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� Abstract
The “click chemistry” approach utilizing 5-ethynyl-20-deoxyuridine (EdU) as a
DNA precursor was recently introduced to assess DNA replication and adapted to
flow- and imaging-cytometry. In the present study, we observed that EdU, once
incorporated into DNA, induces DNA damage signaling (DDS) such as phospho-
rylation of ATM on Ser1981, of histone H2AX on Ser139, of p53 on Ser15, and
of Chk2 on Thr68. It also perturbs progression of cells through the cell cycle and
subsequently induces apoptosis. These effects were observed in non-small cell lung
adenocarcinoma A549 as well as in B-cell human lymphoblastoid TK6 and WTK1
cells, differing in the status of p53 (wt versus mutated). After 1 h EdU pulse-
labeling, the most affected was cells progression through the S phase subsequent
to that at which they had incorporated EdU. This indicates that DNA replication
using the template containing incorporated EdU is protracted and triggers DDS.
Furthermore, progression of cells having DNA pulse-labeled with EdU led to
accumulation of cells in G2, likely by activating G2 checkpoint. Consistent with
the latter was activation of p53 and Chk2. Although a correlation was observed
in A549 cells between the degree of EdU incorporation and the extent of cH2AX
induction, such correlation was weak in TK6 and WTK1 cells. The degree of per-
turbation of the cell cycle kinetics by the incorporated EdU was different in the
wt p53 TK6 cells as compared to their sister WTK1 cell line having mutated p53.
The data are thus consistent with the role of p53 in modulating activation of cell
cycle checkpoints in response to impaired DNA replication. The confocal micros-
copy analysis of the 3D images of cells exposed to EdU for 1 h pulse and then
grown for 24 or 48 h revealed an increased number of colocalized cH2AX and
p53BP1 foci considered to be markers of DNA double-strand breaks and enlarged
nuclei. VC 2013 International Society for Advancement of Cytometry
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BIOMARKERS of cellular function applied as supravital probes should have minimal

effect on the interrogated cell. This is of particular importance in studies involving

cell sorting for evaluation of their functional properties, cloning, or propagation as it

is in the case of analysis of stem cells. Several biomarkers used as supravital probes

however interact with different cell constituents affecting the studied cells and per-

turbing their growth. Among such biomarkers are probes of DNA replication. Radio-

active precursors of DNA such as tritium [3H]-thymidine or [14C]-thymidine, used
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in the early studies utilizing autoradiography, have been

shown to induce DNA radiation damage, including formation

of DNA double-strand breaks (DSBs), and to perturb the cell

cycle progression (1–4). The most widely used DNA precursor

5-bromo-20-deoxyuridine (BrdU) introduced with the down

of flow cytometry was also shown to induce cytostatic and

cytotoxic effects (5–9). The BrdU-labeled DNA in cells

exposed to visible or UV light undergoes photolysis (10)

resulting in the formation of DNA double-strand breaks

(DSBs) and DNA damage signaling (DDS) (11). Likewise,

another halogenated DNA precursor 5-iodo-20-deoxyuridine

is cytotoxic and once incorporated into DNA increases cell

sensitivity to ionizing radiation and also to light (11,12).

The “click chemistry” approach utilizing 5-ethynyl-20-
deoxyuridine (EdU) as a DNA precursor was recently intro-

duced to assess DNA replication (13) and adapted to flow and

imaging cytometry (14–20). Compared with BrdU, the

method offers several advantages such as simplicity and rapid-

ity as well as no need for partial DNA denaturation as the lat-

ter is incompatible with immunocytochemical detection of

other cell constituents. Given its advantages, it is expected

that EdU will be widely used as DNA precursor in many areas

of cell biology and medicine. While EdU is an excellent

marker of DNA replication, the evidence is forthcoming that

its applicability for long-term cell labeling, at least in some

cell types, may be problematic because of the effect on cell

cycle progression and cytotoxicity (20–22). The findings by

Diermeier-Daucher et al. (20) revealed impairment of the cell

cycle progression of cells that incorporated EdU that varied

significantly depending on the cell type. Ross et al. (21)

observed perturbation of the cell cycle progression and cyto-

toxic effects following incorporation of EdU. Interestingly, in

the in vivo studies on mice, administration of EdU was shown

to reduce growth of the subcutaneous grafts of human glio-

blastoma and increased animal survival, without apparent sig-

nificant toxicity. In light of the evidence that EdU crosses the

blood–brain barrier, these findings prompted the authors to

propose investigation of EdU as potential therapy for malig-

nant brain tumors (21). Most recently, when this article was

in preparation, Kohlmeier et al. (22) reported that depending

on the cell type EdU can grossly perturb the cell cycle progres-

sion and induce cell death. The most sensitive were mouse

embryonic stem cells which become arrested in G2/M phase

and underwent apoptosis (22). These authors also observed

that incorporation of EdU triggers DDS, manifested as histone

H2AX Ser139 phosphorylation (induction of cH2AX) and

formation of 53BP1 foci (22).

We previously reported that several “supravital” DNA

probes, commonly used to label DNA in live cells, induce

DDS detected by activation of Ataxia Telangiectasia mutated

(ATM), Chk2 and p53 as well as induction of cH2AX (23).

These phosphorylation events detected by cytometry using

phosphospecific Abs are considered to be indicative of damage

to DNA (24,25). Phosphorylation of H2AX, especially mani-

fested by formation of characteristic cH2AX foci, combined

with activation of ATM are likely the reporters of DSBs

(26,27). In the present study, we explored whether incorpora-

tion of EdU into DNA can also induce DDS that can be

detected by cytometry. Specifically, using the multiparameter

flow- and laser scanning-cytometry combined with confocal

microscopy, we attempted to observe a possible correlation

between the incorporated EdU and cell cycle phase(s) at which

the EdU-induced cell cycle progression was impaired.

We have tested the EdU effects on the non-small cell pul-

monary adenocarcinoma A549 cells that express wt p53, used

previously by us to assess induction of DDS by oxidative stress

or by DNA topoisomerase inhibitors in relation to DNA repli-

cation (28,29). In addition, the effect of EdU incorporation

was also tested on human B-cell lymphoblastoid leukemic

cells using two sister cell lines TK6 and WTK1 derived from

the same WIL2 cell line, the TK6 having wt p53 while WTK1

expressing spontaneously mutated p53 (30,31).

MATERIALS AND METHODS

Cells, Cell Treatment

A549 cells, obtained from American Type Culture Collec-

tion (ATCC; Manassas, VA), were grown in Ham’s F-12K

Nutrient Mixture (Mediatech, Manassas, VA) supplemented

with 10% fetal bovine serum, 100 U/mL penicillin, 100 lg/mL

streptomycin, and 2 mM L-glutamine (GIBCO/BRL; Grand

Island, NY) in 25-mL FALCON flasks (Becton Dickinson,

Franklin Lakes, NJ) at 37.5�C in an atmosphere of 95% air

and 5% CO2. The cells were maintained in exponential and

asynchronous phase of growth by repeated trypsinization and

reseeding prior to reaching subconfluency. The cells were then

trypsinized and seeded at low density (about 5 3 104 cells per

chamber for chase up to 5 h, about 2.5 3 104 cells per cham-

ber for chase up to 23 h, and about 1 3 104 cells per chamber

for chase up to 47 h) in two-chambered Falcon CultureSlides

(Beckton Dickinson). Twenty-four hours after seeding, the

cultures were treated with 20 mM EdU (Invitrogen/Molecular

Probes, Eugene, OR) for different time intervals, as described

in the figure legends. In the pulse-chase experiments, the cells

exposed to EdU were rinsed twice with medium, then sus-

pended in the medium and cultured in the absence of EdU for

time intervals as indicated in the figure legends. Subsequently,

the cells were fixed by transferring slides into Coplin jars con-

taining 1% methanol- free formaldehyde (Polysciences, War-

rington, PA) in PBS for 15 min on ice, then rinsed with PBS

and stored in 1% BSA in PBS, at 4�C for up to 24 h.

Fluorochrome Cell Labeling

The fixed cells were then washed twice in PBS and treated

on slides with 0.1% Triton X-100 (Sigma) in PBS for 15 min,

and then in a 1% (w/v) solution of bovine serum albumin

(BSA; Sigma) in PBS for 30 min to suppress nonspecific anti-

body (Ab) binding. The cells were then incubated in 100 mL

volume of 1% BSA containing 1:300 dilution of phosphospe-

cific (Ser–139) histone H2AX (c-H2AX) mouse monoclonal

antibody (mAb) (BioLegend, San Diego, CA), or a 1:200 dilu-

tion of phosphospecific ATM (Ser–1981) mAb (Millipore,

Billerica, MA), or 1:100 dilution of phosphospecific (Ser–15)

p53 rabbit polyclonal antibody (Cell Signaling, Danvers, MA),
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or 1:100 dilution of phosphospecific (Thr–68) Chk2 rabbit

polyclonal antibody (Cell Signaling). After overnight incuba-

tion at 4�C, the slides were washed twice with PBS and then

incubated with the fluorochrome-tagged secondary Abs: 100

mL of 1:100 dilution of AlexaFluor647 (AF647) goat anti-

mouse (cH2AX and ATM) or 1:100 dilution of AF633 goat

anti-rabbit (p53 and Chk2) (all from Invitrogen/Molecular

Probes, Eugene, OR), respectively, for 45 min at room temper-

ature in the dark. The Click-iTTM EdU AF488 imaging kit

(Invitrogen/Molecular Probes) was used to detect EdU incor-

poration. The cells were then counterstained with 2.8 lg/mL

4,6-diamidino-2-phenylindole (DAPI; Sigma) in PBS for 15

min to be analyzed by laser scanning cytometry (LSC). TK6

and WKT1 cells, kindly provided by Dr. Liber (30), were main-

tained in RPMI 1640 medium (GIBCO/Life Technologies,

Grand Island, NY) supplemented with L-glutamine (2 mM)

and fetal bovine serum (10%), as described before (32). The

cells, in exponential phase of growth, were treated with 20 lM

EdU for 1 h, then rinsed twice with medium, re-suspended in

medium and cultured for additional 23 h. Their subsequent

treatment (fixation, labeling with Abs, staining of EdU and

with DAPI) was similar as in the case of A549 cells except it

was performed in suspension. In the case of detection of apo-

ptosis, the TK6 and WTK1 cells were labeled with the primary

activated (cleaved) caspase-3 rabbit Abs (Promega, WI) at

1:100 titer, followed by AF633-tagged goat anti-rabbit (1:100)

Ab (Invitrogen/Molecular Probes).

Analysis of Cellular Fluorescence

A549 cells. Cellular immunofluorescence representing the

binding of the respective phosphospecific Abs, EdU incorpo-

ration, as well as the blue emission of DAPI-stained DNA was

measured by LSC (33) (iCys; CompuCyte, Westwood, MA)

utilizing standard filter settings; fluorescence was excited with

helium neon (633 nm, for detection of phosphospecific Abs),

488-nm argon (for EdU), and violet (405 nm, for DAPI)

lasers. Intensities of maximal pixel and integrated fluorescence

were measured and recorded for each cell. At least 3,000 cells

were measured per sample. Gating analysis was carried out as

described in the figure legends.

TK6 and WTK1 cells. Intensity of cellular fluorescence was

measured using a MoFlo XDP (Beckman-Coulter, Brea, CA)

high-speed flow cytometer/sorter. DAPI fluorescence was

excited with the UV laser (355 nm), AF488 with the argon ion

(488 nm) laser, and AF647 with the red 633 nm laser. Ten

thousand cells were measured per each sample. All experi-

ments were repeated at least three times, representative data

are presented. Other details are presented in the figure

legends.

Confocal Microscopy

A549 cells were grown under standard conditions, on

round coverslips (Menzel Gl€aser, Braunschweig, Germany)

placed in Petri dishes. EdU was added to culture medium to a

final concentration of 10 lM, the medium was replaced after

1 h and cells were incubated under standard conditions for 6,

24, or 48 h after. After fixation, in the first step, EdU was fluo-

rescently labeled with Atto 488 (Atto-Tec, Germany) (green)

according to manufacturer’s instructions. Subsequently,

cH2AX and 53BP1 were labeled by immunofluorescence.

Prior to use, antibodies were centrifuged at 14,000 rpm for 5

min to remove protein aggregates. Primary mouse anti-

cH2AX (Millipore 05–636, dilution 1:350), rabbit polyclonal

anti-53BP1 (Abcam, ab 21083, dilution 1:250), secondary

anti-mouse antibody conjugated with AF568 (Invitrogen alexa

633 anti-mouse (A11004) - red), and anti-rabbit conjugated

with AF633 (Invitrogen alexa 633 anti-rabbit (A21071) for

convenience represented in images by blue color) were used

(Fig. 5). Coverslips with the stained cell cultures were

mounted in custom-made sample holders and 3D image

stacks were collected using Leica SP5 confocal imaging system.

The following instrumental parameters were used: excitation

wavelength 488, 561, and 633nm, for Atto 488, AF568, and

AF633, respectively. EdU and 53BP1 signals were recorded

simultaneously with no detectable channel cross-talk. Subse-

quently, the cH2AX signal was collected. The images were

deconvolved using Huygens software (SVI, The Netherlands).

Maximum value projections representing the central slices of

the thickness of approximately 2 lm are shown in the figure.

RESULTS

Figure 1 illustrates the effect of continuous exposure of

A549 cells to 20 lM EdU for up to 6 h on the level of phos-

phorylation of histone H2AX on Ser139 and ATM on

Ser1981. It should be noted that the constitutive DDS seen as

the background level of cH2AX expression and activation of

ATM in the untreated normal and tumor cells (Ctrl) is pri-

marily reporting oxidative DNA damage induced by endoge-

nous oxidants, by-products of aerobic respiration (34–36).

The data show the increase in expression of cH2AX and

ATM-S1981P occurring predominantly in the S-phase cells,

progressive with the time of exposure to the precursor. Com-

pared with the untreated cells, the level of expression of

cH2AX and ATM-S1981P in the cells treated with EdU for 6 h

was increased by 88% and 116%, respectively. Interestingly,

the increase in expression of cH2AX and ATM-S1981P appears

to be more pronounced in the late compared with the early S

phase cells. Treatment of A549 cells with BrdU for up to 8 h

under identical conditions as with EdU shows no effect in

terms of induction of ATM activation, H2AX phosphoryla-

tion, or cell cycle distribution as measured by DNA content

frequency histograms (Supporting Information Fig. 1).

The effects of 1 h pulse labeling of A549 cells with EdU

on the expression of cH2AX after 5 h, 23 h, and 47 h following

the pulse are shown in Figure 2. The “paint-a-gate” analysis of

these data demonstrates a relationship between the incorpora-

tion of EdU and induction of cH2AX. The cells that incorpo-

rated EdU during the pulse were gated and electronically

colored red (B–D). Two subpopulations of EdU-positive cells

can be distinguished 5 h after pulse-labeling (B). Since dura-

tion of G2 plus M is about 3 h the “a” subpopulation with the

DNA content that of G1 and intensity of EdU labeling approx-

imately half of that of the subpopulation “b” likely represents

Original Article
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the cells that incorporated EdU during the pulse and then

divided and reentered G1, “diluting” their EdU content by

half. The subpopulation “b” of the EdU labeled cells in all

probability represents cells that are still progressing through

S, G2, and perhaps M. As is evident from the DNA frequency

histogram, the cell progression through G2/M is distinctly

slowed down as reflected by the increased proportion of the

EdU-labeled cells within the G2/M peak (panel B, inset).

Clearly, 5 h after the pulse, the incorporation of EdU inhibits

the movement of cells through G2/M. However, the expression

of cH2AX by the EdU-labeled cells is not increased at that

time (F). This is also reflected by the very weak correlation

(r 5 0.11) between the extent of EdU incorporation and

expression of cH2AX (panel I).

Twenty-three hours after the pulse, most of the EdU

labeled cells appear to be already in the S phase of the cycle

reentering S after the division; some cells are still in G1. The

DNA content histogram showing the increased frequency of

the EdU-labeled cells in S-phase reveals that progression of

these cells through that phase is slowed down (C). However,

unlike 5 h after the pulse, the EdU-labeled cells show distinctly

elevated expression of cH2AX compared to the EdU-negative

cells 23 h after the pulse (G). Also, a correlation between the

extent of EdU incorporation and expression of cH2AX is

stronger (r 5 0.61; J). Forty-seven hours after the pulse, nearly

all EdU-labeled cells are in G2/M (D). They also show mark-

edly elevated expression of cH2AX (H).

Of note, the percentage of EdU-labeled cells 5 h, 23 h,

and 47 h after the pulse, detected as 38%, 37%, and 17%,

respectively, showing a decline, is consistent with the observed

slowdown in progression of these cells through the cycle. Spe-

cifically, the EdU-unlabeled cells progress the cycle faster and

divide more frequently than the labeled cells thereby resulting

in the decrease in proportion of the latter with the time of cul-

turing. This is particularly evident between 23 h and 47 h after

the pulse when the EdU-labeled cells appear to be traversing S

phase at a slow pace (Fig. 2C) and their proportion falls from

37% to 17% of the total cell population (Fig. 2D). However,

in addition to the perturbed cell cycle progression, some EdU-

labeled A549 cells die, detach from the slide, and thereby can-

not be detected. Apoptotic cells are known to detach from

slides and flow in the culture medium (37,38) and such cells

were observed 47 h after pulse of EdU. Furthermore, the

appearance of apoptotic (having activated caspase-3 and

degraded DNA) cells was detected after pulse-labeling with

EdU in cells growing in suspension, with more TK6 (11%,

Figure 2. Induction of cH2AX in A549 cells 5 h, 23 h, and 47 h after 1 h pulse-labeling with EdU. Exponentially growing cells were treated

for 1 h with 20 lM EdU, rinsed and then incubated in the EdU-free medium. (A–D) Incorporation of EdU, (E–H) expression of cH2AX, both

in relation to DNA content (cell cycle phase), and (I and J) a correlation between incorporation of EdU and induction of cH2AX. Insets

show the DNA content frequency histograms from the respective cultures. For the “paint-a-gate” analysis, the cells that incorporated EdU

are colored red. See the text for further explanation. [Color figure can be viewed in the online issue which is available at

wileyonlinelibrary.com]

Figure 1. Effect of continuous exposure of A549 cells to 20 lM EdU on the level of expression of cH2AX and ATM-Ser1981P. Exponentially

growing cells were untreated (Ctrl) or treated with EdU for 2, 4, or 6 h. The presence of cH2AX and ATM-Ser1981P was detected immuno-

cytochemically with phosphospecific Abs and intensity of cell fluorescence measured by laser scanning cytometry (LSC). The bivariate

distributions illustrate expression of these phosphoproteins in relation to cellular DNA content (cell cycle phase). The skewed dashed lines

show the upper threshold of nonspecific fluorescence of the cells treated with the secondary Ab only, respectively. The figures above the

respective arrows indicate the percent increase in the mean values of S-phase cells of cH2AX and ATM-Ser1981P fluorescence in the EdU-

treated cells with respect to the untreated (Ctrl) cells.
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27%) than WTK1 (6%, 20%) cells showing the signs of

demise, after 23 h and 47 h, respectively (see further in the

article). The cytotoxic effects of EdU upon pulse-

incorporation and the long-term culturing of A549 and other

cells are consistent with the observation of Kohlmeier et al.

(22). Interestingly, there is no evidence of the presence of the

EdU-labeled cells in S phase after 47 h as nearly all such cells

are in G2M (Figs. 2 and 3).

Because the data shown in Figure 2 indicated that the

cells having DNA with incorporated EdU were being arrested,

at least transiently, in G2M (panels B, D, insets) we assessed

possible involvement of phosphorylation of Thr68 on Chk2

and Ser15 on p53, the potential mediators of G2 arrest in

response to DNA damage (39,40). The data shown in Figure 3

reveal that that indeed Chk2 and p53 become activated in the

cells with the EdU-tagged DNA, particularly 47 h after the

pulse of EdU. The top row of panels in this figure illustrating

incorporation of EdU versus DNA content reveal similar effect

of EdU on progression of cells through the cell cycle, as in the

previous experiment (Fig. 2). Of notable feature is the appa-

rent accumulation of cells in S and G2M 23 h and 47 h after

the pulse, respectively. The paint-a-gate analysis to assess a

correlation between EdU incorporation and activation of

Chk2 or p53 made it possible to select the EdU-positive and

Figure 3. The effect of EdU pulse labeling of A549 cells on phosphorylation of Chk2-Thr68 and p53-Ser15. Exponentially growing cells

were treated for 1 h with 20 lM EdU, rinsed and then cultured in absence of EdU for 5 h, 23 h, or 47 h. As in Figure 2, the cells that incorpo-

rated EdU were colored red for the “paint-a-gate” analysis. The top three rows of panels show effects of the incorporated EdU on cell cycle

progression and a correlation between the incorporated EdU versus induction of Chk2–Thr68 and p53–Ser15 phosphorylation. The bottom

row of panels reveals the effect of incorporated EdU on morphometric features of cell nuclei assessed by LSC that allow one to distinguish

between G2 and mitotic (M) cells (35,36). The figures in the individual panels indicate the level of fluorescence intensity of the Chk2–

Thr68P or p53–Ser15P expressed as a percent increase of the EdU-labeled cells above that of the EdU-negative cells for the selected popu-

lations of the S-phase cells in cultures incubated for 23 h and G2M cells in cultures incubated for 47 h after the pulse labeling. See the text

for further explanation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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EdU-negative cells and obtain the mean values of Chk2–

Thr68P and p53–Ser15P for each of the population. There is

no evidence of an effect of the incorporated EdU on Chk2 or

p53 phosphorylation during the initial 5 h of cells growth fol-

lowing pulse of the precursor. However, a minor increase in

the level of phosphorylation of Chk2 and p35 in the S phase

cells is apparent after 23 h, as the red-colored S-phase cells

appear slightly above the black and their mean intensity of

Chk2-Thr69P and p53-Ser15P fluorescence is 13% and 11%

higher than that of the EdU-negative cells, respectively. A

more distinct increase in intensity of Chk2 and p53 phospho-

specific Ab fluorescence is evident in the G2M phase cells.

Although there is an overlap between the EdU-labeled and

unlabeled G2/M cells, the cell population with the increased

Chk2–Thr68P or p53–Ser15P (above the control, “No EdU”)

clearly shows a predominance of the EdU-labeled cells. The

mean values of the EdU-labeled G2M cells are 38% and 35%

higher than that of the unlabeled cells for Chk2–Thr68P and

p53–Ser15P, respectively.

Analysis of bivariate distributions of fluorescence inten-

sity of maximal pixel of DAPI (reporting degree of compact-

ness of nuclear chromatin) versus area of DAPI fluorescence

(reporting projected area of chromatin) provided by LSC

allows one to distinguish mitotic (M) from G2 cells (41,42).

Mitotic cells (M) are characterized by high intensity of maxi-

mal pixel and minimal area of the DNA-associated fluores-

cence (DAPI) as shown in the bottom row of panels Figure 3.

The data in this figure reveal that 5 h after the EdU pulse the

EdU-labeled cells progress through M. However, 47 h after the

pulse, the EdU-labeled cells show low intensity of DAPI maxi-

mal pixel and larger DAPI area, typical of G2 cells (33,41,42).

Collectively, the results indicate that 5 h after the pulse the

EdU-labeled cells do progress rather unperturbed through M.

Twenty-three hours after the pulse, the EdU-labeled cells fol-

lowing division are in the subsequent cycle and while pro-

gressing through S activate, at a modest degree, Chk2 and

p53. However, 47 h after the pulse many of them are arrested

in G2. Their arrest in G2 is consistent with activation of Chk2

and p53, likely mediated by these phosphoproteins (39).

We have also tested the effect of incorporation of EdU

on human B-cell lymphoblastoid cell lines TK6, a wt p53

line and WTK1, a homozygous mutant of p53 (30,31).

These cell lines are characterized by different levels of con-

stitutive H2AX phosphorylation, with the p53 mutant

(WTK1) having distinctly lower expression of cH2AX than

the wt TK6 cells (31). It should be noted that duration of

the cell cycle of both TK6 and WTK1 cells is nearly twice

shorter than that of A549 cells (31) and thus, in relation to

the cell cycle length the 23 h postpulse time span would be

rather comparable to 47 h than to 23 h of the A549 cells.

Figure 4 illustrates perturbation of progression through the

cell cycle of these cells as well as the induction of cH2AX in

response to incorporation of EdU 23 h after the pulse. The

data show that incorporation of EdU has much different

effect on both, the cell cycle and cH2AX expression in TK6

compared to WTK1 cells. As is evident in the panels’ insets

showing DNA content histograms of the TK6 cells, the

EdU-labeled cells are arrested in G2M and S. However, the

presence of EdU-labeled cells in G1 indicates that following

the pulse they were able to divide and reenter G1. The EdU-

labeled cells in S and G2M most likely are the cells that

were arrested or slowed down in progression through these

phases. It is unclear from these data whether they were

arrested or slowed down in the same cell cycle in which

were labeled or after a division, in the subsequent cycle.

The data showing response of WTK1 cells to EdU pulse

indicate that 23 h after the pulse larger proportion of EdU

labeled cells was able to divide and reenter G1, compared to

TK6 cells. However, in analogy to TK6, the increased fre-

quency of WTK1 cells in S- and G2M- after 23 h provides evi-

dence that progression of the EdU-labeled cells was also

slowed down in these phases of the cell cycle, compared to

control.

The induction of cH2AX by the incorporated EdU shows

also different pattern in TK6 versus WTK1 cell lines. First,

consistent with our prior findings (31), the level of constitu-

tive expression of this phosphoprotein is distinctly lower in

the untreated WTK1 than in TK6 cells (No EdU). After pulse

of EdU, the increased expression of cH2AX in the TK6 is seen

essentially only in the EdU-labeled G1 cells, whereas the S and

G2M cells have approximately similar level of cH2AX in both

the EdU-treated and Ctrl cultures. This is clearly not the case

in the WTK1 line, where the EdU-labeled cells show dramatic

increase in expression of cH2AX in all phases of the cell cycle

compared to either the EdU untreated or treated but EdU-

negative cells. However, there is relatively weak correlation

between the extent of EdU incorporation and the degree of

induction of cH2AX in individual cells as shown by the low

correlation coefficients r 5 0.12 and r 5 0.05 for TK6 and

WTK1 cells, respectively (Fig. 4, bottom panels).

The LSC data were further confirmed by confocal imag-

ing of A549 cells in cultures exposed to 10 lM EdU for 1 h

and fixed 6 h, 24 h, or 48 h later (Fig. 5). Cells that experi-

enced EdU for 1 h followed by 6 h incubation show character-

istic cH2AX foci, often located in, or close to, the regions

labeled with EdU (Fig. 5A). Many of these cH2AX foci contain

53BP1. Most likely, thus, they represent DSBs (22). In cultures

exposed to EdU for 1 h and then grown in the absence of EdU

for 24 h (Fig. 5B), many cells have significantly enlarged

nuclei, with a large number of cH2AX foci, again some of

them also labeled with anti-53BP1 antibody. A 48 h growth

following 1 h exposure to EdU results in death of many cells

which detach from the coverslips. The cell’s image in Figure

5C represents surviving cells that are still attached to substra-

tum. These cells exhibit enlarged nuclei with a numerous

cH2AX foci, containing also 53BP1.

DISCUSSION

As mentioned, DNA precursors harboring either radioac-

tive or halogenate tracers such as BrdU, IdU, or CldU have

side effects. Particularly under conditions of long-term label-

ing, the tracers may disturb cell cycle progression or even be

cytotoxic. This may lead to significant bias when such probes
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are used in studies to assess cell sensitivity to other agents.

EdU is not an exception and after incorporation into DNA it

perturbs the cell cycle progression to even a greater degree

than for example BrdU. Consistent with the previous reports

(19–22), we presently observe that responses to EdU, in terms

of the cell cycle perturbation, vary depending on the cell type.

In addition, our data provide evidence that parallel to the cell

cycle effect, EdU once incorporated into DNA, induces DNA

damage signaling that manifests as induction of cH2AX and

activation of ATM. These data are in support of the findings

by Kohlmeier et al. (22) that EdU triggers DDS and depending

on the cell type can grossly perturb the cell cycle progression

(22).

Our data show that in the case of human non-small cell

pulmonary carcinoma A549 cells, the activation of ATM and

phosphorylation of H2AX can be seen already after 2 h of

constant exposure to the precursor (Fig. 1). After 4 h and 6 h,

the cells that are more advanced through S phase (late S-

phase) show more pronounced effect compared with the early

S-phase cells (Fig. 1). Thus, in the continuous presence of this

precursor, the DNA damage signaling increases with the time

of DNA replication, likely with the extent of EdU incorpo-

rated into DNA. In contrast to EdU, the incorporation of

BrdU under the same conditions as EdU induces neither a

detectable increase in ATM activation nor H2AX phosphoryl-

ation (Supporting Information Fig. 1).

Perturbation of the cell cycle progression in A549 cells

that incorporated EdU and its correlation with DDS is much

more apparent in the pulse-chase experiments (Fig. 2). The

data shown in this figure reveal that the progression through S

phase initially, during the cycle at which the EdU pulse was

applied (5 h), appears to be unperturbed and no significant

cH2AX is induced (Fig. 2F). However, the G2 checkpoint

becomes activated, as evidenced by accumulation of cells in

G2M (B). These cells (similar as the ones seen in G2M after 47

h; D) were arrested in G2 and not in mitosis. This was ascer-

tained both by their imaging on LSC and their testing for his-

tone H3-Ser10 phosphorylation, the marker of mitotic cells

(42), of which they were both negative (not shown). Thus, the

cells having the EdU-labeled DNA while progressing through

G2 appear to trigger activation of Chk2 which leads to their

slowed progression though this phase.

Figure 4. Effect of incorporation of EdU on cell cycle progression and expression of cH2AX in cells of the TK6 and WTK1 lines. Exponen-

tially growing human lymphoblastoid TK6 and WTK1 cells were untreated (Ctrl) or exposed for 60 min to 20 lM EdU followed by 23 h incu-

bation in EdU-free medium (EdU). By the “paint-a-gate” analysis the EdU incorporating cells were colored red. While the top two panels

present the EdU incorporation and cH2AX expression vis-�a-vis the cell cycle phase (DNA content), the bottom panels show a correlation

between EdU incorporation and cH2AX expression in individual cells. The DNA content frequency histograms from the respective cultures

are included as insets in the top panels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The data in Figure 2 also show accumulation of the EdU-

labeled cells in the S phase in the cell cycle subsequent to the

pulse (C, inset) which indicates on their protracted progres-

sion through that phase. The rate of DNA replication thus is

distinctly slower when the template for the replication con-

tains EdU incorporated in the places of dT. Such defective

DNA replication triggers DDS as shown by the induction of

cH2AX in the EdU-positive S-phase cells (G), and by relatively

strong correlation between the level of EdU incorporation and

expression of cH2AX (J).

In addition to analysis of the effect of EdU on induction

of cH2AX, we have also tested its effect on phosphorylation of

Chk2 and p53, the events that may mediate the observed accu-

mulation of cells in G2M; the data are shown in Figure 3.

Phosphorylation of Chk2 and p53 triggers variety of responses

resulting in inhibition of cell cycle progression particularly

mediated by activation of Cdc25 phosphatases that lead to

arrest in G2 (43,44), which is consistent with our findings.

Incorporation of EdU perturbs the cell cycle progression

and induces cH2AX also in human B-cell lymphoblastoid leu-

kemic cells, and these effects are different in the cells that have

wt p53 (TK6) as compared with the mutated p53 (WKT1)

cells. Since these cell lines are derived from the same WIL2

line (30) and the presumed sole difference is mutation of p53,

most likely their different response to EdU is due to the status

of p53 tumor suppressor gene. Specifically, the data indicate

that during the same cycle at which the cells were exposed to

the EdU, the incorporated precursor more strongly retarded

progression through S and G2M of the wt p53 TK6 (Fig. 3B)

than of the mutated p53 WKT1 cells (Fig. 3D). In both cell

lines, however, the induction of cH2AX was much more pro-

nounced during the cycle subsequent to that at which the

pulse-incorporation took place.

The presence of cH2AX foci in close proximity or colo-

calized with p53BP1 (Fig. 5) reveals formation of DSBs

(46,47). High frequency of the co-localized cH2AX and BP1

Figure 6. Extent of apoptosis in cultures of TK6 and WTK1 cells 23 h and 47 h following EdU pulse labeling. Exponentially grown TK6 and

WTK1 cells were exposed for 1 h to 20 lM EdU, rinsed and subsequently incubated for 23 h or 47 h. Apoptotic cells were discerned as hav-

ing activated (cleaved) caspase-3 (above the dashed broken line) and/or decreased (“sub-G1”) DNA content (left to the dashed vertical

line) (37,38,45). Their percent is shown in the respective panels.

Figure 5. Confocal images (central slices) of nuclei of cells exposed to 10 lM EdU for 1 h and then grown in absence of EdU for 6 h (A), 24

h (B), or 48 h (C). The images show the incorporated EdU (green), cH2AX (red), and 53BP1 (blue). Thus, the foci containing both cH2AX

(red) and 53BP1 (AF633, for convenience represented by in blue) appear purple. The size marker is 5 lm. The bottom panels (field of view

3 3 3 lm each) show the cH2AX and/or p53BP1 foci that colocalize and are in close proximity to sites of EdU incorporation, selected from

the respective cell images (enlarged).
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foci was particularly evident 48 h after pulse-labeling with

EdU. This may indicate beginning of DNA fragmentation in

cells undergoing apoptosis in which activation of caspase-3

seen in TK6 and WTK1 cells after 48 h (Figure 6) leads to pro-

teolysis of the inhibitor of caspase-activated DNase (CAD),

activation the latter and thus generation of DSBs (48,49).

However, the presence of colocalized cH2AX and BP1 is also

seen 6 h and 24 h after cells pulse-exposure to EdU which sug-

gests formation of DSBs unrelated to apoptosis but in direct

response to the incorporated EdU.

The question may be asked what means have to be taken

to escape possible deleterious effects of EdU incorporation

manifesting as perturbed progression through the cell cycle

and/or DNA damage response. Since most of these effects

occur at the time of DNA replication subsequent to the S

phase at which EdU has been used as the precursor, efforts

have to be made to limit length of time of the experiment that

it would not extent to the next S phase following the initial

EdU incorporation. Alternatively, for long-term experiments

BrdU, known to have less pronounced cytostatic/cytotoxic

effects, has to be used as DNA precursor. Its detection, with

no need for partial DNA denaturation, can be achieved using

the Strand Break Induction by Photolysis (SBIP) methodology

(10,50,51).

In conclusion, our findings indicate that EdU has no

detectable impact on DNA replication during the initial 6 h of

incubation, when the template is innate (dT). Yet, even at that

time DDS is triggered above the level of that seen in EdU-

untreated cells. However, in long-term experiments following 1

h pulse-labeling with EdU, when DNA template has already dE

replacing dT, the replication rate is distinctly slowed down and

DDS is triggered at a greater intensity. DDS is still more ele-

vated in the cells that already have traversed the S phase repli-

cating DNA using the EdU-labeled (dE) template. Their

subsequent arrest in G2 is likely a consequence of p53 and Chk2

activation. p53 activation may also contribute to induction of

apoptosis seen 24 h and 48 h after the pulse. DSBs appear to be

present already 6 h after pulse-labeling with EdU. The pattern

of the cell cycle and DDS response to EdU incorporation varies

depending on the cell type and the status of p53.
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