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A negative adaptive response is expressed in peripheral blood lymphocytes that are
exposed to mitomycin C and cycloheximide
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Summary

Purpose: Mitomycin C (MMC) and cycloheximide
(CHX) are known for their apoptotic and antitumor ac-
tivity. CHX is also known for its property to inhibit pro-
tein synthesis and to reduce cytotoxicity of various anti-
tumor drugs, i.e. inducing an adaptive survival response
(ASR). The purpose of this study was to evaluate the ef-
fect of ASR induced by CHX in cells exposed to clastoge-
nic doses of MMC.

Materials and methods: In all experiments we used
human peripheral blood lymphocytes of 10 healthy male
non-smokers, 25-35 years of age. Three groups were es-
tablished. One control group or PBS-treated group. Two
distinctive experimental groups were based on the in-
duction or non-induction of ASR by CHX, i.e. one with
MMC alone and a second one with CHX and MMC. The
effect of ASR was induced by CHX at a dose of 10 ug/ml.
MMC was used in 3 dose levels: 0.05 uM, 0.15 uM and
0.6 uM. To evaluate ASR induced by CHX in cells ex-
posed to MMC we used the cytokinesis-blocked micronu-
cleus test (CBMN) in vitro.

Results: CHX at a dose of 10 mg/ml induced an ASR
in human peripheral blood lymphocytes of healthy sub-
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jects exposed to increasing doses of MMC. CHX induced
statistically highly significant difference (p < 0.001) in
the nuclear division index (NDI) compared to cells ex-
posed to MMC alone. Genotoxicity of MMC measured by
the percentage of micronuclei in binuclear (BN) cells
was not elevated in the presence of CHX. Also, the in-
crease in the NDI was correlated with the decrease in
nuclear fragmentation (NF).

Conclusion: The observed differencesin NF and the
NDI between the two groups showed that ASR to MMC
induced by CHX could be a consequence of inhibition of
apoptosis. We argue that adaptation (pro-life processes)
can overwhelm its positive aspects (antimutagenic and
anticarcinogenic) by increasing the population of cells
with chromosome aberrations (chromosome instability)
by apoptotic inhibition. CHX disturbs the apoptotic sig-
nal. Understanding that ASR can act as a pro-survival
process leading to inhibition of apoptosis shall enhance
in the future our knowledge of anticarcinogenesis, thus
utilizing new paths for better treatment of cancer.

Key words: adaptive survival response, apoptosis, cyclo-
heximide, micronucleustest, mitomycin-C

machinery occursin cells exposed to genotoxic stress.
ASR whereby cells demonstrate a survival advan-
tage when exposed to very low doses of ionizing ra-
diation (IR), 4-24 h prior to a high dose of IR (chal-
lenge dose), were first reported over 15 years ago
[1]. These responses were linked to “hormesis’,
which implied that exposure to low levels of IR may
in one way be beneficial to the cell, but on the other
hand increased survival does not necessarily mean
that the treatment is “beneficial” [2]. ASR may aso
beamajor effector in IR-induced carcinogenesisand
theformation of secondary cancer cellsfrom exposed
normal cells, numerous cell generations post-IR treat-
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ment [2]. Substantial datais accumulating regarding
the interplay between genomic instability, delayed
onset of apoptosis, the emergence of neoplastically
transformed cells and the ASR phenomena induced
by IR and chemical agents [3-6]. An “adaptive re-
sponse” was also observed in cells exposed to reac-
tive oxygen species (ROS) inducible by alkylating
agents. After treatment with a sublethal level of an
alkylating agent, cells developed transient resistance
to a subsequent toxic dose of alkylating agents [7].
ROS react with most cellular components, and are
invariably genotoxic because they react with boththe
deoxyribose and bases in DNA, thus generating a
plethora of base lesions and strand breaks. Many of
theselesions are cytotoxic and mutagenic. Most, if
notall, of thelesionsinduced by ROS arerepaired via
the base excisionrepair (BER) pathway, in which the
damaged bases are removed by specific DNA glyco-
sylases, leaving abasic sites that are subsequently
cleaved by apurinic/apyrimidinic endonucleases
(APE). The major mammalian APE (called APE-1)
contributes more than 80% of the total APE activity
[7-9]. DNA repair machinery adaptively respondsto
oxidative and nitrosative stress, both in vitro and in
vivo. Although pro-oxidant states [10] are pro-apop-
totic, they may have del eterious effects on thecell by
generating damagein key cancer genes and proteins.
There has been a growing evidence that tumor sup-
pressor proteins, when involved in ASR processes,
lead toinstability [6]. p53 has been shown to transac-
tivategenesinvolved infreeradical formation[6,8,9].
In mammalian cells overexpression of specific BER
enzymes can generate chromosomal instability and
may contributeto tumorigenesis[6,11,12].
p21WaVCipvsil s g key protein involved in both
Gl and G2 cell cyclearrest [13-15]. Wild-type p21VaV
CiUsdil can al so inhibit apoptosi s and stimul atetranscrip-
tion of secreted factors with mitogenic and anti-apop-
toticactivities[13]. Theseknown factshighlight thepro-
carcinogenic role for p21WavcrVsil gnd a need to re-
assess the role of this protein as a genome protector.
Thisadaptiveimbalance, resultingincell survival, might
have deleterious effects becausethis alows for a cell
to accumulate genetic mutations and proteindamage.
Two views can be elucidated by these investiga-
tions: thefirst or benificial ASR, inwhich cellsadapt to
genotoxic stress without altering the structure of their
genetic material; and the second or negative ASR, in
which thereissurvival of cellswith chromosomal and
genetic damage, i.e. where apoptosisisinhibited, |ead-
ing toinitiation of pro-carcinogenic processes[6,16,17].
In cancer therapy, ASR should have an especial-
ly important roleinrisk evaluation, i.e. the synergistic

or additive effect of a single chemotherapeutic agent
with radiation therapy or combination therapies of var-
ious antitumor agents in the treatment of cancer can
have a negative ASR effect, leading to the survival of
damaged cells. The use of chemotherapy has become
more extensive in recent years and has added to the
success of treatments, while long term follow up has
permitted the assessment of survivorsfor the devel op-
ment of second malignant tumors, which could also be
a sequence of a negative ASR effect [19].

The phenomenon of ASR has been mostly stud-
iedwithlow IR doses[19], but alkylating compounds
such as MMC, bleomycin, hydrogen peroxide and
metals may also induce an adaptive response, used
aschallenging agentsand showing propertiesof cross-
adaptation [20-22].

Cross-adaptation could influence a negative
adaptive response resulting in survival of damaged
cells, i.e. apossible mechanism for the occurrence of
secondary tumors. The protein synthesisinhibitor CHX
was used to explore a possible negative adaptation
response in cells exposed to challenging doses of
MMC.

CHX can suppress the enhancing effect of so-
dium arseniteon the incidence of chromatid breaks
and chromatid exchangesinduced by ethylmethylsul-
fonate (EMS) in chinese hamster ovary cells [23].
The suppressive effect of CHX to paclitaxel cytotox-
icity was used in the human breast cell [ineMCF-7 to
evaluate apoptosis induction, i.e. CHX-suppressed
apoptosis[24]. CHX can induce chromosomal insta-
bility expressed as premature centromere separation
[16,17,25]. These properties of CHX were used to
estimate ASR response in human peripheral blood
lymphocytes when challenged with increasing doses
of MMC using the CBNM test. Thistestisused asa
reliable endpoint for various cytotoxic and genotoxic
agents [26]. ASR was assessed by the formation of
micronuclei and by using the NDI in human peripher-
a blood lymphocytes. Here we argue that adaptation
is abalance between apoptosis and survival process-
es in which ASR can lead to survival of damaged
cellswith possible pro-carcinogeni c consequences.

Materials and methods

In al experiments we used material obtained
from human peripheral blood of 10 non-smokers
healthy male subjects, 25-35 years of age. The effect
of ASR wasinduced by CHX. All chemicalsused in
our experiments were purchased from Sigma Chem-
icalsinc.



1. Induction of ASR

ASR wasinduced by 10 ug/ml of CHX with an
18 hiincubation time without adding phytohemagl uti-
nin (PHA)(GO-phase).

ASR induced by CHX in peripheral blood lym-
phocytes showed no changes in chromosomal struc-
ture and micronucleus formation compared to a neg-
ative control group treated with normal saline[16].

2. CBMN test in vitro

Thistest was carried out according to the method
described by Fenech [27]. Peripheral blood samples
from 10 healthy male subjects were taken in previ-
ously heparinized test tubes. Lymphocyte-rich plas-
mawas cultivated at a concentration of 5x 10° cells/
ml in RPMI medium supplemented with 10% fetal
calf serum (FCS) and a standard solution of antibiot-
ics (penicillin and streptomycin). Three groupswere
established. One control group or PBS-treated group.
Two distinctive experimental groups were based on
theinduction or non-induction of ASR by CHX. Inall
groups lymphocytes were incubated for 18 h before
adding PHA. After the incubation time, cells were
rinsed and washed of remaining CHX with RPMI.
Lymphocytes of all groups were stimulated by add-
ing 2% of PHA (Falcon). Forty-eight hours after PHA
stimulation, MM C was added to the cultures at adose
of 0.05 uM/ml, 0.15 uM/ml, and 0.6 uM/ml. Forty-
four hours after PHA stimulation, cytohalasin B was
added at a concentration of 4 ug/ml. After 24 h cells
were centrifuged for 10 min/2000 rpm, treated with a
hypotonic solution (0.56% K CL plus0.9% NaCl mixed
in equal volumes) and then fixed with Carnau fixa-
tive (3:1, methyl alcohol-acetic acid) for 10 min. Af-
ter thelast fixation cell suspension was dropped onto
clean dlides. After air drying (24 h), cellswere stained
with 2% Giemsa for 3 min. The presence of micro-
nuclei was analysed in 1000 binuclear cells. Blood
samples were coded with an identification number
and slides were scored blind. For mononuclear cells
analysis, at least 1000 binuclear cells per culturewere
analyzed, registering micronuclei according to the
criteria of Fenech [27]. The ability of cellsto prolif-
erate in vitro was evaluated by counting the number
of cellswith 1, 2 and 4 micronuclei at the same slide
using the NDI. This index was estimated using the
formula

NDI=MI+2MI1+3MI111+4MIV [ 103,

were M1 to MIV represent the number of cells
with 1 to 4 nuclei, respectively, and N is the number
of cells scored.
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Satistical analysis

For statistical analysis we used the Mann-Wit-
ney U-rank test performed by Windows compatible
programme-Statisticab, for establishing thefrequency
of micronuclei and the X2 test for estimating the NDI
index.

Results

ASR induced by 10 pg/ml CHX in peripheral
blood lymphocytes and then challenged by increasing
doses of MM C showed slightly decreased frequency
of micronuclei and the presence of NF, but signifi-
cantly increased proliferative index or NDI.

Table 1 showsahighly statistical significant dif-
ference (p <0.001) in the number of binuclear cells
with micronuclei between the negative control group
(5+3.03) and both experimental groups (MM C aone
and MMC plus CHX) in al respective doses: 0.05
uM (13.5£5.1; 16.2+4.7); 0.15uM (18.1+6.31; 23+6.3,
respectively) and the dose of 0.6 uM MMC (27.448;
29.7+6.7). Theseresults show that all dosesof MMC
are genotoxic, i.e. clastogenic, when compared to the
control group.

When comparing both experimental groups our
results showed no statistically significant difference
between all challenging doses (Table 1). Still, CHX
induced alow ASR effect based on the absolute val-
ues seen in Table 1. The more profound effect of
ASR induced by CHX in peripheral blood lympho-
cytes challenged with increasing doses of MMC can
be seen by the proliferative index or NDI and by the
detection of NF which was decreased in the experi-
mental group with CHX (Table 1, Figure 1).

Increase in the NDI shows decreased cytotox-
icity of MMC. Changesin the presence of NF in the
experimental group with CHX preincubation corre-
lated with an increase in the NDI (Table 2).

NDI shows the proliferative capability of the
periphera blood lymphocytes. Table 2 showsthe NDI
as a measure of cytotoxicity. In the experimental
group of MMC aone our results showed a decrease
inthe NDI (1.033, 1.020 and 1.015) between all dos-
es of MMC (0.05 uM/ml, 0.15 uM/ml and 0.6 uM/
ml, respectively) compared to the control group
(1.707).

Comparing the NDI between doses in the ex-
perimental group with CHX and challenging doses of
MMC (0.05 uM/ml and 0.15 uM/ml) an increase of
the NDI (1.062 and 1.069) was noticed, showing a
possibleincreaseinthe ASR effect, but in the highest
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Table 1. Number of micronuclei in peripheral blood binuclear lymphocytesin control, challenged and experimental groups

Concentration Number of MN” and % of BN cells Number of MN in 10° NDI8

(uM/ml) BNcells BN cells (1xM1+2xM2+3x
X D M3+4xM4)x 1073

Control/PBS(K) 1028 55.7 5.0 3.03 1.707

0.05 uM (A) Mitomycin C 1014 31 16.2 4.7 1.033

0.15 uM (B) Mitomycin C 1000 20 23.0 6.3 1.020

0.6 uM (C) Mitomycin C 1003 1.45 29.7 6.7 1.015

TCHX/0.05 uM (D) Mitomycin C 1012 53 135 51 1.062

TCHX/0.15 uM (E) Mitomycin C 1000 6.1 18.1 6.31 1.069

TCHX/0.6 uM (F) Mitomycin C 1009 2.76 274 8.0 1.029

“MN=mononuclear, “BN=hi nuclear, Shuclear division index, 1Lcycloheximide

K:A, U=15; p < 0.0002*** A:B; U=85; p<00051**  A:D, U= 35; p < 0.25 (NS)
K:B, U=000; p < 0.000157***  A:C; U=3;  p< 0.00038*** B:E; U=28; p < 0.09 (NS)
K:C; U=000; p < 0.00015*** B:C; U=23.5; p < 0.045* CF, U=41; p < 0.49 (NS)
K:D; U=6.5; p < 0.0010%** D:E; U=28; p <0.099 (NS)  NS= not significant

K:E; U= 1.5 p < 0.0002*** D:F; U=6;  p <0.00082***

K:F; U=000; p<0.000157***  EF;, U=17.5; p < 0.014*

*statistical difference (p < 0.05); **statistically significant difference (p < 0.01); ***statistically highly significant difference (p < 0.001)
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Figure 1. Presentation of the effect of CHX on cells exposed to
MMC at a dose of 0.15 uM. Binuclear cell with micronuclei
(A), apoptotic cells (B) and nuclear fragmentation (NF). (alka-
line Giemsa 2% x 1000).

Figure 2. Presentation of the effect of MMC alone at a dose of
0.15uM. Binuclear cell with micronuclei (A), nuclear fragmen-
tation (B), athree-nucleated cell (C), anecrotic cell (D) (akaline
Giemsa 2% x 1000).

Comment. Comparing Figures 1 and 2 over the presence of NF, i.e. with and without the induction of ASR by CHX, the presence
of NF shows various degrees of the cytotoxic potential of MMC. Figure 1 displaysadifferencein the expression of NF. This shows
that CHX has induced ASR or a cytoprotective effect to peripheral blood lymphocytes exposed to a challenge dose of MMC.

However, this effect does not mean that it is beneficial to the cell.

dose of 0.6 uM MMC adecrease in NDI (1.029) was
noticed, showing that acorrelation between the CHX
dose and the concentration of the challenging dose
existed (Table 2). Still, using the x? test, the prolifera-
tiveindex showed astatistically highly significant dif-
ference (p < 0.001) between the experimental group
with CHX and the experimental group with MMC
aloneinall challenging doses, possibly implying that
the ASR effect was still effective (Table 2).

NF indicates the existence of high cytotoxic ef-

fect of antitumor agents. It is a subjective measure of
cytotoxicity but an important parameter to evaluate.
The decrease of NF in the CHX experimenta group
showed a connection of NF and the ASR effect. In
the experimental group with CHX the decrease of NF
corresponded to anincrease of NDI (Table 2, Figure 1
and 2). Figure 1 and 2 show a clear differencein the
presence of NF between experimental groups, i.e.
MMC aone (Figure 2) and the group with CHX plus
MMC (Figure 1) inthe samedose of MMC (0.15 uM).
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Table 2. Changes of the nuclear division index (NDI) in control and experimental groups

Concentration (1xM1+2xM2+ 3xM3+4xM4)x 108 NFs
(uM/ml)

M1 % M2 % M3 % M4 % NDI +/-
Control (K) 377 38 557 55.7 48 4.8 18 1.8 1.707 -
0.05 uM Mitomycin C (A) 968 96.8 31 31 1 0.1 / / 1.033 +++
0.15 uM Mitomycin C (B) 979 97.9 19.45 2 0.55 0.05 / / 1.020 +++
0.6 uM Mitomycin C (C) 985 98.5 14.65 146 0.35 0.03 / / 1.015 +++
fCHX/0.05 uM Mitomycin C (D) 943 94.3 53 53 3 0.3 1 0.1 1.062 +—
fCHX/0.15 uM Mitomycin C (E) 934 934 61 6.1 3 0.3 1 0.1 1.069 ++/—
'CHX/0.6 uM Mitomycin C (F) 969 96.5 28 28 1 0.1 0.15 0.01 1.029 ++/—
Snuclear fragmentation, 'cycloheximide
X2>1000; p < 0.000*** for K: (A,B,C,D,E,F)
A:B; X?=4.27; p < 0.23 (NS) D:E; X2=1.3; p < 0.7(NS) A:D; X2=20.25; p < 0.00015***
A:C; X?=9,5; p < 0.023* D:F; X?=49; p < 0.001*** B:E; X?=98,6; p < 0.0000***
B:C, X?=1.6; p<0.2 (NS E:F; X?=58.4; p < 0.000*** C:F; X2=13.5; p < 0.0036**

*statistical difference (p < 0.05); ** statistically significant difference (p <0.01); *** statistically highly significant difference (p<0.001)

NS=not significant

Discussion

Complex pathways have evolved in the genome
protection machinery in order to adapt to agenotoxic
environment. When 15 years ago the first data on
ASR cameto public it was hoped that new treatment
schedules could help protect the genome exposed to
high doses of cytotoxic agents. Today, complex pro-
files of gene expression come into the open when
cells are exposed to genotoxic stress, showing that
the proteins believed to protect the genome are now
the onesleading to the path of genomeinstability. This
duality in protein action hasreceived attention and is
a matter of investigation and theory [6,17]. Thisis
important to understand when assessing the use of
molecules in current cancer chemoprevention and
treatment strategies.

Although new protein and RNA synthesis ap-
pear to be required for ASR [28] and that CHX or
actinomycin D treatments block ASR, activation of
common transcription factorswas not noticed during
low dose IR priming reactions[29]. Alternatively, the
induction of new proteinsduring ASR may beinvolved
in cell cycle control or prevention of apoptosis[2,6].
CHX shows adual rolein expressing induced apop-
tosis, i.e. the capability to induce apoptosis or to pre-
vent it is based on the cell line, synergistic effects
with other agents and possibly on the dose [24,30-
34]. CHX showed a high adaptive effect to paclitax-
el, a microtubule poison to cancer and normal cells,
seen as an increased level of the NDI, lowering NF.
Still, this adaptive effect showed the presence of a

number of cells with chromosome damage, suggest-
ing abrogation of apoptosisby inhibition of bcl-2 phos-
phorylation[16,24,35].

The CHX dose of 10 pg/ml was chosen because
it doesnot induce micronuclei formation in human lym-
phocytes[16,25], although it shows an antiprolifera-
tive property seen as a decrease in the percentage of
binuclear cells and the NDI. MMC was chosen as a
challenging agent since its genotoxic properties are
very well known and documented, thus rendering the
detection of an ASR easier. This challenging agent
was also selected because of its mechanism of geno-
toxicity, whichisdifferent of other challenging agents
used, i.e. MMCisacross-linker and MM C genotox-
icity can also be explained by various mechanisms,
including a one-electron reduction to a semiquinone
free radical [36] in which some reductases are in-
volved. This reduction pathway is dependent on the
presence of oxygen, with production of superoxide
anion, hydrogen peroxide and hydroxyl radicals. This
is an important fact as CHX has an inhibitory effect
on apoptosis in the presence of ROS [31,33,35,37].
Also, pretreatment of cellswith alow dose of X-rays
followed by exposureto DNA damaging agents, such
asbleomycin (which can induce double-strand breaks)
or MMC (which can induce DNA cross-links), lead
to cross-adaptation (i.e., reduced chromosomal aber-
rations). This adaptive response could be blocked by
incubation of lymphocyteswith the protein synthesis
inhibitor, CHX [2,28]. Even though some authors
[26,38] showed IR and chemicals can be used as
adaptive agentstowards MM C genotoxicity, we here
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argue that adaptation could lead to survival of dam-
aged cells, as presented in our results.

CHX-induced adaptation revealed that cells ex-
posed to MMC showed a non significant decrease in
itsgenotoxic properties. MM C cytotoxicity isbased on
theactivation of apoptosis. When looking at theresults
and the presence of NF, it seemsthat CHX suppress-
es apoptosis, but thisis not the case. Based on flow-
cytometric analysis [16], CHX induces a higher per-
centage of apoptosisin human peripheral blood lym-
phocytes exposed to MMC. So how can the presence
of NF andtheelevated proliferativeindex beinterpret-
ed? Not an easy answer, i.e. NF is seen by some au-
thorsasaprocess|eading to apoptosis[39], while oth-
ers [16,40] argue that NF is a stage of nuclear enve-
lopedisorganization that can also lead to survival. This
was seen by the detection of whole chromosomes us-
ing centromere probes in the micronuclei of NF cells
by using the FISH tehnique[16]. NF versusincreased
proliferative index shows that cells adapted to geno-
toxic stress. The explanation of the negative adapta-
tion effect of CHX can possibly be explained by CHX
ability to induce premature centromere separation, thus
acting on the centromere proteins that control separa-
tion and segregation of centromeres in anaphase, in-
ducing genomeingability [16,25]. Theadaptiveresponse
of cellsinduced by CHX shows that some molecular
events are associated with anaphase onset and cell-
cycle transition checkpoint control. The cellular sur-
veillance mechanismsthat function as checkpoint con-
trolsduring the cell cycle produceinhibitorsof cell cy-
cle transition points following the detection of DNA
damage and mistakes in earlier cell cycle events. Al-
though the checkpoint controlsfunction asasafeguard
for the timely initiation of anaphase and the orderly
segregation of chromosomes, the controls can be over-
ridden. Several studies have shown that anaphase can
still occur after exposure of cellsto microtubular-dis-
rupting drugs and in the absence of the spindle [41].
This model was presented to CHX-induced ASR in
paclitaxel-exposed cells[35] and should be evaluated
in future experiments as a possible mechanism for un-
derstanding the abrogation of the cell cycle control
machinery in MM C-exposed cells.

Understanding theintrinsic and extrinsic process
of apoptosis and survival seen in the ASR phenome-
na can unravel known mechanisms of positive adap-
tationin order to devel op better pathsto cancer treat-
ments. At present, theseinvestigations can help usto
better assesstherisk of combined therapiesand there-
fore eliminate a possible occurrence of secondary
tumors.
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