
 

 

Introduction 
 
In vitro maintenance and expansion of human 
cells, including hematopoietic stem cells (HSCs), 
embryonic stem cells (ESCs), and bone-marrow-
derived mesenchymal stem cells (MSCs), pro-
vide an invaluable system for functional analy-
ses and therapeutic applications. However, 
while past evidence has indicated that ex vivo 
expansion of ESCs and MSCs can potentially 
cause genomic instability and malignant trans-
formation [1-4], little to no examination of HSCs 
has been performed. Given that HSC transplan-
tation is the most often used procedure for pa-
tients with diseases of the blood, bone marrow, 
or certain cancers, it is crucial to understand 
whether in vitro maintenance of HSCs can also 
lead to genetic alterations.  

The underlying mechanisms by which genomic 
instability arises in cultured cells have not been 
fully addressed in previous studies. A better 
understanding of these mechanisms will pro-
mote the development of strategies to prevent 
the occurrence of genomic abnormalities, and 
thus, minimize the risk of malignant transforma-
tion of cultured stem cells. It has been shown 
that high oxygen concentrations increase reac-
tive oxygen species (ROS) levels and oxidative 
stress, which in turn leads to an increased inci-
dence of genomic abnormalities in cultured car-
diac stem cells and ESCs [5], whereas karyo-
typic abnormalities can be suppressed by cul-
ture in physiological oxygen or by addition of an 
optimal concentration of antioxidants [5]. This 
raises one possibility that optimization of cul-
ture conditions by controlling the oxygen levels 
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which, cells proved to undergo less genetic alterations. Proper dosages of the antioxidant N-Acetyl-Cysteine (NAC) 
similarly decreased occurrences of chromosomal change. Furthermore, analysis of aged hematopoietic cells revealed 
enhanced in vitro normoxic culture-induced chromosomal instability compared to that of young hematopoietic cells 
due to noted increased oxidative stress in aged cells. These results reveal that in vitro cell culturing does indeed 
cause genomic instability in hematopoietic cells. Reduced oxygen to physiological levels and additions of antioxidants 
can be employed as possible strategies to lower oxidative stress and decrease chances of chromosomal transforma-
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may reduce the incidence of genomic instability 
in cultured stem cells. 
 
Materials and methods 
 
Cell sorting 
 
Bone marrow cells were freshly harvested from 
femurs and tibias following standard proce-
dures. For cell sorting, bone marrow cells were 
stained with FITC-labeled antibodies for lineage 
markers including Mac-1, Gr-1, Ter119, CD4, 
CD8a, CD3, and B220 (BD Biosciences), and c-
Kit-APC and Sca-1-PE antibodies. LSK (Lin- Sca-
1+c-Kit+) and LK (Lin- Sca-1-c-Kit+) populations 
were sorted using BD FACSAria. Sorted cells 
were cultured in IMDM medium containing Tpo 
(20 ng/ml), FIt3 ligand (50 ng/ml), SCF (50 ng/
ml), IL-3 (20 ng/ml), IL-6 (20 ng/ml), and 10% 
fetal bovine serum (FBS) for the indicated peri-
ods of time. 
 
Karyotypic analysis 
 
To prepare metaphase spreads, fresh or cul-
tured LSK cells, LK cells, or whole bone marrow 
cells were treated with colcemid (0.05 µg/ml) at 
37°C for 2 hours. Cells were harvested, sus-
pended in pre-warmed 75 mM KCl hypotonic 
solution, and incubated at 37°C for 10 min. The 
cells were then fixed in Carnoy’s solution (75% 
methanol and 25% acetic acid) at room tem-
perature for 15 min, washed twice with fixative, 
and dropped onto pre-chilled microscope slides. 
The slides were dried and stained in DAPI (4’,6-
diamidino-2-phenylindole) (1 μg/ml) for 10 min. 
Chromosomes in each metaphase cell (non-
megakaryocyte) were enumerated under a fluo-
rescence microscope using an 100x oil objec-
tive. 
 
ROS measurement 
 
To measure cellular ROS levels, bone marrow 
cells freshly harvested were loaded with 2’-7’-
dichlorofluorescein diacetate (DCF-DA) (5 μM) at 
37°C for 15 min. ROS (H2O2) levels were then 
quantified by measuring DCF-DA fluorescence 
intensity using flow cytometry. 
 
Results 
 
To determine the impact of in vitro culture on 
hematopoietic stem cells (HSCs), we isolated 
LSK cells (Lin- Sca-1+c-Kit+, a population en-

riched with HSCs) from mouse bone marrow 
samples and cultured them under normoxic 
conditions (20% O2) for two and six days. The 
chromosome numbers were determined by tra-
ditional karyotypic analysis. Assessment of LSK 
cells after the two day culture noted nearly 50% 
aneuploid cells (cells with more or less than 40 
chromosomes seen in normal cells) (Figure 1A 
and 1B). Following six days of culture, even 

Figure 1. Aneuploidy in hematopoietic cells cultured 
under normoxic conditions. LSK cells that are en-
riched with HSCs and LK cells (myeloid progenitors) 
were sorted from freshly harvested bone marrow 
cells. A. Representative metaphase spreads with 
normal (top) and abnormal (bottom) chromosome 
numbers prepared from cultured LSK cells. B. Sorted 
LSK cells were cultured under normoxic conditions 
for two and six days. Karyotypic analyses were per-
formed as described in Materials and methods. 
Fresh whole bone marrow cells were included as the 
Day 0 control due to the scarcity of mitotic cells in 
fresh LSK cells. C. Sorted LK cells were cultured 
under normoxic conditions for two and six days. 
Karyotypic analyses were performed as described 
above. D. Whole bone marrow cells were cultured 
under normoxic conditions for one, two, and three 
days. Karyotypic analyses for non-megakaryocytes 
were performed. For all the experiments shown, at 
least 100 metaphase spreads were counted for each 
group.  
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greater levels of abnormalities were observed 
(Figure 1B). To further confirm these results, 
sorted LK cells (Lin- c-Kit+ cells composed pri-
marily of myeloid progenitors) and whole bone 
marrow cells were also cultured for various peri-
ods of time, and similar results were obtained 
(Figure 1C and 1D). These observations suggest 
that in vitro culture of hematopoietic cells under 
normoxic conditions causes significant chromo-
somal instability. 
 
Once cells are isolated from the body and cul-
tured in an environment with a higher oxygen 

concentration (20%), they 
are exposed to greater 
levels of oxidative stress 
and resultantly generate 
more ROS. Recent evi-
dence has revealed that 
HSCs in the bone marrow 
are located in a hypoxic 
environment known as the 
stem cell niche [6-9]. The 
niche protects stem cells 
from oxidative stress and 
the accumulation of ROS 
and other free radicals, 
which are known to cause 
DNA damage and induce 
genomic instability [10-
11]. As a result, only the 
physiological levels of in-
tracellular ROS can main-
tain genomic stability in 
stem cells [5, 12]. It has 
also been shown that low 
oxygen levels can en-
hance the survival and 
self-renewal of HSCs dur-
ing in vitro culture [13-14]. 
Thus, these studies now 
raise the possibility that 
chromosomal instability of 
in vitro cultured LSK cells 
might be caused by the 
dramatically different oxy-
gen environment com-
pared to that of the stem 
cell niche. To test this hy-
pothesis, we cultured LSK 
cells under hypoxic (3% 
oxygen) and normoxic 
(20% oxygen) conditions, 
and karyotypic analyses 
were performed after 2 

days. The percentage of aneuploid LSK cells 
was decreased when cells were cultured in the 
lower oxygen concentration (Figure 2A), indicat-
ing that the physiological oxygen level is re-
quired for maintaining the chromosomal integ-
rity of hematopoietic cells. The chromosome 
numbers of LK cells and bone marrow cells 
were also compared under states of hypoxia 
and normoxia. Similarly, the frequency of chro-
mosomal instability was reduced after hypoxic 
culture (Figure 2A and 2B), indicating that 
karyotypic abnormalities in cultured hematopoi-
etic cells are closely related to oxidative stress.  

Figure 2. Aneuploidy in cultured hematopoietic cells is associated with oxida-
tive stress. LSK cells that are enriched with HSCs and LK cells (myeloid pro-
genitors) were sorted from freshly harvested bone marrow cells. A. LSK cells 
and LK cells sorted were cultured under normoxic (20% oxygen) or hypoxic 
(3% oxygen) conditions for two days. Karyotypic analyses were performed as 
described in Materials and methods. B. Whole bone marrow cells were cul-
tured under normoxic or hypoxic conditions for one and three days. Karyotypic 
analyses for non-megakaryocytes were performed as described above. C. LK 
cells sorted or whole bone marrow cells were cultured in the presence of the 
antioxidant N-Acetyl-Cysteine (NAC) (0.1 µM) for two days. Karyotypic analyses 
were performed as described above. D. LK cells sorted were cultured in the 
presence of the antioxidant N-Acetyl-Cysteine (NAC) at the indicated concen-
trations for two days. Karyotypic analyses were performed as described 
above. For all the experiments, at least 100 metaphase spreads were 
counted for each group of each cell type. 
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To further confirm these results, hematopoietic 
cells cultured under normoxic conditions were 
treated with antioxidant N-acetyl-L-cysteine 
(NAC) and their numbers of chromosomes were 
also determined. Consistent with the results 
obtained under hypoxic conditions, the percent-
age of aneuploid cells was dramatically lower 
compared to untreated control cells (Figure 2C). 
However, the rescue effect was only found at a 
low dosage (0.1 µM) but not at higher dosages 
(0.5 and 1 µM) (Figure 2D). This may be ex-
plained by the recent finding that optimal ge-
nomic stability of hematopoietic cells is main-
tained only in a narrow range of ROS levels. 
Higher dosages of antioxidants suppress ROS to 
subphysiological levels which thus may not be 
sufficient to activate the DNA repair pathway to 
maintain genomic stability [5].  
 
Oxidative stress-induced DNA damage and ge-
nomic instability increase with age and are con-
sidered as major causal factors in cancer and 
other age-related diseases [15-17]. Consistent 
with this thought, bone marrow cells from 2-year
-old mice showed more aneuploidy than those 
of 2-month-old mice immediately after isolation 
from the body (Figure 3A). Interestingly, the dif-
ference between young and old mice was even 
more apparent after in vitro culture for one day 
under normoxic conditions, indicating that cells 

from old mice are more prone to oxidative 
stress-induced chromosomal instability. Given 
that ROS are a major source of oxidative stress, 
the levels of ROS in bone marrow cells from 
young and old mice were determined by 2’, 7’-
dichlorfluorescein-diacetate (DCF-DA) staining 
and flow cytometric analysis. After one day cul-
ture, the ROS levels increased in cells from both 
age groups of mice (Figure 3B). However, the 
cells derived from old mice accumulated more 
ROS, thereby inducing the higher frequency of 
aneuploidy previously noted (Figure 3B). To fur-
ther confirm that the chromosomal instability 
was caused by oxidative stress, bone marrow 
cells from young and old mice were treated with 
antioxidant NAC, and the numbers of chromo-
somes were again counted after karyotypic 
analyses. Addition of NAC decreased the occur-
rences of aneuploidy in cells from both young 
and aged mice, further suggesting that chromo-
somal instability in cultured hematopoietic cells 
is related to oxidative stress (Figure 3C).  
 
Discussion 
 
In this report, we present evidence that in vitro 
culture causes significant chromosomal instabil-
ity in hematopoietic cells and that this effect 
appears to be attributable to oxidative stress 
imposed on the cells. This finding has important 

Figure 3. The cells derived from aged mice are 
more prone to oxidative stress-induced chromo-
somal instability. A. Bone marrow cells were 
freshly harvested from 2-month-old or 24-month-
old mice. Bone marrow cells were cultured under 
normoxic conditions for one day. Karyotypic 
analyses for non-megakaryocytes in fresh (D0) or 
cultured (D1) cells were performed as described 
in Materials and methods. At least 100 meta-
phase spreads were counted for each group. B. 
Bone marrow cells were freshly harvested from 2-
month-old or 24-month-old mice. The cells were 
cultured under normoxic conditions for one day. 
ROS levels in the fresh and cultured cells were 
measured as described in Materials and meth-
ods. The relative increase in ROS levels following 
the culture for each group of the cells was deter-
mined. C. Bone marrow cells freshly harvested 
from 2-month-old or 24-month-old mice were 
cultured in the presence of NAC (0.1 µM) under 
normoxic conditions for one day. Karyotypic 
analyses for non-megakaryocytes were per-
formed. At least 100 metaphase spreads were 
counted for each group. 
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clinical implications. For clinical applications of 
stem cells, an adequate number of cells are 
necessary so an extensive expansion ex vivo is 
required. Previous studies have indicated that 
ex vivo expansion of ESCs and MSCs can poten-
tially cause genomic instability [1-4], while little 
is known about the HSCs. We have now shown 
that in vitro expansion of HSCs also generated 
chromosomal instability. These data suggest 
that regular monitoring of these cells will be 
critical for future therapeutic purposes. Our find-
ing is especially important in protecting the 
chromosomal regularity of HSCs from older pa-
tients because of their increased susceptibility 
to oxidative stress-induced genomic instability. 
Previous studies demonstrated that ROSlow 
HSCs retained long term self-renewal ability 
through a serial transplantation assay, whereas 
this capacity decreased in ROShigh HSCs [18]. 
Our finding that the cells from old mice accumu-
lated more ROS and showed higher chromoso-
mal instability than those from young mice 
(Figure 3B) indicates that these cells are also 
prone to genomic alterations beside loss of the 
self-renewal ability. It has been previously 
shown that low oxygen levels can enhance the 
survival and self-renewal of HSCs in in vitro cul-
ture [13-14]. We now provide evidence that re-
ducing oxygen concentrations to physiological 
levels or adding proper dosages of antioxidants 
decreases in vitro culture induced aneuploidy, 
providing potential strategies to limit genomic 
alterations when expanding hematopoietic cells 
in vitro. Further determination of the mecha-
nisms by which chromosomal instability is in-
duced under oxidative stress will notably im-
prove the clinical application of hematopoietic 
stem cells.  
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