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Introduction

Cellular senescence, an irreversible cell cycle arrest, was first 
defined in 1961 when Hayflick and Moorhead observed that 
normal cells have a finite proliferative capacity. Cells growing in 
culture were capable of dividing only a certain number of times 
before entering a state of proliferative arrest.1 The phenomenon 
has been attributed to the erosion of telomeres every time a cell 
divides, leading to their dysfunction.2 This type of cell senes-
cence, known as intrinsic or replicative senescence, is generally 
associated with aging.3 More recently a second type, called extrin-
sic, premature or stress-induced senescence, has been defined. It 
can be triggered by oncogene activation, inactivation of tumor 
suppressor genes, persistent replication stress, oxidative stress or 
treatment of cells with DNA damaging drugs or radiation.4

Cell senescence plays a number of different roles, some of 
which specifically relate to cancer. In some instances senescence 
acts as a barrier to cancer by preventing normal cells from under-
going tumorigenesis.5,6 Another role is in response to cancer treat-
ment. Traditional cytotoxic chemotherapy regimens are designed 
to kill tumor cells through the process of apoptosis.7 While 
induction of apoptosis is predominant, the induction of senes-
cence has also been seen in some types of solid tumors during 
chemotherapy.8 It is difficult to assess, however, what role, if any, 
induction of senescence in tumor cells plays in instances where 
chemotherapy proves effective.

Mutations of oncogenes and tumor suppressor genes which activate mtoR through several downstream signaling 
pathways are common to cancer. Activation of mtoR when combined with inhibition of cell cycle progression or 
DNA replication stress has previously been shown to promote cell senescence. In the present study, we examined the 
conditions under which human non-small cell lung carcinoma A549 cells can undergo senescence when treated with the 
DNA alkylating agent mitomycin C (MMC). While exposure of A549 cells to 0.1 or 0.5 μg/ml of MMC led to their arrest in 
S phase of the cell cycle and subsequent apoptosis, exposure to 0.01 or 0.02 μg/ml for 6 d resulted in induction of cell 
senescence and near total (0.01 μg/ml) or total (0.02 μg/ml) elimination of their reproductive potential. During exposure 
to these low concentrations of MMC, the cells demonstrated evidence of DNA replication stress manifested by expression 
of γH2AX, p21WAF1 and a very low level of edU incorporation into DNA. the data are consistent with the notion that 
enduring DNA replication stress in cells known to have activated oncogenes leads to their senescence. It is reasonable 
to expect that tumors having constitutive activation of oncogenes triggering mtoR signaling may be particularly 
predisposed to undergoing senescence following prolonged treatment with low doses of DNA damaging drugs.
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The activation of oncogenes and/or inhibition of tumor sup-
pressor genes are a hallmark of most cancers.9 These events pre-
dispose or cause cells to undergo senescence.10-13 It is reasonable 
to expect, therefore, that under similar stress conditions, cancer 
cells that have constitutively activated oncogenes or dysfunctional 
tumor suppressors may be more prone to undergo senescence 
than normal cells. Given the fact that cytotoxic chemotherapy 
provided at the maximum tolerated dose (MTD) is generally 
highly toxic, strategies may be designed to use chemotherapy 
at much lower concentrations to render tumor cells senescent, 
thereby minimizing some of the drug-induced toxicity.

For years, the acceptance of antitumor drugs by the FDA was 
based on response criteria assessed by tumor shrinkage visualized 
by CT, MRI or traditional X-ray examination. Tumor shrinkage 
observed this way most likely occurs as a result of cell death by 
apoptosis. Assessment of the tumor response by its size reduction 
criteria precluded the detection of potential treatment benefits 
that could be mediated by induction of senescence of tumor cells.

Interestingly, it has recently been shown that some patients 
benefit from a non-traditional regimen known as metronomic 
chemotherapy, defined as continuous or frequent treatment 
with low doses of anticancer drugs.14 While it has generally been 
assumed that such treatment inhibits tumor angiogenesis,15 no 
evidence exists as to whether, and to what extent, the induction of 
cell senescence of the tumor cells contributes to beneficial effects 
of metronomic therapy.
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0.01–2.0 μg/ml MMC. Analysis of the DNA content histo-
grams revealed the accumulation of cells in S phase following 24 
h exposure to 0.1–0.5 μg/ml MMC (Fig. 1A). However, treat-
ment with 1.0–2.0 μg/ml MMC for 24 h showed no significant 
changes in the DNA histogram when compared with the con-
trol (Fig. 1A). The percentage of cells in the respective cell cycle 
phases are presented in Figure 1B. The accumulation of cells in 
S phase persisted after treatment with 0.5 μg/ml MMC for 48 
and 72 h. The cell cycle distribution for cells treated with 1.0 μg/
ml MMC demonstrated only a modest increase in S and G

2
M 

phase cells at 72 h whereas cells treated with 2.0 μg/ml MMC 
showed little change in their cell cycle distribution though the 
histograms began to show the presence of cells with fractional 
DNA content (“sub-G

1
 cells”) typically associated with apoptotic 

cell death (Fig. 1A, arrow).
Activation of caspase-3 is a characteristic feature of apop-

totic cells. To determine whether the cells indeed were undergo-
ing apoptosis they were treated for 8–72 h with 0.5–2.0 μg/ml 
MMC and immunostained for activated (cleaved) caspase-3. The 
data show that up to 20% of cells treated with 2.0 μg/ml MMC 
had undergone apoptosis at 72 h, while cells treated with lower 
drug concentrations did not (Fig. 1C).

The aim of the present study was to explore the possibility and 
assess the conditions by which cell senescence (“reproductive cell 
death”) could be induced in A549 human non-small cell pulmo-
nary carcinoma cells in vitro with mitomycin C (MMC). MMC 
is a chemotherapeutic agent that has been used in the treatment of 
cancer since 1974.16 Throughout its history, MMC has been used 
to treat a wide variety of tumors, including adenocarcinoma of the 
stomach and pancreas, anal cancer, bladder cancer, breast cancer, 
cervical cancer, colorectal cancer, head and neck cancer and non-
small cell lung cancer.17 It acts as a bi-alkylating and DNA crosslink-
ing agent.18 Clinically, it is given intravenously and has a half-life of 
approximately 50 min in the blood.18 MMC is metabolized in the 
liver.18 A typical IV dose is 20 mg/m2, with a concentration achiev-
able in the blood of 2.4 μg/ml. The present study demonstrates that 
there are MMC concentrations and lengths of exposure consider-
ably lower that the MTD that drive the entire A549 cell population 
to senescence, eliminating their reproductive potential.

Results

Short-term effects of treatment with MMC. A549 cells were 
treated continuously for varying lengths of time (8–72 h) with 

Figure 1. effect of continuous treatment with MMC on cell cycle, apoptosis and edU incorporation. (A) exponentially growing A549 cells were left 
untreated (control) or were continuously exposed to 0.1–2.0 μg/ml MMC for up to 72 h. A) DNA content frequency histograms; the arrow indicates 
objects with fractional DNA content (sub-G1), likely apoptotic cells. (B) percentage of cells in respective phases of the cell cycle. the St and G2Mt/G1o 
represent cells at a higher DNA ploidy. (C) percent of cells expressing activated (cleaved) caspase-3. (D) exponentially growing cells untreated (control) 
or treated with 0.1–2.0 μg/ml MMC for 24 h were exposed to edU for 1 h. on these bivariate (DNA content vs edU incorporation) distributions the cells 
above the dashed (threshold) line are positive for edU. the percent of cells with an S-phase DNA content that show evidence of edU incorporation 
(above the threshold) is shown in each panel.
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H2AX on Ser139 (γH2AX) is a prominent feature.19,20 Therefore, 
we tested for the induction of this biomarker in cells subjected to 
3 and 6 d exposure to 0.01 and 0.02 μg/ml MMC. Induction 
of γH2AX showed a concentration-dependent increase at 3 d, 
which remained constant from 3 to 6 d (Fig. 3). The mean level 
of γH2AX fluorescence for all cells increased about 2-fold over 
the control, untreated cells following treatment with 0.01 μg/ml 
MMC, and to greater than 3.5-fold when treated with 0.02 μg/
ml MMC. There was no significant increase in the percentage 
of cells positive for activated caspase-3 following treatment with 
either concentration of drug for up to 6 d, which otherwise would 
indicate the induction of apoptosis (Fig. S2).

Induction of senescence-associated β-galactosidase activ-
ity is considered the most specific marker of cell senescence.22 
Cells exposed to low concentrations of MMC were tested 
for the expression of this biomarker. It is quite evident that 
β-galactosidase activity was dramatically increased in the MMC-
treated cells (Fig. 4A). Their cellular and nuclear size was also 
markedly enlarged. Another characteristic feature of the MMC-
treated cells was low cell density at confluence (Fig. 4A), which 
is also typical of senescence (5). While only a small percentage of 
cells were positive for β-galactosidase following 3 d of treatment, 
over 90% were β-galactosidase-positive after 6 d (Fig. 4B). These 
cells also expressed p21WAF1 (Fig. 5A), a cyclin-dependent kinase 
inhibitor that is associated with cell senescence.23,24 Similar to 
β-galactosidase, there was no significant increase in p21WAF1 seen 
following 3 d treatment, while there was a 10- to 15-fold increase 
after 6 d (Fig. 5B).

We have recently established a method to quantitatively assess 
the degree (“depth”) of cell senescence through morphometric 
analysis of their characteristic changes in nuclear morphology.25 
The method is based on analysis of the ratio of the local nuclear 
DNA staining intensity (maximum pixel of fluorescence inten-
sity of a DNA-associated fluorochrome, mp) to nuclear area (mp/
area), assessed by imaging cytometry.25 The decrease in this ratio, 
which was defined as the cell senescence index (SI), is a sensitive 
and quantitative reporter of the “flattening” of the cell on the 
surface of the slide, resulting in the DNA being spread out over a 
larger nuclear area.25 The data show that treatment of cells with 
either 0.01 or 0.02 μg/ml MMC for 3 or 6 d led to a significant 
decrease in this ratio which was distinctly more pronounced at 6 
d compared with 3 d of treatment (Fig. 6).

Even though it appeared that most cells had entered senes-
cence and were present at DI = 1.0, 2.0 and 4.0 ploidy levels, 
there were still a small number of cells present in S phase, and 
it was important to determine whether these cells continued to 
replicate DNA. Therefore, a 1 h pulse of EdU was given to cells 
treated for 6 d with either 0.01 or 0.02 μg/ml MMC just prior 
to cell fixation. The total percentage of cells incorporating EdU 
dropped from 42.7% in the control to 7.6% and 3.7% after 6 d 
of treatment with 0.01 and 0.02 μg/ml MMC, respectively (Fig. 
7A). Due to the accumulation of cells at a higher DNA ploidy, 
there were two separate S phases to be considered; cells cycling 
between a DI = 1.0 and 2.0 (S) and cells cycling between a DI = 
2.0 and 4.0 (S

T
). Treatment with either MMC concentration led 

to a decrease in the percentage of both S and S
T
 phase cells that 

To determine the cause for the observed changes in the cell 
cycle distribution of A549 cells following 24 h continuous treat-
ment with MMC, a pulse of the DNA precursor EdU was added 
to the cultures for 1 h prior to fixation. Cells treated with 0.1–2.0 
μg/ml MMC showed a dramatic decrease in EdU fluorescence, 
indicating they were replicating DNA at a very slow rate and, 
thus, traversing S phase extremely slowly (Fig. 1D). Analysis also 
revealed that 75–83% of cells considered to be in S phase based 
on DNA content did not incorporate detectable EdU following 
treatment with 0.5–2.0 μg/ml MMC which meant those cells 
had stopped progressing through S phase.

Long-term treatment with low MMC concentration. Since 
exposure to MMC concentrations of 0.1 μg/ml or higher blocked 
cells in S phase or prevented their entry into S phase, A549 cells 
were exposed to prolonged treatment at lower drug concentra-
tions. Thus, the cells were treated continuously with 0.01–0.05 
μg/ml MMC for 3 or 6 d. The treatment for 3 d led to a decrease 
in the proportion of G

1
 phase cells and an increase in G

2
M phase 

cells as well as an accumulation of cells with a DNA content 
above a DNA index of 2.0 (DI > 2.0) (Fig. 2A). The accumula-
tion of DI > 2.0 cells was even more pronounced following 6 d 
continuous treatment with 0.01–0.02 μg/ml MMC (Fig. 2A). It 
is important to note that these higher DNA ploidy cells are always 
present in control cultures of A549 cells, but since they make up 
a small percentage of the total population, their presence is often 
ignored. At present, we define the cells with a DI = 1.0 as G

1
 (dip-

loid) cells, cells with a DI = 2.0 as G
2
M phase diploid cells plus 

G
1
 cells of the higher ploidy (G

1T
; tetraploid) and cells with a DI 

= 4.0 as G
2
M tetraploid cells (G

2
M

T
) plus possibly G

1
 octoploid 

cells (G
1O

). Each of the different DNA ploidy populations have S 
phase cells which were designated as S for the diploid and S

T
 for 

the tetraploid populations, respectively.
The percentage of cells at these higher DNA ploidies (DI = 2.0 

and 4.0) increased after treatment with 0.01–0.02 μg/ml MMC 
for 3 or 6 d with a concomitant decrease in proportion of G

1
 

phase cells (DI = 1.0) (Fig. 2A and B). Treatment with 0.05 μg/
ml MMC, however, did not give rise to a significant number of 
cells at a DI = 4.0; the vast majority of cells accumulated in a 
population with a DI = 2.0 (Fig. 2A and B). Accumulation of 
G

2
M and G

2
M

T
 cells combined with the evidence of suppression 

of DNA replication (Fig. 1D) indicate that following treatment 
with 0.01 and 0.02 μg/ml MMC, the cells were still moving 
through the S and S

T
 phase, albeit at a very slow pace.

When cells with a DI = 2.0 were visualized by LSC, it was 
clear that nearly all cells (> 90%) contained a single nucleus with 
increased nuclear area (Fig. S1), indicating that they entered a 
higher ploidy by the process of endoreduplication rather than 
endomitosis.

Persistent replication stress is known to induce cell senes-
cence.19-21 It is quite evident that at MMC concentrations of 0.01 
and 0.02 μg/ml, some cells were replicating DNA at a mini-
mal rate and thus were subjected to persistent replication stress. 
Attempts have been made, therefore, to determine whether these 
cells were undergoing senescence. One of the biomarkers of DNA 
replication stress and induction of senescence is the presence of 
DNA damage signaling, of which phosphorylation of histone 
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This correlated with the “depth” of senescence assessed by mor-
phometric analysis of the cell’s nuclear size and shape (mp/area) 
after 6 d of treatment, as the SI index25 decreased from 1.0 in 
control cells to 0.41 vs. 0.34 in cells exposed to 0.01 and 0.02 μg/
ml MMC, respectively (Fig. 6B). These MMC concentrations, 
which are two orders of magnitude lower than the MTD used 
in cytotoxic chemotherapy regimens, make our findings clini-
cally relevant. Thus, the prolonged exposure of cells to a DNA 
damaging drug at concentrations sufficient to induce persistent 
replication stress (reflected by histone H2AX phosphorylation 
and induction of p21WAF1) but low enough not to suppress protein 
synthesis (reflected by increase in cell size) can result in induction 
of reproductive cell death.

There is significant evidence that induction of cell senescence 
may be achieved by variety of anticancer drugs. An in vitro study 
using high cytotoxic doses of DNA topoisomerase inhibitors 
revealed that, in response to treatment, two of five cancer cell 
lines underwent apoptosis, while the other three tended to be 
permanently arrested in the cell cycle or senescent.26 An in vivo 
study in mice with myc-induced lymphomas found the presence 
of senescent cells following treatment with a single high dose of 
cyclophosphamide and the presence of senescent cells correlated 
with better survival.27 In an important and perhaps underappre-
ciated observation, senescent cells were also seen in over 40% of 
biopsies from patients with lung or breast cancer that had been 
treated with traditional cytotoxic chemotherapy.26,28 It is evident 
from these studies that even following treatment with high drug 
concentrations designed to kill cells by apoptosis, some cells 
respond by undergoing senescence. However, no thorough stud-
ies examining senescence of cancer cells following the clinical use 
of continuous exposure to low or moderate levels of DNA damag-
ing agents have been carried out.

As mentioned, metronomic chemotherapy involves continu-
ous or frequent treatment with low doses, typically 1/3–1/2 of 
the MTD, of anticancer drugs.14 The beneficial effects of this 

were positive for EdU (Fig. 7B). It was evident that even though 
the majority of the cells appeared to be senescent, there were still 
a few cells that continued to traverse S phase.

To determine whether the cells that incorporated EdU were 
capable of continued proliferation, the cells from these cultures 
were subjected to a clonogenicity assay. To this end, the cells 
treated for 6 d with 0.01 or 0.02 μg/ml MMC were trypsinized 
and re-plated at low cell densities. There was no evidence that 
senescence affected the ability of cells to reattach following tryp-
sinization (Fig. 8A). Control slides were also plated at a low cell 
density and all cells were allowed to grow for 1 week to determine 
their ability to form colonies. While untreated cells produced on 
average 398 colonies (from 1,000 cells) (Fig. 8B), demonstrat-
ing the normal cloning efficiency of A549 cells to be approxi-
mately 40%; the cells treated with 0.01 μg/ml MMC had only 
1.8% clonogenicity, whereas, in repeated experiments, there was 
not a single colony formed on slides from the cells treated with 
0.02 μg/ml MMC (Fig. 8A). It should be noted that cells treated 
with MMC in the clonogenicity experiment showed a similar 
decrease in mp/area ratio and EdU incorporation as was previ-
ously observed following 6 d treatment (Fig. S3).

Discussion

The present data indicate that treatment of A549 cells with rela-
tively high (0.1 – 2.0 μg/ml) concentrations of MMC resulted 
in nearly total suppression of DNA replication that manifested 
as a distinct arrest in S phase with little or no change in the cell 
cycle distribution; apoptosis was induced at longer culture times 
following treatment with 2.0 μg/ml MMC (Fig. 1). Prolonged 
(6 d) exposure of cells to 0.01 or 0.02 μg/ml MMC, however, 
led to induction of cell senescence. In fact, the irreversible senes-
cence, manifested as the total cell’s inability to form colonies, was 
observed after treatment with 0.02 μg/ml MMC, while few cells 
were still able to proliferate after exposure to 0.01 μg/ml (Fig. 8). 

Figure 2. Cell cycle changes following prolonged treatment with low concentrations of MMC. (A) DNA content frequency histograms of the untreated 
and treated cells. the cell cycle phases of cells at diploid and higher DNA ploidy level are marked (see the text). (B) the percentage of cells in respective 
phases of the cell cycle and at different DNA ploidy is shown on the bar graphs.
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little consistency among the various treatment regimens and only 
superficial understanding of its underlying principle(s).The pres-
ent findings indicate that DNA damaging agents if given at a low 
dose (1/100 of the MTD) continuously (or at least frequently) 
can induce irreversible senescence in the entire tumor cell popu-
lation. These findings therefore, call for further testing of this 
approach on animal tumor models with particular attention paid 
to induction of senescence in the tumor cell population. Positive 
data from animal tests may promote application of this low-dose, 
long-term chemotherapy approach in clinical trials in anticipa-
tion of clinical benefits with considerably fewer attendant side 
effects.

Materials and Methods

Cells, cell treatment. Human pulmonary carcinoma A549 cells 
were obtained from American Type Culture Collection. The cells 
were grown in 25 ml FALCON flasks (Becton Dickinson Co.) in 
Ham’s F12K media supplemented with 2 mM L-glutamine,10% 
fetal bovine serum, 100 units/ml penicillin and 100 μg/ml strep-
tomycin (all from Invitrogen/GIBCO) at 37°C in an atmosphere 
of 5% CO

2
 in air. The cultures were re-plated every 4 d to main-

tain cells in an asynchronous and exponential phase of growth. 
For experiments, the cells were trypsinized and seeded at low cell 

approach are considered to rely on targeting vascular endothe-
lial cells in the tumor bed that support tumor growth.15 Indeed, 
two in vivo animal studies that preceded the clinical adoption of 
metronomic chemotherapy, one using cyclophosphamide to treat 
Lewis lung carcinoma29 and the other using vinblastine to treat 
neuroblastoma,30 demonstrated that more frequent administra-
tion of drug increased apoptosis in endothelial cells, followed by 
apoptosis in tumor cells. The possible induction of senescence in 
tumor cells, however, was not carefully monitored. Due to the 
fact that senescence is seen as part of the response to high-dose 
cytotoxic chemotherapy and in light of the results of this study, 
it is likely that senescence of tumor cells during metronomic che-
motherapy also plays significant role.

Cell senescence is induced by a combination of both inhibi-
tion of cell cycle progression and the ongoing activity or activa-
tion of mTOR pathways.31-34 In the absence of mTOR activation, 
inhibition of cell cycle progression is, in and of itself, not suf-
ficient to generate cellular senescence.33 On the other hand, 
enhancement of senescence can be achieved by overexpression 
of the oncogenic pathways that promote downstream activa-
tion of mTOR, increase S6 ribosomal protein signaling and 
enhance translation activity.35-37 Many tumor suppressors exert 
inhibitory activity on these translation-activation pathways and, 
when mutated, lose this capability, which also leads to mTOR/
S6 activation. Nearly all cancers have either dysfunctional onco-
genes or tumor suppressor genes, or both. Therefore, by having 
constitutively activated mTOR and S6 ribosomal protein signal-
ing, cancer cells are expected to be more predisposed to undergo 
senescence under conditions of persistent replication stress than 
normal cells. Assessment of the dysfunctional oncogenes and/or 
tumor suppressor genes that activate mTOR and/or 6S ribosomal 
protein pathways may be performed prior to therapy providing 
information about the potential propensity of the particular can-
cer to undergo senescence. Screening tumors for the presence of 
activation of such oncogenes may select the patients as potentially 
sensitive for the metronomic type of chemotherapy, offering an 
approach for personalized cancer treatment. In addition to a large 
number of “Achilles’ heels” of cancer that potentially sensitize it 
to the particular treatment,38,39 the mutation of oncogenes that 
leads to enhanced mTOR signaling may provide still another of 
such “heels” that may be of clinical utility.

It should be noted that the A549 cells used in the present 
study have several oncogenic changes, such as in K-Ras which 
is mutated at Gly,12 the oncogenic microRNA let-7a-3 and TAZ 
(transcriptional coactivator with PDZ-binding motif).40-42 These 
mutations also appear to be common to human non-small cell 
lung carcinoma.43 It has also been observed that A549 cells are 
quite susceptible to undergoing senescence when treated with 
bone morphogenetic protein BMP4, which is one of the sub-
groups of the transforming growth factor-β (TGF-β) protein 
superfamily.44 Therefore, it is possible that this type of cancer, 
which is the most common of the lung cancer types, may be par-
ticularly sensitive to therapy that is designed to induce senescence 
in tumor cells.

Metronomic chemotherapy has been shown to have clinical 
benefits with relatively low toxicity to patients, though there is 

Figure 3. Induction of γH2AX in cells treated with MMC. exponentially 
growing, A549 cells were untreated (control) or exposed to 0.01 or 
0.02 μg/ml MMC for 3 or 6 d. (A) Bivariate distributions reveal expres-
sion of γH2AX as a function of DNA content. (B) Mean γH2AX expression 
for the total cell populations shown as n-fold increase above γH2AX 
mean of the untreated cells.
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were washed twice in PBS and treated with 0.1% Triton X-100 
(Sigma) in PBS for 15 min to permeabilize the cellular mem-
branes and incubated in a 1% (w/v) solution of bovine serum 
albumin (BSA; Sigma) in PBS for 30 min to suppress nonspecific 
antibody binding. The cells were then incubated in a 100 μl vol-
ume of 1% BSA containing the primary antibody overnight at 
4°C. The primary antibodies were diluted as follows: γH2AX: 
1:300 dilution of phospho-specific (Ser139) H2AX (γH2AX) 
mouse monoclonal antibody (Biolegend); activated caspase-3: 
1:100 dilution of anti-active caspase-3 rabbit polyclonal antibody 
(Promega); p21WAF1:1:100 dilution of p21 rabbit polyclonal anti-
body (Santa Cruz Biotechnology). Cells were washed once with 
PBS then incubated in a 100 μl volume of 1% BSA contain-
ing a 1:100 dilution of secondary antibody, either AlexaFluor 

density (1x104, 2x104, or 4x104 cells/ml) in 2-chambered glass 
slides (Nunc Lab-Tek II Fisher Scientific) 24 h prior to exposure 
to the drug. Cells were incubated with various concentrations 
(0.01–2.0 μg/ml) of MMC (Sigma-Aldrich) for varying peri-
ods of time (8–144 h), as described in the figure legends. Cells 
treated for extended periods of time were re-treated and re-fed 
every 72 h. When treatment was initiated, cells were in an asyn-
chronous, exponential phase of growth.

Immunocytochemical detection of phosphorylated histone 
H2AX (γH2AX), activated caspase-3 and p21WAF1. The cells 
were fixed on the slides in a solution of 1% methanol-free form-
aldehyde (Polysciences, Inc.) dissolved in phosphate buffered 
saline (PBS) for 15 min on ice followed by suspension in 70% 
ethanol, where they were stored at -20°C for 4–24 h. The cells 

Figure 4. Induction of senescence-associated β-galactosidase activity in cells treated with MMC. the cells were untreated or treated with 0.01 or 
0.02 μg/ml MMC for 3 or 6 d. (A) Images taken by the LSC represent control (top) and treated (bottom) cells. Activity of β-galactosidase is shown in 
cytoplasm (blue); DApI-stained nuclei are colored electronically (magenta). Images were taken at the same magnification. (B) the percentage of cells 
in each of the three main DNA ploidy levels (marked by dashed gates on the DNA content histogram) are presented as full bars; the cells positive for 
β-galactosidase activity per each DNA ploidy level are shown as black fill in the respective bars.

Figure 5. Induction of p21WAF1 after cells exposure to low concentrations of MMC. (A) Bivariate distributions (DNA content vs. expression of p21WAF1) of 
cells growing in the presence of 00.1 or 0.02 μg/ml of MMC for 3 or 6 d. (B) expression of γH2AX for each cell cycle compartment (mean values) plotted 
as n-fold increase above the means of the untreated cells
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488 tagged anti-mouse antibody (Invitrogen/Molecular Probes) 
or AlexaFluor 633 tagged anti-rabbit antibody (Invitrogen/
Molecular Probes). Cells were washed once more with PBS and 
counterstained with 2.8 μg/ml DAPI (4',6-diamidino-2-phenyl-
indole; Sigma) in PBS for 15 min. Cell fluorescence was mea-
sured using laser scanning cytometer (LSC).

Incorporation of 5-ethynyl-2'-deoxyuridine (EdU). 
The Click-iT EdU AlexaFluor 488 imaging kit (Invitrogen/
Molecular Probes) was used following the manufacturers direc-
tions. Cells were treated with 20 μM EdU for 1 h at 37°C, 
rinsed with PBS and fixed using 1% methanol-free formalde-
hyde (Polysciences) for 15 min. Cellular membranes were per-
meabilized using 0.1% Triton-X-100 (Sigma) in PBS for 15 min. 
Cells were then washed twice with PBS and treated with the 
Click-iT reaction cocktail for 30 min. Following this reaction, 
cells were washed once with PBS and counterstained with 2.8 
μg/ml DAPI (Sigma) in PBS for 15 min. Fluorescence was mea-
sured using LSC.

Senescence-associated β-galactosidase staining. Staining for 
β-galactosidase was performed using a cellular senescence assay 
kit from Millipore. Cells were fixed using the Millipore kit fixing 
solution, containing gluteraldehyde and methanol, for 15 min at 
room temperature. Cells were then washed with PBS and incu-
bated at 37°C for 24 h in the β-galactosidase detecting solution 
(Millipore). Following incubation, cells were washed twice with 
PBS and counterstained with 2.8 μg/ml DAPI (Sigma) in PBS 
for 15 min. β-galactosidase activity was determined using the 
LSC to measure absorbance at 633 nm. DAPI fluorescence was 
measured at the same time.

Clonogenicity assay. Cells were seeded at concentrations 
of 200 or 1,000 cells per chamber and allowed to grow for 1 
week. At this time, colony formation was evaluated either by 
fixing the cells with 3.7% formaldehyde (Polysciences) in PBS 
for 5 min, washing with PBS and staining with 0.05% crystal 

Figure 6. Morphometric changes of A549 cells growing in the presence of low concentration of MMC. the intensity of the DNA-associated (DApI) 
fluorescence and nuclear area were measured by LSC as described in Materials and Methods. (A) Bivariate distributions (DApI maximal pixel vs. nuclear 
area). oval borders delineate the three main DNA ploidy cell subpopulations as marked. to better visualize the changes in the MMC-treated cells the 
dashed vertical line indicates the maximal pixel center of the control population of cells. Note an increase in nuclear area concomitant with a decrease 
in maximal pixel per each subpopulation of the MMC-treated cells. (B) the ratio of the maximum pixel (mp) to nuclear area. this ratio was significantly 
decreased (p < 0.05) in cells treated with MMC as indicated (*).

Figure 7. Incorporation of edU by cells treated for 3 or 6 d with MMC. 
exponentially growing, A549 cells were untreated (control) or exposed 
to 0.01 or 0.02 μg/ml MMC for 3 or 6 d and then for 1 h to edU. (A) Bivari-
ate distributions illustrating DNA content vs. edU incorporation. the 
horizontal dashed line represents the level of fluorescence of cells not 
exposed to edU; the cells above this line incorporated edU at variable 
extent. the vertical dashed lines indicate the division between the S 
phases of different DNA ploidy (S, St). the percent of cells positive for 
edU for both S and St is given at the top and separately for S and St, 
below. (B) Bar graphs showing the percent of cells in each S phase (total 
bar), and of cells positive for edU (black bar).
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violet (Thermo Fisher Scientific) for 30 min or by fixing the 
cells with 1% methanol-free formaldehyde (Polysciences) in PBS 
for 15 min followed by suspension in 70% ethanol at -20°C for 
4–24 h, washing with PBS and staining with 2.8 μg/ml DAPI. 
Colonies stained with crystal violet were visually identified and 
counted under an Olympus SZX9 stereo microscope, while those 
stained with DAPI were counted using the LSC.

Measurement of cell fluorescence by LSC. Intensity of cel-
lular green or far red immunofluorescence (IF) representing 
the binding of the respective antibodies and the blue emission 
of DAPI stained DNA was measured using an LSC (iCys® 
Research Imaging Cytometer; CompuCyte) and reported as 
arbitrary units (AU). Fluorescence was excited by 488 nm argon, 
helium-neon (633 nm), and violet (405 nm) lasers and the inten-
sities of maximal pixel and integrated fluorescence were measured 
and recorded for each cell. Approximately 3,000 cells were mea-
sured per sample. Other details of cell analysis by LSC were pre-
sented before.45,46

Statistical analysis. The Student’s paired t-test was used to 
determine differences between two groups. For comparisons 
between multiple groups, ANOVA followed by the Bonferroni 
test was used. The p values for significance were set to 0.05 for all 
tests. Error bars contained in the results represent standard devia-
tion; statistically significant differences are indicated.
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Figure 8. effect of treatment with low concentration of MMC on clo-
nogenic potential of A549 cells. exponentially growing A549 cells were 
untreated (control) or exposed to 0.01 or 0.02 μg/ml MMC for 6 d. Cells 
were then trypsinized, counted, plated (200 or 1000 cells/plate), and al-
lowed to grow in drug-free media for 7 d. the plates were then imaged 
by LSC. (A) Representative images of the sites of plated cells; each dot 
represents a single cell. Cell colonies (> 50 cells) are circled. the number 
of cells present in the plate is indicated below each box. (B) the number 
of colonies plotted as a function of MMC concentration. Statistically 
significant differences (p < 0.05) are indicated (*, statistically different 
from the control; *+, statistically different from 0.01 μg/ml).
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