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SUMMARY
Human embryonic stem cells (hESC) show great promise for clinical and research applications, but their well-known proneness to

genomic instability hampers the development to their full potential. Here, we demonstrate that medium acidification linked to culture

density is themain cause of DNAdamage and genomic alterations in hESC grown on feeder layers, and this even in the short time span of

a single passage. In line with this, we show that increasing the frequency of the medium refreshments minimizes the levels of DNA

damage and genetic instability. Also, we show that cells cultured on laminin-521 do not present this increase in DNA damage when

grown at high density, although the (long-term) impact on their genomic stability remains to be elucidated. Our results explain the

high levels of genome instability observed over the years by many laboratories worldwide, and show that the development of optimal

culture conditions is key to solving this problem.
INTRODUCTION

The unique characteristics of human pluripotent stem cells

(hPSC), such as human embryonic stem cells (hESC) and

induced pluripotent stem cells (hiPSC), make them attrac-

tive not only as a potential source of cells in regenerative

medicine, but also as a research tool to study early human

developmental processes and human disorders (Ben-Nun

and Benvenisty, 2006; Tabar and Studer, 2014). hPSC

are kept in culture for long periods of time without this

apparently affecting their self-renewal and pluripotent

capacities. Nevertheless, these cultures are frequently taken

over by cells carrying genetic abnormalities, some of which

are highly recurrent (Amps et al., 2011; Lund et al., 2012;

Nguyen et al., 2013; Spits et al., 2008). For instance, 20%

of hPSC lines worldwide carry a gain of a small region of

20q11.21 (Amps et al., 2011). Recent work has shown

that the recurrent takeover of cultures by cells carrying

this mutation is due to the fact that the gain of 20q11.21

leads to decreased levels of apoptosis (Avery et al., 2013;

Nguyen et al., 2014).

Conversely, not much is known about the origin of these

mutations. Their high frequency, combined with the profi-

cient DNA repair of hESC (Sokolov and Neumann, 2013),

suggests that these cells undergo profuse DNA damage in

culture. Studies on genetic mosaicism in hESC cultures,

which reflect the spontaneous mutation rate of these cells,

show that up to 35% of cells within one hESC culture have

abnormal chromosome counts and structural aberrations
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(Dekel-Naftali et al., 2012; Jacobs et al., 2014; Lim et al.,

2011).

This genetic heterogeneity of hPSC cultures presents an

undeniable hurdle for their use in research and regenera-

tive medicine. For instance, it is possible that experimental

results are difficult to extrapolate from one cell line to

another because of culture-induced variation in genetic

or epigenetic content. There is evidence that genetically

abnormal hPSC have aberrant differentiation capacity

(Fazeli et al., 2011; Werbowetski-Ogilvie et al., 2009), and

tend to produce immature teratomas containing a higher

proportion of poorly differentiated or undifferentiated cells

with an increased capacity for malignancy (Herszfeld et al.,

2006; Werbowetski-Ogilvie et al., 2009; Yang et al., 2008).

Furthermore, genetically abnormal hPSC display altered

gene-expression profiles with an up-regulation of a number

of oncogenes (Gopalakrishna-Pillai and Iverson, 2010;

Werbowetski-Ogilvie et al., 2009; Yang et al., 2008). It is

thus clear that understanding and, more importantly, con-

trolling this genomic variability can significantly improve

the value of hPSC and their derivatives for the clinic and

as research models.

In this work, we focused on the study of hESC grown on

mouse feeder layers. This culture system has been, over the

years, the most commonly used worldwide (Fraga et al.,

2011), and our aim was to identify the key factors behind

the well-established proneness of these cultures to genetic

instability. We hypothesized that suboptimal culture con-

ditions lead toDNAdamage in hESC, and that high-density
rs
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culture in particular results in a nutrient deficit and/or

detrimental concentration of waste products. These can

interfere with the metabolism of the cells (Chen et al.,

2010), cause replication stress, and increase the risk for

DNA breakage and chromosomal abnormalities (Burrell

et al., 2013).

Here, we show that during a single passage of 5 days,

hESC growing on feeder layers in high densities show a sig-

nificant increase in DNA fragmentation and genomic ab-

normalities at the single-cell level. These effects are largely

caused by the accumulation of lactic acid in the cultureme-

dium and the associated medium acidification, and we

show that this can be countered by refreshing the medium

twice daily. Finally, our results demonstrate that hESC

grown on laminin-521 show a decreased proneness to

acquiring DNA damage.
RESULTS

Increased Culture Density Directly Correlates with

Higher Levels of DNA Damage in hESC Grown on

Feeder Layers

We studied the effect of culture density in hESC cultured

on mouse embryonic fibroblasts (MEF) and in Knockout

DMEM supplemented with 20% Knockout serum replace-

ment, as commonly used by other laboratories worldwide

(Fraga et al., 2011). We cultured hESC in increasing

densities, with a 1:5 ratio between each condition, and

all analyses were carried out 5 days after plating. We

termed the conditions A to D (Figure 1A), considering

condition A as the basal level to which all results were

normalized (all absolute values can be found in Figure S1).

Conditions B and C are regularly used for routine hESC

culture. Condition D consisted of semi-confluent col-

onies. We carried out all experiments at least in triplicate;

details on the setup, number of replicates, cell lines used,

and methods for each experiment can be found in

Table S1.

First we quantified DNA damage in the four culture con-

ditions by COMET assay (single-cell gel electrophoresis,

Figure S1A) and by immunocytochemistry for gH2AX

foci, one of the earliest markers available for DNA damage

(Figure S1B).We found a 75% increase in total DNAdamage

in the two highest culture densities (Figure 1B), a 37% in-

crease in double-stranded breaks (Figure 1C), and a 60% in-

crease in the mean number of gH2AX foci per nucleus

(Figure 1D).

We then subdivided all analyzed cells in four groups

based on their tail DNA content or number of gH2AX

foci. We found that the relative increase in DNA

damage was mainly due to a larger fraction of cells accu-

mulating more DNA damage, rather than an overall
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increase in DNA breaks in all cells (Figures 1E–1G).

Furthermore, it is worth noting a plateau effect of the cul-

ture density on DNA damage, with similar levels in condi-

tions C and D.

High-Density Culture Induces Chromosomal

Abnormalities in hESC

DNA repair has an intrinsic stochastic chance of causing

mutations, presuming a correlation between DNA damage

and mutation load. To test whether the increased DNA

damage had an effect on the genomic stability of the

hESC, we screened 29 individual cells from condition A

and 30 from condition D for copy number variations

(CNVs) using single-cell array-based comparative genomic

hybridization (aCGH) as previously described (Jacobs et al.,

2014). We detected abnormalities ranging from 0.6 to 134

Mb, mostly unique to one cell and forming a low-grade

mosaic. All detected CNVs were segmental deletions or du-

plications, with predominantly duplications (85.7%), and

the majority spanned the telomere (64.3%), as illustrated

in the ideogram in Figure 2 (the breakpoints of all abnor-

malities are listed in Table S2). Interestingly, we found

five cells with a gain of 1q, a chromosomal abnormality

that recurrently takes over hESC cultures (Lund et al.,

2012; Nguyen et al., 2013).While 33% of cells in condition

D were genetically abnormal after only 5 days of high-den-

sity culture, all cells analyzed for condition A showed a

normal genetic content. This provides an interesting paral-

lel with the increase in DNA damage with increased culture

density, suggesting that the cells cope with the DNA breaks

by (mis-)repairing them. It appears that themore breaks the

cells need to repair, the more likely it is that they generate

genetic abnormalities. In addition to this, the subclone

carrying the 1q duplication also suggests that the high

culture density can lead to an environment with a higher

selective pressure for the cells, favoring the culture takeover

of hESC carrying mutations.

Culture Density Has No Impact on the Levels of

Apoptosis and Correlates to G1-Phase Accumulation

Wequantified the levels of apoptosis in the different condi-

tions to test whether the DNA fragmentation observed at

the higher densities was caused by cell death. AnnexinV/

propidium iodide (PI) staining showed no differences in

the fractions of early apoptotic cells (AnnexinV+/PI�) or to-
tal dead cells (AnnexinV+/PI+) in the different conditions

(Figure 3A). This not only indicates that impaired cell

survival is unlikely to bias the results of the DNA damage

measurements, but also that hESC are capable of surviving,

and probably repairing, the DNA damage.

Next, we analyzed the cell cycle profiles of hESC in the

different conditions. Okazaki fragments also can be misin-

terpreted as DNA damage using the COMET assay (Olive
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Figure 1. Increased Culture Density Cor-
relates with Increased DNA Damage
(A) Example of the hESC culture dishes at
densities A to D on day 5 after plating.
(B) Alkaline COMET assay detects an in-
crease in DNA fragmentation between
lowest-density groups A and B and the
two highest-density groups C and D (n = 6,
p < 0.05; ANOVA).
(C) Neutral COMET assay does not detect a
significant increase in double-stranded DNA
damage (n = 3, p = 0.10; ANOVA).
(D) Quantification of immunocytochemical
analysis of gH2AX foci detects a significant
increase of double-stranded breaks in the
two highest concentrations C and D,
compared with A (n = 4, p < 0.05; ANOVA).
(E and F) Distribution of COMET assay results
shown in (B) and (C), respectively, in four
groups based on tail DNA per cell.
(G) Distribution of gH2AX foci shown in (D)
in four groups based on number of nuclear
foci.
All results are presented as mean ± SEM and
are presented relative to condition A.
Asterisk marks differences with p % 0.05.
and Banáth, 1993), so an increase of cells in S phase could

have influenced the interpretation of the results described

above. However, the S-phase fraction remained constant

for all conditions tested, ruling out this bias (Figure 3B; in-

dividual profiles are listed in Figure S2). In addition to this,

the G2/M fraction in condition D almost halved while the

G1-phase fraction increased. A decrease of the number of

dividing cells (G2/M phase) should normally imply a com-

parable decrease in the number of cells replicating their

DNA (S phase). In our results, however, the S-phase fraction

does not follow this pattern, staying relatively constant

over all conditions, which indicates that the cells in the

highest density proceed abnormally slow through S phase.
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We ruled out that this was due to differentiation, causing

the cells to leave the pluripotent cell cycle with its charac-

teristic short G1 phase (Becker et al., 2006) (Figure S3).

Rather, the accumulation of cells in G1 is suggestive of gen-

otoxic stress (Bárta et al., 2010; Sokolov and Neumann,

2013) while the stalling of the S phasemay indicate replica-

tion stress.

Medium Acidification Is the Main Driver of DNA

Damage and Genomic Instability in High-Density

hESC Cultures

To identify the cause of the increased DNA damage, we

quantified the levels of cellular reactive oxygen species
rs



Figure 2. High Culture Density Induces
Genetic Mosaicism
Overview of all chromosomal imbalances
found by single-cell aCGH in 30 hESC of
VUB31 growing in the highest-density
condition D. Cells grown in condition A
showed no de novo chromosomal changes.
Gains are marked in green and losses in red.
(ROS) and analyzed the culture medium for differences in

nutrients and metabolites. We found no differences in the

levels of ROS (Figure 3C) and found that the medium still

contained an excess of aspartate, glutamine, glucose, and

folic acid (>20 mg/l) in all conditions (Figures 3D–3F). On

the other hand, the lactate concentration increased to

above 14 mM in condition D. This accumulation of lactic

acid was directly correlated to a significant drop in pH,

to below 6.9 in the highest density (Figures 3G and 3H;

Table S3). These levels are known to affect cell growth

and metabolism (Chen et al., 2010). Furthermore, daily

measurements showed that the lactic acid concentration

was significantly different between conditions A and D

from day 1 onward, and the pH from day 2 onward (Fig-

ures 3I and 3J).

To determine the contribution of lactic acid accumula-

tion on DNA damage, we cultured hESC at the density of

condition B, and on day 5 appliedmediumwith concentra-

tions of lactic acid corresponding to conditions A to D

(termed conditions L1–L4; details in Table S3). We found

a relative increase of 88.4% in total DNA damage in condi-

tion L4 compared with L1 (Figures 4A and 4B). Next, we

tested whether medium acidification was causing these

effects by artificially mimicking the pH of the different

conditions in the same experimental setup as above (condi-

tions pHA–pHD, details in Table S3). In pHD we found an

increase of 72.6% in total DNA fragmentation (Figures 4C

and 4D). Combined, these results show that medium acid-

ification due to lactic acid accumulation is the key factor,

although possibly not the only factor, responsible for the

negative effects of culture density on the DNA integrity

(summarized in Figure 4E).

More Frequent Medium Replacements Prevent Impact

of Culture Density on DNA Integrity

As more frequent medium replacements may overcome

this effect, we refreshed the medium 8 hr before harvest-

ing and analysis, on day 5 after plating (‘‘prevented’’ con-

ditions pA–pD, Figure 5A and Table S3). Strikingly, this

resulted in a complete restoration of the DNA damage to

a basal level (Figure 5B). We then tested whether we could
Stem
also prevent the increase in genomic instability. Given

that the pH and lactic acid were already critically

abnormal before day 5, we performed a second round of

experiments in which we refreshed the medium twice

daily. On day 5, we carried out fluorescence in situ hybrid-

ization (FISH) for the telomeres and centromere of two

chromosomes, and found that double medium changes

in condition D resulted in a decrease in abnormal cells of

45%, reaching a level comparable with that of condition

A (Figure 5C and Table S4). As with the measurements

carried out by aCGH, here we found predominantly gains

and losses of the telomeric signals, with only a few aneu-

ploidies in condition D. Also, flow cytometry analysis

showed that the decrease in G2/M cells was completely

countered (Figure 5D). Thus, in line with the DNA

damage, more frequent medium changes prevented

an increase in chromosomal aberrations in high-density

cultures.

Next, we tested whether increasing the pH-buffer capac-

ity of the bicarbonate-buffered culture medium by adding

25 mM HEPES could yield the same effect (series HA to

HD). We found that the pH in condition D still dropped

to 6.9 and that the DNA damage was not significantly

different compared with the normal culture density series

(Figure 5E and Table S3). The decrease in G2/M cells in

the highest-density group was also still present, though

less pronounced (Figure 5F).

The Impact of Culture Density on Cells Grown on

Laminin-521

Finally, we tested the effect of hESC growing in different

culture densities on laminin-521, a feeder-free system

(Rodin et al., 2014), using a similar experimental setup,

in which condition LaD became confluent between days

4 and 5 (Figure 5G). While LaA showed a degree of DNA

fragmentation similar to that of A, LaD showed signifi-

cantly less DNA fragmentation than D (Figure 5H) despite

the pH in the highest-density condition LaD still dropping

to 6.9 (Table S3). In line with this, FISH analysis showed

that condition LaD did not contain more chromosomally

abnormal cells than LaA (p = 0.60; Student’s t test), and
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Figure 3. Culture Density Affects the Cells’ Metabolism and Culture Medium
(A) AnnexinV/PI analysis did not detect any difference between the culture densities for the fractions of live, apoptotic, or dead cells
(n = 4; two-way ANOVA).
(B) Cell cycle profile of hESC growing in the four culture densities. We detected a constant fraction of cells in S phase, while the fraction of
cells in G2/M phase decreases and the G1 fraction increases significantly (n = 4; two-way ANOVA).
(C) ROS concentration was measured by flow cytometry after staining with 20,70-dichlorodihydrofluorescein diacetate. No difference could
be detected between the four groups (n = 4; ANOVA). Concentration of aspartate (D), glutamine (E), glucose (F), and lactate (G) on day 5
after 24 hr incubation differs between the different culture densities and onmouse embryonic fibroblast feeders (MEF) only (n = 9, p < 0.05;
ANOVA).
(H) pH of the culture medium on day 5 after 24 hr incubation on the different culture densities or on feeders only decreases significantly
(n = 5, p < 0.05; ANOVA).
(I and J) Evolution of lactate concentration and pH of the culture medium over the 5 days, after overnight incubation on the four culture
densities and on feeders only (n = 3).
Results are presented as mean ± SEM. Asterisk marks differences with p % 0.05.
although the basal level of abnormal cells in laminin-521

cultures appeared higher than on feeder layers, this differ-

ence did not reach statistical significance (p = 0.11, Stu-

dent’s t test; Figure 5I and Table S3). The cell cycle profiles

of the cells in the higher densities showed that the cells are

slowing down their proliferation (Figure 5J), likely due to

contact inhibition. This way the cells might be indirectly

protected from acquiring DNA damage in higher-density

cultures.
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DISCUSSION

In this study we demonstrate a direct correlation between

culture density and the occurrence of DNA damage and

genomic alterations in hESC. When grown in higher den-

sities, hESC are exposed to higher lactate concentrations,

leading to a lower medium pH. This, in turn, results in an

increase of cells in G1 and a stalling of the S phase, without

an increase in cell death or a loss of pluripotency. The
rs



Figure 4. Lactate-Induced Medium Acidi-
fication Induces DNA Damage
(A–D) Alkaline COMET assay shows that the
DNA damage increases in hESC growing in
medium with increasing lactic acid con-
centration (A, B) and decreasing pH (C, D)
(n = 3, p < 0.05; ANOVA). The results are
presented relative to condition L1 and pH1,
respectively. L1–L4 and pHA–pHD contain
lactic acid concentrations or are acidified to
the equivalents of densities A–D, on a cell
density equivalent to B. (B) and (D) present
the distribution of COMET assay results
shown in (A) and (C), respectively, in four
groups based on tail DNA per cell.
(E) Summary of the relative increase of DNA
fragmentation as measured with alkaline
COMET assay in the culture density series
(Figure 1B), lactic acid series (A), and
pH series (C). The different increases in
DNA damage (comparing D, L4, and pH4)
are not statistically significantly different
(p = 0.86; ANOVA).
All results are presented as mean ± SEM, and
presented relative to condition A. Asterisk
marks differences with p % 0.05.
accumulation of cells in G1 indicates that the hESC are un-

der genotoxic stress, while the stalling of the S phase sug-

gests that the cells are undergoing replication stress. The

lattermay lead toDNAdamage andmediate the occurrence

of de novo chromosomal rearrangements. Finally, we show

thatmedium acidification is themain causal factor of these

effects on the hESC DNA in high-density cultures, and that

by increasing the frequency of the medium refreshments

the levels of DNA damage and genetic instability can be
Stem
restored to those found in the lowest culture density.

Conversely, our modification of the culture medium did

not result in a satisfactory increase in its buffering capacity,

and consequently did not affect the effects of the high-

density culture. In short, we describe a direct correlation be-

tween culture conditions on the one hand and genomic

integrity and instability on the other, and provide evidence

of the key factors involved: a drop in pH caused by lactic

acid accumulation.
Cell Reports j Vol. 6 j 330–341 j March 8, 2016 j ª2016 The Authors 335



The exact mechanism bywhich the low pH induces DNA

damage remains unanswered so far, and is an intriguing

question. Whether it is a direct effect of the pH, or is rather

caused by other aberrations of the cells’ metabolism, is un-

clear. Notably, by adding lactate or lowering the pH of the

medium we could only mimic the effects of condition D,

while the effect of C was only partially replicated. This

indicates that other medium components also have a

role in this, although much less pronounced. In cancer

research, a correlation has been found between hypoxia

combined with a low pH and a lower capacity to repair

DNA damage (Yuan et al., 2000). The authors suggest that

this defective DNA repair may be caused by abnormal pro-

tein levels or folding. In the light of this, it is likely that the

final outcome of an increased genomic instability is the

result of a multi-step process, in which medium acidifica-

tion through lactate accumulation is the trigger.

Our study highlights the importance of optimizing the

current culture conditions used for hPSC, to prevent, or

at least limit, genetic drift of the cells during long-term cul-

ture. As we describe herein a significant increase in

genomic instability after only 5 days of culture, the long-

term effect of suboptimal culture conditions on the

genomic integrity of cell lines could be substantial. Our

work shows that there is still much room for improvement

regarding culture systems. One of the possible optimiza-

tions could be to ensure frequent medium refreshment in

high-density cultures. This could be achieved using, for

instance, perfusion culture systems, which provide a

continuous flow of medium and allow for an optimal

monitoring and control of nutrient and metabolite con-

centrations. For mouse ESC, for example, it has been

shown that perfusion cultures are able to limit the meta-

bolic toxicity on the growth rate and pluripotent state

(Yeo et al., 2013).

Since the production of lactic acid seems to be the cause

of the genotoxic stress, modifying the culture medium

could control its production and its effects. Because hESC

do not metabolize carbon sources such as fructose or galac-

tose, which generate less lactate, an option could be to use

lower concentrations of glucose in themedium. This seems

to lead to lower levels of lactate in hESC cultures, without

significantly decreasing cell growth (Chen et al., 2010). A

second possibility is to provide a better pH buffer, as we

tried to achieve by the addition of HEPES. In this sense,

the lack of detailed information of the composition of

the KnockOut DMEM culture medium is probably the

main reason for our lack of success.

Alternatively, we show that during culture in the feeder-

free system on laminin-521, the cells are significantly less

prone to DNA damage linked to increased culture density,

despite similar decreases in the pH of the culture medium.

The exact reason for this is unclear, but the different me-
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diumused for this system (Nutristem) couldhave an impact

on the differences between the laminin-521 and the MEF-

based system. Indeed, cells grown on a matrix differ signif-

icantly in morphology and culture dynamics to cells on

feeders. Furthermore, cultures on laminin-521 show other

remarkable differences, such as their tolerance to single-

cell passaging, which causes massive cell death in cells on

feeders. It is likely that these significant biological differ-

ences lead to the cells slowing down their cell cycle progres-

sion by the time that the culture medium is becoming crit-

ically acidified,mainlybecauseof the levels of confluence in

the dish, and in thisway indirectly protecting the cells from

DNA damage. Notably, despite this decrease in DNA dam-

age, we could not detect any significant differences in the

number of genomic aberrations between the lowest density

on feeders and the cells grown on laminin-521. Conversely,

despite the differences being not statistically significant,

our results suggest that cells on laminin-521 may carry a

higher percentage of low-grade mosaicism.

In light of this, the capacity of this culture system to pre-

serve genomic stability, especially during long-term cul-

ture, still remains to be assessed. There is currently little in-

formation in this regard (Garitaonandia et al., 2015; Rodin

et al., 2014); future studies will tell whether these environ-

ments are indeed capable of providing the pristine cell cul-

tures necessary for cell-based therapies.
EXPERIMENTAL PROCEDURES

hESC Culture
Human ESC lines (VUB07, VUB14, and VUB31) were derived and

characterized at our institute (Mateizel et al., 2006, 2010). Undif-

ferentiated cells were maintained on mitomycin C-inactivated

CF1-MEF (Millipore), in Knockout DMEM (Invitrogen) supple-

mented with 20% Knockout serum replacement (Invitrogen),

2mML-glutamine (Invitrogen), 1%non-essential amino acids (In-

vitrogen), 0.1 mM b-mercaptoethanol (Sigma-Aldrich), 4 ng/ml

human recombinant basic fibroblast growth factor (hrbFGF; Invi-

trogen), penicillin (10 units/ml), and streptomycin (10 mg/ml)

(Gibco), and were manually passaged every 5–6 days.

For culture density experiments, cells were plated in a 1:5 dilu-

tion series (illustrated in Figure 1A). The lowest-density condition

(A) contained 1.99 ± 0.14 colonies per cm2 (the equivalent of

1.73 ± 0.27 3 104 cells), condition B 8.21 ± 0.47 colonies per

cm2 (5.32 ± 1.97 3 104 cells), condition C 31.61 ± 2.15 colonies

per cm2 (35.53 ± 15.863 104 cells), and the highest-density condi-

tion (D) consisted of semi-confluent colonies (133.77 ± 29.50 3

104 cells). For analysis, undifferentiated hESC were isolated after

5 min incubation with non-enzymatic cell dissociation solution

(Sigma-Aldrich). For each experiment, two 12-well plates were

used, with three wells grown in density D, three in density C, six

in density B, and 12 in density A. For analysis, all cells of each con-

dition were collected and pooled to minimize possible stochastic

variation among wells.
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Figure 5. Extra Medium Replacements Can Counter Culture Density-Induced DNA Damage
(A) Schematic overview of the medium refreshments (represented by arrows) of the three experimental setups. Prev. 1 (Prevention 1) was
used for the rescue of DNA damage, with the results shown in (B). Prev. 2 (Prevention 2) was used for the rescue of chromosomal ab-
normalities, with the results shown in (C).
(B) The DNA damage induced by growing hESC in different culture densities (A, B, C, D) is countered by refreshing the medium 8 hr before
measurement (condition pA, pB, pC, and pD, respectively, n = 3, p < 0.05; ANOVA). DNA damage is measured by alkaline COMET assay, and
the results are presented relative to condition A.

(legend continued on next page)
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For the pH and lactate concentration experiments, cells were

plated in 12-well plates at a density of 8.97 ± 0.44 colonies per

cm2. Here, lactic acid was added to standard hESC medium to

create a dilution series of 0, 5, 10, and 15 mM lactate (condition

L1, L2, L3, and L4, respectively). For the pH experiments, HCl

was added to the standard hESC culture medium, creating culture

medium with pH 7.37, 7.25, 7.07 and 6.79 (condition pHA, pHB,

pHC, and pHD, respectively).

For feeder-free culture, hESCwere cultured on dishes coatedwith

1 mg/cm2 laminin-521 (Biolamina) in Nutristem hESC XF culture

medium (Biological Industries) supplemented with 10 mM peni-

cillin and streptomycin (Life Technologies). Cells were cultured

at 37�C, 5%CO2, and atmospheric O2 conditions, and themedium

was changeddaily. Cellswere passaged enzymatically as single cells

using TrypLE Select Enzyme (Life Technologies). After centrifuga-

tion at 120 3 g for 5 min, cells were plated in a ratio ranging

from 1:10 to 1:50 depending on the growth of the cell line during

normal routine culture. For the density series, cell were plated in a

1:5 dilution series, resulting in 0.59 ± 0.16 3 104 cells per cm2 for

the lowest-density condition LaA, 4.05 ± 1.33 104 cells per cm2 for

LaB, 17.46 ± 1.19 3 104 cells per cm2 for LaC, and 54.13 ± 11.2 3

104 cells per cm2 for LaD.

Medium Analysis
Medium incubated overnight from days 4 to 5 was analyzed by

high-performance liquid chromatography for L-glutamine and

L-aspartate as previously described (Van Hemelrijck et al., 2005).

Glucose, lactate, and folic acid concentrations were measured on

a VITROS 5.1 FS (Ortho Clinical Diagnostics; Laboratory for Clin-

ical Chemistry, UZ Brussels). The pH was measured with a Cobas

b221 (Roche; Laboratory for Clinical Chemistry, UZ Brussels).

Single-Cell Gel Electrophoresis Assay
Alkaline and neutral COMET assays were performed as previously

described (De Boeck et al., 2003;Wojewódzka et al., 2002). In brief,

cells embedded in agarose on glass slides were lysed overnight in

lysis buffer (2.5 M NaCl, 10 mM Tris, 100 mM EDTA salt [pH 10],
(C) Relative percentage of chromosomal abnormal cells as measured
growing in culture densities A and D, and following the Prevention 2
sented relative to condition A, and pD is significantly lower than D (
(D) Average percentages of cells in G1, S, or G2/M phase for hESC grow
culture conditions (p > 0.05; two-way ANOVA).
(E) Alkaline COMET assay for hESC growing in HEPES-enriched medium
the normal culture density series (n = 3, p > 0.05; ANOVA).
(F) Average percentages of cells in G1, S, or G2/M phase for hESC grow
constant fraction of cells in S phase in all conditions, in condition D th
(G) An example of the hESC culture dishes at densities LaA to LaD on
(H) The DNA damage induced by growing hESC in different culture den
DNA damage, as measured by alkaline COMET assay, and less DNA dam
ANOVA).
(I) Relative percentage of genetically abnormal cells as measured by
grown in conditions LaA and LaD relative to condition A (n = 3, p = 0
(J) Average percentages of cells in G1, S, or G2/M phase for hESC grown
in proliferation in the highest-density condition LaD, as shown by a
All results are presented as mean ± SEM, and presented relative to co
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supplemented with 10% DMSO and 1% Triton X-100 before

use). For the alkaline COMET assay, slides were incubated in dena-

turation buffer for 40 min, followed by electrophoresis for 20 min

at 25 V and 300 mA, and washed with neutralization buffer

(360 mM Tris [pH 7.5]). For the neutral COMET assay, slides were

kept for 1 hr in electrophoresis buffer (300 mM sodium acetate,

100 mM Tris [pH 8.3]) before electrophoresis for 1 hr at 14 V and

12mA. Analysis was performed using a Leitz Dialux 20microscope

and Komet 5.5 software. The percentage of labeled DNAmigrating

out of the nucleus, and thus forming the tail of the ‘‘comet,’’ is

indicative of the fragmentation of the cell DNA and is here termed

‘‘tail DNA.’’

Immunocytochemistry
Cells were dissociated using non-enzymatic cell dissociation solu-

tion for 5–8 min and washed in PBS with 1% BSA (all from Sigma-

Aldrich). Cytospins were made on glass slides and samples were

frozen. After 10 min fixation with 4% formaldehyde, cells were

permeabilized with PBS-T (0.1% Triton X-100 in PBS) and blocking

was done with 3% BSA. Anti-gH2AX antibody (ab11175, Abcam)

diluted in PBS-T with 3% BSA was incubated overnight at 4�C;
Alexa Fluor 488-labeled secondary antibody (Invitrogen) was

incubated for 1 hr at room temperature. Subsequently, anti-

mouse laminin (ab30320, Abcam) diluted in PBS-T with 3%

BSA was incubated overnight at 4�C; Alexa Fluor 546-labeled sec-

ondary antibody was incubated for 1 hr at room temperature.

DNA was counterstained with Hoechst 33342 and the slides were

mounted with ProLong Gold Antifade Reagent (Invitrogen). Anal-

ysis was done with an Olympus IX81 microscope and CellSens

software.

Cell Cycle and ROS Analysis
Cells were dissociated using non-enzymatic cell dissociation solu-

tion for 5–8min, washed in PBS with 1% BSA, and fixed in ice-cold

methanol (all from Sigma-Aldrich). For cell cycle analysis, cells

were rehydrated in PBS and treated with RNase A (Sigma) for

30 min at 37�C. After staining with 2 mg/ml PI (Sigma), cells were
by FISH for telomeres and centromere of chromosome 18, in cells
protocol (condition pA and pD, respectively). The results are pre-
n = 3, p < 0.05, Student’s t test).
n in the Prevention 2 series. All fractions stay constant in the four

did not show significant differences in DNA damage compared with

n in the HEPES density series. The results show that while there is a
ere is a decrease of cells in G2/M (n = 3, p < 0.05; two-way ANOVA).
day 5 after plating on laminin-521. Scale bar, 250 mm.
sities in feeder-free conditions (LaA–LaD), showing no increase in
age than hESC growing in high density on MEFs (n = 3, p < 0.05,

FISH for the telomeres and centromere of chromosome 18, in cells
.11 for A and LaA, p = 0.60 for LaA and LaD; Student’s t test).
in the laminin density series (n = 3). The results suggest a decrease
decrease in S and G2/M phases.
ndition A. Asterisk marks differences with p % 0.05.
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analyzed for DNA content using a BDFACSCanto flow cytometer.

Forward and side scatter gates were chosen to select for undifferen-

tiated cells. Cell cycle profile was calculatedwith the Dean-Jett-Fox

model using Flowjo software.

For ROS determination, cells were incubated with 30 mM20,70-di-
chlorodihydrofluorescein diacetate (Invitrogen) for 1 hr, followed

by 40 min incubation in conditioned medium. Afterward, cells

were dissociated using non-enzymatic cell dissociation solution,

washed in PBS with 1% BSA, counterstained with PI, and analyzed

using a BDFACSCanto flow cytometer.

Cell Viability Assay
Cell viability was measured by Annexin V and PI staining. Cells

were dissociated using non-enzymatic cell dissociation solution

and incubated for 20 min with Annexin V Alexa Fluor 488 at

room temperature. After washing with Annexin binding buffer,

cells were resuspended in 1 mg/ml PI (all from Invitrogen). Analysis

was done using the Tali Image-Based Cytometer (Invitrogen).

Quantitative Real-Time PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen)

following the manufacturer’s instructions. Reverse transcription

was performed using the First-Strand cDNA Synthesis Kit (GE

Healthcare) following the manufacturer’s protocol. For the gene-

expression studies using multiple endogenous controls (UBC,

GAPDH, and GUSB), the real-time PCR was carried out using the

ViiA 7 thermocycler (Life Technologies) and analyzed using ViiA

7 software version 1.2 (Life Technologies). Reactions were per-

formed under the fast mode, in 20 ml total volume, comprising

10 ml of 23 TaqMan Fast Universal Master Mix (Life Technologies),

40 ng of cDNA, 1 ml of TaqMan gene-expression assays for GUSB

(Hs99999908_m1), or 900 nM primer mix and 250 nM probes

for NANOG, POU5F1 (OCT4), UBC, and GAPDH. The sequences

for the probe and the reverse and forward primers were:

NANOG-Probe: 6-FAM-CAG AGA CTG TCT CTC CTC-MGB;

NANOG-F: 50-TGCAAATGTCTTCTGCTGGATG-30; NANOG-R:

50-TCCTGAATAAGCAGATCCATGGA-30; UBC-Probe: 6-FAM-TCG

CAG TTC TTG TTT GTG-MGB; UBC-F: 50-CGC AGC CGG ATT

TG-30; UBC-R: 50-TCAAGTGACGATACAGCGA-30, GAPDH-Probe:

6-FAM-CAG GAG CGA GAT CC-MGB; GAPDH-F: 50-ATGGAA

ATCCCATCACCATCTT-30; GAPDH-R: 50-CGCCCCACTTGATT

TTGG-30. hESC were differentiated into osteogenic progenitor-

like cells as described earlier (Mateizel et al., 2008) and used as

control sample.

Fluorescence In Situ Hybridization
FISH probing was performed following themanufacturer’s instruc-

tions using Telvysion 18p, Telvysion 18q, and Vysis CEP 18 probes

(Abbott Molecular). In short, cell fixation was performed using

Carnoy fixative (3:1 methanol/acetic acid), and slides were subse-

quently dehydrated in a dilution series of ethanol in water. Probe

co-denaturation was done on a 75�C hot plate for 3 min, followed

by hybridization in a humidified chamber at 37�C overnight. After

post-hybridization washing in saline sodium citrate (SSC) buffer

(Gibco) and Igepal CA-630 (Sigma), slides were mounted with Vec-

tashield with DAPI (Vector Laboratories). Analysis was done using

a Zeiss axyoplan-2 microscope.
Stem
Single-Cell Array-Based Comparative Genomic

Hybridization
Single hESC were washed and collected into sterile 0.2-ml PCR

tubes containing 2 ml of PBS (Cell Signaling Technologies) with

0.1% polyvinylpyrrolidone as previously described (Mertzanidou

et al., 2013). Cells were lysed and the genomic DNAwas amplified

using the Sureplex DNA Amplification System (BlueGnome)

following themanufacturer’s instructions. Male and female ampli-

fied genomic DNA (SureRef ReferenceDNA, BlueGnome, Illumina)

were used as reference DNA. The BlueGnome 24sure platform was

used for aCGH. In brief, the amplified DNA was labeled following

the standard labeling plan, with a PCR reaction at 37�C for 4 hr.

After ethanol precipitation at �80�C for 20 min, the DNA was re-

suspended and denatured in hybridization buffer for 10 min at

75�C combined with regular vortexing. The samples were incu-

bated overnight at 47�C in humidified chambers (50% form-

amide/2% SSC), followed by the standard 24sure washing proto-

col. An Agilent dual-laser DNA microarray scanner G2566AA

(Agilent Technologies) was used for scanning the arrays.

TIFF files were imported and processed using BlueFuse Multi 3.1

(BlueGnome). Cutoff values for our quality control were SD <0.2,

included clones >80%, signal-to-background ratio >3, and deriva-

tive log ratio <0. Log2 ratios per clone were exported and analyzed

using the online ‘‘circular binary segmentation’’ logarithm (http://

compbio.med.harvard.edu/CGHweb). As described previously

(Jacobs et al., 2014); the resolution of our system was set at a min-

imum of seven consecutive clones, with a log2-ratio of R0.3 for

chromosomal gains and %�0.45 for chromosomal loss.
Statistics
All results are presented as mean ± SEM. The COMET and gH2AX

foci groups of Figures 1E–1G, cell viability analysis (Figure 3A),

cell cycle profiles (Figures 3B, 5C, and 5E), and the pH and lactic

acid time series presented in Figures 3I and 3J were analyzed using

two-way ANOVA with a Bonferroni post hoc test. The aCGH data

were analyzed using a Fisher exact test. For comparison of the

mean number of aberrant cells after FISH analysis, we used

Student’s t test because of the small number of replicates (n = 3).

For all other datasets, we used ANOVA variation analysis with a

Bonferroni post hoc test for statistical analysis.

ACCESSION NUMBERS

The GEO accession number for the aCGH data reported in this
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Leerstoel Mireille Aerens (Vrije Universiteit Brussel).

Received: October 20, 2015

Revised: January 24, 2016

Accepted: January 25, 2016

Published: February 25, 2016
REFERENCES

Amps, K., Andrews, P.W., Anyfantis, G., Armstrong, L., Avery, S.,

Baharvand, H., Baker, J., Baker, D., Munoz, M.B., Beil, S., et al.

(2011). Screening ethnically diverse human embryonic stem cells

identifies a chromosome 20 minimal amplicon conferring growth

advantage. Nat. Biotechnol. 29, 1132–1144.

Avery, S., Hirst, A.J., Baker, D., Lim, C.Y., Alagaratnam, S., Sko-

theim, R.I., Lothe, R.A., Pera, M.F., Colman, A., Robson, P., et al.

(2013). BCL-XL mediates the strong selective advantage of a

20q11.21 amplification commonly found in human embryonic

stem cell cultures. Stem Cell Rep. 1, 379–386.
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Werbowetski-Ogilvie, T.E., Bossé, M., Stewart, M., Schnerch, A., Ra-

mos-Mejia, V., Rouleau, A., Wynder, T., Smith, M.-J., Dingwall, S.,

Carter, T., et al. (2009). Characterization of human embryonic

stem cells with features of neoplastic progression. Nat. Biotechnol.

27, 91–97.
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