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Preclinical study

Activity of MKT 077, a rhodacyanine dye, against
human tumor colony-forming units
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MKT 077 is related to rhodamine 123 dye and demonstrates
preferential accumulation in the mitochondria of cancer cells
compared to normal cells. This difference in retention
between cancer and normal cells led to the finding that
MKT 077 selectively inhibits the growth of cancer cells in
vitro. To define the preclinical activity profile of MKT 077, the
compound was tested in vivo against a large variety of
human tumors utilizing the human tumor-cloning assay. MKT
077 was studied using a sequential 2 h exposure separated
by 24 h (2-24-2 h) and a 24 h exposure at final concentra-
tions of 0.1, 0.2, 1.0, 2.0, 10.0 and 20.0 xg/ml. MKT 077 was
also studied using continuous exposure at final concentra-
tions of 0.1, 1.0 and 10 ;.g/ml. A decrease in tumor colony
formation was considered significant if survival of colonies
treated with MKT 077 was 50% or less compared to untreated
controls. A total of149 specimens was treated with MKT 077
with 51, 58 and 34 evaluable specimens with the 2-24-2 h,
the 24 h and the continuous exposure, respectively. The
results of the present study suggest a positive relationship
between concentration and response. No relationship be-
tween exposure schedule and activity was observed. In-
hibitory effects were obtained against multiple tumor types.
High cytotoxic activity was obtained against breast, ovary,
endometrial, colon and non-small cell lung cancer with
concentrations of 2 :g/ml or above. In conclusion, the broad
spectrum of cytotoxicity of MKT 077 in the human tumor-
cloning assay and the unique mechanism of action of MKT
077 encourage additional preclinical and clinical studies with
this compound and other rhodacyanine dyes. [« 1999
Lippincott Williams & Wilkins.]
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Introduction

Tumor supressor genes and amplified oncogenes are
critical elements in the pathogenesis of cancer.
However, cytoplasmic elements are also necessary
in development and maintenance of the neoplastic
phenotype. In fact, it was been demonstrated that
cytoplasm from transformed cells could transfer the
malignant phenotype to karyoplasts of normal cells.’
One candidate organelle for cytoplasmic support of
neoplastic transformation is the mitochondria. Mito-
chondria contribute to the cellular redox balance
and the adenosine triphosphate pool required for
cell cycle progression.> There are data to suggest
that functional aspects of the mitochondria play a
role in maintaining the tumorigenic phenotype.?
That point was particularly demonstrated when the
tumorigenic phenotype was altered after depletion of
mitochondria in brain and breast tumor cells." In
human carcinoma cells, the mitochondrial membrane
potential was shown to be increased compared to
normal cells.>® This elevation in the mitochondrial
membrane potential is responsible for increased
uptake and prolonged retention of lipophilic ca-
tions.”® Due to its preferential accumulation in
cancer cell mitochondria, lipophilic cations have
been proposed as a potential novel class of
chemotherapeutic agents.

Rhodacyanine dyes are lipophilic cations that have
already demonstrated in vitro and in vivo anti-tumor
activity.” MKT 077 (Figure 1) is related to rhodamine
123 dye, which is often used in mitochondria staining
for fluorescent microscopy.'” Rhodamine 123 demon-
strated preferential accumulation in cancer cells
compared to normal cells.'' The mitochondria of a
variety of carcinomas were shown to retain rhoda-
mine 123 for days, whereas normal cells released it
within a few hours.® This difference in rhodamine
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123 retention between carcinoma and normal cells
wis exploited when it was demonstrated that this
compound inhibits sclectively the growth of carcino-
ma cells in vitro.'? Compared to other members of
this class, MKT 077 has two features that enhances
its potential value as a chemotherapeutic  agent.
These features include enhanced stability in aqueous
solutions and lesser light sensitivity than the other
rhodacyanine compounds.'® A previous study has
demonstrated that MKT 077 had a greater than 250-
fold more effective inhibiting activity on tumor cell
lines than on normal cells.'?

To additionally define the preclinical activity profile
of MKT 077, the compound was tested against a large
variety of human tumors utilizing the human tumor-
cloning assay."* In a trial completed by the NCI, the
cloning assay has shown the ability to distinguish
clinically active from clinically inactive compounds.'’
In the present study, tumor specimens were taken
both from paticnts who were untreated as well as
those who had received prior therapy. These humans
tumors were exposed to MKT 077 #n vitro and the
response (defined as 50% or less survival of colony-
forming units compared to untreated controls) was
cvaluated by quantitating the formation of human
tumor colony-forming units.

Material and methods
Drug

MKT 077, 1-¢thyl-2-{[3-¢thyl-5(3-mcthylbenzothiazolin-
2-yliden)]-4-oxothiazolidin-2-ylidenemethylpyridium

chloride, was provided by Novartis (Basel, Switzer-
land). MKT 077 was dissolved in water to make a
concentrated stock solution of 1 mg/ml. MKT 077 is
very stable and can be stored in aqueous solution at
4 C for more than 1 year. Aliquots of 0.5 mi of the
stock solution were stored at —70 C and were thawed
prior to use for each new tumor sample tested. At the
time of testing, aliquots of the stock solution were
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Figure 1. Chemical structure of MKT 077.
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further diluted in water to make the desired final
concentrations.

In vitro exposure

Three different schedules were studied: two sequential
2 h exposures separated by 24 h (2-24-2 h), 24 h
exposure and continuous exposure (14 days). The
sequential exposure was chosen because of sequential
exposures used in clinical trials. At 2 and 24 h
exposures, the final concentrations evaluated were
0.1, 0.2, 1.0, 2.0, 10.0 and 20.0 ug/ml. At continuous
exposure (14 days), the final concentrations evaluated
were 0.1, 1.0 and 10 pug/ml.

The tumor cells treated with MKT077 with the
sequential 2 h exposure (2.0 ug/ml) and with the
continuous exposure (1.0 pug/ml) were also exposed
to standard anticancer agents for 1 h at the following
concentrations (ug/ml):; doxorubicin, 0.04; cisplatin,
0.2; paclitaxel, 2.5. The single concentration of each
drug corresponded to approximatively 1/10 of the
peak plasma concentration for each drug in humans'®
and was predictive of clinical response in previously
published studies.'”

Human tumor colony-forming assay

After obtaining informed consent in accordance with
federal and institutional guidelines, malignant effu-
sions, ascites, bone marrow aspirates containing tumor
cells as well as solid tumor specimens were collected
from patients undergoing tissue procurement proce-
dures as part of their diagnostic work-up or as part of
their routine therapeutic care. Solid tumors or
malignant lymph nodes were minced into 2-5 mm
fragments in the operating room and immediately
placed in McCoys medium SA (Life Technologies,
Grand Island, NY) plus 10% heat-inactivated newborn
calf serum and 1% penicillin/streptomycin. Within 4 h,
these solid tumors were mechanically dissociated with
scissors, forced through a no. 100 stainless steel mesh,
through 25 gauge needles and then washed with
McCoys medium. Ascitic, pleural, pericardial fluids and
bone marrow aspirates were obtained by standard
techniques. The fluid or marrow was placed in sterile
containers containing 10 U of preservative-free hepar-
in (ONcill, Johns and Feldman, St Louis, MO)/ml of
malignant fluid or marrow. After centrifugation at
150 g for 10 min, the cells were harvested and washed
with McCoys medium plus 10% heat-inactivated fetal
calf serum. The viability of cell suspensions was
determined on a hemocytometer with Trypan blue.



Only viable cells determined the final concentration of
plated cells.

In vitro exposure of tumor cells to the drug

For the 2-24-2 h and 24 h exposure studies, the cells
were incubated for 2 and 24 h, respectively, with MKT
077 in McCoys medium, then washed to stimulate the
disappecarance of the drug from the body. MKT 077
was reintroduced 24 h after, during 2 h for the 2-24-
2 h exposure. Cells were suspended in 0.3% agar in
enriched Connaught Medical Research Laboratories
(CMRL) medium 1066 (rvine Scientific, Irvine, CA)
supplemented with 15% heat-inactivated horse serum,
penicillin (100 U/ml), streptomycin (2 mg/ml), gluta-
mine (2 mmol/l), insulin (3 U/ml), asparagine
(0.6 mg/ml) and HEPES buffer (2 mmol/]). Cells were
plated in 35 mm Petri dishes in a top layer of agar over
an underlayer of 0.3% agar to prevent growth of
fibroblasts. Three plates were prepared for cach data
point. For the continuous exposure, cells were
combined with MKT 077 in the CMRL medium
described above, then plated as for the 2 h and 24 h
exposure. The compound was not washed from the
culture during the 2 week period and additional drug
was not added to the culture. The plates were placed
in a 37 C incubator and removed on day 14 for colony
count. The number of colonies, defined as more than
50 cells, formed on the three drug-treated plates was
compared to the number of colonies formed on the
three untreated control plates and the percent
colonies surviving at each concentration was calcu-
lated. An evaluable test is defined as one averaging at
least 20 colonies on day 14 on the untreated control
plates.

Quality control

To assure the presence of a single-cell suspension on
the day of plating, positive controls were used to
assess the effect on colony formation. For each tumor
tissue sample tested, three positive control plates were
set up to contain the non-specific cellular toxin
orthosodium vanadate at a concentration of 200 ug/
ml, which completely inhibits colony growth. For a
tumor sample test to be considered evaluable,
orthosodium vanadate had to produce less than 30%
survival of colony-forming units when compared to
untreated control plates. When survival was greater
than 30%, indicating that single-cell suspension on day
0 was poor since orthosodium vanadate does not
affect clumps, the tumor sample test was considered
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non-evaluable. The use of a positive control has been
demonstrated to greatly enhance the reproducibility of
the human tumor-cloning assay.

A test is defined as an experiment, performed on a
unique tumor tissue sample, that contains untreated
control, positive control and three or four specified
drug concentration levels.

Data analysis and statistics

The results were expressed as the percentage of
survival of tumor colony-forming units for a particular
drug relative to its control. This quantity was
calculated as the ratio of the average number of
colonies surviving on the three drug-treated plates to
the average number of colonies growing on the three
untreated control plates. A ratio of 0.5 or less denotes a
positive response, suggesting a significant inhibition of
colony formation by the drug. Statistical comparisons
of the response rates were performed using the
McNemar test with two-sided p values. p <0.05 was
considered to indicate statistical significance.

Results
Evaluable specimens

A total of149 specimens was obtained from cancer
patients. One hundred and twenty-four specimens
were treated with MKT 077 at concentrations of 0.1,
0.2, 1.0, 2.0, 10.0 and 20.0 ug/ml using the 2-24-2 h
exposures. Among these specimens, 41% (51 of 124)
were evaluable with appropriate positive controls
(Table 1). MKT 077 at the same concentations was also
tested using a 24 h exposure on 142 specimens. Among
these specimens, 41% (58 of 142) were evaluable with
appropriate positive controls (Table 2). A continuous
exposure with MKT 077 at concentrations of 0.1, 1.0
and 10.0 pg/ml was tested on 93 specimens. Among
these specimens, 36% (34 of 93) were evaluable with
appropriate positive controls (Table 3).

In vitro responses

When MKT 077 was evaluated using a 2-24-2 h
exposure (Table 1), in vitro responses (50% or lower
survival compared to untreated controls) were ob-
served in 9% (three of 32), 19% (three of 16), 34% (11
of 32), 50% (nine of 18), 57% (four of seven) and 100%
(six of six) at concentrations of 0.1, 0.2, 1.0, 2.0, 10.0
and 20.0 ug/ml, respectively. The in vitro response
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rate at 0.2 pug/ml was significantly greater than 0.1 ug/ 10 pg/ml was significantly greater than with 0.2 pg/ml
ml ( <0.001). There was no significant difference in @»=0.013).

the responses rates between 0.2 and 1.0 pg/ml With an exposure to MKT 077 for 24 h (Table 2), in
P=0.49), 1.0 and 2.0 ug/ml (p=0.26), and 0.2 and vitro responses were observed in 6% (two of 31), 15%
2.0 pg/ml (p=0.23). The in vitro response rate with (two of 13), 48% (15 of 31), 68% (19 of 28), 86% (six of

Table 1. Number of sensitive specimens among evaluable specimens according to the concentration of MKT 077 with 2—
24-2 h exposure, sensitivity being defined as 50% or less survival at the given concentration

Tumor type Concentration of MKT 077 (ug/ml)

0.1 0.2 1.0 2.0 10.0 20.0
Breast 0/4 on 2/4 0N - 11
Colon 072 on 1/2 1/2 - 1N
Kidney 0/3 i 0/3 1N 11 11
Hepatoma 01 - N - - -
Lung—non-small cell 1/9 on 39 on 02 -
Lung—small cell on - on - - -
Melanoma - 0/2 - 22 - -
Mesothelioma - on - on - -
Ovary 0/3 1/5 1/3 2/5 1/2 11
Pancreas - on - on - -
Peritoneum cancer - N - i - N
Prostate 0/4 - 1/4 - - -
Sarcoma 0N - on - - -
Thyroid 0N - 01 - - -
Endometrium 2/2 - 2/2 - 2/2 -
Unknown primary carcinoma on 02 0N 2/3 - 1M
Total 3/32 3/16 11/32 9/18 477 6/6
—, not tested.

Table 2. Number of sensitive specimens among evaluable specimens according to the concentration of MKT 077 with 24
h exposure, sensitivity being defined as 50% or less survival at the given concentration

Tumor type Concentration of MKT 077 (ug/ml)

0.1 0.2 1.0 2.0 10.0 20.0
Breast 1/4 on 2/4 2/3 - 2/3
Colon 0/2 on 22 1/2 - 11
Kidney 0/3 - 1/3 11 i 11
Hepatoma on - N - - -
Lung—non-small cell 0/8 on 5/8 3/3 1M 22
Lung—small cell 0N - N - - -
Melanoma - 0/2 - 2/3 - in
Mesothelioma - oN - in - -
Ovary 1/4 1/5 1/4 6/9 2/3 4/4
Pancreas - - - 01 - -
Peritoneum cancer - on - 11 - 1
Prostate 0/4 - 1/4 - - -
Sarcoma 0/1 - oNn - - -
Stomach - - - 0N - on
Thyroid 0N - 11 - - -
Endometrium 0/2 - 0/2 - 2/2 -
Unknown primary carcinoma - i - 2/3 - 2/2
Total 2/31 2113 15/31 19/28 6/7 14/16
—, not tested.
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Table 3. Number of sensitive specimens among evalu-
able specimens according to the concentration of MKT
077 with continuous exposure, sensitivity being defined as
50% or less survival at the given concentration

Tumor type Concentration of MKT 077 (n.g/ml)
0.1 1.0 10.0
Breast 01 12 11
Colon on 1/2 11
Kidney 0/2 12 -
Lung—non-small cell 0/3 2/5 12
Melanoma 0/2 2/2 -
Mesothelioma on on -
Ovary 0/8 312 2/4
Pancreas on n -
Peritoneum cancer on o1 -
Sarcoma 1/1 on -
Stomach - on N
Endometrium o in -
Unknown primary 11 3/3 22
carcinoma
Total 2/23 15/34 8/11
-, not tested.

seven) and 88% (14 of 16) at concentrations of 0.1,
0.2, 1.0, 2.0, 10.0 and 20.0 ug/ml, respectively. The in
vitro response rate was significantly greater for 0.2
compared to 0.1 ug/ml (P <0.001) and for 1.0
compared to 0.2 pug/ml (p<0.001). There was no
significant difference in the /n vitro responses rates
between 1.0 and 2.0 ug/ml (p=0.11).

In the study in which continuous exposure to MKT
077 was evaluated (Table 3), in vitro responses were
noted in 9% (two of 23), 44% (15 of 34) and 73% (eight
of 11) of specimens at concentrations of 0.1, 1.0 and
10.0 pg/ml, respectively. There was no significant
difference in the responses rates between 0.1 and
1.0 pug/ml (p=0.25), and 1.0 and 10.0 ug/ml (p=0.55),
but the in vitro response rate with 10 ug/ml was
significantly greater than with 0.1 ug/ml (»=0.012).

The above results suggest that there may be a
positive relationship between concentration and
response but no trend favoring a particular schedule
was observed (Figure 2). Indeed, the in vitro response
rates were very similar with the same concentration
with the different exposure schedules. Inhibitory
effects were obtained against multiple tumor types,
indicating that MKT 077 is a potent cytotoxic
compound with a broad spectrum of antitumor
activity. Of particular interest was potent cytotoxic
activity noted against melanoma and renal tumors,
when the concentration was 2.0 ug/ml or higher,
whatever the exposure schedule. MKT 077 also has
impressive activity against endometrial and ovary
tumor colony-forming units.

Activity of MKT 077
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Figure 2. Relationship between concentration of MKT 077
and response.

Effects in tumors resistant to conventional
chemotherapy

Among the 18 specimens tested at the concentration
of 2.0 ug/ml with the sequential 2 h exposure, SCH
66336 had activity in six of 10 (60%) tumor specimens
resistant to cisplatin and in five of seven (71%) tumor
specimens resistant to paclitaxel (Table 4).

Among the 34 specimens tested at the concentra-
tion of 1.0 ug/ml with the continuous exposure, SCH
66336 had activity in two of five (40%) tumor
specimens that were resistant to doxorubicin, in seven
of 18 (39%) tumor specimens resistant to cisplatin and
six of 16 (37%) tumor specimens resistant to paclitaxel
(Table 4).

Discussion

In the present study using fresh tumors cultured in the
human tumor-cloning assay, MKT 077 demonstrated
prominent activity against various tumor types,
including melanoma, breast, ovarian, endometrial,
colon and renal tumor colony-forming units. In
addition, potent cytotoxic activity was noted against
hepatic, pleural and non-small cell lung tumors. There
appeared to be a direct relationship between concen-
tration and response (Figure 2). Contrary to a previous
study,'® the evaluation of MKT 077 in the present
study did not demonstrate a relationship between the
cytotoxic activity and the duration of exposure,
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Table 4. Comparison of MKT 077 with other agents

Agent MKT 077 2.0 ug/ml 2-24-2 h exposure MKT 077 1.0 pg/ml continuous infusion
S/S S/R R/S R/R Total S/S S/R R/S R/R Total
Doxorubicin - 1 1 - 2 1 2 2 3 8
Cisplatin 2 6 - 4 12 2 7 3 11 23
Paclitaxe! 1 5 2 2 10 2 6 3 10 21

S/S, sensitive to both MKT 077 and the agent;
S/R, sensitive to MKT 077 but resistant to the agent;
R/S, resistant to MKT 077 but sensitive to the agent;
R/R, resistant to both MKT 077 and the agent.

Sensitive defined as 50% or less survival at the given concentration.

—, not tested.

suggesting a threshold effect. The prolonged retention
of MKT 077 in tumor cell mitochondria might explain
why the extended duration of exposure did not
increase the response rate. This cytotoxic activity in
our tumor-cloning assay was obtained with MKT 077
concentrations which are similar to mean peak values
of MKT 077 plasma concentrations in phase I study
(1.1-2.8 pug/ml)."”

Like others lipophilic cations, MKT 077 is accu-
mulated and retained by the mitochondria of
malignant cells to a much greater extent than by
normal cells.'? The increased uptake of MKT 077 by
human breast cancer cells has been shown to be 20-
to 65-fold more than in normal cells.'® To explain the
cytotoxicity of MKT 077, evidence was found for
inhibition of electron transport through mitochon-
drial membranes by this compound and inhibition of
mitochondrial respiration.”’ MKT 077-treated tumor
cells have also demonstrated a selective loss of
mitochondrial DNA.?" Previous reports have shown
that MKT 077 has potent growth-inhibitory activity
against five human cancer cell lines (colon, breast,
pancreas, bladder cancer and melanoma).'® The ICs,
for these different human tumor cell lines was
between 0.15 and 0.50 pg/ml.'? It was also demon-
strated that MKT 077 displays significant antitumor
activity in athymic mice implanted with human
melanoma, renal carcinoma and prostate carcinoma.'?
Interestingly, little MKT 077 is accumulated in bone
marrow cells.”! Indeed, the mitochondrial membrane
potentials of bone marrow cells is very low,?!
explaining the low myelotoxicity observed in pre-
clinical studies and preliminary results of phase 1
studies with MKT 077.'%!?

While lipophilic cations such as MKT 077 may
constitute a potent class of anticarcinoma agents, they
may be also used as carriers for drugs with no positive
charge or as photodynamic sensitizers. A complex
between rhodamine 123 and cisplatin was studied,
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and demonstrated to be taken up more by tumor cells
than was cisplatin alone.?? This association between
rhodacyanine dye and cisplatin might have a potent
synergistic association because cisplatin can display
preferential binding to mitochondrial DNA versus
genomic DNA in some cell lines > Rhodacyanine
dyes are well known as photosensitizers in the
photography industry and numerous lipophilic cations
have been reported to be photodynamic sensitizers.?®
The inhibition of mitochondrial function by MKT 077
can be enhanced Gfold by photoactivation.’® The
damaging effect of MKT 077 on mitochondrial DNA
was also increased by photoirradiation.?® This possibi-
lity of localized irradiation of the tumor following
selective accumulation of MKT 077 in the mitochon-
dria of malignant offers a dual mechanism for
treatment.

In summary, MKT 077 has demonstrated potent in
vitro cytotoxic activity against a broad spectrum of
human tumors in the human tumor-cloning assay. This
drug is the first compound of the rhodacyanine dyes
family in preclinical and clinical studies,'*'” which has
a unique mechanism of action among all the anti-
cancer drugs, based on preferential accumulation in
the mitochondria of malignant cells. The broad
spectrum of cytotoxicity of MKT 077 in the human
tumor-cloning assay and the unique mechanism of
action of MKT 077 encourage additional preclinical
and clinical studies with MKT 077 and rhodacyanine
dyes.
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