Anti-Cancer Drugs 1994, 5, pp. 160-170

Computer-assisted microscope analysis of
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An original method is proposed for the purpose of dis-
criminating between antimetabolites exhibiting ditferent
operating mechanisms. The present work was carried out
by means of the digital cell image analysis of Feulgen-
stained nuclel cuitured in the presence of different anti-
metabolites. We chose this method because it enables
anticancer drug-induced effects to be studied at both
morphonuclear and cell cycle levels in the same biolo-
gical sample. The results show that all the antimetabo-
lites had similar etfects on the nuclear texture of the cells
and on cell cycle parameters. Furthermore, the use of
multivariate analyses made It possible to distinguish
between different mechanisms of action among drugs
belonging to the same class of antineoplastic, l.e. anti-
metabolite agents.

Key words: Antimetabolites, cell kinetic, image analysis,
multivariate analysis.

Introduction

A large number of methods exist for the study of
operating mechanisms of antineoplastic drugs. Of-
ten, it is the operating mechanism which dictates the
method used. For example, antineoplastic drugs,
which act through an interaction with the DNA
(e.g. alkylating and intercalating agents), are
studied by means of an alkaline elution tech-
nique."? The operating mechanism of vinca alka-
loids, which includes alterations to the spindle
microtubule dynamics, can be studied by means
of specific biochemical methods.>* The operating
mechanism of antimetabolites is often monitored by
means of radiolabeled molecules.>®
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We reported previously that it is possible to study
the effects of several kinds of antineoplastic drugs
by means of digital cell image analysis.” In this
earlier work we demonstrated that image analysis
makes it possible to study the effects of anticancer-
ous drugs on several levels of biological cell char-
acteristics, i.e. proliferation, the distribution of the
cells in the cell cycle and chromatin pattern char-
acteristics. Furthermore, the combined use of multi-
variate analyses (principal components analysis
with the canonical transformation of the data fol-
lowed by discriminant linear analyses of the digital
image analysis of Feulgen-stained nuclei) enabled
us to distinguish between several classes of antineo-
plastic drugs (e.g. alkylating agents and anthracy-
clines) on the basis of the quantitative description of
the chromatin pattern.’

In the present work, we report the specific effects
caused by several antimetabolites at the three bio-
logical cell characteristic levels mentioned above,
i.e. proliferation, cell cycle kinetics and chromatin
pattern characteristics. These effects were carried
out by means of the digital cell image analyses of
Feulgen stained-nuclei® from three distinct neoplas-
tic cell lines cultured in vitro, i.e. the MTX mouse
mammary cell line,” and the J82'® and T24'! vesical
cell lines, each of which was treated with five dif-
ferent antimetabolite agents. The five agents under
study were from three distinct classes of antimeta-
bolite drugs as classified by Black and Livingston.'?
The five compounds involved the folic acid antago-
nists, which included methotrexate (MTX); the
pyrimidine analogs, which included 5-fluorouracil
(5-FU) and cytarabine (ARA-C); and the purine ana-
logs, which included 6-mercaptopurine (MP) and
6-thioguanine (TG). Pentostatin, which is classified
as an adenosine deaminase inhibitor, was not
studied here.
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Using multivariate analyses of the data relating to
the drug-induced effects at morphonuclear, i.e.
chromatin pattern, level, we also tried in our cur-
rent work to distinguish between the several oper-
ating mechanisms of the five antimetabolite agents
under study.

Materials and methods
Drugs

MTX, 5-FU and ARA-C came from Sigma (St Louis,
MO). MP and TG came from Wellcome (Aalst-Erem-
bodegem, Belgium).

Cell culture

The MTX cell line was established to grow in vitro®
from the MTX mouse mammary adenocarcinoma.'?
The other cell lines were from the American Type
Culture Collection. These were the J82 (HTB 1) and
T24 (HTB 4) cell lines, which originated in two
human bladder cancers. These three cell lines were
cultured as previously described.” Briefly, the cells
were cultured at a temperature of 37°C in an atmo-
sphere containing 5% CO,. The culture medium
consisted of Eagle’s minimum essential medium
(MEM) supplemented with 5% fetal calf serum, L-
glutamine and antibiotics (all the solutions were
from Gibco, Paisley, UK).

Preparation of the samples

The preparation of the samples has been described
elsewhere.’” Briefly, aliquots of 2.5 ml of a suspen-
sion containing 25000 cells in the exponential
growth phase were plated in Petri dishes with a
diameter of 35 mm (Nunc, Roskilde, Denmark).
Each Petri dish contained a glass microscope slide
to which the cells were able to adhere. After 24 h of
incubation, the medium was supplemented with the
different antimetabolite agents in various concen-
trations in order to obtain different final concentra-
tions of these agents, i.e. 1077, 1078, 10, 107'° and
107" M for MTX; 107, 1075, 1075, 107 and 1078 M for
5-FU; 1074, 1075, 10, 107 and 10~® M for ARA-C;
1073, 107, 1075, 107 and 1077 M for MT; 1074, 1073,
10"6, 1077 and 107 M for TG. The control condition
(CT) included cell lines cultured in the absence of
any drugs. Seventy-two hours after the addition of
the drugs, the slides were fixed in a mixture of
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ethanol 96% (75 ml), formol 40% (20 ml) and acetic
acid 100% (5 ml) (EFA), and mounted on micro-
scope slides by means of DPX (BDH Chemicals,
Poole, UK). The slides were stained by means of
the Feulgen reagent (Fluka, Buchs, Switzerland)
after hydrolysis in 6N HCI for 1 h at 24°C.2 These
slides were used to study antimetabolite agents
induced effects on both the cell growth and the
morphonuclear features of the cell lines.

Cell growth assessment

The number of cells present on an area of 16 mm?®
was counted for each slide analyzed. This was
carried out using a microscope equipped with a
100-square grid. Five areas were analyzed per slide
and, thus, 15 areas per experimental conditions.
The values so obtained enabled the cytotoxic effect
of the antimetabolites on the proliferation of the cell
lines to be recorded.

Image analysis

For each experimental condition 900 nuclei were
analyzed by means of a SAMBA 2005 system (Al-
catel-TITN, Grenoble, France). These nuclei came
from a merged file containing the digitized images
of the 300 cell nuclei from each triplicate. Each
nucleus was characterized by means of 15 morpho-
nuclear parameters'* belonging to four groups. The
first group included one geometric parameter, i.e.
the nuclear area (NA, parameter 1), which describes
nuclear size. The second group included five den-
sitometric parameters. These were integrated opti-
cal density (IOD, parameter 2), which measures the
nuclear DNA content'’; the mean optical density
(MOD, parameter 3); the variance of optical density
(VOD, parameter 5); and the skewness (SK, param-
eter 4) and kurtosis (K, parameter 6) indices. Of
these five parameters, only the IOD is really a den-
sitometric parameter because the other four in fact
describe the chromatin texture from a densitometric
point of view. The final two groups of parameters
also quantitatively describe the chromatin texture
pattern. The third group includes five parameters
which were computed on the basis of the length
section matrices.!® These were the frequency of
short (SRL, parameter 7) and long (LRL, parameter
8) run length emphases, which are representative of
the frequency of small and large dense chromatin
clumps, respectively; their distributions (RLD,
parameter 10); their percentage (RLP, parameter

Anti-Cancer Drugs - Vol 5 - 1994 161



O Pauwels, R Kiss and G Atassi

11); and the gray level distribution (GLD, parameter
9). The fourth group included four parameters com-
puted on the basis of the co-occurrence matrices.'’
It included the local mean (LM, parameter 12), en-
ergy (E, parameter 13), the coefficient of variance
(CV, parameter 14), which measure the level of
overall chromatin condensation; and contrast (C,
parameter 15), which is representative of the num-
ber of boundaries between nuclear regions with
distinct optical densities.

Statistical and mathematical analyses

The assessments of cell growth and morphonuclear
characteristics are reported as means (£ SEM) sta-
tistically compared by means of the Fisher F-test
(one-way variance analysis). The equality of var-
iance was checked by the Bartlett test. The levels
of statistical significance reported in the figures are:
*p < 0.05; **p < 0.01; ***p < 0.001.

We also used principal component analysis fol-
lowed by the canonical transformation of the data in
order to characterize ‘typical’ cell nuclei from the
different nuclei populations submitted to different
antimetabolites agents. These analyses involved the
multivariate analysis described by Bartels.'® The
assessment of the proportion of cells in the various
phases of the cell cycle was carried out by means of
linear discriminant analysis with reference to spe-
cific ‘morphonuclear data banks’ related to the Go—
Gy, S, G, and M phases of the cell cycle. These
four data banks were also obtained by means of
principal component analysis followed by the
canonical transformation of the data by means of
a methodology described previously.”"'%°

Results
Cell growth

Figure 1 illustrates the cell growth in those experi-
mental conditions where a significant drug-induced
effect (with at least p < 0.05) was observed in cell
growth but where a significant proportion of the cell
nuclei were still present, so making digital cell
image analysis possible.

The results show that of the five antimetabolites
used, the MTX was the most effective. Indeed, at a
concentration of 1077 M, this drug killed 90 and 77%
of the MTX and J82 cells, respectively, while the
other antimetabolites induced a maximum de-
creased between 78% (5-FU in the MTX cell line)
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Figure 1. The cell proliferation levels recorded in the MTX
mouse mammary and the J82 and T24 human bladder
cancer cell lines after the incubation of these cells in sev-
eral concentrations of five distinct antimetabolite agents
(the concentrations are given as logarithms). The five anti-
metabolite agents involve a folic acid antagonist (MTX),
two pyrimidine analogs (5-FU and ARA-C) and two purine
analogs (MP and TG). The results are expressed in mean
percentage values of the proliferation level compared to
the control value (CT + SEM) (*p < 0.05; **p < 0.01;
***p < 0.001).

and 29% (ARA-C in the J82 cell line) in cell prolif-
eration (Figure 1). On the other hand, a 107 M
concentration of MTX induced the death of 88%
of the T24 cells while the remaining four antimeta-
bolites did not have any significant effects (p > 0.05)
on this cell line (data not shown) at this concentra-
tion, except in the case of the TG, which killed 46%
of the cells. With respect to the pyrimidine (5-FU
and ARA-C) and purine (MP and TG) analogs, Figure
1 shows that the pyrimidine analogs were usually



more active against the three cell lines tested than
th?urine analogs. For example, a concentration of
10™ M of 5-FU and ARA-C caused the death of 90
and 93% of the MTX cells, respectively, while at this
concentration MP and TG killed 34 and 41% of the
MTX cell only. We nevertheless observed two ex-
ceptions concerning the J82 and T24 cell lines. In
the case of the J82 line, the effects of the 5-FU and
TG were not significantly different (p > 0.05) when
the same concentrations, i.e. 10T M, were consid-
ered. In the case of the T24 line, results show that
MP acted with the same efficiency as the 5-FU at the
concentration of 107 and 1075 M, and that the TG
was more effective than the 5-FU against the T24
cells for all the concentrations under study (p < 0.05
to p < 0.001).

Image analysis

Monovariate analyses. Figure 2 illustrates the ef-
fects of the five antimetabolites on the mean nucle-
ar area value (NA). The mean NA value significantly
increased (p < 0.001 or p < 0.01 in the case of the
T24 cell line treated with 10"> M MP). One excep-
tion was observed; thus, the 5-FU produced either
no significant effects (p > 0.05) on the T24 cells or
only a slight but nevertheless statistically significant
decrease (p < 0.05) in this mean parameter value at
the concentrations of 10 and 10~° M, respectively.
At the concentrations of 10~* M, the general’ rule
was confirmed, i.e. the mean NA value increased
(p < 0.001) significantly.

Similar observations were made when the mean
integrated optical density (I0D) value was consid-
ered (Figure 3). Indeed, this parameter usually in-
creased under antimetabolite agent treatment.
Nevertheless, in some cases, we observed no sta-
tistical effects with respect to the action of the drugs
on this mean parameter value (p > 0.05). In the case
of the T24 cell line treated with 10 M 5-FU, a slight
but significant decrease (p < 0.01) in the mean IOD
was even observed. These drug-induced effects
recorded for the nuclear DNA content—as globally
assessed by means of the IOD parameter—were
studied further by assessing the proportion of con-
trol and drug-treated cells in the Go—G,, S, G, and M
phases of the cell cycle. This is illustrated in Tables 1
(MTX cell line), 2 (J82 cell line) and 3 (T24 cell line).
The results given in Tables 1-3 indicate that all the
antimetabolites led to a decrease in the proportion
of cells in the Go—G; phase together with a conco-
mitant increase in the proportion of cells present in
the S and/or G, phases. This explains the increase
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Figure 2. The development of the values of the nuclear
area (NA) parameter (+SEM) under the different experi-
mental conditions described in the legend to Figure 1.
The antimetabolite concentrations are given as loga-
rithms. The significance of the results is given in compar-
ison with the CT condition (*p<0.05; **p<0.01;
***p < 0.001).

observed in the mean IOD values. The decrease in
the mean IOD value observed in the case of the T24
cell line treated with 10 M 5-FU is explained by the
fact that this drug at this concentration induced a
slight decrease in the proportion of cells present in
the S phase of the cell cycle.

Figure 4 describes the effects induced by the
five antimetabolites in the mean long run length
emphasis (LRL) value. This mean value was in-
creased by each of the antimetabolites tested
(Figure 4). This effect was significant (p < 0.01 or
D <0.001) except in the case of the T24 cell line
submitted to 5-FU (10~ and 10> M) or MP (10~ M)
(p > 0.05).
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Figure 3. The development of the values of the integrated
optical density (IOD) parameter (+SEM) under the different
experimental conditions described in the legend to Figure
1. The antimetabolite concentrations are given as loga-
rithms. The significance of the results is given in compar-
ison with the CT condition (*p< 0.05; **p < 0.01;
***p < 0.001).

Similar observations were made when the effects
of the antimetabolites on the mean local mean (LM)
value were considered (Figure 5). Indeed, the anti-
metabolite agents induced an increase in the mean
parameter value of this parameter. In the case of the
MTX cells, this effect was highly significant
(p < 0.001) except in the cases of the MP (10~ and
10~ M) and the TG (10> M). For the J82 cell line,
the increase in the mean LM value was also highly
significant (p < 0.001), except (p > 0.05) when this
line had been treated with the MP. For the T24 cells,
the effect was also significant (p < 0.01 or p < 0.05
in the case of MP treatment at 107> M), except
(p > 0.05) in the cases where these cells had been
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Table 1. The cycle effects of antimetabolites on the MTX
cell line

Concentration Gg—G; ) G, M

M)
cT 612 17x0 222 10
MTX 1077 39+6 24+4 37+10 0=0
5-FU 1077 59+5 203 21+3 0=0
ARA-C 1078 25 +6* 24 +1** 51 +4* 00
MP 1076 53+4 23+0 24+x4 0=x0
107 53+7 211 265 0=0
107 46 +3" 24+2 303 0=x0
TG 1078 49+3 22+3 32+3 0=*0
1077 43+3 18x1 38x3"0=x0
1078 35 +5" 13+1 525" 00
1075 62+5 15+2 23+7 0=x0

The effects of the antimetabolites on the distribution of the MTX
cells in the cell cycle for each concentration studied. The results
are given in percentage + SEM. The significance of the results is
given in comparison with the CT condition (*p < 0.05; **p < 0.01;
***p < 0.001).

treated with 5-FU at the concentrations of 10~ and
107° M.

Multivariate analyses. Figures 6 and 7 report the
results obtained by means of multivariate analysis
relying upon the use of 15 parameters quantitatively
describing morphonuclear features. The nuclear
populations submitted to each of the five anti-
metabolites agents are reported in Figures 6 and
7. Furthermore, for each of the antimetabolites,
only one concentration is illustrated in Figures 6
and 7, i.e. the one that produced the most marked
effects on the 15 morphonuclear parameters. The
importance of the effects are objectified by the ‘a:¥’
values depicted in Table 4. The ‘@’ value represents
the percentage of well-classified nuclei (WCN) as-
sessed by means of a linear non-supervised step-
wise discriminant analysis which made it possible to
calculate the F value for each of the 15 parameters
where a statistical comparison had been carried out
between the CT and the drug treated cells of a given
cell line for a given drug. The ‘¥’ value corresponds
to the highest F value so obtained and relates to the
parameter discriminating the most effectively be-
tween the CT cells and the drug-treated ones in
a given cell line treated by a given drug. Thus with
reference to the results presented in Table 4, Figures
6(A and B) and 7(A and B) correspond to the MTX
cells treated with 10”7 M MTX, 10~ M 5-FU, 10° M
ARA-C, 10™* M MP and 10~® M TG; Figures 6(C and
D) and 7(C and D) the J82 cells treated with 107’ M
MTX, 10~ M 5-FU, 10° M ARA-C, 10 M MP and
1077 M TG; Figures 6(E and F) and 7(E and F) the
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Table 2. The cycle effects of antimetabolites on the J82 cell line

Concentration Gy—-G; S Gy M

M)
CcT 55 + 4 24 + 1 19 = 4 1+0
MTX 1077 25 + 5** 39 + 2** 36 + 3* 0+0
5-FU 1078 20 + 2** 45 + 1+ 35 + 2* 0+0

10738 39+ 6 33+3 28 + 3 0+0
ARA-C 1078 6+ 1*** 27 = 1 67 + 2*** 0+0
MP 107* 57 +3 27+ 2 15 + 4 00

1072 53+5 23+3 24 + 4 1+0
TG 1078 16 + 8* 31+5 52 + 13 00

Effects of the antimetabolites on the distribution of the J82 cells in the cell cycle for each concentration studied. The results are given in
percentage * SEM. The significance of the results is given in comparison with the CT condition (*p < 0.05; **p < 0.01; ***p < 0.001).

T24 cells treated with 10°® M MTX, 10™* M 5-FU,
107 M ARA-C, 10°° M MP and 107 M TG.

Figure 6 was drawn up according to the first and
second, and Figure 7 according to the first and third
canonical functions. These canonical functions re-
present a linear combination of the 15 parameters
used. This canonical treatment of data allows a
projection into a two-dimensional space (the cano-
nical space) of the 15-dimensional space corre-
sponding to the multiparametric image featuring
the 15 parameters computed on each nucleus. Fig-
ures 6(A, C and E) and 7(A, C and E) represent a
comparison between the factorial cell distributions
of the cell nuclei from the MTX, J82 and T24 cell
lines after submission to the various antimetabo-
lites. The ellipses represent the 95% confidence
interval around the mean position of the factorial
cell distribution of the different nuclear populations.
Figures 6(B, D and F) and 7(B, D and F) represent
the canonical projection of the 15 parameters onto
the canonical plane. This projection made it possi-
ble to indicate the direction and strength of the

parameter scattering for the cell populations under
analysis.

Figure 6(A, C and E), which relies upon the re-
presentation of the first two canonical functions,
show that these two functions made it possible to
distinguish between all of the drugs tested. Figure
6(B, D and F) shows that parameters 1 (NA), 8 (LRL),
11 (RLP), 12 (LM), 13 (E), 14 (CV) and 15 (C) mostly
influenced the position of the ellipses correspond-
ing to each antimetabolite in the first canonical
function. Indeed, there were parameters which ex-
hibited the largest projection onto the first canonical
function. In contrast, the position of the ellipses for
the second canonical function seemed to be influ-
enced by the nature of the cell line. Parameter 3
(MOD) thus appeared to be the strongest as com-
pared with the second canonical function, i.e. the
parameter which exhibited the largest projection
onto the second canonical function. In the case of
the J82 cell line, it was parameter 2 (IOD) which
exhibited the largest projection onto the second
canonical function, while in the case of the T24

Table 3. The cell cycle effects of antimetabolites on the T24 cell line

Concentration Go-G S G, M
M)
cT 64 * 1 16 = 3 18+ 3 3+1
MTX 1078 21 + 3** 47 = 2% 31 +2 1+0
5-FU 107 64 +2 12 + 1 23 + 2 1+0
1075 59 + 8 22+ 2 19+6 1+0
1074 35 +2 28 + 3* 37 + 3* 0+0
ARA-C 10~ 54 + 4 35 + 2** 102 1+0
107 17 = 3*** 26 + 1* 57 x 3*** 0+0
MP 107° 46 + 3* 18 + 1 35 + 4* 10
1075 53+ 3 23+ 2 23+ 1 1+0
TG 1078 42 + 4* 29 = 1** 29 + 3 0+0
1077 29 + 1*** 23 + 2 47 + 2*** 0=x0
1078 21+ 2 22 + 1 56 + 2*** 0*0

Effects of the antimetabolites on the distribution of the T24 cells in the cell cycle for each concentration studied. The results are given in
percentage * SEM. The significance of the results is given in comparison with the CT condition (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 4. The development of the values of the long run
length emphasis (LRL) parameter (+ SEM) under the dif-
ferent experimental conditions described in the legend to
Figure 1. The antimetabolite concentrations are given in
logarithms. The significance of the results is given in com-
parison with the CT condition (*p < 0.05; **p < 0.01;
***p < 0.001).

line it was parameter 5 (VOD). In summary, the first
canonical function is mainly explained in terms of
the geometric parameter (NA) and of parameters
computed on the basis of the length section matri-
ces (LRL and RLP) or the co-occurrence matrices
(LM, E, CV and C). In contrast, the second canonical
function is mainly explained in terms of densitomet-
ric parameters (e.g. IOD, MOD, VOD).

Figure 7 illustrates the position of the ellipses
describing the influence of each antimetabolite as
it is explained by means of the first and the third
canonical functions (Figure 7A, C and E), at the
same time, Figure 7 gives the canonical projection
of the 15 parameters onto the canonical plane

166 Anti-Cancer Drugs - Vol 5 - 1993

MTX CELL LINE

840 oes
® e
800 oo
L ove
a
. e
'a . s " (]
[t
.E 720 - ~ ~ ~ w0 < o ~ o
= BEFEEEREEER
358
-
® . J82 CELL LINE
s B
:a 820 Y ow®
[ a
& w
2 780 .
<
W ro! " -
=
40 [ ~ @ @ 3 v © ®
-4 S E 2 2§08 o8¢
g § . - 3 Z =
Q. T24 CELL LINE
wo .
820 .
000 [} “ee .
a . [}
a
7018 a . *
a
160 —~—
RN g
EXPERIMENTAL CONDITIONS

Figure 5. The values of the local mean (LM) parameter
(+ SEM) under the different experimental conditions de-
scribed in the legend to Figure 1. The antimetabolite con-
centrations are given in logarithms. The significance of the
results is given in comparison with the CT condition
("p < 0.05; **p < 0.01; ***p < 0.001).

(Figure 7B, D and F). The third canonical function
is mainly explained by means of the K, SK, LM and E
parameters in the case of the MTX cell line (Figure
7B), by the LRL parameter in the case of the J82 line
(Figure 7D) and by the IOD parameter in the case of
T24 line (Figure 7E). It appears that the position of
the ellipses made it possible to discriminate not only
between each drug under study, but also between
the different pharmacological classes of the anti-
metabolite agents under study. Indeed, it was pos-
sible to divide the canonical plane into three areas
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Figure 6. The results obtained after performing muitivari-
ate analyses on the drug-induced morphonuclear modifica-
tion recorded on 900 nuclei from merged files containing
the digitized nuclear images relating to MTX-, 5-FU-, ARA-
C-, MP- and TG-treated MTX (A and B), J82 (C and D) and
T24 (E and F) cell lines). Each nucleus was described by
means of 15 morphonuclear parameters and submitted to
principal components analysis. The nuclei were thus lo-
cated in a 15-dimensional space on the basis of their 15
nuclear parameters. They were then projected into a two-
dimensional space by the canonical transformation of their
data. This two-dimensional space is defined by the first two
canonical functions. Charts A, C and E represent complex
multifactorial functions featuring the nuclei. Each eliipsis
represents the 95% confidence interval around the mean
position of the factorial cell distribution. Charts B, D and F
represent the canonical projection of the 15 parameters.
This projection indicates the direction and strength of the
parameter scattering for the cell populations under analy-
sis. See text for the significance of each parameter.

for each cell line. Area I included the folic acid
antagonist, i.e. MTX. Area II included the pyrimi-
dine analogs, i.e. 5-FU and ARA-C. Area I1I included
the purine analogs, i.e. MP and TG.

Discussion

Several recent papers focus on the study of the
antineoplastic drug-induced effects in cell biology
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Figure 7. The results obtained after performing the same
multivariate analysis as described in Figure 6, i.e. relating
to MTX-, 5-FU-, ARA-C-, MP- and TG-treated MTX (A and
B), J82 (C and D) and T24 (E and F) cell lines. In contrast
to Figure 6, the present factorial plane is defined by the
first and the third canonical functions. The rest of the
legend is identical to that of Figure 6.

by means of morphonuclear digital cell image
analysis.”"2'~2* This methodology makes it possible
to monitor drug-induced effects at several levels of
tumor cell biology. We demonstrated previously
that the computerized analysis of nuclear images
submitted to multivartiate analysis enables a paral-
lel study to be undertaken of the cytotoxic effects of
antineoplastic agents together with their effects on
cell kinetics and chromatin texture. At the same
time, it also makes it possible to characterize cer-
tain molecules according to their operating mechan-
isms.” In the present work, we use this methodology
in order to discriminate between operating mechan-
isms of antimetabolites agents. This process was
carried out in relation to their effect on the chro-
matin pattern. For this purpose, use was made of
MTX, which is an inhibitor of the dihydrofolate
reductase; 5-FU and ARA-C, which are two pyrimi-
dine analogs; and MP and TG; which are two purine
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Table 4. Linear discriminant analysis performed on each experimental condition studied in comparison with the CT of the

corresponding cell line

Concentration Cell line
M)
MTX Jg2 T24
MTX 107® 93:2092 (CV) 86:1043 (NA)
1077 88:1153 (CV)
5-FU 107 83:731 (VOD)
1078 88:1336 (CV) 70:221 (SK)
10°° 92:1619 :(CV) 63:128 (SK)
107¢ 84:469 (SK)
ARA-C 1077 82:405 (NA)
107° 94:2038 (RLP) 88:2200 (CV) 88:1877 (CV)
MP 1078 62:49 (VOD) 70:411 (SK)
1075 65:143 (SK) 59:23 (LRL)
107 77:496 (SK) 73:358 (SK)
1073 75:226 (SK)
TG 1078 67:154 (CV) 67:225 (SK)
1077 62:128 (NA) 73:364 (SK)
107 77:458 (SK) 81:1059 (CV) 72:377 (I0OD)
1075 72:70 (K)

The ‘a:b’ values obtained with each experimental condition studied in comparison with the corresponding CT cells. The ‘a’ values in
percentages represent the level of discrimination and the ‘b’ values the discriminatory power of the most discriminatory parameter.
According to the Fisher table, an ‘a’ value higher than 6 corresponds to a statistical of p < 0.05, and ‘a’ value higher than 12 corresponds
to a statistical level of p < 0.01 and an ‘a’ value higher than 30 corresponds to a statistical level of p < 0.001. This most discriminatory

parameter is put in brackets.

analogs. The biological model involvled the iz vitro
use of the MTX mouse mammary and the J82 and
T24 human bladder cancer cell lines.

The results show that all the antimetabolites tested
here caused a significant decrease in the percentage
of cells in the Go—G, phase of the cell cycle and a
parallel increase in the percentages of cells in the S
and/or G, phases. No statistically significant effects
were observed in the M phase of the cell cycle.

The arrest of cells in the S phase of the cell cycle
is a well-known antimetabolite agent-induced
effect.”® The present results also show that these
drugs were able to induce the arrest of the cells
in the G, phase of the cell cycle. This result is also
corroborated by previous ones reported in the lit-
erature. Indeed, it has been proved that the two
purine analogs are able to block cells both in the
S and in the G, phases of the cell cycle.52® In view
of the fact that MTX, 5-FU and ARA-C induce DNA
strand breaks,?’~2° it is not surprising that they are
also able to bring about a G, arrest of the cells in the
same way as certain alkylating agents which also
induce DNA strand breaks.>!

The results from the computer-assisted micro-
scope analysis show that the five drugs under study
produced similar effects, i.e. an increase in the
mean value of the NA, IOD, LRL and LM param-
eters. This was revealed by the monovariate ana-
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lyses. These drug-induced increases in the mean
NA, 10D, LRL and LM parameter values correspond
to the fact that the drug treatment brought about an
increase in the nuclear DNA content (as assessed
by the 10D parameter) followed by an enlarged
nuclear size (assessed by the NA parameter). In
consequence, the chromatin became more and
more condensed (as assessed by both the LRL and
LM parameters).

The results also show that the effects of a given
drug recorded at the morphonuclear level often
develop as a function of the drugs’ concentra-
tion. Two exceptions were observed in the case
of the IOD parameter: the IOD values produced
by TG on the MTX cell line at a concentration of
10> M were weaker than those recorded at the
lower concentrations. The same observation was
made when the effects of the 10> M MP on the
T24 cell nuclei were considered. We attribute this
decrease in the mean IOD value to the fact that at
the highest concentrations, the antimetabolites
caused the death of the more sensitive cells. So
the remaining cells were the more chemoresistant
cells and consequently slightly modified by the
treatment. This hypothesis is corroborated by the
fact that the highest drug concentrations did not
have any significant effects on the cell cycle even
though the lower concentration did bring about an



increase in the percentage of cells in the G, phase
(see Table 3).

Due to the fact that all the antimetabolites under
study produced apparently similar effects (e.g. in-
creases in the NA, IOD, LRL or LM values as com-
pared with the CT values) when assessed by
monovariate statistical analysis, the results of mono-
variate analysis alone did not make it possible to
discriminate the drugs in terms of their operating
mechanisms. This is the reason why we used the
multivariate analysis of the drug-induced modifica-
tions at the morphonuclear level. This multivariate
analysis is related to the use of principal component
analysis followed by the canonical transformation of
the data. This statistical and mathematical treatment
of the data makes it possible to characterize ‘typical’
cell nuclei from the nuclear populations treated with
the different antimetabolites under study. The pro-
jection of the multivariate analysis-related results
onto the factorial plane given by the first two ca-
nonical functions (Figure 6) enabled us to distin-
guish between the folate antagonist (MTX) and the
two purine antagonists (MP and TG). Indeed, the
MTX was situated under the positive values of the
first canonical function describing the canonical
space, while the purine antagonists were situated
under the negative values of this canonical function.
Unfortunately, it was not possible to assign a spe-
cific zone of the plane to the two pyrimidine an-
tagonists. In contrast, the factorial plane defined by
the first and third canonical functions (Figure 7)
made it possible to discriminate between the five
antimetabolites on the basis of their operating
mechanisms. Indeed, on charts A, C and E of Figure
7, it was possible to circumscribe part of the plane
for each family of antimetabolites: the folate antago-
nist MTX was always located under the positive
values of the first canonical function (area I), as
is mentioned above; the two pyrimidine antago-
nists, i.e. 5-FU and ARA-C, were always located
under the positive values of the third canonical
function (area II); while the two purine antago-
nists, i.e. TG and MP, were always located in the
negative area of the first canonical function (area
IID). So, the use of the multivariate analysis of the
drug-induced modifications at the morphonuclear
level made it possible to describe a certain speci-
ficity in their operating mechanisms. We are now
pursuing our experiments with other families of
drugs, such as alkylating agents, topoisomerase II
inhibitors, vinca alkaloids, etc., for the purpose of
establishing a ‘map’ where it is possible to discri-
minate between the different drug operating
mechanisms by means of their position on this

Analyses of morpbonuclear modifications

‘map’. This model would make it possible to em-
ploy a single and easy method to obtain information
about the operating mechanism of new drugs.

Conclusion

In conclusion, the present work shows that anti-
cancer antimetabolites produced specific morpho-
nuclear modifications such as an increase in the
nuclear DNA content, with a consequent increase
in nuclear size. These phenomena were accompa-
nied by an increase in the frequency of the large
dense chromatin clumps within the nucleus and
consequently in the overall chromatin condensa-
tion. The antimetabolites also induced an increase
in the DNA content. The drug-induced increase in
the nuclear DNA content can be explained by the
percentage of cells arrested in the S and/or G, phase
of the cell cycle.

The present methodology shows that by means of
multivariate analysis and by reference to well-
known compounds it would be relatively easy to
locate an unknown, i.e. an investigational agent, in
terms of operating mechanism. Furthermore, the
present study also shows that the effects caused
by a given drug on tumor cell biology can be mon-
itored at several levels, i.e. cell proliferation, cell
kinetics and chromatin pattern characteristics, with
these latter being directly related to the operating
mechanisms of that drug. The present methodology
therefore corresponds to a new pharmacological
tool making it possible to monitor the effects
caused by antineoplastic agents.
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