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(E)-2�-deoxy-2�-(fluoromethylene)-cytidine (FMdC), a deoxycytidine analog display-

ing a very high toxicity toward a variety of solid tumor cell lines and xenografts, is acti-

vated intracellularly by deoxycytidine kinase (dCK). We have compared cytotoxicity

of FMdC towards a human promyeolocytic leukemia line HL-60 and a human

colorectal carcinoma line COLO-205. Despite dCK activity being by far the highest in

cells of lymphoid origin, the effects of FMdC were detectable at the lowest drug con-

centration only in a solid tumor cell line, and at higher concentrations they were quali-

tatively similar in the two tumor lines (increased cell protein content, cell cycle block

and apoptosis). Apparently, low dCK activity in solid tumor cells sufficiently activates

FMdC to yield cytotoxic effects, while high dCK activity in leukemia cells does not in-

crease its cytotoxicity.

(E)-2�-deoxy-2�-(fluoromethylene)-cytidine

(FMdC, Fig. 1) is a pyrimidine nucleoside ana-

log displaying very high toxicity toward a vari-

ety of solid tumor cell lines and xenografts. It

inhibits growth and triggers apoptotic cell

death of mammary, prostate, cervical and

colorectal cancers, and gliomas [1–8]. When

this compound was synthesized, its property

of inhibiting ribonucleotide reductase (RR) ac-

tivity in tumor cells of L1210 leukemia bear-

ing mice has been recognized [9]. Later, its

cytotoxicity was suggested to result from the
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action of FMdC triphosphate as a DNA chain

terminator in the DNA polymerase-catalyzed

DNA chain elongation [10]. There is some evi-

dence that both mechanisms cooperate in me-

diating drug cytotoxicity [11], but their rela-

tive contributions are unknown.

Both RR inhibition and DNA chain termina-

tion by a nucleoside analog require its previ-

ous intracellular activation by phospho-

rylation, to diphosphate [12], and to

triphosphate, respectively. The first step of

FMdC phosphorylation is thought to be cata-

lyzed by deoxycytidine kinase (dCK) [7], the

enzyme known to phosphorylate a variety of

cytotoxic and antiviral nucleoside analogs

[13].

In contrast to FMdC, other dCK-phospho-

rylated cytotoxic nucleosides such as

deoxyadenosine analogs cladribine (2-chloro-

2�-deoxyadenosine, 2-CdA) and fludarabine

(2-fluoro-arabinoadenosine), display toxicity

almost exclusively restricted to cells of lym-

phoid origin [14]. Cladribine, for example, is

highly toxic toward both normal and malig-

nant lymphocytes [15], but appears to have no

activity toward peripheral solid tumors in vi-

tro [16], or in vivo [17]. This lymphoselectivity

is explained by the uniquely high dCK activity

in cells of lymphoid origin [18] enabling sev-

eral hundred-fold accumulation of cladribine

phosphates in susceptible cells [19].

Since FMdC is activated by the lympho-

specific enzyme dCK, it could be expected to

be particularly active towards cells of lym-

phoid origin. In the present study we com-

pared the cytostatic and cytotoxic effects of

this compound on a human lymphoid

(promyeolocytic leukemia HL-60) and a hu-

man solid tumor (colorectal carcinoma

COLO-205) cell lines, which supposedly vastly

differ in the cellular dCK activity.

MATERIALS AND METHODS

Chemicals. FMdC was synthesized by Drs.

M. Bretner and K. Felczak, Institute of Bio-

chemistry and Biophysics, Polish Academy of

Sciences (Warsaw) according to the slightly

modified method of McCarthy et al. [9]. Chem-

ical identity of the substance was confirmed

by proton NMR by prof. L. Kozerski, Drug In-

stitute (Warsaw). We used 4�,6-diamidino-

2-phenylindole (DAPI), sulforhodamine 101

and propidium iodide from Molecular Probes

(Eugene, OR, U.S.A.); PIPES disodium salt

and Triton X-100 from Sigma-Aldrich

(Poznañ, Poland); Annexin V kit from

Pharmingen (Torrey Pines, CA, U.S.A.); and

culture media-MEM, RPMI 1640 and phos-

phate buffered saline (PBS) from the Institute

of Immunology and Experimental Therapy,

Polish Academy of Sciences (Wroc³aw, Po-

land); FCS from Gibco.

Cells and cultures. Cell lines were pur-

chased from the American Type Culture Col-

lection and were maintained routinely as a

suspension culture (HL-60) in RPMI 1640 sup-

plemented with 20% FCS or as a monolayer

(COLO-205) in MEM supplemented with 10%

FCS. The culture media contained also 1%

L-glutamine, 0.5 g/l D-glucose, 1% non-essen-

tial amino acids and 1% antibiotic-antimycotic

solution (all from Sigma- Aldrich). All experi-

ments were performed on cultures in the ex-

ponential phase of growth.

The stock solution of FMdC (1 mg/ml in

0.9% aqueous NaCl) was diluted and added to

the cell cultures in a constant volume of 10 �l

per 1 ml of culture medium to obtain final con-

centrations of FMdC equal to 10, 100, 1000,
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Figure 1. The structure of (E)-2�-deoxy-2�-(fluo-

romethylene)-cytidine (FMdC).



and 10000 nM. The cultures were exposed to

the drug for 6 and 24 h. All experiments were

performed in triplicates.

Measurements. Flow cytometric determi-

nations of DNA and protein content in the

cells were performed using a FACS-Vantage

flow cytometer (Becton-Dickinson, San Jose,

CA, U.S.A.) equipped with a dual wavelength

(UV and blue) argon ion laser (Innova Enter-

prise) and a set of dichroic mirrors and inter-

ference filters appropriate to measure blue,

green, and red fluorescence. Data were ac-

quired and analysed using a Cell-Quest soft-

ware (Becton-Dickinson, San Jose, CA,

U.S.A.). Cell cycle parameters were calculated

from DNA histograms using Mac-Cycle soft-

ware (Phoenix Flow Systems, San Diego, CA,

U.S.A.).

RESULTS

Changes in cell cycle parameters for HL-60

leukemia cells are shown in Fig. 2. The cells

responded with a concentration- and time-de-

pendent cell-cycle block in G1-phase. After lon-

ger exposition (24 h) the distortion of the DNA

histogram shape was so heavy (due to the cell

death) that the mathematical analysis of the

histogram became unreliable (indicated by

question marks on Fig. 2).

Figure 3 presents the cell-cycle changes for

COLO-205 cells. It is evident that COLO cells

are even more susceptible to FMdC than

HL-60 cells. The G1-phase block was visible

even at a concentration of 0.01 �M (10-fold

lower than the lowest FMdC concentration ac-

tive for HL-60 cells).

Cell death was observed in both cell lines ex-

posed to FMdC (data not shown). This process

for COLO-205 was time-independent and only

slightly concentration-dependent, and the

fraction of dying cells (measured using the

Annexin V/PI method) was approximately

50%. Death of HL-60 cells was time- and con-

centration-dependent, and following exposure

to 10 �M for 24 h the fraction of dying cells

reached 95%.

We also found changes in the cellular pro-

tein content. For COLO-205 cells exposed to

0.1 �M and higher FMdC concentrations for

24 h it increased about two-fold. A similar pic-

ture was observed for HL-60 cells.

DISCUSSION

By far the highest dCK activity is encoun-

tered in cells of lymphoid origin. In solid tu-

mors it is much lower, although usually some-

what higher than in normal cells [20]. Thus,

the observation that cytostatic and cytotoxic
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Figure 2. Changes in the cell cy-

cle of HL-60 leukemia cell line.

Question marks denote values un-

certain due to cell death.



activity of FMdC at nanomolar concentra-

tions toward a solid tumor is at least of the

same magnitude as toward a leukemia line is a

rather unexpected finding and it poses two

questions. First, why FMdC is so active to-

ward solid tumor cells supposedly containing

relatively low dCK activity? Second, why high

dCK activity in lymphoid cells does not accen-

tuate cytotoxicity of this compound in the

nanomolar concentration range?

The possibility to be considered is that the

first step of FMdC phosphorylation is cata-

lyzed not only by dCK, but also by other

nucleoside kinase(s), e.g., one of the thymi-

dine kinases. It is of note that FMdC is highly

active against Herpes simplex viruses [21], pre-

sumably requiring activation by the viral

thymidine kinase. Alternatively, it may be

considered that FMdC is able to interfere with

cell cycle and induce apoptosis without the

prerequisite of phosphorylation. Van der

Donk et al. [12] who studied inactivation of RR

from Escherichia coli by FMdC diphosphate,

considered a mechanism of inhibition analo-

gous to that described by Yuan et al. [22] for

the inhibition of S-adenosyl-L-homocysteine

hydrolase (SAHH) by fluoride released from a

sugar-fluorinated nucleoside (Z)-4�-5�-didehy-

dro-5�-deoxy-5�-fluoroadenosine and inactivat-

ing this enzyme. Both SAHH and RR are

NAD+-requiring enzymes, and it is conceiv-

able that the release of fluoride attached (di-

rectly or indirectly) to the sugar ring may con-

stitute a common pattern of irreversible inhi-

bition of NAD+-requiring enzymes by some

sugar-fluorinated nucleosides, which may be

active irrespective whether these nucleosides

are phosphorylated or not. Interestingly, both

diphosphate and unphosphorylated forms of

another RR inhibitor, gemcitabine (2�,2�-di-

fluorodeoxycytidine) are active [23].

While none of the aforementioned mecha-

nisms cannot be completly ruled out, their

role in mediating FMdC cytotoxicity seems to

be of minor importance. The excess of

deoxycytidine has been shown to prevent

FMdC cytotoxicity in human cervical carci-

noma HeLa S3 cell line [7], and in our parallel

study [24] the exposure to 0.1–10 �M FMdC

in the presence of 1 mM deoxycytidine only

slightly inhibited cell cycle progression of leu-

kemia lines. More efficient catabolism of

FMdC in lymphoid cells should also be ruled

out, because this compound is resistant to

cytidine deaminase [7]. Thus, the lack of

cytotoxicity of the lowest doses of FMdC in a

lymphoid tumor, compared with the response

of a solid tumor with expected much lower

dCK activity, requires another explanation.

Cladribine, a drug activated almost exclu-

sively by dCK and active almost exclusively to-

ward lymphoid tumors, slightly inhibits RR
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Figure 3. Changes in the cell cy-

cle of COLO-205 colorectal car-

cinoma cell line.



[25]. It has been speculated that triphosphates

of cladribine (as well as a related compound

2-chloro-2�-arabino-fluorodeoxyadenosine), in-

hibit RR by interacting with the dATP binding

site on its regulatory subunit [26]. Another

dCK-activated halogenopurine, fludarabine,

which contains fluor attached not to sugar but

to the purine ring, is also active exclusively

against lymphoid malignancies [14]. In con-

trast, gemcitabine which contains two fluors

on the sugar ring has a clinically useful activ-

ity against many non-lymphoid tumors [27]

despite its being quickly deaminated. Further-

more, substitution of hydrogen with fluor in

the 2�-arabino position of cladribine broadens

its spectrum of cytotoxicity, and 2-chlo-

ro-2�-arabino-fluoro-deoxyadenosine is active

against both leukemias [15, 28], and colon and

mammary tumors [29, 30].

We conclude that the presence of fluor(s) on

the sugar ring rather than very efficient

phosphorylation mediated by high cellular

dCK activity, is a prerequisite of cytotoxicity

of sugar-fluorinated deoxynucleosides against

solid tumors. In non-lymphoid cells, intra-

cellular accumulation of these compounds ap-

pears to be sufficient to achieve cytotoxic ef-

fects even at relatively low dCK content.On

the other hand, lymphoid cells may be less de-

pendent on RR activity and, consequently,

less affected by RR inhibition, possibly be-

cause they preferentially utilize salvaged nu-

cleosides rather then those yielded from

deoxyribonucleosides’ reduction, as it has

been shown in the case of deoxycytidine by Xu

et al. [31].
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