separated from the trophectoderm by mechanical

dissociation using a 1,480-nm diode laser (Saturn 5 Laser, Research

Instruments, UK) as described in Capalbo et al. (2013). The zona

pellucida was removed from the oocytes by incubation with acidic

Tyrode’s solution prior to collection. For single hESC collection,

the hESCs were dissociated into single-cell suspension using

TrypLE Express (Thermo Fisher Scientific).

mRNA Quantification
Total RNAwas extracted using the RNeasy Micro Kit (Qiagen), and

reverse transcription was performed using the First-Strand cDNA
Synthesis Kit (GE Healthcare) following the manufacturer’s

instructions. Quantitative real-time PCR was performed using the

ViiA 7 thermocycler (Thermo Fisher Scientific) and ViiA 7 software

v1.2 (Thermo Fisher Scientific), using the standard settings. Quan-

titative real-time PCR was carried out on 40 ng of cDNA, using the

qPCR MasterMix Plus Low ROX (Eurogentec), and TaqMan gene

expression assays for SOX17, FOXA2 (endoderm), SOX1, PAX6

(ectoderm), and GUSB (Housekeeping) or 1.8 mM primer mix

(IDT) and 250 nM probe (Thermo Fisher Scientific) for POU5F1

(pluripotency) and UBC (housekeeping). Fold changes were calcu-

lated with the ddCt method and UBC and GUSB were used as

endogenous control.
Immunostainings
Definitive endoderm was fixed with 4% paraformaldehyde (Sigma-

Aldrich), permeabilized with 0.1% Triton X-100 (Sigma-Aldrich)

and blocked with 3% BSA (Sigma-Aldrich). Primary antibodies

were diluted in 1.5% BSA at a final concentration of 2 mg/mL for

SOX17 (Goat Polyclonal IgG; R&D Systems, Cat# AF1924) and

1 mg/mL for OCT-3/4 (Mouse Monoclonal IgG, Santa Cruz Biotech-

nology, Cat# SC-5279) and incubated overnight. Donkey anti-Goat

IgG (H + L) Alexa Fluor 488 (Thermo Fischer Scientific, Cat#

A-11055) and donkey anti-mouse IgG (H + L) Alexa Fluor 594

(Thermo Fischer Scientific, Cat# R37115) were used as secondary

antibodies. Ectoderm cells were fixed with 4% paraformaldehyde

(Sigma-Aldrich), permeabilized with 100% methanol (Sigma-

Aldrich), andblockedwith 10% fetal bovine serum (Thermo Fischer

Scientific). Primary antibodies were diluted in the blocking solution

in a final concentration of 2 mg/mL and 1 mg/mL for PAX6 (Mouse

Monoclonal IgG, Abcam, Cat# ab78545) and OCT3A (Rabbit

Monoclonal IgG, Cell Signaling, Cat# C30A3), respectively, and

incubated overnight. Donkey anti-rabbit (H + L) Alexa Fluor 488

(Thermo Fisher Scientific) and donkey anti-mouse (H + L) Alexa

Fluor 594 (Thermo Fisher Scientific) were used as secondary anti-

bodies. For both endoderm and ectoderm, nuclear staining was per-

formed with Hoechst 33342 (Thermo Fischer Scientific).
mtDNA Massive Parallel Sequencing
We have previously developed a well-validated method for a

massive parallel sequencing-based approach to study the mtDNA,

both in DNA samples and in single cells. This method can reliably

detect SNVs with loads R1.5% in DNA samples and oocytes, and

R2% in single cells and ICMs (Zambelli et al., 2017).

The mtDNA fraction was enriched through long-range (LR) PCR

(two amplicons, generated by primer set 1 and primer set 2). The

primer sequences and cycling protocol are described in Supple-

mental Experimental Procedures.

The LR-PCR products were pooled, sheared with a Covaris M220

sonicator (Life Technologies) and size-selected for fragments from

200 to 900 bp. The fragmented products underwent end repair,

adenylation, and paired-end adapters ligation with the Illumina

TruSeq DNA PCR Free HT sample preparation kit. Sequencing

was carried out on a Hiseq 1500 (Illumina) platform with an

average sequencing depth of 75003.

The files were first aligned to the mitochondrial revised Cam-

bridge Reference sequence (NC 012920.1) using BWA-MEM and

sorted (Li, 2013; McKenna et al., 2010). This was followed by
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GATK realignment around indels and recalibration. Finally, variant

calling itself was done using Mutect v2.0 (Cibulskis et al., 2013),

with a lower frequency threshold of 1.5% for bulk DNA and

oocytes and 2% for single cells and ICMs. The data were also

analyzed using the mtDNA server (Weissensteiner et al., 2016),

and only SNVs identified by both methods were considered. Vari-

ants found recurrently in all the samples or in long homopolymer-

ic stretches were not considered. (Excluded variants and further

details can be found in Supplemental Experimental Procedures.)

In case of a discordant heteroplasmy level, the frequency retrieved

with mtDNA server was considered. Pathogenic potential of non-

synonymous changes was assessed using Mutpred2 (Pejaver

et al., 2017)
4 3 44K Human Genome Array-CGH
We used the protocol for oligo-arrays as implemented in the ISO

15189 laboratory of the Center for Medical Genetics Universitair

Ziekenhuis Brussel (UZ Brussel, Belgium), based on the protocol

provided by Agilent Technologies, as previously described in

Jacobs et al. (2014). In brief, the DNA was purified using Amicon

Ultra 30K centrifugal filter tubes (Merck Chemicals); 400 ng of

DNA was labeled using the BioPrime aCGH Labeling module

(Life Technologies). Blocking and hybridization was carried out

using Cot-1 DNA (Life Technologies) and Blocking Agent and

hybridization buffer (Agilent Technologies). The samples are

hybridized on the microarray slide (4 3 44K Human Genome

CGH Microarray, Agilent Technologies) for 24 hr. Slides were

washed and dried with Oligo Wash Stabilization and Drying

solution following the manufacturer’s protocol (Agilent Tech-

nologies). Scanning of the slides was done using an Agilent

dual laser DNA microarray scanner G2566AA (Agilent Technolo-

gies). The data were extracted using Agilent Feature Extraction

software and analyzed with the ‘‘ArrayCGHbase’’ analysis

platform (http://medgen.ugent.be/arrayCGHbasecmgg/)

(Menten et al., 2005).
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