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Published: 07 March 2017 We studied the effect of ionizing radiation (IR) on continuous growth of seven. hESC lines. Cells
. were exposed to 0, 0.2, or 1Gy of X-rays, and the growth rates of cell populations were assessed by
. measuring areas of the same individual colonies versus time. The population doubling times (DT) of
sham-irradiated cells varied from 18.9 to 28.7 hours for different cell lines. All cell lines showed similar
reaction to IR, i.e. cell populations dropped within 24-48 hours post IR; after that they recovered and
grew with the same rate as the sham-irradiated cells. The relative cell survival (RCS), i.e. the ratio of
. normalized cell population in the irradiated samples to that of the sham-irradiated ones varied from 0.6
. to 0.8 after 0.2 Gy, and from 0.1 to 0.2 after 1 Gy IR for different cell lines. We found that the RCS values
. of hESC lines correlated directly with their DT, i.e. the faster cells grow the more radiosensitive they are.
. We also found that DT and RCS values of individual colonies varied significantly within all hESC lines. We
. believe that the method developed herein can be useful for assessing other cytotoxic insults on cultures

of hESC.

 Human embryonic stem cells (hESC) are unique models for studying genotoxic stresses including those produced

- by ionizing radiation (IR) because of their virtually unlimited proliferation potential™2. In addition, their ability to

. differentiate into various tissues allows for studying the effects of IR on the developmental processes’. Studies of

© the effects of IR on hESC are also important because of the prospects of using these cells in regenerative medicine,

- which would require their transplantation or the transplantation of their differentiated products, and the imaging

. of the transplants with various techniques that may, like positron emission tomography (PET), utilize ionizing
radiation®.

: During the past decade considerable knowledge was gained regarding the effects of IR on hESC?. It was shown

- that hESC are very sensitive to IR; the exposure to a relatively low dose of 1 Gy results in death of almost 30% of

. the cells®. The immediate effect of IR exposure of these cells is apoptosis; however, the surviving cells retain their

. pluripotency markers and ability to form all three embryonic germ layers as was evidenced by teratoma formation
assay®®. At the same time hESC have enhanced capacities to repair DNA damage as compared to differentiated

- cells’. It was found that these cells lack the G1/S checkpoint and stop their cell cycle progression after IR exposure

. by G2/M arrest instead'*-'2. Repair of DNA double strand breaks in hESC was shown to rely largely on homolo-

© gous recombination'3!%,

: A distinct feature of hESC is that in culture they propagate in tightly associated colonies!®. When dissociated

. to asingle cell suspension and plated back to a culture dish the majority of the cells die. Although treatments with

© certain factors can increase the plating efficiency of hESC!”!8, proliferation in a colony is a normal physiological

: state of these cells’2L. It was also shown that colony morphology is closely correlated with the maintenance of

* hESC pluripotency®.

: The hallmark of IR exposure of cells in culture is the loss of their ability to proliferate, which happens within
several cell divisions upon the exposure. Therefore, the classical assay to measure the effect of IR on cells in
culture is the clonogenic survival assay that measures proportion of the cells that retain the ability to proliferate
(to form new colonies) after the exposure?. However, the colony-based growth of hESC makes it impossible to
apply the classical clonogenic survival assay to study the effect of IR on these cells.

: Another technique to assess the cytotoxicity is to measure the growth rate of cells in culture?. The classical

© way to measure cell growth is to seed the equal amounts of cells into control and experimental dishes, and count
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the number of surviving cells with time by counting live cells or by measuring the expression of proliferation
markers. These approaches also could not be directly applied to hESC because their colonies are usually heteroge-
neous in size and breakage of the colonies to a single cell suspension for accurate counting will result in massive
cell death. Therefore, there is no simple way to disperse hESC in equal amounts to multiple wells.

Herein, we propose to measure growth curves of hESC to assess the effects of IR on their proliferation by
continuously measuring the areas of their colonies. Previously we applied this method to assess the effect of radi-
oiodine treatment on hESC?. Here we extended these studies to measure the effect of X-rays on seven commonly
used hESC lines.

Results

Apoptotic Death of hESC after exposure to IR. It was documented that IR exposure results in fast
apoptosis of hESC®”!12 To confirm these observations in our cell culture conditions we used a fluorescent pep-
tide-based assay to detect activated Caspase 3/7. The results of these assays for two hESC lines, H1 and H9 are
shown in Fig. 1. Other cell lines showed similar results (data not shown). In the sham-irradiated colony there
are only few cells that exhibit fluorescence. However, 3 hours after irradiation with 0.2 Gy there are numerous
fluorescence-positive cells that undergo apoptosis, and the number of apoptotic cells is considerably higher after
1 Gy irradiation (Fig. 1). In addition, the edges of the colonies of IR-exposed cells are not smooth reflecting the
blebbing characteristic of the cells that undergo apoptosis. Detached from the colonies free-floating cells are also
observed, especially after 1 Gy of irradiation. Interestingly, these cells are not positive for the activated Caspase 3/7
staining. This could indicate only temporal activity of Caspase 3/7 during apoptosis, or possibly another pathway
of cell death after exposure to IR*.

Growth Curves of hESC lines after exposureto 0, 0.2 and 1Gy IR.  Seven lines of hESC were seeded
in 6-well plates, and after 24 hours were irradiated with 0 Gy (sham irradiation), 0.2 Gy, or 1.0 Gy of X-rays as
described in the methods section. Exposure to doses of IR higher than 1 Gy resulted in significant cell death, while
doses lower than 0.2 Gy resulted in a negligible effect on cell growth. Immediately after exposure to IR the cells
were placed in the CO, incubator. The area of the colonies was measured immediately before irradiation (0 hours
time point) and again upon 24 hour intervals up to 96 hours. We defined relative growth (RG) as the ratio of the
area of the colonies at various time points to that at 0 hours. The resulting growth curves are shown in Fig. 2.
The sham-irradiated cells grew exponentially; i.e., their growth curves are close to linear in the logarithmic scale
(Fig. 2). We measured growth rates and doubling times for the hESC lines by fitting data points with exponential
equations as described in the methods section. An example of such a fit for H1 hESC lines is shown in Fig. 3. The
growth rates and doubling times for all cell lines are summarized in Table 1. The obtained doubling times are in
agreement with previous measurements®*%, and vary considerably between hESC lines; H7 and H1 showed the
fastest growth, while WA24 was the slowest.

The cell colonies exposed to 0.2 Gy of IR show only a slight delay in their growth (Fig. 2). The colonies of the
cells irradiated with 1 Gy IR showed significant reduction in their area reflecting substantial cell death. However,
after 24 to 48 hours the cell growth recovered to the original rate; thus, the growth curves of the irradiated cell
colonies are almost parallel to those of the sham-irradiated cells on a logarithmic scale (Fig. 2).

Effect of growth rate on the radiosensitivity of hRESC lines.  For characterization of the reduction in
cell populations and the delay in proliferation of hESC after IR exposure we use a relative cell survival (RCS) index
defined as the ratio of the relative growth of the colonies of the IR exposed cells to that of the sham-irradiated cells
at different times post-irradiation.

These RCS values at different time points for different cell lines after exposure to 0.2 Gy and 1.0 Gy IR are
shown in Fig. 4A and B correspondingly. The RCS values after 0.2 Gy IR were in general between 0.5 and 1.0.
WA24 cells showed higher RCS values at earlier time points which reflects their delayed reaction to IR. Exposure
to 1.0 Gy IR resulted in RCS between 0.1 and 0.2. Again, the slowest growing WA24 cell line showed the highest
RCS.

To test if there is an association between RCS and growth rate of hESC lines we plotted RCS values averaged
over all time points (except 0 hours) versus doubling times (Fig. 5). The results show clear correlation between
RCS and doubling time for hESC lines at both 0.2 Gy and 1.0 Gy IR dose, with correlation coefficients R*=0.87
and R?=0.76 respectively. In other words we found that the slower the growth rate of a hESC line the more cells
survive IR exposures.

Variability of growth rate between colonies of hRESC.  The above results describe average values for at
least 20 colonies. We also noticed a significant variability in the growth rate between individual colonies of hRESC
lines, and decided to further investigate this phenomenon. Figure 6A shows growth curves for 23 colonies of
WA19 hESC. Each of these growth curves was fitted with an exponential function to determine growth rate and
doubling times of individual colonies. The distribution of the doubling times for the colonies is shown in Fig. 6B.
Most of the colonies have DT between 20 and 30 hours, however there were two outliers with 39 and 44 hours DT;
the average DT for this cell line was 25.3 hours (Table 1).

All studied hESC lines show significant variation in growth rate between individual colonies. Whiskers plots
shown in Supplementary Figure 1 summarize the variability in RCS between individual colonies at 96 hours
time point. There were also considerable differences in the sizes of individual colonies. Graphs shown in
Supplementary Figure 2 show the variations in the colony sizes for all seven hESC lines. The average sizes of the
colonies for hESC lines under investigation are shown in Supplementary Table 2. We did not find any correlation
between the average colony sizes and average RCS values for different cell lines. To further investigate this issue
we compared growth curves for colonies with sizes above and below mean size value. The results of such analyses
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0.2 Gy
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Figure 1. Apoptosis in hESC after exposure to IR. (A) H1 and (B) H9 hESC were exposed to 0, 0.2, or 1 Gy
IR, and after 3 hours were stained for Caspase-3/7 activity (green fluorescence signal). First column is combined
bright field and fluorescent images, second column is the fluorescent image, and third column the bright field
image alone.

are shown in Fig. 7(A and B). In the sham irradiated samples (0 Gy) small colonies tended to grow faster than the
larger ones. For H7 and H9 cell lines that finding could be explained by the fact that at the later time points the
larger colonies became overgrown and cells start “piling up”. However, for WA22 hESC the smaller colonies grew
faster than the larger ones from the earliest time points; this is also true after 0.2 Gy IR for this cell line. There
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Figure 2. Growth curves of seven hESC lines exposed to 0 Gy (solid lines), 0.2 Gy (dotted lines), and 1 Gy
(dashed lines) of IR. Relative growth (RG) values were calculated as ratios of the area of the colonies at various
time points to their areas before IR (0 hours). Each point represents an average of RG measurement for at least
20 colonies. Error bars show STD.
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Figure 3. Growth curve of H1 hESC not exposed to IR. Relative growth (RG) values were calculated as ratios
of the area of the colonies at various time points to their areas before IR (0 hours). Each point represents average
of RG measurement for 20 colonies. Experimental points were fitted by equation y =y, *e** and then DT was
calculated using formula DT =1/(cc*log,(e)).

H1 0.035 19.8
H7 0.037 18.9
H9 0.029 24.2
WA13 0.028 24.8
WAI19 0.028 25.3
WA22 0.029 24.0
WA24 0.024 28.7

Table 1. Growth rates and doubling times of hESC lines.
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Figure 4. Relative Cell Survival (RCS) of seven hESC lines after (A) 0.2 G and (B) 1 Gy IR. RCS was calculated
by division of average RG of 0.2 or 1 Gy colonies to average RG of 0 Gy colonies.
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Figure 5. Correlation plots of average RCS vs DT for seven hESC lines.
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Figure 6. Variability in growth rates between colonies. (A) Growth curves of 23 colonies of WA19 hESC line;
black dots show the average growth curve. (B) Frequency distribution of DT for 23 colonies of WA19 hESC line.
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Figure 7. Growth curves of colonies with sizes above (gray lines) and below (black lines) of mean size
values for seven hESC lines. Stars show time points where the differences between the larger and smaller
colonies were statistically significant (p < 0.05).
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are several examples in which, after exposure to IR the larger colonies grow faster than the smaller ones; i.e. HI,
0.2 Gy; WA13 and WA 19, 1 Gy. However in other cases, as with the H7 and H9 cell lines the smaller colonies grew
faster than the larger colonies. Therefore, we could not establish a common correlation between the growth rate
and the size of colonies for the studied hESC lines.

Discussion

Using an increase in the colony area as a surrogate measurement for cell proliferation, we assessed the effect of
IR on seven lines of hESC. We confirmed the dose-dependent increase in apoptosis immediately after exposure
of hESC to IR. However, we cannot exclude that other pathways of cellular death are involved as this has been
observed in the past®.

After an initial drop in the cell population all cell lines show recovery of their growth after 24 to 48 hours. We
use RCS, i.e. the ratio of RG of irradiated cells to RG of sham-irradiated cells as a measure of their radiosensitivity.
We found that RCS varied between different hESC lines. The RCS of the most sensitive H7 cell line was ca. 1.5
times lower than that of the least sensitive WA24 cells. Interestingly, we found strong direct correlation between
RCS and cell population DT meaning that faster growing hESC are more prone to cell death than slower growing
cell lines after exposure to IR. One possible explanation of this phenomenon could be that the faster growing cell
lines have a higher percentage of cells in S phase. It was shown!! that exposure to IR results in an increased per-
centage of hESC in G2 phase and a depletion of S-phase cell population. That could be also interpreted as a higher
sensitivity to IR of those cells in S phase that cannot effectively repair their damaged DNA during replication and
thus predominantly die from apoptosis.

Remarkably, we found a significant difference in DT and RCS between individual colonies of the same cell
line that is comparable or even larger than the difference in these parameters between different hESC lines. We
could not establish a clear correlation between RCS and the size of the colony. We believe that DT and RCS could
be characteristic features of individual colonies that are set during initial colony establishment from single cells.
In hESC colonies cells are tightly packed and interconnected?'. Organization in colonies is important for mainte-
nance of pluripotency of hESC cultures?. It is possible that the colony controls proliferation, prevents differentia-
tion and controls competition of individual cells perhaps via p53-based mechanism like that which was shown for
the mouse iPSC cultures®. In other words cells are interdependent within the colony and the survival of the col-
ony is more important than the survival of individual cells; i.e. the colony is the true unit of the hESC population?!.
Therefore, dissociation of a colony to a single cell suspension, which is commonly used in the literature to
assess hESC growth rate®>! may result in a different estimation of DT, at least due to the lag period needed for
re-establishing the colony. Certainly more studies are required to test this hypothesis.

Cultures of hESC have become popular models in toxicology studies. They are also widely used in studies
regarding the roles and functions of important genes in embryonic development. The method presented herein is
simple, sensitive, and can be easily automated. It also assesses cultures of hESC in the most physiologically relative
format, i.e. growing in colonies. We believe that our approach will be useful in studies on the effects of various
treatments and changes in gene expression on the proliferation of hESC.

Methods

Human Embryonic Stem cell lines: WA01 (H1), WA07 (H7), WA09 (H9), WA13 (H13), WA19, WA22, and WA24
(WiCell Research Institute, Madison, WI, USA) were maintained in feeder-independent cell culture environments
for human embryonic stem cells on BD Matrigel hESC-qualified Matrix (BD Biosciences, San Jose, CA, USA)
coated BD Falcon™ qualified surfaces plated in serum-free defined mTeSR1 media (Stem Cell Technology Inc,
Vancouver, Canada) at 37°C and 5% CO,. The characteristics of the hESC cell lines used in this study are summa-
rized in Supplementary Table 1. Growing cells were passaged using collagenase IV. Media was changed every day.
For experiments cells were transferred to 6-well plates and grown for 2 days before irradiation. Then cells were
exposed to 0.2 or 1 Gy using Precision X-Ray X-Rad 320, operating at 300kV/10 mA with a 2 mm aluminium
filter with a dose rate of 2.42 Gy/min (242 rad/min) and the control cell cultures were treated with sham-radiation.
Cultures of irradiated hESC were maintained at 37 °C and 5% CO, at the conditions described above.

Areas of colonies were measured at the indicated time points starting from the 0 time point taken right before
the IR as described in ref. 24. Briefly, hESC were grown on gridded plates to help locate individual colonies at var-
ious time points. Phase-contrast images of the cultures were produced by Axiovert 200 microscoipe (Carl Zeiss,
Thornwood, NY, USA). Care was taken to minimize time that live cultured cells spend under the microscope;
flasks were immediately placed back into the CO, incubator after imaging. The area of the colonies was measured
with AxioVision Software (Carl Zeiss) by manually outlining the borders of a colony.

We previously validated the use of colony area as a surrogate marker by direct measurement of cell density
within colonies?. There was significant variation in cell density between individual colonies, however we found
no correlation between the size of the colonies and the cell density within them. Therefore we concluded that the
size of a colony as it grows is proportional to the number of cells within it*.

At least 20 individual colonies were measured for each time point. Average, mean, standard deviation, and
Student’s t-Test p values were calculated using Microsoft Excel. We defined relative growth values (RG) as
ratios of the area of the colonies at various time points to their areas before exposure IR. Thus measured RG
values were fitted by equation y =y, *e>* where o is the growth rate, and then DT was calculated using formula
DT =1/(c+log,(e)).

For detection of Caspase-3/7 activity hESC were grown for 2 days on tissue culture treated glass slides (BD Falcon,
Bedford, MA), and were exposed to 0, 0.2, or 1 Gy using Precision X-Ray X-Rad 320 irradiator. After irradiation cells
were incubated for 3hours in a cell culture incubator and then labelled with CellEvent™ caspase-3/7 green detection
reagent (Invitrogen, Carlsbad, CA, USA) at a final concentration of 5uM in the culture medium. Cell were incubated
for 30 min at 37°C in the dark. Stained cells were observed with the Zeiss Axiovert 200 fluorescence microscope®.

SCIENTIFICREPORTS | 7:43995 | DOI: 10.1038/srep43995 7



www.nature.com/scientificreports/

References

1. Stummann, T. C. & Bremer, S. Embryonic stem cells in safety pharmacology and toxicology. Adv Exp Med Biol 745, 14-25 (2012).

2. Vinoth, K. J. et al. Evaluation of human embryonic stem cells and their differentiated fibroblastic progenies as cellular models for
in vitro genotoxicity screening. J Biotechnol 184, 154-168 (2014).

3. De Santis, M. et al. Radiation effects on development. Birth defects research. Part C, Embryo today: reviews 81, 177-182 (2007).

4. Hong, H., Yang, Y., Zhang, Y. & Cai, W. Non-invasive imaging of human embryonic stem cells. Curr Pharm Biotechnol 11, 685-692
(2010).

5. Sokolov, M. V. & Neumann, R. D. Changes in human pluripotent stem cell gene expression after genotoxic stress exposures. World
J Stem Cells 6, 598-605 (2014).

6. Sokolov, M. V., Panyutin, I. V., Onyshchenko, M. L, Panyutin, I. G. & Neumann, R. D. Expression of pluripotency-associated genes
in the surviving fraction of cultured human embryonic stem cells is not significantly affected by ionizing radiation. Gene 455, 8-15
(2010).

7. Wilson, K. D. et al. Effects of Ionizing Radiation on Self-Renewal and Pluripotency of Human Embryonic Stem Cells. Cancer Res.
70, 5539-5548 (2010).

8. Filion, T. M. et al. Survival responses of human embryonic stem cells to DNA damage. Journal of cellular physiology 220, 586-592
(2009).

9. Maynard, S. et al. Human embryonic stem cells have enhanced repair of multiple forms of DNA damage. Stem Cells 26, 2266-2274
(2008).

10. Hong, Y., Cervantes, R. B., Tichy, E., Tischfield, J. A. & Stambrook, P. J. Protecting genomic integrity in somatic cells and embryonic
stem cells. Mutat Res 614, 48-55 (2007).

11. Momcilovic, O. et al. Ionizing radiation induces ataxia telangiectasia mutated-dependent checkpoint signaling and G(2) but not
G(1) cell cycle arrest in pluripotent human embryonic stem cells. Stem Cells 27, 1822-1835 (2009).

12. Momcilovic, O. et al. DNA damage responses in human induced pluripotent stem cells and embryonic stem cells. PLoS One 5,
€13410 (2010).

13. Tichy, E. D. et al. Mouse embryonic stem cells, but not somatic cells, predominantly use homologous recombination to repair
double-strand DNA breaks. Stem Cells Dev 19, 1699-1711 (2010).

14. Adams, B. R, Golding, S. E., Rao, R. R. & Valerie, K. Dynamic dependence on ATR and ATM for double-strand break repair in
human embryonic stem cells and neural descendants. PLoS One 5, €10001 (2010).

15. Serrano, L. et al. Homologous recombination conserves DNA sequence integrity throughout the cell cycle in embryonic stem cells.
Stem Cells Dev 20, 363-374 (2011).

16. Thomson, J. A. et al. Embryonic stem cell lines derived from human blastocysts. Science 282, 1145-1147 (1998).

17. Pyle, A. D., Lock, L. E. & Donovan, P. J. Neurotrophins mediate human embryonic stem cell survival. Nature biotechnology 24,
344-350 (2006).

18. Watanabe, K. et al. A ROCK inhibitor permits survival of dissociated human embryonic stem cells. Nature biotechnology 25,
681-686 (2007).

19. Reubinoff, B. E., Pera, M. E, Fong, C. Y., Trounson, A. & Bongso, A. Embryonic stem cell lines from human blastocysts: somatic
differentiation in vitro. Nature biotechnology 18, 399-404 (2000).

20. Amit, M. et al. Clonally derived human embryonic stem cell lines maintain pluripotency and proliferative potential for prolonged
periods of culture. Dev Biol 227, 271-278 (2000).

21. Xu, Y. et al. Revealing a core signaling regulatory mechanism for pluripotent stem cell survival and self-renewal by small molecules.
Proc Natl Acad Sci USA 107, 8129-8134 (2010).

22. Moogk, D., Stewart, M., Gamble, D., Bhatia, M. & Jervis, E. Human ESC colony formation is dependent on interplay between self-
renewing hESCs and unique precursors responsible for niche generation. Cytometry A 77, 321-327 (2010).

23. Elkind, M. M., Whitmore, G. F. & American Institute of Biological Sciences. The radiobiology of cultured mammalian cells. (Gordon
and Breach, New York, 1967).

24. Panyutin, I. V., Eniafe, R., Panyutin, I. G. & Neumann, R. D. Effect of 5-[(125)I]iodo-2’-deoxyuridine uptake on the proliferation and
pluripotency of human embryonic stem cells. Int ] Radiat Biol 88, 954-960 (2012).

25. Qin, H. et al. Regulation of apoptosis and differentiation by p53 in human embryonic stem cells. J Biol Chem 282, 5842-5852 (2007).

26. Chen, K. G., Mallon, B. S., McKay, R. D. & Robey, P. G. Human pluripotent stem cell culture: considerations for maintenance,
expansion, and therapeutics. Cell Stem Cell 14, 13-26 (2014).

27. Mallon, B. S. et al. StemCellDB: the human pluripotent stem cell database at the National Institutes of Health. Stem Cell Res 10,
57-66 (2013).

28. Kim, J. M. et al. Pertussis toxin enhances colony organization of enzymatic-dissociated single human embryonic stem cells. Stem
Cells Dev 22, 307-319 (2013).

29. Dejosez, M., Ura, H., Brandt, V. L. & Zwaka, T. P. Safeguards for cell cooperation in mouse embryogenesis shown by genome-wide
cheater screen. Science 341, 1511-1514 (2013).

30. Lan, M. L. et al. Characterizing the radioresponse of pluripotent and multipotent human stem cells. PLoS One 7, 50048 (2012).

31. Kruta, M. et al. Mutation frequency dynamics in HPRT locus in culture-adapted human embryonic stem cells and induced
pluripotent stem cells correspond to their differentiated counterparts. Stem Cells Dev 23, 2443-2454 (2014).

Acknowledgements
We thank William DeGraff for his valuable help with irradiation of cells. This research was supported by the
Intramural Research Program of the National Institutes of Health, Clinical Center.

Author Contributions

I.V.P. designed and performed the experiments and analyzed data; S.A.H. performed the experiments and
analyzed data, R.D.N. designed the experiments and supervised the project, I.G.P. designed experiments,
interpreted data, and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.

How to cite this article: Panyutin, I. V. et al. Effect of ionizing radiation on the proliferation of human
embryonic stem cells. Sci. Rep. 7, 43995; doi: 10.1038/srep43995 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS | 7:43995 | DOI: 10.1038/srep43995 8


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:43995 | DOI: 10.1038/srep43995 9


http://creativecommons.org/licenses/by/4.0/

	Effect of ionizing radiation on the proliferation of human embryonic stem cells

	Results

	Apoptotic Death of hESC after exposure to IR. 
	Growth Curves of hESC lines after exposure to 0, 0.2 and 1 Gy IR. 
	Effect of growth rate on the radiosensitivity of hESC lines. 
	Variability of growth rate between colonies of hESC. 

	Discussion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Apoptosis in hESC after exposure to IR.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Growth curves of seven hESC lines exposed to 0 Gy (solid lines), 0.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Growth curve of H1 hESC not exposed to IR.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Relative Cell Survival (RCS) of seven hESC lines after (A) 0.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Correlation plots of average RCS vs DT for seven hESC lines.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Variability in growth rates between colonies.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Growth curves of colonies with sizes above (gray lines) and below (black lines) of mean size values for seven hESC lines.
	﻿Table 1﻿﻿. ﻿  Growth rates and doubling times of hESC lines.



 
    
       
          application/pdf
          
             
                Effect of ionizing radiation on the proliferation of human embryonic stem cells
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43995
            
         
          
             
                Irina V. Panyutin
                Sonia A. Holar
                Ronald D. Neumann
                Igor G. Panyutin
            
         
          doi:10.1038/srep43995
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep43995
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep43995
            
         
      
       
          
          
          
             
                doi:10.1038/srep43995
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43995
            
         
          
          
      
       
       
          True
      
   




