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ABSTRACT

In an effort to investigate the role of creatine kinase and its substrates
in malignancy we have tested the effect of cyclocreatine [1-carboxymethyl-
2-iminoimidazolidine (CCr)] on the growth of tumor cells in vitro and in
vivo. CCr is phosphorylated by creatine kinase to yield a synthetic phos-
phagen [JV-phosphorylcyclocreatine (CCr~P)] with thermodynamic and

kinetic properties distinct from those of creatine phosphate. We show that
CCr accumulates as CCr I" in tumor cells expressing a high level of

creatine kinase, and that the accumulation of this phosphagen is detri
mental to tumor cell growth. Tumor cell lines expressing a low level of
creatine kinase accumulate much less CCr P, and consequently are
growth inhibited only at higher concentrations of CCr. When these resis
tant cells are transfected with a creatine kinase B expression vector, they
express creatine kinase, accumulate CCr K and are growth inhibited. In
vivo, in nude mouse xenografts, the rate of growth of a high creatine kinase
expressing tumor cell line is inhibited in animals fed 1% CCr. Our results
indicate that CCr inhibits the growth of tumor cells in vitro and in vivo.

INTRODUCTION

The creatine kinase/creatine phosphate enzyme system is thought to
provide important functions in a complex regulated network of energy
generation and utilization (for a review, see Ref. 1). CK1 (EC 2.7.3.2)

is most often described as an energy buffering system that is present
in tissues of high energy demand, such as the brain, heart, and skeletal
muscle. CK reversibly catalyzes the transfer of a high energy phos
phate bond from creatine phosphate to ADP, serving as a reservoir of
high energy phosphate:

MgADP + CrP2- + H+ ^ MgATP2 + Cr

(for a review, see Ref. 2).
Other roles proposed for CK include preventing the transient ac

cumulation of ADP and protons in cells under a heavy work load, and
maintaining a high ATP/ADP ratio. In addition, creatine phosphate is
thought to be a major source of inorganic phosphate; therefore, it has
been postulated that CK/CrP indirectly regulates metabolic pathways
that depend on inorganic phosphate, such as glycogenolysis and gly-

colysis (for a review, see Ref. l).
CK/CrP may also serve as an energy shuttle in which creatine

phosphate connects the main ATP-generating systems to various cell

ular ATPases via subcellularly compartmentalized CK isozymes (3).
These isozymes include three cytosolic forms: brain (CKBB), muscle
(MM), and heart (MB), and two mitochondrial forms, ubiquitous and
sarcomeric (for a review, see Ref. l).

CKBB is expressed in a wide range of tissues, such as brain, kidney,
stomach, and heart. In addition to the expression of CKBB in normal,
differentiated tissue, it is overexpressed in many tumor types, includ
ing neuroblastoma (4), small cell lung carcinoma (5, 6), colon and
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rectal adenocarcinoma (7), and breast (8, 9) and prostate carcinoma (8,
10-12). In cancer patients, this elevated expression is associated with

untreated or progressive, metastatic disease (4, 8, 13 and references
therein). In several studies, elevated CK levels were an adverse prog
nostic indicator (4, 6).

A high level of CKBB activity is also induced by hormones that
stimulate cell proliferation such as estrogen (14) and testosterone (15),
vitamin D metabolites (16), and parathyroid hormone (Ref. 17 and
references therein), and by intracellular messengers such as phospho-

lipase C (17) and protein kinase C (17, 18). Phorbol esters induce the
phosphorylation of CKBB, and phosphorylation may decrease the Km
for creatine phosphate (19).

A direct link between tumor cell growth and creatine kinase BB
expression was suggested following the discovery that the expression
of CKBB is induced by the oncogenic Eia protein of adenovirus (20).
Mutations that inhibit the ability of Eia to transform cells reduce viral
induction of CK expression, indicating that creatine kinase may play
a role in metabolic changes that occur during transformation (20).

Creatine levels themselves have been reported to play a role in
tumor cell growth. It has been shown that the in vitro growth of
Ehrlich ascites tumor cells in creatine-free medium was reduced under
energetic stress conditions (21), and that in creatine-depleted mice,

Ehrlich ascites tumor cells grew more slowly (22).
To investigate further the role of CK and creatine phosphate in

transformation and tumor growth we have tested the effect of a cre
atine analogue on cell growth. CCr is the most kinetically active
substrate analogue of creatine to date. The compound was first syn
thesized in 1971 by Rowley et al. (23) and has been studied exten
sively by Walker in studies of energy metabolism in ischemia (re
viewed in Ref. 24). CCr is phosphorylated efficiently in vitro and in
vivo by CK to yield CCr~P (see Fig. 1). Accumulation of CCr~P

creates a synthetic phosphagen pool with kinetic and thermodynamic
properties distinct from those of creatine phosphate. CCr~P is struc
turally similar to its analogue creatine phosphate (Fig. 1; Refs. 25-27);
however, the phosphorous-nitrogen bond of CCr~P is more stable

than that of creatine phosphate. The standard Gibbs free energy of
hydrolysis of CCr~P is approximately 2 kcal/mol lower than that of

creatine phosphate (28). Using the Vmax/ATmratio as a measure of
substrate quality, creatine phosphate is turned over 160-fold more
efficiently than is CCr~P (24, 28).

The effect of CCr on the outcome of ischemia has been investigated
extensively (29-33), but the effect of the accumulation of this syn

thetic phosphagen on cell growth has been unexplored. To investigate
further the role of CK and creatine phosphate in transformation and
tumor growth we have tested the effect on cell growth of CCr in vitro
and in vivo. We show here that CCr is a selective antitumor agent in
vitro and in vivo.

MATERIALS AND METHODS

Compounds. CCr was prepared according to published protocols (34).
Free and W-phosphorylated CCr in cultured tumor cells were measured by a

colorimetrie assay with the use of the chromogenic reagent Na3[Fe(CN)5NH3]
(34). Confluent dishes of each cell line were incubated with CCr for the time
indicated, washed 3 times with phosphate-buffered saline, and fixed with 1 ml
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Fig. 1. Three-dimensional models of creatine
compounds generated from published X-ray dif
fraction data for creatine. N-phosphorylcreatine,
and A'-phosphorylcyclocreutine (25-27). The coor
dinates of A'-phosphorylcyclocreatine were used to

generate a model of free cyclocreatine.

N-Phosphorylcreatine

Cyclocreatine W-Phosphorylcyctocreatine

of 0.2 M perchloric acid. The perchloric acid wash was assayed spectrophoto-
metrically for free and N-phosphorylated CCr as described (34).

Cells. Transformed and nontransformed cells were obtained from the
ATCC, Rockville, MD, except for the A2058 cell line, which was received
from Dr. M. Beckner, National Cancer Institute. Cell lines obtained from the
ATCC were grown as suggested (35). The A2058 cells were grown in 90%
Dulbecco's modified Eagle's medium (J.R.H. Biosciences), 10% fetal bovine

serum, 100 units/ml Pen/Strep, plus 2 mm L-glutamine and 1 HIM sodium

pyruvate.
Creatine Kinase Assays. Cell lines were harvested at confluency after

being washed two to three times with phosphate-buffered saline and concen

trated by cemrifugation. The resulting pellets were resuspended in 50 to 200 ;j.l
of 0.2 M Tris/O. I M NaCl and were lysed by three cycles of freeze-thawing.

Paniculate matter was removed by centrifugation at 13,000 X g for 2 min in
a tabletop centrifuge, and the supernatant was used for creatine kinase enzyme
assays, for creatine kinase isozyme electrophoresis assays, or to measure total
protein levels of cell extracts. Protein content of cellular extracts was deter
mined by using the Bio-Rad protein assay (Bio-Rad, 500-0006).

Total creatine kinase activity was determined in a coupled reaction with the
use of a commercially available kit (Sigma Chemical Co., St. Louis, MD, CK
Kit 10) in which the production of ATP by creatine kinase is coupled to the
reduction of NADP+. In some cases, the creatine kinase activity attributable to

the brain isozyme was determined by fractionation of a cell extract on a 1.0%
agarose gel at 90 V/h. A colored visible band was generated in the gel at the
location of enzyme activity (Creatine Kinase Kit 715AM, Sigma Chemical
Co.). The migration of each CK isozyme is different, allowing the bands and
the activities associated with each isozyme to be distinguished. The brain
isozyme is identified in the gel by comparison with a pure CKBB standard.

I 'HIThyinidiiic Assays. The rate of incorporation of [3H]thymidine into

DNA was adopted as a measure of cell proliferation. The cells were plated in
96-well plates, and drugs were added the next day. Tritiated thymidine (Am-

ersham) was added to a final concentration of 2 /iCi/ml 1 to 24 h before
harvest, depending upon the length of the experiment. To harvest, media were
removed by aspiration or inversion and the cells were incubated for 5 min at
37Â°Cin 100 /il of trypsin (2.5%, Sigma Chemical Co.) to detach the cells. Cells

were harvested with a Skatron or Tom-Tec cell harvester, collected on 102- x
258-mm glass fiber filter paper (Pharmacia), sealed in a bag containing liquid

scintillant (LKB), and were counted in a 1205 Betaplate liquid scintillation
counter (Wallac) to determine cell-associated radioactivity. All samples for

each time point were taken in duplicate or triplicate. To obtain values for
growth as a percentage of control for drug-treated cultures, the incorporation

of thymidine in the presence of drug was divided by the incorporation of

thymidine in the absence of drug and was then multiplied by a factor of 100.
The IC5o was determined by linear regression.

Production of High CK-expressing Melanoma Line. A plasmid capable

of expressing the creatine kinase B gene (pCMVCKB7.3) was constructed and
transfected into A2058 cells. In this plasmid, the protein coding region of a
human CKB genomic clone, HCK302 (36), including base pairs 1095-4134

(numbering system of Ref. 37) was linked downstream of the IE enhancer and
promoter of HCMV strain AD 169 (a Hindlll-Nrul DNA fragment derived from

base pair 1516 to 2203 of CDM8. Invitrogen) interposed by a multiple cloning

sequence. A2058 cells were transfected with the resulting clone along with a
selectable marker (pSV2Neo; Ref. 38) by a standard calcium phosphate pre
cipitation method (39). Single colony geneticin (Gibco-BRL)-resistant clones

were picked with a sterile wooden toothpick and were expanded and assayed
for creatine kinase activity.

Stem Cell Assay. Cells were incubated in Iscove's modified Dulbecco's
enriched medium, consisting of 77% Iscove's modified Dulbecco's medium, 2

min L-glutamine. 4 rriM CaCl2, 2300 mg/liter NaCl, 3 units/ml insulin, 0.5
mg/ml DEAE-dextran, 1.5% bovine serum albumin, 10% fetal bovine serum,

10% horse serum, 2 mw sodium pyruvate, 100 units/ml Pen/Strep. The soft
agar was prepared as a standard assay consisting of two layers: a base feeder
layer of 0.5% agar and a less solid top layer (0.3% agar), which holds the tumor
cells. After 21 days, the colonies were stained by dropwise addition of a vital
stain ( p-iodonitrotetralium violet; 0.5 ml of 0.5 mg/ml solution in water) to
determine viability and to aid visualization. After 24 h at 37Â°C,viable colonies

consisting of greater than 50 cells were identified at 40x with a phase contrast

microscope.
Xenografts. Nude (athymic) male mice were obtained from Charles River

Breeding Laboratories, Cambridge, MA, and were housed at the II Biotech
Park Animal facility operated by the University of Massachusetts Medical
Center. All animals were 8 to 10 weeks old when experiments were initiated,
and appeared to be in good health. The animals were housed in polycarbonate
mouse cages (Lab Products), five animals to a cage, on autoclaved bedding
(Sani-Chip). Animals were fed ad libitum Purina Diet 5010 (autoclavable) and

sterilized water. Animals were manipulated for husbandry under a laminar flow
work station (Nuaire).

ME-180 cell-derived tumors were initiated in nude mice by injection of 2 x
IO6 cells/mouse s.c. at the dorsal midline. ME-180 cells from tissue culture
were harvested, collected, and washed in serum-free McCoy's medium (J.R.H.

Biosciences). A cell count was performed to determine cell number and via
bility. Injections were performed with a 1-ml syringe and a 26-gauge needle.

Tumors were measured from the exterior with calipers held horizontally to
the body of the mouse to determine the width, and perpendicularly to deter-
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mine the height of the tumor. Tumor volume was estimated as the product of
the width and the length squared divided by 2.

Cyclocreatine was administered in the feed by pulverizing the drug with the
food (Farmer's Exchange 5010 Picolab mouse chow) in a 1:100 ratio. This

mixture was given to the animals in open cups or feeders designed for handling
powdered food.

RESULTS

Tumor Cells of Diverse Origin Express a High Level of CK and
CKBB. To investigate the role of CK in malignancy, a panel of
transformed and nontransformed cell lines were obtained from the
ATCC, established in culture, and tested for CK expression (Table 1).
Typically, the nontransformed cell lines derived from kidney, breast,
lung, and foreskin were found to express a low level of CK (0.01 to
0.10 unit/mg). In contrast, most tumor cell types in this sampling,
including cell lines derived from carcinoma of the lung (NCI-H69),
cervix (ME-180), and prostate (DU 145), from a retinoblastoma (Y79),
from in v/fro-generated adenovirus-transformed embryonic kidney
cells (293), from adenocarcinoma of the ovary (OVCAR-3), colon
(SW48), and breast (MCF-7), and from a neuroblastoma (SK-N-MC),

express a much higher level of CK (0.20 to 5.10 units/mg). Several
tumor cell lines, however, express a low level of CK (0.01 to 0.02
unit/mg), including cell lines derived from a melanoma (A2058), a
nonmetastatic cervical epidermoid carcinoma (CaSki), a glioblastoma
(U87-MG), and a mouse lymphoid neoplasm (P388/0). We conclude

that an elevated CK level is a marker of many but not all tumor types.
To examine which CK isozyme is expressed in the highest CK-

expressing tumors (CK > 1.0 unit/mg), the CK isozyme patterns
generated in an agarose gel by a coupled reaction and staining pro
cedure were determined for extracts from several tumor cell lines,
including NCI-H69, Y79, DU 145, ME-180, and 293 (Fig. 2). Low
CK-expressing lines, such as A2058 in Fig. 5, generate no staining. In
all five high CK-expressing lines tested, CKBB is the predominant

Table 1

CK activity
(units/mg x 100

Cell line Origin at 37Â°C)

Transformed cell lines

NCI-H69 Small cell lung carcinoma, human 510
Y79 Retinoblastoma, human 450
293 Adenovirus-transformed embryonal 370

kidney, human
NCI-H209 Small cell lung carcinoma, human 230
Caco-2 Colon adenocarcinoma, human 210
NCI-H345 Small cell lung carcinoma, human 165
WERI-Rb-1 Retinoblastoma, human 165
DU 145 Prostate carcinoma, human 160
ME-180 Metastatic cervical carcinoma, human 120
SK-N-MC Metastatic neuroblastoma, human 100
OVCAR-3 Ovarian adenocarcinoma, human 60
WiDr Colon adenocarcinoma, human 50
SW48 Colon adenocarcinoma, human 40
CaLu-1 Epidermoid lung carcinoma, human 24
MCF-7 Breast adenocarcinoma 20

RPMI 8226 Myeloma, human 9
AML-193 Acute monocytic leukemia, human 3

Daudi Burkitt lymphoma, human 2
L12IO Lymphocytic leukemia, mouse 1
A2058 Melanoma, human 1
CaSki Cervical epidermoid carcinoma, human 2
U-87 MG Glioblastoma, astrocytoma, human 2

P388/0 Lymphoid neoplasm, mouse 1

Nontransformed cell lines

BHK Kidney, baby hamster 2
CV-1 Kidney, green monkey 1
HS68 Foreskin, newborn human 1
MRC-5 Lung, diploid, human 9

Markers Cell Line

60 60 20 20 20 ug Extract

CKMM

CKBB

Fig. 2. The creatine kinase isozyme pattern of tumor cells. Agarose gel electrophoresis
of tumor cell extracts and CK marker proteins. The cell line and the micrograms of protein
loaded in each well are listed above each lane. To better visualize the isozyme pattern of
the DU 145 and ME-180 cell lines, 3 times more protein extract was used for these two cell

lines than for the other 3 cell lines. Pure CKBB (brain) and CKMM (muscle) isozymes
were run on the gel as controls to indicate the expected position of each isozyme. The
position of the bands generated by the control creatine kinase proteins are indicated with

CK isozyme. DU 145, NCI-H69, and 293 show only CKBB. The other
two lines, ME-180 and Y79, show >90% CKBB by densitometer
analysis (data not shown). In addition to CKBB, ME-180 exhibits a

small amount of staining at the origin, and Y79 shows approximately
10% CKMB. This isozyme analysis indicates that CKBB levels are
elevated in a variety of different tumor types and that in many of the
tumors that express the highest levels of CK (>1.0 unit/mg), CKBB
is the predominant CK isozyme.

Selective Inhibition of Colony Formation by CCr. The elevated
expression of CK in a variety of transformed cell lines derived from
solid tumors suggests that the CK/CrP system may play a role in
malignancy. To test whether creatine phosphate and/or CK regulate
the growth of tumor cells, the creatine analogue CCr was assayed for
its ability to inhibit the colony formation of established lines of tumor
cells in vitro. If the rapid generation of ATP at sites of cellular work
is important for tumor cell growth, the accumulation of CCr~P should

slow cell proliferation.
Tumor cells were exposed to cyclocreatine for the entire colony

incubation period. Tumor cell lines expressing a high level of CK,
NCI-H69, ME 180, A2058-055, Y-79, 293, OVCAR-3, SK-N-MC, and

SW48 (Table 1), are inhibited 50% in their ability to form colonies in
soft agar (IC50) by concentrations of CCr approximating the Km of
CCr for CK. These eight high CK-expressing lines are inhibited
between 2 and 8 HIMCCr (Fig. 3). In contrast, low CK-expressing
lines are inhibited only at 10-fold higher concentrations of CCr. Two
low CK-expressing lines, A2058 and A2058-032 (Table 1), are insen

sitive to CCr at the highest concentration tested (56 rriM), and two
other low CK-expressing lines, CaSki, and U87-MG (Table 1), have

IC50 values of 23 and 40 mm, respectively. These results suggest that
tumor cells lines that express a high level of creatine kinase (CK > 0.1
unit/mg) are growth inhibited by CCr and that tumor cells with a low
level of CK (approximately 0.01 unit/mg) are less sensitive to CCr in
vitro.

Tumor Cell Lines Growth Inhibited by CCr Accumulate Syn
thetic Phosphagen CCr~P. To determine whether the specificity of
CCr against high CK-expressing tumor lines in vitro is a result of the
accumulation of the synthetic phosphagen CCr~P, we measured the
accumulation of CCr~P in high and low CK-expressing tumor lines.
Fig. 4 shows that four high CK-expressing lines (ME-180, DU 145,
MCF-7, and OVCAR-3) that are sensitive to CCr accumulated a
substantial level of CCr~P (between 0.33 and 0.63 jmrnolCCr~P/mg
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Fig. 3. IC.M)of CCr for tumor cells in soft agar colony assay. Columns. 1Câ„¢for eight
high CK-expressing tumor cell lines (High CK Lines) and for four low CK-expressing
tumor cell lines (Law CK). The cells were exposed to drug continuously. The IC5(i of two
low CK-expressing lines, A2058 and A2058-032, was greater than the highest concen
tration of CCr tested, 56 mu. The plating efficiency of each cell line in the absence of drug
is listed on the right ordinate.
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Fig. 4. The intracellular accumulation of <V-phosphorylated CCr. Columns, accumula
tion of CCr~-P in four high CK-expressing tumor cell lines (High CK} and in two low
CK-expressing tumor cell lines (Low CK). Cells were exposed to 14 mM CCr for 48 h.

of A2058-055 indicate that this line expresses up to 28 units/mg
creatine kinase BB, more than 4 times the CK activity of NCI-H69,

and more than 2000 times the CK activity of the parent A2058 line. In
contrast, clone A2058-032 expresses less than 0.01 unit/mg creatine

kinase, similar to the parent line. Isozyme gel analysis (Fig. 5) con
firms that A2058-055 expresses a high level of CKBB, while A2058-

032 and the parent A2058 line express no detectable CKBB.
The accumulation of CCr~P in the high and low CK-expressing

melanoma lines was compared (Fig. 6). In this experiment, the pa
rental A2058 line, the low CK-expressing line A2058-032, and the
high CK-expressing line A2058-055 accumulated total CCr (free plus
/V-phosphorylated) at a comparable rate (data not shown). CCr~P,
however, was observed only in A2058-055 cells, the high CK-express
ing line. Up to 47% of CCr in A2058-055 was present as CCr~P.

The high and low CK melanoma cell lines were then tested for
sensitivity to CCr in vitro. Exposure of A2058-032 and the parental
line to up to 42 mMCCr did not reduce incorporation of [3H]thymidine

(Fig. 7). In contrast, exposure of A2058-055 to CCr inhibited incor
poration of [3H]thymidine in a dose-dependent fashion. As a negative

control, 42 min creatine was shown to have little effect on any of the
three cell lines (data not shown). As another measure of in vitro
sensitivity, we show that the ICSOof CCr for A2058-055 cells in the

soft agar assay is less than 10 mM, while the highest CCr concentration
tested (56 mM) has little or no effect on the parental A2058 line or on
A2058-032 (Fig. 3). We conclude that a low CK-expressing tumor line
that is resistant to CCr can be transformed to a high CK-expressing

line that is growth inhibited by CCr. Unlike the resistant lines, this
sensitive cell line accumulates CCr~P, further substantiating the hy
pothesis that it is the accumulation of CCrâ€”P that leads to the inhi

bition of cell growth.
CCr Inhibits Growth of Human Cervical Carcinoma l MK-ISO)

Cells in Nude Mice. To extend the in vitro findings of antiprolifer-

ative activity, CCr was tested in vivo in a human tumor xenograft nude
mouse model. A tumor cell line that expresses a high level of creatine
kinase, and that is growth sensitive to CCr in vitro (ME 180), was
tested for its ability to grow in mice treated with CCr. On the basis of
previous reports that examined the accumulation of CCr~P in differ

ent tissues (34, 40), we reasoned that 1% dietary CCr would be

Markers Cell Line

CK

cellular protein). In contrast, the two low CK-expressing lines (U-87

MG and A2058), which are resistant to CCr, accumulated no detect
able CCr~P. All six cell lines accumulated between 5 and 27 /nmol of

free CCr per mg of cellular protein (data not shown). The fact that cell
lines sensitive to CCr in tissue culture are those able to accumulate
large quantities of CCr~P suggests that accumulation of this synthetic

phosphagen may be necessary for inhibition of tumor cell growth.
Elevation of CK Activity Confers Susceptibility to CCr. To test

further the correlation between accumulation of the phosphagen
CCr~P and growth inhibition, a cell line that is resistant to CCr, and

that expresses a low level of CK (A2058), was transformed to be a
high CK-expressing line. Transfection of a plasmid containing the

human CKB gene linked to the cytomegalovirus IE promoter/
enhancer created several high CK-expressing lines, one of which was
analyzed extensively (A2058-055). In vitro CK assays on cell extracts

CKMM

CKBB

Fig. 5. CK isozyme pattern of A2058 cells transfected with a CKB expression vector.
Agarose gel electrophoresis of cell extracts and CK marker proteins. The cell line or the
marker protein used is listed above each lane. The high CK-expressing A2058 line is
indicated with a ( +1; the low CK expressing lines, with a (-). The position of the bands
generated by the control CK proteins are indicated with arrows. CKMM, muscle-type
creatine kinase; CKBB, brain-type creatine kinase.
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Fig. 6. The percentage of CCr in the phosphorylated form in two low CK-expressing

lines, A2058 and A2058-032, and in one high CK-expressing line. A2058-055

CCr~P

CCr~P + CCr X 100

Confluent plates of each cell line were incubated with 70 HIMCCr for the time indicated.
Lines are drawn using a weighted curve fit with 50% smoothing. O, A2058-032; â€¢¿�,
A2058 parent; A. A2058-055.
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Fig. 7. [3H)Thymidine incorporation by two low CK-expressing lines, A2058 and
A2058-032, and one high CK-expressing line. A2058-055. treated with CCr. Cells were
treated for 48 h with the indicated millimolar concentration of CCr. Lines are drawn by
using a weighted curve fit with 50% smoothing.

sufficient to achieve in vivo, in high CK-expressing tumors, the low

millimolar concentrations of CCr required for in vitro growth inhibi
tion.

In this experiment, treatment with CCr began on the same day as
injection of the tumor cells. The growth of ME-180 cell-derived

tumors was significantly inhibited in animals fed 1% dietary CCr as
compared to that of tumors in animals fed a control diet (Fig. 8).
While tumors of untreated animals reached on average 506 mm3 the
tumors of control animals grew on average to only 149 mm3. Despite

the variability observed within each group, the overlap between the
two groups was minimal and thus the difference was statistically
significant when examined with the analysis of the variance statistical

test (N = 10; P < 0.0001, analysis of variance). We conclude that CCr

can inhibit the growth of tumor cells in vivo as well as in vitro.
The weight of each mouse was monitored during the course of the

experiment. The average weights determined for the control group
were 28 Â±2.2 g at the start of the experiment and 31 Â±2.7 g at the
end. The average weights determined for the CCr-treated group were

25 Â±2.9 g at the start of the experiment and 27 Â±3. l g at the end after
35 days of feeding. Thus, the control animals gained slightly more
weight than the CCr-fed animals, but this was not statistically signif
icant. No other sign of potential drug-related toxicity was observed.

CCr Inhibits Growth of Established (>50 mm3) ME-180 Cell-

derived Tumors in Nude Mice. To determine the effect of CCr on
the growth of established tumors, tumors were allowed to develop to
an average volume of approximately 100 mm3 before treatment (22
days). Ten mice with an average tumor volume of 95 mm3 received
control chow and 10 mice with an average tumor volume of 122 mm3

received 1% CCr mixed with their food. Before drug treatment these
groups did not differ significantly (paired / test; P = 0.58).

Over 41 days, the average tumor volume of the untreated group
grew to 1033 mm3, while the tumors of the treated animals reached
only 465 mm3 (Fig. 9). Despite the observed variability within each

group, only one of the treated animals had a tumor that exceeded the
average tumor size of the untreated controls after 41 days, and thus the
difference was statistically significant when examined with the anal
ysis of the variance statistical test (N = 10; P = 0.0018, analysis of

variance). We conclude that CCr can inhibit the growth of established
tumors.

The weight of each mouse was monitored during the course of the
experiment. The average weights determined for the control group
were 29 Â±1. l g at the start of the experiment and 31 Â±1.3 g at the
end. The average weights determined for the CCr-treated group were

29 Â±1.0 g at the start of the experiment and 27 Â±3.3 g at the end after
39 days of feeding. A slight decrease in weight that is not statistically
significant was observed in the CCr-treated group. Four animals died

during the course of the experiment, three controls and one drug
treated. The cause of death of the four animals is unknown and there
is no apparent link between the death of the treated animal and drug
toxicity.

It is concluded from these examples that CCr has antitumor activity
in vivo in the human tumor xenograft model. The absence of gross
toxicity is consistent with other feeding experiments done by Walker
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Fig. 8. Growth of ME-180 tumor cells in nude mice fed 1% CCr mixed with their meal.

Treatment with CCr began on the same day as injection of the tumor cells. Lines are drawn
by using a weighted curve fit with 50% smoothing.
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Fig. 9. Growth of established ME-180 cell-derived tumors in nude mice fed 1% CCr

mixed with their meal. Treatment with CCr began on Day 22 after tumors reached an
average volume of 100mm1. Tumor volumes were tracked for 41 days. Lines are drawn

by using a weighted curve fit with 50% smoothing.

et al. (29-32) in investigations of ischemia. CCr apparently possesses

the specificity necessary in an anticancer drug.

DISCUSSION

Our results in vitro in the stem cell assays, and in vivo in the nude
mouse xenografts, indicate that CCr is a selective, effective antitumor
agent. High CK-expressing tumor lines (>0.1 unit/mg) of different
tissue origin accumulate CCr~P, and are growth inhibited.

Our data confirm that CK is expressed at a high level in tumor cells
derived from a variety of solid tumors and indicate that the BB
isozyme is the predominant form of CK in tumor cells expressing the
highest level of CK (>1.0 unit/mg). However, other CK-expressing
tumor lines, such as the SW48 colon line and the MCF-7 breast line,

which contain considerably less CK than do tumor lines such as
NCI-H69, appear to express little CKBB by isozyme analysis (data

not shown). The CK isozyme expressed in these tumors is under
investigation.

The tumor cell lines with the highest level of CKBB were two
neuroendocrine-derived lines (a retinoblastoma and a small cell lung
carcinoma) and two virus-derived lines (a human cervical carcinoma
and an in v/rro-generated adenovirus-transformed line). The induction

of CKB gene expression by viruses and by cellular mutation suggests
that the control of CKB expression lies along a path that is closely
linked to cell growth control, and that may contribute to the trans
formed phenotype.

Only tumor cells that express CK and accumulate CCr~P are

sensitive to CCr in vitro. Thus, the active form of CCr in vitro may be
CCr~P. Although further testing will be required to confirm that
accumulation of CCr~P is necessary for in vivo activity, consistent

with this suggestion is the finding that 98% of CCr that accumulates
in vivo in high CK-expressing tissue is in the phosphorylated form

(34).
The mechanism by which CCr inhibits cell growth is unknown.

Because CCr~P is a poor substrate for creatine kinase (24), the
depletion of creatine phosphate and the accumulation of CCr~P, may

interfere with the rapid regeneration of ATP and thereby slow the
growth of cancer cells. The CK/CrP system is a mechanism of rapid

regeneration of ATP in tissues with a high energy demand (for a
review, see Ref. l ), and the elevated level of CK in some cancer cells
may suggest a high energy requirement for these cells (6). Such an
explanation is consistent with previous reports suggesting that creatine
levels themselves play a role in tumor cell growth (21, 22).

An alternative explanation, however, is that CCrâ€”P regulates an

other cellular process, independent of ATP regeneration, and that CK
is necessary only to convert an inactive prodrug (free CCr) to its
active, phosphorylated form (CCr~P). In such a case, CCr~P may

interact with a cellular protein or lipid that normally binds creatine
phosphate, because the structure of the two molecules is similar (Fig.
1). It has been suggested, for instance, that creatine phosphate regu
lates allosterically the activity of several enzymes involved in carbo
hydrate metabolism (41).

Further experiments are under way to better understand the mech
anism of action of this novel antitumor agent in vitro and in vivo, and
the role of the CK and creatine phosphate in cell transformation and
growth.
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