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ABSTRACT

During exposure to methotrexate, cultured human choriocarcinoma
(BeWo) cells stop proliferating, enlarge, and undergo a complex differ-
entiative response that resembles in utero development of quiescent
syncytiotrophoblasts. In the present work, complete inhibition of prolif
eration and maximal cell enlargement required exposure to 1 MMmeth
otrexate, whereas colony-forming ability, determined after transfer of
cells to drug-free medium, was unaffected over a wide range of concen
trations (10~I2-10~SM). BeWo cells were sensitive to the antifolate effects

of methotrexate since thymidylate synthase activity and incorporation of
[l4C|formate into DNA, UNA, and protein were reduced by >90% after

short drug exposures, and progression of cells through S phase of the
cell cycle was blocked by prolonged drug exposures. When methotrexate
was coadministered with hypoxanthine and thymidine or leucovorin, its
antiproliferative and differentiative effects were blocked. When metho
trexate was coadministered with either hypoxanthine or thymidine, its
antiproliferative activity was unaffected, whereas expression of syncytio-
trophoblastic markers was blocked in the presence of thymidine but not
in the presence of hypoxanthine. Exposure of BeWo cells to fluorodeox-
>undine also stimulated cell enlargement and expression of syncytiotro-
phoblastic markers, and these effects were blocked by coadministration
of thymidine. Thus BeWo cells, which were sensitive to the antifolate
effects of methotrexate, were not killed during cytostasis but instead
entered a reversible differentiated state, apparently resulting from thy
midylate starvation and consequent inhibition of DNA synthesis.

INTRODUCTION

The concept that certain malignancies are diseases of blocked
cellular maturation has led to the proposal that inducing ter
minal differentiation of neoplastic stem cells represents an
alternate approach for the treatment of cancer (1-8). A number
of structurally diverse natural and synthetic compounds, includ
ing clinically useful anticancer agents, can stimulate neoplastic
cells to differentiate to nonproliferative, functionally mature
cells. Actinomycin D, anthracyclines, methotrexate, and 6-
thioguanine have been shown to induce cultured cells, derived
from human and rodent tumors, to differentiate to mature cells
(9-14). Since loss of proliferative capacity could also result
from the toxic effects of anticancer drugs, expression of mature
function following exposure to cytotoxic agents is not unequiv
ocal evidence of true terminal differentiation. To assess the
potential of induction of differentiation in cancer therapy, pre-
clinical models must be capable of distinguishing between the
cytotoxic and cytodifferentiative effects of antineoplastic
agents.

Since it has been suggested that the high sensitivity of cho-
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riocarcinoma to treatment with methotrexate may be related to
induction of terminal differentiation (15), we have investigated
the biochemical effects of methotrexate in cultured human
choriocarcinoma (BeWo) cells. The BeWo cell line was derived
from a metastasis taken from a patient with gestational chorio
carcinoma (16, 17), a tumor that retains many biological and
biochemical characteristics associated with placental tropho-
blast, the tissue of origin (18). Choriocarcinoma and placental
trophoblast comprise two cell types, the cytotrophoblast, an
undifferentiated cell, and the syncytiotrophoblast, a specialized
cell that produces and secretes chorionic gonadotropin and
placental alkaline phosphatase (18, 19). Proliferating BeWo
cultures also contain two cell types. The predominant pheno-
type, 96-99% of the total population, is morphologically simi
lar to in utero cytotrophoblasts. The CTL4 cells are mononu-

cleate and express relatively low levels of chorionic gonadotro
pin and placental (heat-stable) alkaline phosphatase (13, 20,
21). The remaining 1-4% of cells resemble the syncytiotro
phoblast and are much larger, often muHÂ¡nucleated,cells (13).
Exposure of BeWo cultures to methotrexate inhibits prolifera
tion and induces cells to differentiate to the STL phenotype at
a high frequency (13). STL cells present in methotrexate-treated
cultures, maximally 80-90% of the total population within 2-
3 days, are morphologically indistinguishable from sponta
neously occurring STL cells present in untreated cultures, are
greatly enlarged, and produce chorionic gonadotropin and pla
cental alkaline phosphatase (13, 20-26). Methotrexate binds
and inhibits dihydrofolate reductase (27-29); however, the
mechanism(s) by which the drug brings about differentiation of
BeWo cells remains unclear. Cell enlargement and multinuclea-
tion presumably require continued synthesis of protein and
nucleic acids, and Friedman and Skehan (13), who demon
strated increases in cell size and cellular DNA content during
methotrexate-induced differentiation of BeWo cells, concluded
that expression of syncytiotrophoblastic markers is unrelated
to inhibition of DNA synthesis. Others (21) have provided
evidence that increased expression of markers of the STL
phenotype is a direct consequence of inhibition of DNA syn
thesis.

The objective of the current study was to determine the
relationship between the antifolate effects of methotrexate and
induction of differentiation of BeWo cells to the STL pheno
type. BeWo cells were induced to express markers of the STL
phenotype under conditions that were growth inhibitory but
that did not kill cells. The effects of methotrexate on folate-
dependent metabolism were assessed by measuring incorpora
tion of radiolabeled precursors (deoxyuridine, formate) into
nucleic acids. Thymidylate starvation and concomitant inhibi
tion of DNA synthesis were causally related to the cytodiffer
entiative effects of methotrexate by protection studies with
thymidine, hypoxanthine, and leucovorin. Methotrexate-in
duced BeWo cell differentiation is initiated by perturbation of
folate metabolism by mechanisms similar to those resulting in
cytotoxicity in other cell types.

4The abbreviations used are: CTL, cytotrophoblast-like; STL, syncytiotro-
phoblast-like.
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MATERIALS AND METHODS

Cell Culture. The origin of human choriocarcinoma (BeWo) cells has
been described (17). BeWo cells, obtained from Dr. S. J. Friedman,
Department of Pharmacology, University of Calgary, Calgary, Alberta,
Canada were maintained in plastic T-25 flasks at 37Â°Cin a humidified

atmosphere of 5% CO2 in air. At 3- to 4-month intervals, BeWo cultures
were reinitiated from Mycoplasma-hee frozen stocks. Stock cultures
were grown in antibiotic-free growth medium and were subcultured (2
x 10* celIs/T-25 flask) at weekly intervals by dissociation with 0.05%
trypsin and 0.02% EDTA (15-20 min, 37Â°C).Growth medium con

sisted of Roswell Park Memorial Institute Medium 1640 supplemented
with 10% fetal bovine serum or dialyzed fetal bovine serum.

Unless otherwise indicated, experimental cultures were initiated (2
x 10s cells/T-25 flask) in methotrexate-free growth medium containing

penicillin G (100 units/ml) and streptomycin sulfate (100 /ig/ml), and
after 24 h, culture fluids were replaced with growth medium containing
methotrexate and/or various other additives. Culture fluids were re
placed completely every 48 h. Cell numbers were determined with an
electronic particle counter (Model Zb or Zf, Coulter Electronics, Inc.,
Hialeah, FL) after dissociation with trypsin-EDTA and suspension in
0.15 M NaCl. After an initial lag phase of about 24 h, the mean doubling
time of cultures in the absence of methotrexate was 24 h. Untreated
and methotrexate-treated cells were observed daily by phase-contrast
microscopy of microscopic analysis of Wright-stained cultures. The
CTL phenotype was characterized by compact cells possessing a single
ovoid nucleus. The STL phenotype was characterized by an apparent
flattening and spreading of individual cells on the culture substratum
and the presence of an enlarged multilobed nucleus or multiple nuclei.

Cell volume distributions were obtained with a Model Zf Coulter
Counter (lOO-jim aperture tube) in conjunction with a 100-channel
particle size analyzer (Channelyzer II; Coulter Electronics) interfaced
with an Apple II Plus computer (Apple Computer, Inc., Cupertino,
CA). The channelyzer was calibrated with polystyrene microspheres of
10.08- or 9.69-/1H1diameter obtained from Coulter Electronics. All
volume distributions were accumulated at a coincidence rate of less
than 5% until the modal peak totaled 1000 cells. Volume distributions
were analyzed with software obtained from Coulter Electronics. A shape
factor of %, corresponding to a spherical nonconducting particle, was
used for all determinations of cell volume. Cell volumes are reported
as the arithmetic mean (Â±interassay SD) of at least three separate
determinations of modal cell volume. The average mediammean ratios
were for untreated cells, 1.00 Â±0.03 (SD) (n = 37) and for methotrexate-
treated (48 h; 1 MM)cells, 0.98 Â±0.04 (n = 22).

To determine the colony-forming ability of cells, BeWo cultures (50-
500 cells/60-mm tissue culture dish) were established in methotrexate-
free growth medium, and after 24 h, culture fluids were replaced with
growth medium without drug or containing graded concentrations of
methotrexate. After 48-h exposures, culture fluids were completely
replaced with methotrexate-free growth medium containing 100 ^M
hypoxanthine, 10 JIM thymidine, and 50 fig/ml gentamycin. Cultures
were left undisturbed at 37Â°Cin a humidified atmosphere of 5% CO2

in air, and after 10-14 days, colonies were stained with a saturated
solution of crystal violet in 0.15 M NaCl and scored visually.

Incorporation Studies. The effects of methotrexate on the activity of
thymidylate synthase in BeWo cells were assessed by measuring cellular
incorporation of deoxyuridine from culture fluids. BeWo cultures were
established in glass scintillation vials (4.0 x IO4cells/2 ml/20-ml vial)
and were left undisturbed at 37Â°Cfor 48 h, after which culture fluids

were replaced with 2 ml of growth medium containing 1 /tM methotrex
ate. After 1 h, 1 ml of growth medium containing 1 /Â¿Mmethotrexate
and [6-3H]deoxyuridine (final concentration, 25 UM) was added to
existing culture fluids. After various time intervals, culture fluids were
removed, the cells washed with 5 ml of ice-cold phosphate-buffered
saline (0.8% NaCI-0.22% Na2HPO4-0.02% KH2PO4-0.02% KC1, w/w)
containing 1 ^M deoxyuridine, and 5 ml of 0.2 M perchloric acid were
added. After 20 min at 4'C, acid was removed by aspiration, and vials
were inverted and allowed to drain overnight. Acid-precipitable mate
rials were solubilized by incubating with 0.3 N KOH at room tempera
ture overnight (2 ml/vial); 10 ml of scintillation fluor (30) were added
per vial, and radioactivity was determined by liquid scintillation count

ing. Quenching of light was similar in all samples as determined by the
ratio of counts in a narrow tritium channel and a wide I4C channel.
Greater than 98% of the radioactivity derived from [6-3H]deoxyuridine

was found in DNA as determined by separation of RNA and DNA with
the Fleck and Munroe (31) modification of the Schmidt-Thannhouser

procedure.
The effects of methotrexate on folate-dependent one-carbon metab

olism were assessed by measuring incorporation [MC]formate into

RNA, DNA, and protein (32). BeWo cultures were preincubated in
medium with or without methotrexate at 37'C for 1 h, and immediately
thereafter, incorporation of [l4C]formate (final concentration, 0.17 HIM)

was initiated by adding 250 n\ of growth medium containing the
compound. At graded time intervals, culture fluids were aspirated and
cultures were washed with 5 ml of ice-cold 0.15 M NaCl and extracted
with 2.5 ml of ice-cold 0.2 M perchloric acid. The vials were allowed to
drain, and RNA was hydrolyzed to acid-soluble fragments by incubation
with 2 ml of 0.3 M NaOH (37Â°C,60 min); the resulting solutions were

acidified with equal volumes of 0.4 M perchloric acid, cooled, and
centrifuged (1000 x g, 10 min, 4"( ') to separate acid-soluble fragments

of RNA from DNA and protein. The supernatants were transferred to
scintillation vials. DNA was hydrolyzed to acid-soluble fragments by
heating (70Â°C,25 min) in 2 ml of 0.5 M perchloric acid; the resulting
solutions were cooled to 4Â°Cand centrifuged (1000 x g, 10 min) to

separate acid-soluble fragments of DNA from protein. The supernatants

were transferred to scintillation vials. The precipitates were dissolved
in 2 ml of 0.3 M NaOH (37Â°C,4 h) and transferred to scintillation

vials. Fluor (30) was added to each vial, and radioactivity was deter
mined by liquid scintillation counting. Although the degree of quench
ing in DNA, RNA, and protein samples was somewhat different,
quenching in samples of each group was similar as determined by
channel ratios.

Flow Cytometry. The effects of methotrexate on cell cycle progression
were quantitated by flow cytometric analysis of ethanol-fixed, mithra-
mycin-stained cells (33). Cultures were disaggregated by trypsinization
and collected by centrifugation (1000 x g, 10 min, 4Â°C).Cells were
resuspended in cold 0.15 M NaCl (1 x 10* cells/ml) and were fixed at
4*C by slowly adding 5 ml of ice-cold 70% ethanol/1 ml cell suspension.

Chick erythrocytes were added as an internal standard to the fixed cell
suspensions 30 min prior to staining. Cells were pelleted by centrifuga
tion (1000 x g, 10 min), resuspended (10" cells/ml) in the staining

solution (100 Â¿ig/mlmithramycin in 0.1 M NaCl, 15 HIMMgCl2, 0.1 M
Tris-HCl, pH 7.6) and incubated in the dark for 30-45 min. The
relative DNA content of BeWo cells was determined with a Coulter
Electronics EPICS V flow cytometer by analysis of fluorescence of
wavelength greater than 570 nm (argon ion laser operated at 200 mW).
The relative numbers of cells in compartments of the cell cycle were
determined with software (PARA2) obtained from Coulter Electronics.

Alkaline Phosphatase Activity. BeWo cells possess heat-stable and
heat-labile forms of alkaline phosphatase, and activity remaining after
incubating extracts at 60Â°Crepresents the alkaline phosphatase isoen-

zyme expressed by term placenta (20). The specific activity of placenta!
alkaline phosphatase was determined in cell-free extracts using a mod
ification of a procedure originally described by Lowry (34). Cells were
harvested by scraping into 2 ml of 0.15 MNaCl at 4Â°C,and the resulting
suspensions were stored at -20Â°C for no longer than 4 weeks. The

activity of heat-stable placenta! alkaline phosphatase was unaffected by
repeated freezing and thawing over a period of at least 4 weeks. Thawed
samples were sonicated (three 15-s pulses, 4"( ') and centrifuged (34,800
x g, 50 min, 4Â°C),the pellets were discarded, and the supernatant
solutions were heated (60Â°C)for 5-15 min. Reactions were initiated by

mixing 100 /<!of cell extract and 250 n\ of substrate solution (8 HIM/?-
nitrophenyl phosphate and 2 mM MgCh in 0.5 M 2-amino-2-methyl-l-
propanol, pH 10) and were stopped by adding 0.75 ml of 0.25 M NaOH.
The amount of p-nitrophenol produced during the assay period was
determined by measuring absorbance of reaction mixtures at 400 nm.
The protein content of extracts was determined with the Coomassie
Brilliant Blue G-250 dye-binding assay (35).

Chemicals. Cell culture reagents were obtained from GIBCO, Bur
lington, Ontario, Canada. Methotrexate, ftuorodeoxyuridine, thymi
dine, hypoxanthine, p-nitrophenyl phosphate, and mithramycin were
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purchased from Sigma Chemical Co., St. Louis, MO. [6-3H]Deoxyuri-
dine (18 Ci/mmol) and [uC]formate (57 mCi/mmol) were purchased

from Moravek Biochemicals, Inc., Brea, CA. Other chemicals were
obtained from commercial sources.

RESULTS AND DISCUSSION

We (22-25) and others (13, 20, 21, 36) have shown that
continous exposure to methotrexate inhibits proliferation of
cells derived from choriocarcinoma and results in expression of
syncytiotrophoblastic markers. Fig. 1 illustrates concentration-
effect relationships for 48-h exposures to methotrexate on
colony formation, proliferation, cell enlargement, and morpho
logical differentiation to the STL phenotype. Concentrations
of methotrexate that inhibited proliferation of BeWo cells also
resulted in cell enlargement and morphological differentiation
to the STL phenotype. Colony-forming ability was assessed
after 48-h exposures to methotrexate by removing drug, wash
ing with drug-free growth media, and incubating cells in a

Methotrexate (M)
Fig. 1. Effect of 48-h exposures to methotrexate on colony-forming ability,

proliferation, cell enlargement, and differentiation to the STL phenotype. BeWo
cultures were established (2 x 10* cells/T-25 flask; 50-500 ceIls/60-mm dish)
and after 24 h, culture fluids were replaced with medium supplemented with fetal
bovine serum (nondialyzed) and containing methotrexate at the concentrations
indicated. After 48-h exposures, colony-forming ability, cell numbers, cell volume,
and morphology were determined as described in "Materials and Methods."

Relative cloning efficiency is the mean [Â±SD (bars)] number of colonies per
culture dish after drug treatment and is expressed as a percentage of the mean
number of colonies per dish in the absence of drug, which for a large series of
experiments (n = 24) was 66.8 Â±10.5. The number (mean Â±SD) of population
doublings per culture flask was calculated from cell numbers determined 24 and
72 h after cultures were initiated. Modal cell volume was determined by analysis
of Coulter volume distributions, and the data are expressed as the ratio (average
Â±SD; n = 3) of values obtained for drug-treated and untreated cells. Values for
'h.r percentage of cells displaying the CM and STL phenotypes were obtained by
scoring 100 cells/culture.

cloning medium that contained 100 MMhypoxanthine and 10
MMthymidine. Although proliferation was completely inhibited
during 48-h exposures to > 1 MMmethotrexate, cells apparently
recovered after transfer to drug-free media since colony-forming
ability was unaffected. Longer exposures (72-96 h) to 1 MM
methotrexate result in cell death and loss of cells from the
cultures (25).

Since 1 MMmethotrexate inhibited proliferation but did not
kill BeWo cells during 48-h exposures, experiments were un
dertaken to determine if the cells were sensitive to the antifolate
effects of methotrexate during induction of differentiation. The
apparent rate of thymidylate synthesis was assessed by measur
ing incorporation of [6-3H]deoxyuridine into DNA of BeWo
cells (Fig. 2). One-h exposures to 1 MMmethotrexate inhibited
the rates of incorporation of deoxyuridine into DNA by >90%,
indicating inhibition of thymidylate synthase consistent with
depletion of the required tetrahydrofolate cofactor. Folate-

dependent biosynthetic processes were then assessed directly by
measuring incorporation of ['"CJformate into DNA, RNA, and
protein of untreated and methotrexate-treated BeWo cultures
(Fig. 3). Incorporation of [14C]formate was also reduced by

>90% in the presence of methotrexate, indicating inhibition of
folate-dependent amino acid, purine, and thymidylate synthesis.
That these processes were almost completely blocked after a 1-
h exposure to methotrexate suggests that inhibition of folate-
dependent pathways is a primary effect rather than a generalized
decrease in metabolic activity associated with conversion to the
nonproliferative STL phenotype.

The effects of exposure of BeWo cultures to methotrexate on
cellular DNA content were determined in the experiment of
Fig. 4. In the absence of methotrexate, the relative number of
cells in each compartment of the cell cycle remained relatively
constant over time with 40-50% of cells in S phase. During the
first 12 h exposure to methotrexate, the proportion of S-phase
cells increased, and analysis (not shown) of the relative numbers
of cells in each of four equal segments of S phase indicated that
the increase resulted from accumulation of cells in early S
phase. Methotrexate exposure apparently did not affect division
of cells possessing a 4N DNA content since the relative number
of cells possessing a G2-M content of DNA declined between 0
and 12 h. The relative number of cells in the various compart

ii.o

Time (min)

Fig. 2. Effects of methotrexate on incorporation of deoxyuridine into acid-
precipitable material of BeWo cells. BeWo cultures were established (4 x 10*
cells/glass scintillation vial) and 48 h later, culture fluids were replaced with
medium with or without I nM methotrexate and supplemented with dialyzed fetal
bovine serum. Cultures were incubated at 37Â°Cfor 1 h before addition of [6-3H]

deoxyuridine (time zero). O, â€¢,mean [Â±SD (bars); n = 3] of radioactivity
incorporated by drug-free (O) and methotrexate-treated (â€¢)cultures.
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60

40

Time (min)

Fig. 3. Effects of metbotrexate on incorporation of formate into DNA, RNA,
and protein of BeWo cells. BeWo cultures were established (2 x 10*cells/60-mm
culture dish) and 24 h later, culture fluids were replaced with medium with or
without 1 pM methotrexate and supplemented with dialyzed fetal bovine serum,
and the cultures were then incubated at 37*C for 1 h. Intervals of incorporation
of [<4C]formateinto acid-precipitable material were initiated at time zero and
were terminated at the times indicated. DNA, RNA, and protein were separated
and analyzed for radioactivity as described in "Materials and Methods." O, â€¢
mean [Â±SD (ban); n = 3] of radioactivity incorporated by drug-free (O) and
methotrexate-treated (â€¢)cultures.

ments of the cell cycle after 48-h exposures (not shown) were
not significantly different from those after 24-h exposures.

The results thus far demonstrated that BeWo cells were
sensitive to the antifolate and antiproliferative effects of meth
otrexate under conditions that elicited differentiation of CTL
cells to the STL phenotype. Protection experiments were un
dertaken to directly determine the importance of thymidylate
and purine starvation during inhibition of proliferation and
induction of syncytiotrophoblastic differentiation. The ability
of exogenous hypoxanthine and/or thymidine to protect against
the antiproliferative effects of methotrexate are summarized in
Fig. 5. Coadministration of hypoxanthine and thymidine sup-

tn

O

2 40
t-
Â°30

20

10 -

Untreated

G,-M

Mix-treated

18 24 0 6
Time (hours)

24

Fig. 4. Effects of methotrexate (MTX) on ONA distributions of BeWo cells.
BeWo cultures were established (1 x 10*cells/T-75 flask), and after 72 h, culture

fluids were replaced with medium with or without 1 Â¡Mmethotrexate and
supplemented with dialyzed fetal bovine serum. Cells were harvested at the times
indicated, and DNA distributions were obtained and analyzed using PARA2
software as described in "Materials and Methods." Points, relative number of

cells present in the (... S, and (.: M phases of the cell cycle of untreated cultures
(O, A, D) and methotrexate-treated cultures (â€¢,A. â€¢;.The population doubling
time of drug-free cultures was 26 h.
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Fig. 5. Effects of Coadministration of thymidine (dihd) and/or hypoxanthine

(//.vi on proliferation of BeWo cells during exposure to methotrexate. BeWo
cultures were established (2 x 10* cells/T-25 flask), and after 24 h, culture fluids
were replaced with additive-free growth medium (untreated controls) or with
medium containing l Â¡IMmethotrexate together with (A) graded concentrations
of hypoxanthine in the presence or absence of 0.1 mM thymidine or (Hi graded
concentrations of thymidine in the presence or absence of 0.1 HIMhypoxanthine.
After 48-h exposures, cell numbers were determined for calculation of the per
centage change in cell numbers [mean Â±SD (bars); n = 3] of drug-treated cultures
relative to that of untreated control cultures. Drug exposures were conducted in
media supplemented with dialyzed fetal bovine serum.
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Table 1 Effects of hypoxanthine, thymidine, and leucovorin on the differentiative
and cyfastatic effects of methotrexate

BeWo cultures were established (2 x 10' cells/T-25 flask), and after 24 h, cell
numbers were determined and culture fluids were replaced with growth medium
(supplemented with dialyzed fetal bovine serum) containing no additives or
methotrexate (1 >IM),hypoxanthine (0.1 HIM),thymidine (0.1 nisi), or leucovorin
(0.1 mivi)as indicated. After 48 h, cell numbers and volumes, the specific activity
of heat-stable (placenta I) alkaline phosphatase, and the predominant morpholog
ical phenotype (100 cells/culture; 3 cultures/determination) were determined as
described in "Materials and Methods." The number of population doublings was

calculated from cell numbers determined at the beginning and end of exposures.
The data are expressed as the percentage (mean Â±SD) of values obtained in
untreated cultures, and the number of determinations is indicated in parentheses.
The absolute values of untreated cultures were number of doublings, 2.2 Â±0.4;
volume, 3.3 Â±0.7 pi/cell; alkaline phosphatase, 17 Â±1 nmol p-nitrophenylphos-
phate released/min/mg protein.

Additive

No. of
doublings

Volume (%)

Alkaline
phosphatase

(%) Phenotype

MethotrexatefreeNoneHypoxanthineThymidineHypoxanthine+

thymidineLeucovorin100

Â±19(22)95
Â±26(8)100
Â±11(4)SO
Â±7(4)126

Â±1 (4)100

Â±22(27)101
Â±13(12)75
Â±3(3)80
Â±9(3)117Â±

12(3)100

Â±6(3)112
Â±4(3)115Â±

12(3)74
Â±1(3)Not

determinedCTLCTLCTLCTLCTL

Methotrexate treated

NoneHypoxanthineThymidineHypoxanthine+

thymidineLeucovorin2Â±16

Â±16
Â±80

Â±107

Â±8(7)14

(16)1(3)8(7)11(4)194
Â±44(13)311

Â±43(17)84
Â±11(3)136
Â±53(5)73

Â±39 (3)637

Â±3(3)640
Â±80(3)228+12

(3)217
Â±14(3)Not

determinedSTLSTLCTLCTLCTL

ported proliferation of BeWo cells in the presence of 1 n\i
methotrexate, whereas addition of either hypoxanthine or thy
midine to culture fluids was without effect. When coadminis-
tered with excess thymidine (0.1 HIM), the concentration of
hypoxanthine that restored proliferation rates of methotrexate-
treated cultures to 50% of those of untreated cultures was 50
Â¿Â«M,and when coadministered with excess hypoxanthine (0.1
HIM),the concentration of thymidine that restored proliferation
rates to 50% of those of untreated cultures was 5 MM.Thus,
exposure of BeWo cells to methotrexate disrupted both thymi-
dylate and purine synthesis, and disruption of either process
was sufficient to inhibit proliferation.

The effects of hypoxanthine, thymidine, and leucovorin on
expression of syncytiotrophoblastic markers during exposure
of BeWo cultures to methotrexate were assessed to determine
if induction of the CTL-to-STL conversion was directly related
to inhibition of thymidylate or purine synthesis (Table 1).
Administration of leucovorin, hypoxanthine plus thymidine, or
thymidine blocked the morphological conversion to the STL
phenotype and reduced expression of STL markers, whereas
administration of hypoxanthine did not. Although the additives
altered cell volume, morphology, and expression of heat-stable
alkaline phosphatase in methotrexate-free cultures, these
changes were small relative to those seen in methotrexate-
treated cultures. The results of Table 1 suggested a causal
relationship between depletion of reduced folates and metho-
trexate-induced differentiation arising from thymidylate, rather
than purine, starvation.

To determine if differentiation could be induced by thymi
dylate starvation alone, the effects of fluorodeoxyuridine and
thymidine on expression of BeWo cells were determined. Fluo
rodeoxyuridine, a potent inhibitor of thymidylate synthase (37),
was previously shown to induce morphological differentiation
of BeWo cells.5 The effects of exposure of BeWo cultures to

fluorodeoxyuridine on the expression of markers of the STL

phenotype, and the ability of thymidine to reverse these effects,
were assessed in the experiments of Table 2. Exposure of BeWo
cultures to fluorodeoxyuridine inhibited proliferation and in
duced conversion of cells to the STL phenotype, as indicated
by cell enlargement, increased expression of heat-stable alkaline
phosphatase, and altered morphology. Morphological conver
sion to the STL phenotype was prevented, and expression of
syncytiotrophoblastic markers was reduced by coadministration
of excess thymidine, indicating that the differentiative response
elicited by exposure to fluorodeoxyuridine, like that of metho
trexate, was related to thymidylate starvation.

We have demonstrated that BeWo cells can be induced by
methotrexate to differentiate to STL cells under conditions that
do not result in cell kill. Since the BeWo CTL-to-STL differ
entiative response does not involve an increase in the number
of cells in the population, as does leukemic cell differentiation
(38), it was not possible to use a colony-forming assay to
distinguish between drug toxicity and commitment to a non-
proliferative end-stage cell. However, the initial stage of BeWo
cell differentiation occurred under conditions that did not com
promise cell viability, and we considered the possibility that
induction of differentiation was mechanistically distinct from
the antifolate action of methotrexate. During exposure to meth
otrexate, folate-dependent metabolism was disrupted, progres
sion of cells through S phase was blocked, unbalanced growth
resulted, and both the cytotoxic and cytodifferentiative effects
of the drug could be prevented by thymidine and hypoxanthine
or leucovorin. These results are consistent with methotrexate
inhibition of dihydrofolate reductase and concomitant depletion
of folate cofactors during induction of BeWo differention.

Although the molecular basis of control of differentiation
remains obscure, some evidence suggests an involvement of
DNA replication in initiating the program of terminal differ
entiation (39-41). The initial signal for precommitment of HL-
60 cells is S-phase specific in synchronized cells (39). Mathe
matical modeling indicates S-phase specificity in nonsynchron-
ous populations (40), and hydroxyurea, a S-phase specific drug,
induces precommitment of III 60 cells (41). Furthermore,
regulation of proliferation is an early event in differentiation
(42), whereas acquisition of lineage specificity occurs late in
differentiation of HL-60 cells (43). Thus, it is not surprising
that inhibitors of DNA synthesis induce differentiation in a
number of model systems or that I)NA specific agents act
synergistically with natural inducers of Mil human myelo-
blastic leukemia cells (9). Although the mechanism of drug-
induced maturation is distinct from that of toxicity in at least

Table 2 Effects of fluorodeoxyuridine and thymidine on Belfo cultures
BeWo cultures were established (2 x IO5cells/T-25 flask), and after 24 h, cell

numbers were determined and culture fluids were replaced with growth medium
(supplemented with dialyzed fetal bovine serum) and without additives or with
fluorodeoxyuridine (4 ,/M! or thymidine (0.1 mM) as indicated. After 72 h, cell
numbers and volumes, the specific activity of heat-stable alkaline phosphatase,
and the predominant morphological phenotype (100 cells/culture; 3 cultures/
determination) were determined as described in "Materials and Methods." The

number of population doublings was calculated from cell numbers determined at
the beginning and end of exposures. Values (means Â±SD; n = 3) are expressed
as the percentage of values obtained in untreated cultures. The absolute values of
untreated cultures were number of doublings, 3.68 Â±0.03; volume, 3.00 Â±0.02
pi/cell; alkaline phosphatase, 23.6 Â±0.8 nmol p-nitrophenylphosphate released/
min/mg protein.

5S. J. Friedman, personal communication.

AdditiveNone

Thymidine
Fluorodeoxyuridine
Fluorodeoxyuridine

+ thymidineNo.

of
doublings
(%)100

Â±176
Â±2

5Â±6
93 Â±1Volume

(%)100

Â±1
98 Â±4

234 Â±17
135 Â±9Alkaline

phosphatase
(%)100

Â±0.3
Not determined

363 Â±22
184 Â±5PhenotypeCTL

CTL
STL
CTL
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one instance (14), it appears possible that the cytodiflerentiative
activities of many antineoplastic drugs are related to their ability
to disrupt DNA replication.
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