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Abstract Fluorescence pulse width can provide size

information on the fluorescence-emitting particle,

such as the nuclei of propidium iodide-stained cells.

To analyze nuclear size in the present study, rather

than perform the simple doublet discrimination

approach usually employed in flow cytometric DNA

content analyses, we assessed the pulse width of the

propidium iodide fluorescence signal. The anti-cancer

drug etoposide is reportedly cytostatic, can induce a

strong G2/M arrest, and results in nuclear enlarge-

ment. Based on these characteristics, we used etopo-

side-treated HCT116 cells as our experimental model

system. The fluorescence pulse widths (FL2-W) of

etoposide-treated (10 lM, 48 h) cells were distributed

at higher positions than those of vehicle control, so

the peak FL2-W value of etoposide-treated cells

appeared at 400 while those of vehicle control cells

appeared at 200 and 270. These results were consistent

with our microscopic observations. This etoposide-

induced increase in FL2-W was more apparent in G2/

M phase than other cell cycle phases, suggesting that

etoposide-induced nuclear enlargement preferentially

occurred in G2/M phase cells rather than in G0/G1 or S

phase cells.
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Pulse width

Introduction

Flow cytometry is a staple methodology in biological

research that is frequently employed in the develop-

ment of cancer chemotherapeutic and chemopreven-

tive agents, chiefly to evaluate biological activities and

molecular mechanisms. The basic parameters of flow

cytometry include forward (FSC) and side (SSC)

scatter, which provide information on the cell size and

cell internal complexity, respectively. When cells are

stained with a fluorescent dye for DNA content

analysis (e.g., propidium iodide, PI), their emitted

fluorescence can serve as a pulse signal, and the signal

height (FL2-H), width (FL2-W), and area (FL2-A) can

be determined (Fig. 1). In the case of cell cycle

analysis, FL2-A is the main parameter, and the

histogram plot of FL2-A serves as a cell cycle graph.

FL2-W is often used to discriminate singlet and

aggregated cells through gating on the singlet cell

region of the FL2-A vs. FL2-W dot plot (Hoffman
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2009; Wersto et al. 2001). However, FL2-W can also

be used for other purposes such as size evaluation of

the fluorescence-emitting particle. Recently, research-

ers have examined the calf thymocyte nuclear size

using fluorescence pulse width analysis (Hoffman

2009). However, the flow cytometric analysis of fluores-

cence pulse width for biological particle sizing remains

unpopular, with limited published data (Hoffman 2009;

Kirkhus et al. 1992; Leary et al. 1979).

Etoposide, a famous anti-cancer drug, has been

used to treat a wide spectrum of human cancers.

Etoposide induces a strong G2/M arrest in various

cancer cells (Rudolf and Cervinka 2003; Zhu et al.

2009). Due to the resulting abnormal mitotic features,

etoposide reportedly also induces the formation of

abnormal giant cells in cervical cancer and Epstein-

Barr virus (EBV)-infected lymphocytes (Dedov et al.

2003; Rello-Varona et al. 2006).

In this study, we applied a flow cytometric analysis

of fluorescence pulse width to evaluate the nuclear size.

This analysis goes beyond the traditional purpose of

the method, which is to discriminate between aggre-

gated and singlet cells. We used etoposide-induced

HCT116 cell nuclear enlargement as our experimental

model system. We also evaluated the effect of the cell

cycle phase on etoposide-induced nuclear enlargement

through fluorescence pulse width analysis.

Materials and methods

Materials

Etoposide and PI were purchased from Sigma.

Etoposide was dissolved in dimethyl sulfoxide

(DMSO) for cellular treatment. Antibodies against

ATM, p-ATM (Ser1981), a-tubulin, and GAPDH were

purchased from Cell Signaling Technology (Danvers,

MA, USA). Antibodies against b-actin and lamin B1

were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA, USA) and Abcam (Cambridge,

UK), respectively.

Cell culture

HCT116 and DLD-1 cells were obtained from the

American Type Culture Collection (Rockville, MD,

USA). HCT116 and DLD-1 cells were maintained in

minimal essential medium (MEM) supplemented with

10% (v/v) fetal bovine serum, 100 units penicillin/ml,

and 100 lg streptomycin/ml. Cells were cultured in a

humidified atmosphere (95% air, 5% CO2) at 37�C.

Cell viability assay

HCT116 (2 9 103 cells per well) cells were plated

into 96-well plates, incubated at 37�C for 24 h, and

treated with etoposide. Cell viability was measured

using the EZ-cyTox Cell Viability Assay Kit (Daeil

Lab Service, Seoul, Korea) as previously described

(Kang et al. 2007).

Cell cycle analysis

HCT116 and DLD-1 cells (5 9 105) were seeded on

60 mm dishes, incubated for 24 h, and then treated

with etoposide. The cell cycle was evaluated by flow

cytometric DNA content analysis using Modfit LT 3.0

software, as previously described (Kang et al. 2007).

Microscopy and measurement of nuclear size

Cell morphological changes were crudely observed

using a phase contrast microscope. For precise obser-

vation of the nucleus, we further exploited confocal

laser-scanning microscopy. Cells were fixed in 4%

formaldehyde for 30 min, and nuclei were stained

using a mounting medium supplemented with 40,
6-diamidino-2-phenylindole (DAPI; Vector Laborato-

ries, Burlingame, CA). Stained cells were immediately

observed using the Leica TCS SP5 system (Leica

Microsystems, Heidelberg, Germany). Differential

interference contrast (DIC) and DAPI fluorescence

images were merged using the LAS AF software.

Fig. 1 Schematic diagram of fluorescence pulse signal

(height, width, and area)
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To measure the nuclear size, detached cells were

stained with PI as previously described (Kang et al.

2007). Fluorescence images were obtained using a

fluorescence microscope, and the ProgRes CFcool

camera system (JENOPTIK, Jena, Germany). Nuclear

size (diameter, lm) was determined using the circle

measurement algorithm of the ProgRes Capture Pro

2.5 software (JENOPTIK, Jena, Germany).

Western blot analysis

HCT116 (5 9 105) cells were seeded on 60 mm

dishes and incubated for 24 h, and then treated with

etoposide. Total cell lysates were prepared and

subjected to electrophoresis on 10% SDS–PAGE

Tris/HCl gels. Additional procedures were performed

as previously described (Kang et al. 2009).

Flow cytometry

The fluorescence pulse signal was analyzed using a

flow cytometer. Cells were stained with PI as previous

described (Kang et al. 2007). FL-2 voltages were

adjusted such that the G0/G1, G2 ? M peaks had

values of 200 and 400, respectively, on FL2-A. A total

of 20,000 events were collected for each sample. PI

fluorescence pulses were detected using a laser beam

at 488 nm and band pass filters at 585/45. For every

event, FSC-H, SSC-H, FL2-A, and FL2-W values

were measured. The histogram plot and statistics tools

of CellQuest Pro software were used for analysis.

Statistical analysis

Data were expressed as means ± SDs. The statistical

significance of the differences was determined by

Student’s t-test. P values \0.01 were considered

statistically significant. Kolmogorov–Smirnov statis-

tics were used to compare sets of two flow cytometric

histograms (Young 1977).

Results

Etoposide induces a strong G2/M arrest

and formation of giant cell shapes in HCT116 cells

Although it was previously shown that etoposide

induces G2/M arrest in various cells and triggers giant

cell formation in cervical cancer and EBV-lymphocytes

(Dedov et al. 2003; Rello-Varona et al. 2006; Zhu et al.

2009), we reconfirmed these characteristics in HCT116

human colon cancer cells. Etoposide did not signifi-

cantly inhibit cell proliferation in HCT116 cells.

Etoposide treatment (10 lM) for 48 h resulted in only

a 30% inhibition of cell viability compared with vehicle

control (Fig. 2a). However, treatment for 24 or 48 h

triggered a strong, dose-dependent G2/M arrest in

HCT116 cells (Fig. 2b). Etoposide triggered formation

of giant cell shapes in HCT116 cells, in which HCT116

cells treated with etoposide (10 lM) for 24 and 48 h

were much larger than those treated with vehicle control

(Fig. 2c). Phase contrast microscopy also suggested that

the cell nuclear size increased with etoposide treatment.

In addition, we also observed etoposide-induced G2/M

arrest and cell enlargement in the p53-mutated colon

cancer cell line, DLD-1 (Supplementary Fig. 1a, b).

Etoposide induces HCT116 cell nuclear

enlargement

To more precisely observe the cell nuclei, we

performed confocal laser-scanning microscopy after

DAPI staining. Etoposide clearly induced the enlarge-

ment of both the cell and nuclear sizes (Fig. 3a). We

determined the nuclear size quantitatively using fluo-

rescent microscopy after PI staining, according to the

circle measurement algorithm of the microscope

software, and found that etoposide dose-dependently

increased nuclear size at 24 and 48 h of treatment

(Fig. 3b). Because etoposide induced nuclear and cell

enlargements, we examined the expression levels of

cytoskeleton proteins using Western blot analysis.

Etoposide triggered the DNA damage signaling path-

way in HCT116 cells, as reported previously (Zhu et al.

2009). Etoposide increased both ATM expression

and phosphorylation at Ser1981, while the b-actin and

a-tubulin expression levels were unaltered by etopo-

side. Only the expression of lamin B1, which is an

important nuclear membrane filament, was decreased

by etoposide treatment (Fig. 3c).

Flow cytometric analysis of PI fluorescence width

reveals HCT116 cell nuclear enlargement

following etoposide treatment

We used the PI fluorescence pulse width to analyze

the nuclear size in HCT116 cells. We divided the
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region into four portions in the FL2-A vs. FL2-W dot

plot of vehicle control cells (R1, singlet cells in

G0/G1 to S phases [2N–3N]; R2, aggregated cells

such as doublets; R3, singlet cells in S to G2/M

phases [3N–4N]; R4, overall region, R1 ? R2 ? R3)

(Supplementary Fig. 2a). We reconfirmed the cell

cycle distribution of each gated region in the FL2-A

histogram plot (Supplementary Fig. 2b). The FSC-H

values of the R3 gated cells were distributed at higher

positions than those of the R1 gated cells (Supple-

mentary Fig. 2b, FSC-H histogram plot). The SSC-H

value of each gated region was distributed similarly

(Supplementary Fig. 2b, SSC-H histogram plot). The

FL2-W values of the R3 gated cells were distributed

at higher positions than those of the R1 gated cells.

The aggregated cells (R2 gated cells) showed a flat

peak of FL2-W, with values that were higher than

those of the R3 gated cells (Supplementary Fig. 2b,

FL2-W histogram plot). These results indicate that

the nuclear sizes of cells in the G2/M phase were

larger than those of cells in the G0/G1 phase. This

may be due to the fact that cells naturally enlarge

Fig. 2 Effects of etoposide on viability, cell cycle distribution,

and cellular morphology of HCT116 cells. Cells were treated

with etoposide (0–10 lM) for 24 or 48 h. a Cell proliferation

was determined using the MTT assay. Data are expressed as

the mean ± SD of triplicate experiments. ** P \ 0.001 and

* P \ 0.01 compared to vehicle control. Graph is a represen-

tative from three independent experiments. b Cell cycle

distribution determined by measuring PI-labeled DNA content

using flow cytometry. C vehicle control. Graph is a represen-

tative from three independent experiments. c Phase contrast

microscope images of HCT116 cells (bar = 20 lm). Repre-

sentative pictures are shown from at least three independent

experiments
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their cellular components, including DNA and pro-

teins, in preparation for mitosis. Based on this

observation, we proposed that the flow cytometric

measurement of PI fluorescence could be used to

analyze the cell nuclear size.

We further applied the flow cytometric analysis of

the PI fluorescence pulse width to evaluate nuclear

enlargement by etoposide in HCT116 cells. We

divided the region into four portions in the FL2-A

vs. FL2-W dot plot based on the cell cycle phase (R1,

G0/G1 phase; R2, S phase; R3, G2/M phase; R4,

overall region, R1 ? R2 ? R3) (Fig. 4a). First, we

analyzed the FSC-H, SSC-H, FL2-A, and FL2-W

values in all cells (R4 gated region) (Fig. 4b). The

FSC-H and SSC-H values of the etoposide-treated

(10 lM, 48 h) HCT116 cells were 1.4- and 3.2-fold

higher, respectively, than those of vehicle control

(Fig. 4b, FSC-H and SSC-H histogram plots). The

FL2-A histogram plot reconfirmed that etoposide

induced G2/M arrest (Fig. 4b, FL2-A histogram plot).

The peak FL2-W values of etoposide-treated (10 lM,

48 h) HCT116 cells appeared at about 400, while

those of vehicle control cells appeared at about 200

and 270 (Fig. 4b, FL2-W histogram plot). This

etoposide-induced increase in FL2-W is consistent

with our microscopic observations (Fig. 2a, b), and

was also observed at 24 h of etoposide treatment

(data not shown) and in DLD-1 cells (Supplementary

Fig. 1c).

Etoposide-induced nuclear enlargement

preferentially occurred in G2/M phase cells

To evaluate the effect of the cell cycle phase on

etoposide-induced nuclear enlargement, we com-

pared the FL2-W distribution of vehicle control and

etoposide-treated cells gated on each cell cycle phase

(R1, R2 and R3; as described in Fig. 4a). The FL2-W

values of etoposide-treated cells were distributed at

higher positions than those of vehicle control with

gating on R3 (G2/M phase cells), but were distributed

similarly with gating on R1 or R2 (G0/G1 or S phase

Fig. 3 Enlargement of cell and nucleus by etoposide treatment

in HCT116 cells. a Confocal microscope images of HCT116

cells treated with etoposide (10 lM) for 24 or 48 h. Cells were

fixed and stained with DAPI. Differential interference contrast

(DIC) images were superimposed on DAPI fluorescence

images (bar = 20 lm). b Measurement of nuclear size.

HCT116 cells treated with etoposide (0–10 lM) for 24 or

48 h, fixed, and stained with PI. Nuclei size was determined by

fluorescence microscopy and the circle measurement algorithm

of the microscope software. Each bar represents the mean ±

SD (n = 100). * P \ 0.001 compared to vehicle control,

C. c Expressions of ATM, lamin B1, b-actin, a-tubulin,

and GAPDH in HCT116 cells determined by Western blot

analysis. ATM phosphorylation was also measured. Cells

were treated with etoposide (ET, 10 lM) for 24 h. C vehicle

control. Representative data are shown from two independent

experiments
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cells, respectively) (Fig. 5a). These data imply that

etoposide-induced nuclear enlargement occurs in the

G2/M phase rather than the G0/G1 or S phase.

Similar results were also obtained after 24 h of

etoposide treatment (data not shown).

We also quantitatively compared the flow cyto-

metric histograms using Kolmogorov–Smirnov sta-

tistics. The D/s(n) value reflects the index similarity

for two histograms, such that a higher D/s(n) value

indicates a less-similar distribution. The D/s(n) value

of cells in the G2/M phase (37.52) was much higher

than that of cells in the G0/G1 (9.80) or S phase

(5.37) (Fig. 5b). For a more precise comparison, we

again calculated the values for vehicle control cells in

the G2/M phase after excluding doublet cells (since

R3 also contained some doublet cells), and obtained a

D/s(n) value of 43.54. Thus, the FL2-W distribution

of the etoposide-treated cells was definitely different

from that of vehicle control (Supplementary Fig. 3).

Discussion

In flow cytometric cell cycle analysis, the FL2-W

value is predominantly used to discriminate between

singlet and aggregated cells. However, the pulse width

of a fluorescence signal can also provide size infor-

mation (Hoffman 2009). Here we analyzed the FL2-W

values to characterize cell nuclear size, using etopo-

side-induced nuclear enlargement in HCT116 human

colon cancer cells as an experimental model system.

This method is convenient and less labor-intensive

than microscopic observation, since the pulse width

data of DNA fluorescence can be easily obtained after

Fig. 4 Flow cytometric

analysis of PI fluorescence

pulse width to evaluate

etoposide-induced nuclear

enlargement. HCT116 cells

were treated with etoposide

(10 lM) for 48 h,

harvested, fixed in 70%

ethanol, and stained with PI.

Representative data are

shown from three

independent experiments.

a FL2-A vs. FL2-W dot plot

(R1, G0/G1 phase cells; R2,

S phase cells; R3, G2 ? M

phase cells; R4, overall

cells, R1 ? R2 ? R3).

b Histogram plots of

FSC-H, SSC-H, FL2-A, and

FL2-W with gating on R4.

Overlay histograms are

schematized using vehicle

control (dark) and

etoposide-treated (48 h)

(gray) cell data. Mean

values of FSC-H, SSC-H,

FL2-A, and FL2-W were

calculated using the

histogram statistics tool of

CellQuest Pro software
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PI staining. Thus, through flow cytometric DNA

content analysis, we can simultaneously evaluate both

the cell cycle and nuclear size distributions.

We observed that the pulse width of PI fluores-

cence from etoposide-treated cells was much higher

than that of vehicle control, which correlated well

with our microscopic observations. The etoposide-

induced increase in FL2-W preferentially occurred in

G2/M phase cells (Fig. 5), potentially because etopo-

side induced a strong G2/M phase arrest. Although the

cells synthesized DNA and protein for cell division,

they could not enter mitosis due to the arrest and were

stuck at an abnormal phase with giant nuclei and cell

shapes. From the observations of this study, we

hypothesize that two properties may be essential for

chemically induced nuclear enlargement. First, the

chemical should be able to induce cell cycle arrest at

late phases such as G2/M, rather than at early phases.

Second, the chemical should not induce apoptosis

rapidly: it should be cytostatic rather than cytotoxic.

For example, although paclitaxel induced G2/M

arrest, it also rapidly induced a strong apoptosis in

HCT116 cells, and could not induce nuclear enlarge-

ment (data not shown). In contrast, etoposide is both

cytostatic and induces G2/M arrest. In the future, we

plan to evaluate other drugs, such as hydroxyurea and

paclitaxel, in association with inhibiting the apoptotic

pathway for nuclear size changes.

The FSC-H and SSC-H values were higher when

cells were treated with etoposide than in vehicle

control cells, indicating that cell size and cellular

granularity were increased by etoposide. These

Fig. 5 Effects of cell cycle phase on etoposide-induced

nuclear enlargement. FL2-W distributions were compared

between vehicle control and etoposide-treated cells (10 lM,

48 h). Representative data sets are shown from three indepen-

dent experiments. a Histogram plots of FL2-W, schematized

from cells in each cell cycle phase (left: R1 gated, G0/G1 phase

cells; middle: R2 gated, S phase cells; right: R3 gated, G2 ? M

phase cells; explained in Fig. 4). Overlay histograms schema-

tized using vehicle control (dark) and etoposide-treated (gray)

cell data. Mean values of FL2-W are represented in each plot.

b Kolmogorov–Smirnov statistics were used to quantitatively

compare the FL2-W distribution between vehicle control

(dark) and etoposide-treated cells (gray) shown in (a).

D/s(n), index of similarity for the two curves. If D/s(n) = 0,

the curves are identical. D, greatest difference between the two

curves. Channel, channel number of D. P values\0.001 for all

data, which is the probability of D being as large as it is

assuming that the two selected histogram are from the same

population. Each value was calculated using the Kolmogorov–

Smirnov statistics tool of CellQuest Pro software
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findings coincide with a previous report that etoposide

induces increased cell mass and protein expression,

including that of actin proteins (Dedov et al. 2003;

Perez et al. 1997; Rello-Varona et al. 2006). The

results also suggest that the increased presence and

reorganization of cytoskeletal proteins might contrib-

ute to the cell size enlargement. Western blot analyses

showed that a-tubulin and b-actin were not changed

by etoposide treatment, perhaps because the Western

blot showed the ratio of the protein expression in the

overall cells. The expression of proteins, including

cytoskeletal proteins, in one cell should be increased

by etoposide treatment (Min et al. 2006). Lamin B1

expression was noticeably decreased by etoposide.

Lamins are the major architectural proteins of nuclear

envelope, and are critical for nuclear integrity and

assembly (Parnaik 2008), implying that etoposide

might inhibit nuclear membrane formation due to the

uncontrolled enlargement of the nucleus. Another

possibility is that the decreased lamin B1 expression

might have been triggered by the preparation of

apoptosis induction, similar to its reported response in

apoptotic human leukemia cells (Fadeel et al. 1999).

In conclusion, we measured the PI fluorescence

pulse width, typically presented as FL2-W, by flow

cytometry to analyze the nuclear size. The etoposide-

induced nuclear enlargement in HCT116 cells was

used as the experimental model system, because

etoposide induces cytostasis and a strong G2/M arrest.

The PI fluorescence width of the etoposide-treated

cells was increased compared to vehicle control cells,

in agreement with our microscopic observations.

Furthermore, the etoposide-induced nuclear enlarge-

ment preferentially occurred in G2/M phase cells. Our

findings provide insights into the mechanisms under-

lying etoposide-induced nuclear enlargement. We

suggest that our modified fluorescence pulse width

analysis method could be used for nuclear size

evaluation, as a useful tool for the functional study of

cancer therapies and prevention agents.
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