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‘ Durins expmmw mezhot ate’ (MTX), cuuured human &oﬂowciwm (BeWo) _
‘ : cells undergo (] cytodlftennundw%mm tb‘u is a atﬂture of developmem of m uero
o quiescent  syncytiotrophoblast,  Thié mponee includes morpuolodul changes, Joss | of
. profiferative undw.mdincm!edchodo:ﬂc;omdommmeﬁon an alkatine Mplwue .
. ~~uctivity The objectiveg of this study were 0 emblkh the rehuomhip between differentuuon' -
H"‘orneWowlu-ndmmom toxidtymdtodeminethemechmhnof
methotréxate-induced differenmﬁon Inhitition of pmlifention and expréssion of markers of
_aiffmmmn ‘during Asfhr-\g;'

rehuonships with mwmel changes seen'at 1 uM. Drug exposures thal completely inhibited '
‘ prolifmtion ulsg: mbibited tbymidylnte syntheuee. decreesed lneorpomion of ["C)formnte‘
into DNA, RNA und protexn by greater thnn 90% and blocked progreesion through S-phase of -
‘ the eell cycle. Protection expetitnen? With leucovorin, hypoxnnthine aqd thymkline ind:cated -
. thnt the differentimve response m due exclusively fo tbymldyhte deprivation whcreas either
: punne or thymidylate starvetion inhibited prohfenuon Purine survauon anugonized
MTX- induoed { ormauon of ghnt cells, but did not altér aexpression of elhline phospbntase or |
morphological differenuauon. Increases in_ ‘the pgpulauon density of cultures also anmgomzed
: M’I'Xc.indueedé, expression of“syncyt‘.iotroéhobhsiic mrim. 2 phenomenon that was related to
both depleuon of hypoxanthine from. cuiture }'/luids and denmyedepeadem effects. Although
rBeWo celis were sensitive to the blochemial/ and nntiproliferative effects of MTX they were
: reeisunt ;o m cytoto:uc effects since dolony#foming ability was unat‘fected by 48- hr exposures
to-MTX (10 B 10+ M) Colonies amin; from drug tree}ed cultures were. oomposed of cell§ -

ures to drug di:phyed ﬁimilar coneentntion effect ., .

morpholopcally indxstinguishable from uented BeWo stem cells, indicating that followmg B

D .
removal of drug. syncyﬂotrophoblastflike oells reverged to_the proliferauve stem cell
%

k4

phenotype Thus. MTX- indueed differentiation of BeWo cells coupled with reversion to the
stem-cell ohenotype repreaents a noyel_ *biological " mechanism of resistance to MTX.
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o N 1. Methotrexate and Induction of Differentiation |
B ' Yo i \ | : = »,0 T
A
A. lntroductlon ‘
The blochémxeal effects of metbotrexate one of the fi irst cltmcally usef ul amlneoplasue
drugs. ane well understood (1:3). Methotrexate mhibits dthydrofolate reductase [E C.
1.5.1.3), blockmg synthesis of tetrahydrol‘olate f rom fohte or: dlhydrofolate Tetrahydrofolate :
| cofactors are requtred for one- carbon transfers during the synthesrs of thymidylate, purines,
serine, glycine, and methlomne 4). In mammahan cells. folate cofactors remain at the
‘ tetrahydrof olate reductron level in all reacuons except the synthesrs of thynudylate Durmg the
. enzymatxc methylatxon of deoxyuridylate the tetrahydrofolate eofactor provndes the »
one- carbon unit and the reducmg equivalent requu‘ed for this reaction (5) * Since ‘
tetrahydrofolate cofactors are ‘tntereonvertible (with the exeeptron ‘that *l‘ormaﬁon of
) ‘ ,N’-methyltetrahydrololate is irreversible) and are prl:sent_ in cells at catelytie conceritrations,
ontinued syﬁthesis ol' : thyrnidylate in. the presence of rne"thOtrexate leads to 'depletion of
’ tetrahydrofolate cofactors resultmg in dxsrupuon of folate dependent one- carbon metabohsm
The anttprohferatrve and cytotoxrc ef f ects of” methotrexate are attnbuted to thymxdyfate and
~ purine starvation (6-19). B | | - |
" In addition to its toxicity egainst neoplastic cells, methotrexate has also been shown to '

induce *cytodifferentiative changes in several types of ‘c‘ultured‘ Cells (20-22).  Th
, cytodrfferentratrve mechanism(s) of acuon of methotrexate has not been elucidated There is -
‘now a large hterature concemed ‘with the rnductron of dtfferenuatron of cultured. cells by”
: treatment wrth a broad array of chemicals (20 37) rncludxng a number of chemotherapeutxc :
drugs (20-22, 31- 37) In chemotherapy. the use of differentrauon mducers has been proposed
| as a means of controlling neoplasra by strmulatmg termmal dlfferentratton of tumor stem cells‘

(38) Since this coneept was first proposed (39- 44) evidence in support of drfferentratron

mductnon as an approach to the control of certain types of neoplastrc diseases has been obtarned



'\ in several in vltro and: ln vivo experimemal systems (45-60). Knowledge of the mglecular

processes underlying normal and abnormal dxfferemiation could have profouhd consequences
~with regard to the development of new protocols for thc tredtment of cancer This prospect,
though exciting. is dnstam However an understandmg of th bnochemncal mechamsm(s) of
‘action of drugs that induce cytodif ferentiauve changes i in cultu d cells may provide a rationale
" for adjunctwe chemotherapy based on comrolling the prohfera’ ve state of neop‘lastic stem
- . This investigation is concerned with the rhechanism | of methotrexate-iridticed
\c‘hf&;erennauon ;nd the relationshxp between differentiation and methotrexate toxxcity in the
' "BeWo cell lme The BeWo cell line was derwed from a bram metastasns of a gestauonél
-chonocarcmoma of a patient who had become clinically resnstant to methotrexate (61, 62). ‘,
Chorlocarcmoma ‘a tumor ansmg f rom the ‘placenta, retains many bnologlcal and bmche;ncal |
‘charactensum assoqated with ln “utero trophoblast (63)." Placental trophoblast and |
- choriocagcinoma are compnsed of 2 cell types: the cytotrophoblastv. a cqmparatively
_undif fei‘eh;iated stem cell, and the mature syncytiotrophoblase, wh'ich is 'nenproliferatjve (63,
64). Prblif erating BeWo cultures also contain two celi- types The paedominant »phen'otvype
| 96 99% of the total populauon is morphologncally similaz to in uzero cytotrophoblast (22, 62).
Cytotrophoblast Jnke (CTL) cells are prohferanve mononucleate. and express telauvely low
- levels of chonomc gc;nadotropm and placem.al alkahne phosphatase (22, 65). The remalmng ‘
1- 4% ~of cells resernble the syncytlotrop}ioblast and are nonproliferauve large, and '
multinucleated (22). The appearance of these syneynotrpphoblast-hke (STL) oells in senally
transplanted BeWo cultures ihdicam that proliferating CTL cells poseess the ability to
spontaneously differentiate. Eigposure cf BeWo cultures to ﬁ:e'thctrente'inhib'it's'proliferation
- and induces oeli's‘ to convert to the STL phenot&pe atia hxgh frequency (22). S'I'L cells present
in methotrexate-trea;ed cultures, maximally ‘80-90% of | the total '.pdpulation.' are
mo_rph"ologically indistinguishable from spontaneously cocuring STL cells present in untreated
culthres (22).. In- a:dditioh to »enorphological : differentiation, BeWo cells "exposed to -

}



methotrexate secrete inﬁreased amounts of chorionic gonadotropin an.dv e'xpi'ess elevated alkaline
ohosﬁhatase activity, markers of mature /olacentawl, function | ‘associated with the
syncytiotrophoblast (65). Although the biologic’élxl effects of methotrexate hdve been descnbed
the underlying biochemical cause(s) of methotrexale-induced BeWo cytodifferentiation has not

* been previously studied in detail.

B. Objectives |

Knowledge of the mechamsms of action of anticancer drugs has provxded a rauonale'
for improving the usefulness of existing drugs and has led to the development of struckural
analogs wuh mcreased therapeuuc #dices. The goal of current chemotherapeuuc regimens is
‘total eradscauon of Aneoplast:c cells through the use of cytotoxic agents. An‘ alternative
approach "is control of t'umor growth by ioducing terxniaal differentiation of neoplastic stem
cells. Two related questions are central to the latter proposal: (a) Ar’e-the,cytbdifferentiative
mechanisms ’of action. of cancer chehxotherapeutic agents dlffe‘ret;t Jfrom l)lei( cytotoxic
‘mechanisms? and; (b) Can induction of terminal eliffere;:tiation be separated from cell death?
If the cytodifferentiative mecham'sma of action of drugs .are different from "established”

cytotoxic mechanisms of action then a new basis for the development of treatment protocols

and screemng for actl e stmctural analogs is possible. Also, if induction of tt:rminaf‘j‘"

‘«w.e,
.

dxfferentianon 1s through nontonc mechamsms then drug regunens could be developed that’
- optimize mducnon of d:fferenuanon rather than destrucuon of tumor tissue. This latter
, possxbxhty may be of lmportance in the developmcnt of alternauve therapies for patxents for |
whom aggressxve cytotoxic: chemotherapy is contramdxcated. Thus, an understandmg of the -
me'ehanism(s) of ‘action of eytodififerentiati‘ve agents and the relationship between
 diff efentiatioo and toxicity rhay :provide a basxs for a new’ apptoach to‘canoer chemotherapy

”based on cell nmturation-rather than cell k1ll The pﬁmafy objectives of‘ this investigation were
: as follows‘ (a) to develop quanmative markers for the BeWo CTL-to-STL differentiative =
‘ response, ( b) 1o determine the underlymg biochemzcal cause( s) of methotrexate-induced‘
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v . 4 |
. expression of such markers, and (c) to c.fetermine if the cytodifferentiative response induced in
) BeWo cells by methotrexate could be separated from methogrexate cytotoxicity. |
w While investigating the mechanism of action of methotrexate-stimulated expression of
syncytiotrophoblastic ‘markers, it became apparent tﬁat culture conditions‘ prbf oundly affected
the response of Bew;) celis to the c}rug. Most notably, dialysis of serum used to supplement the
basal growth medium and an increase in the number of cells per éulture reduced expression of
syncytiotrophoblasixc markers during. _exposure to methotrexate. chce cxpcnmems wcrc ,
undertaken to: (a) tdermfy the serum factor( s) lost during dialysis, and ( b) determine the

basis of the inhibition of the CT L-t0-STL differentiative response observed in crowded cultures.

~
4

C. Experiniental Ap.proach

The BeWo‘cell,' line was deri\;ed from neoplastic tissue obtained from a patient who had
become rcfract'bry to methotrexate thmotherapy (61, 62), and BeWo cells have been describ‘cd
as "methotrexate-resistant” in the ‘literature (66). ' 'Howeircr. the degree of resistance of
cultured BeWo cells to me;hotréxate has not been characterized and the biochemical
mechanism(s) of action of | methotrexate in these cells has not been described. A novel
mechanism of action has been -suggested (22). Thus, the effects of methotrexate on
one- carbon metabohsm of ‘BeWo cells were mgcsugated Exposure to a growth mhxbnory '
concentranon of methotrexate inhibited the apparent m;racellular actmty of thymidylate .
synthetase [E. C. 2.1.1.45}, inhibited flow of ["C]formate through folate-dcpendent
| . biosynthetic pa;hways,'inhibited RNA and protein syntfncsis: and blocked progfcssibn through S
phase of t\he cell cycle. These observations were consistent with mhxbmon of dih)_;drofolatc
reducaiasc by methotrexate. Pfotection -experiments, with hypoxanthine and thymidine:
indicated that fnethotre‘xate inhibition of prolif erafion was due to deplgtion of cellular pools of
thymidylate and purings. Thus, cultured BeWo cells 'viere as senﬁiq;/e to the biocheinjcal and

antiprdlif erative effects of methotrexate as most other cell types.



Before determining if inhibition of dihydrofolate reductase was the underlying cause of
the CTL -to-STL diff crcotiative response, markers associated with the syncytiotrophoblast of in
wero placenta were characterized. The markers chosen were formation of | giant cells,
acquisition of the STL phenotype, and expression of placental alkaline phosphatase. Under
nculturg conditions permissive f or the "CTL-to-STL differentiative response, these markers
displaycd‘ .similar time-courses of appearﬁn(éc f ollowing exposure to methotrexate.
Furthermore, inhibition of pxjoliferation and the two markers étudied (increased ceil voiume
and acquisition of the STL phenotype) displayed similar concentration-éf fect relationships.
These observations suggest thal methotrexate action at a single biocheémical target resulted in
expression of cytodifferentiative markers and inhibition of prolii; eration.

To determine if inhibition of dihydrofolate revductase' by ‘methotrexate was the
underlying cause of the CTL-to-STL differentiative rosponée; the ability of hypoxanthine and
thymidine or of leucovorin to protect against_the cytodiffergptiative effects of methotrexate
- yere assessed. Methotrexate disrupted both thymidylate énq,_porine synthesis, but thymidylate
starvation was es'tabliéhed as the biochcmical effect rospoﬁsible for induction of | the
cytodifferentiative \resjpon‘se of BeWo .cells: Upon femoval of- metﬁotrexate, after iexposurcs to

concentrations thgt are lethal to sensitive cell types S'I'L oellé roverted to the CTL phenotype. -
B Although thymidylate and purine starvation .a‘rc toxio _ih other cell typos. BeWo cells were not
~ killed ‘as determined 1n a colooy>forming qs.;ay.' Instead tpethotrexate induced phenotypic
chaoge§ that were a-caricature of noymal syncyqotiop};obhsﬁc development, sgggesting th,at ' ‘
. reversible _diffefcntiation to the S'I'L phenotype may representf a novel biological form of
resiétance'to the cytotoxic effects of methotrexate. | |

Dunng thxs mvesngauon it was observed that, expressxon of syncytiotrophoblastic
markers by BeWo cells were profoundly altered by culture conditions. Methotrexate-induced
formation of giant cells, but not é‘xprcssion of alkaline phosphatase or morphol‘ogical’
differentiation to the STL phenotype. was dependent ona dxalyzable serum factor. In addmon

the CTL-to-STL differentiative response mduced by methotrexate was less apparent in crowded

4



cultures. .

Since fotﬁution of giam cells was associated with increases in cellular Rl;JA coniem and
_ puﬂnés are known to be present m undialyzed fetal bovine serum, experiments were undemkcn
to determine if a purine was tbc factor lost during diaysis.. Specific methods of removing .
purines and reconstuution of dmlyzed serum with purines and purine nucleosides indicated that
hypoxathine was the dulyuble f actor (equired for formation of giant cells. Determination of
the purine content of fetal bovine ‘serum by reversed-phase l;:gh pcrformanoe\ liquid
ch'romatograj)hy indicated that the amc\mntv of hypoxanthine ‘present in serum was n&rly
sufficient to account for methotrexate-induced increases in cell volume.

To separate the effects of cell population and cell density on the CTL-to-STL
differentiative response, a culture system w\a§ developed that allowed manipulation of cell
density in BeWo cultqres v)ith constant cell numbers ‘and volﬁxhts of growth medium. Using .
this-mem§d; it was detcrn'xined that the CTL;to-STL differenﬁitive response was mhnbtted in a
A denéity-dcpendcnt manner. The cffects of . oell dcnsxty on uptake of mcthotrexate and
utilization of purine bases from the gro medxum suggested that reduced avallabshty of thc
inducer and -'Exogcnoﬁs factors required 81 formation of giant cells maykhavc been’ 1mﬁmant in |
density- dcpendent inhibition of the BeV(o cytodifferentiative response. However, the large
number of effects of mcthotrexate on the BeWo cell surface and cell-substratum interactions
(67) suggests that culturc mxcroenvuonment may have more profound effects on the

CTL-to-STL dif’ fcrcntiative response.
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1. Mechanism of Action of Me'thbtrexate; '
. : [2XS . -

£

A. Introduction ‘ ' T ‘ :

The mechanism of action of methotrexate, one of the first clinically useful anticancer

- drugs, has been studied extensi'yely (1-5). Methotrexate is an analog of folic acid (Figurg 1),

and its cytostatic and cytotoxic effects are attributed to inhibition of dihygrofoléte reductase,
resulting in depletion of tﬁymidylate and furines and inhibition.of DNA, RNA, and protein
synthesis. - Methotrexate cytotoxicity requires °cellula} uptake of methdtrexate, inhibition of
dihydrofolate reductase, and depletion of tetrahydrofolate cofacfo;s such that ;hy?r;idyiaté .
and/or purine S);n_thesis are ;nhibited (’Figul;e 2). In addition, cells fnus; enter or be in S phase.
of the cell cycle during the period of exposure to metho‘tre){éte: In cultured cells, reSiSLance to
the toxic effects of methotrexate has béen‘ demonstrated to occur by meChanisms involving each
of the oiﬁligatory steps required for cell kill (6-10). Although th_ere is litUelk doubt that
disruption of thymidyiate and purine synthesis is to\xxjcy Lhe._ pharma;ology of methotrexate is
complex and the exact-mechanism(s)"of- cell death is uhknowﬁ (11-12).

Depletion of cellular tetrahydrofolates also 'di'sru;pts' certain pathways of amino acid

synthesis. Enzymatic methylation of homocysteine, the only ‘de novo source of methionine,

interéonversion of serine and glycine, and formét.iqn of glycine from carbon dioxide and

ammonia all require reduced folate cofactors (13-15). Since alternate pathways of serine and

glycine l:;joéynthesis exist (13)@€d methionine, as well as other am'in'q acids, are present in the

diet and are available in media used for cell culture, disruption of amino acid synthesis is not

b

genérally considered imgona‘ht for drug toxicity in_ vivo Or in vitro. In isolated enzyme systems,
methotrexate diréctly inhibits thymidylate synthetase, 'vphospho‘ribog'yl’-aminoimidazole 7'
-carbéxamide fE. C. ‘2.1.2.3], and phaosphoribosyl-glycineamide [E. C. :-2.1.2.2] -fo.r_mﬂ;'
transferase, methylene tetrahydrofolate re&uctase [E. C. 1.1.i.68], and folét_e .interconvérting

enzymes (16-20). in intéct.cells. secondary effects of methotrexate 'includ,e‘ inhibition of
[ - ‘ ' C

I
¢
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Name 'R, R, ‘Unsaturation
Folate . " OH  ALs, AT
"Dihydrofolatc ‘OH A'; ¢
- Tetrahydrofolate - OH H
L
- SN-Methyl- o -
tetrahydrofolate OH - CH,
_ SN-Formyl- . \ e
" tetrahydrofolate OH CHO
“N‘—.Fdr'myl- "
‘tetrahydrofolate OH H
SN,1*N-Methylene- - C
tetrahydrofolate OH - —CH;—
$N,*N-Methenyl- . =
tetrahydrofolate OH —CH
Methotrexate NH, asc, AT*
Amiriopterin NH, A’ c' INE

Figure 1. Structure of folates, folate coenzymes, and. amtifolates.’
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| glj'ycoun'ysis and uptake of glucose (21, 22)'."- i‘n/creased 'in‘t‘rac’e‘llixla‘r ‘concentrations of
| 5-phosphoﬁ$§syl 'l-éyrophosphate (23). deoxyuridylate (24-28), dUTP (29,
‘misincorparation of uracil into DNA (26), increased ribonucleotide reductase [E. C. 1.17.4.1]
activity (30), and inhibition of methionine uptake (31). The importance of these effets for
di’ug toxicity and seiecti\}ity is ‘unkndv'm. ‘L‘Thé'-purpqsc of thls review is.’tWof"bld: to 'suﬁmarize
‘ fhe mechanisni * of acgfdn(s) of méth&;ré;até, and V'tbo‘ ‘ass'c_:sé" attemﬁts, to ‘correlate the
biochgmical‘effec;s of the drug w,i.t.h’ceil kall K | o

R
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Extrace'lular. lntracellula} . Z

GAR
HF
SOHFR DHFR 10-Formyl
/z@ H,-Folate
MTX MTX == Dihydrofolate Reductase F G:R
4
: : _ AICAR
H,-Folate H-Folate ——10-Formyl j :
H,-Folate ' )
dThd —
FAICAR @
v
ethylene Inosinate ¢———Hx Hx
H4 -Folate _.———J“_‘
Adenylsuccinate xmp -
: A
dumMP & AMP GrﬁP
| @ -dADP e~ ADP GDP - dGDP
; + + \ A
qATP ATP GTP  dGTP

Figure 2. Schematic representation of the mechanisms of action and resistance to
methotrexate. MTX inhibits dihydrofolate teduc?.ase. blocking synthesis of H,-Folate

from H,-Folale or folate. Synthesis of ihymidylate"’ from. deoxyuridylate results . in

v'oxidation “of methylene H.-Folate and, in the presenoe. of MTX, leads to depletion
‘of H,-Folate cofactors. 10-Formyl H,-Folate is reQui_red for one-carbon . transfers

" .during the synthesis of FGAR and FAICAR. Mechanisms ' of resistance to

methotrexate are: (1) decfeased uptake of " .drug,  (2) altered binding of MTX to
dih);dmfolate reductase, (3) él_evated levels of dihydro_folate reductase, and (4)
deczeases in the ratio of thymidylate synthetase to dihydrofolate rgductase activity. In

addition methotrexate toxicity can be circumvented' by (5) salvage of Hx and (6)

“salvage of dThd. Abbfeviatio‘ns: MTX;methotrexat’e, ’ aDHFR;altcrod dihydrofolate

" reductase, DHFR; elevated dxhydrofolate reductase H,-Folate;tetrahydrofolate, GAR;

phosphoribosyl-glycineamide, Bphoribosy) -formylglygineamide, AICAR;
' i s .
phosphoribosy!-aminoimidazole carhissamide FAICAR;phosphoribosyl -formamido-

imidazole carboxamide.
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~ B, lnteraction of Methotrexate with Dihydrofolate Reductase £
| 1. lsolated enzyme systems é,. g .
o Before the gentral'role of dihydrofolate reductase in folate metabolism was elucidated,
methotrexate was Shown lo block  activation of folic acid to "citrovorum factor”
(’N formyltetrahydrofolate) (32). After identification of dihydrofolate .reductase,
aminopterin and MTX were shown to be potent inhibitors ol” the enzyme (33) Early studies
suggested that methotrexate was 2 noncompetmvc inhibitor of dxhydrof olate reductase (36- 38)
but subsequent work demonstrated lhal methotrexate competitively mteracted with
dihydrofolate, and that apparent noncompetitive kinetics svere a result of extremely
tight-binding of the drug to the enzyme (39, 40). At relati\?ely‘lor;/ pH (5.”3'.-6.2). me;notrexate
_ binds to dihydrofolate reductase stoichometrically, whereas at pH 6.7 to 8 methotrexate is a
competitive inhibltor with respect to folnte or dihydrofola;e (39).- Values for the Ki of
inhibition of dihydrofolate reductase from a variety of sourcesf_‘by rnethotrexale are{in the nM
f to pM range (41). Although binding of methotrexate ﬁo vdih'ydrofolate reductase\_’ is extrernely
tight it is reversible as evidenced by dlssociation of tlxe enzyme-inhibitor comnlex during
DEAE- cellulose .chromatograpy (42) and drsplacernent of [’H]methotrexate from purified
enzyme by drhydrofolate (43 4). a

2. Cultured cells

The antiprolil“eratlve nnd cytotoxic effects of methotrexate are attributed to inhibition
of dihydrofolate reductase. The aff’ inity of purified dihydrofolate reductase for methotrexate is

extremely high and it was expected that the amounts of cell-associated methotrexate required

for toxicity would -equal the mtracellular concentration of the enzyme. I-lowever the

' vrelauonshrp between inhibition of DNA synthesis and cell assocrated methotrexate is

hyperbolic, and the amount of drug required for half -maxunal mhlbmon of DNA synthesis is
PO S —

! Although folate antagonists can alter folate metabolism by inhibiting uptake
of reduced folates, folate interconversions, and (folate-dependent reactions, the
clinically useful antifolates (anticancer drugs: methotrexate, aminopterin,
dichloromethotrexate; antimalarial drugs: pyrimethamine and cycloguanil) appear
to act primarily by inhibiting dlhydrofolate reductase (34, 35)
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10,000-fold greater than the Ki of methotrexate for iﬁhibition of dihydrofolate reductase (44,
45). A similar dose-response for inhibition of ['*C]f ornia;e incorporation into DNA RNA, and
protein was observed (46). Based on these and similar observations, it was conclu;ied tt;at- .
interaction 'with either a "low-affinity" form of dihydrofolate' reductase or a different target
was required for methotrexate toxicily (47). Although the development of resistance to ‘
methotrexate, in certain instances, is associated with an altered faorm of dihydrofolate reductase
that does x{bt bind methotrexate “tightly (48-50), in most cells there is 'ho evidence for the
prcéetice of a "low-af‘ finity" form of dihydrof oiaté reductase (51) . ’

| The competit?ve' relationship Pctween‘ methotrexate and dihydrofolate for binding to

-dihydrofolate reductase suggests that it is unneccessary to invoke action at a low-affinity site io

explain the requirement for cell-associated drug in excess of the éihydrofolate reductase level

for toxicjty (44). Dihydrofolate can displace methotrexate from- fpurif.‘ ied dihydrofbiate

reductase (43, 44), and computer simulau'gnS based on the kinetic pro;’erties of dihy»drofolate

reductase and intracellular concentrations rgf folate cofactors predict that onfy 1-5% of the

avvailable enzyme activity is sufficient to meet cellular demands for tetrahydrofolate (44).

Although methotrexate has a high affinity for purified dihydrofolate reductase and appears to

stoichometrically bind to the enzyme, the drug ﬁppar_emlyfécts as a rapidly reversible,

competitive inhibitor of dihydrofolate reductase iﬁ intact cells (44).

On the basis of direct inhibition of thymidylate synthetasé in céil-f ree extracts, and the
ability of thymidine to partially reverse methotrexate toxicity, thymidylate synthetase was
sugéestéd to be a primary site of action-of methotrexate in L60T cel}s €47). Howgver, 10 u'M
"free" (unbound to dihydrofolate reductase) intrécellular concenf;ations of methotrexate
would probably be necessary for significant iqhibition of thymidylate synthesis (52). Since the |
extracellular concentration of methotrexate required to ~inhibit proliferation of mammalian
cells, including L60T cellfs,. is about 10 nM, and the affinity of methotrexate for‘éihydrofolate
reductase is very high, it is unlikély that unbound ‘intracellular concentrations of drug are

sufficient to directly inhibit thymidylate synthetase (53).
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C. Inhibition of Dihydrofc_;late Reductase by Methotrexate in Cultured Cells

Fplate cofactors are present in tissues and cells at low concentrations (54), and many
are chcmically‘ unstable (55). The eqﬁilibrium constant for production of tetra‘hydrofolalc
from dihydrofolale, by purified dihydrofolatt:'réductase at pH 7 is 5.6 x 10* (56), and
dihydrofolate has not been detected in proliferating c;llé (57). ‘'The first dirgcl evidcnée that

dihydrofolate levels increased in. methotrcxate-treated cells was obtained by incubating L1210

cells with [*’H)*N-methyltetrahydrofolate. Although [*H}dihydrof olate couid not be detected in. :

o

untreated cells, about 20% of administered r.ioactivity is recovered from methotrexate-treated

cells as dfl’iydrofolate (57). ‘Sir‘nilarly. if untreated Ehrlich ascites cells are incubated with
[*H)dihydrofolate, t‘he rate of cpn\;ersion of dihydrofolate to tetrahydrofolate is so .rapid that
[’H]dihydrof olate can only be found in cells when the amount of cell-associated methotrexate
was greater than\tpe concentratiqn of dihydrofglate reductase (58)._ Recently, methotr::xate has
been demonstrated to deplete intracellular levels of tetrahydrofolate in Lewis lung carcinoma
cells (59). | |

Difect measurements  of iﬁtracellular nucleotide, concentrations indicate ~that
methotiexate has "amithymidylate"' and Tantipurine” effects. Almost invariably,

methotrexate-treated cells . have diminished levels of dTTP (24, 25, 60-69), whereas

deoxyuridylate pools ificrease, probably because of reduced utilization in thymidylate synihesis

(24-28). Although enzymes that phosphorylate deoxyuridylate to dUTP arcb presént in

' proliferéting cells, dUTP is undetectable presumably because dUTP phosphatase [E. C.

3.61.23] efficiently hydrolyses dUTP to deoxyuridylate and pyrophoéphate (29). However,

_increases in dUTP content have been demonstrated in methotrexate-treated cells (29).

Misincorporation of uracil into DNA of methotrexate-treated human lymphoblast cells has

been reported | (28), and it has been suggested that, in .such cells, a futile cycle of

excision-repair may result in degradation of DNA and cell death (29).

Afthough dGTP pools frequently decrease during exposure' to methotrexate (24, 25, 60,

62-64, 66, 67) AATP pools have been reported, in some cases to decrease (24, 25, 60, 62, 63;
+ ‘k}’ -
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66). and in others, to increase (58, 61, 64, 66, 67). When rapidly proliferating cultures are

- treated with methotrexate, dATP concentrations either decrease or are unchanged, and when

slowly proliferating cultures are treated, dATP concentrations tend to increase (51).
“Concentrations of dCTP also change in methotrexate-treated cells, probably because of
changes in dTTP. The c;xzymcs dCTP deaminase [E. C. 33.4.13] and ribonucleotide reductase

-

are allosterically regulated by dTTP, and changes in the concentration of dTTP can either

“stimulate or inhibit dCTP production, and both effects have been demonstrated (24, 25, 60,

62-67).
~ Although ribonuéleotide pools have also been demonstrated to decrease following
exposure to methotrexate (25, 62, 68-70), relative changes are not as great as that observed
with deoxyribonucleotidé pools.
Utilization of precursors for folate-requiring biosynthetic reactions has also been
assessed 1o determine the effects afq;\hl"e’thotre”xate in cultured cells. ‘Inco.rporation of
[6-*H]deoxyuridine into DNA is inhibited (26, 70-73) whereas utilization of

radioactively-labeled thymidine is often stimulated (26, -72). Increased incorporation of

thymidine probably reflects decreases in the dTTP pool and less dilution of radioactivity, before

~ purines also become limiting for DNA synthesis. Decreased incorporation of deoxyuridine into

_the DNA of methotrexate-treated cells does not directly correlate with decreases in the

N
~

t‘etrahydrofplate pool. Although concentrations of tetrahydrofolate 'decreased vin the prescnce
of methotrexate, they declined more slowly than did incorporation of [’H]deoxyuridine into -
DNA (59). Explanations to account fo!this apparent discrepancy were that deoxyuridine
incorporation into DNA ‘measures the thymidylate synthetase activity of S phase cells, whereas
the tetreihy*?_irof olate pool is averaged over the total cell pdpulatioq, and thymidylate synthetase
is also subject to inhibition by dihydrofolate suggesiing that inhil ition of the enzyme may be
greater than that predicted from dép]etion of tetrahydrofolate alon _‘9).

Glycine is incorpqrated into the purine ring supplying Ci, Cs, and N,. Methotrexate

inhibits incorporation of [**Clglycine into purines, DNA, and RNA, indicating that the two

i
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folate-dependent reactions of de novo purine synthesis are inhibited (74, 75). [“C]l"om;alc
enters the folate one-carbon pool by conversion to '*N-formylietrahydrofolate, which is then
interconvertible to all other folate. coractorﬁ. Methotrexate inhibits incorporation of
[*C)formate into DNA, RNA, and protein indicatling that de novo purine, thymidine, and

methionine synthesis are inhibited by depletion of tetrahydrofolate (76). Although precursor

studiés indicate that disruption of folate-dependent one-carbon metabolism inhibits l')rjA,

RNA. and protein synthesis, the toxic effects of methotrexate in CCRF-CEM cells correlates

with inhibkr%of DNA synthesis (64).

D. Mechanisms of Cell Death ,
Modulation of methotrexate toxicity by metabolites has been assessed to determine the
relative importance of thymidylate and purine starvétion in cell death. Coadministration of
reduced folates or a purine and thymidine block tt;e toxic effects of methotrexate against
cultured cells (51). Antagonism of the cytotoxic effects of 'r'nethotrcxate by leucovorin and

end-products of folate-requiring biosynthetic pathways is generally considered to reflect

substitution of preformed metabolites for use as substrates and replenishment of

tetrahydrofolate pools, respectively. However, in addition to replenishing depleted folate

pools, leucovorin competes with methotrexate for transport, disl;iaces intracellular
methotrexate through a "counterflow” mechanism; results in an increase of the dihydrofolate
pooi, and may decrease the rate of methotrexate polyglutamation (51). Thusl, protection
against the toxic effects of methotrexate by leucovorin or other reduced folates may result f rom,
eff ects unrelated to simple substrate utilization.

Thymidine alone reduces methqtrexate teiicity in some cells, and the mechanism for
partial protection may be related to rates of thymidylate synthesis (24, 77, 78). Synthesis of
thymidylate from.deoxuridyﬁne is the. only folate interconversion that result_s‘ in oxidation of

tetrahydrofolate, and decreased synthesis of thymfdylate would be expected to spare

tetrahydrofolate requirements. It has been demonstrated that protection against the toxic
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effects of methotrexatwe by thymidine correlates with inhibition of thynudylate synthetase (M,
).

Purines either potenuate (79, 80) or dumnsh (79, 81, K2) methotrexate toxicity in
cultured cells. The differential effelte of purines on cytotoxicity have been ascribed (o intninsic
differences between c¢ells, but it has been demonstrated that hypoxanthine either reduces or
increases methotrexate toxsicity in CCRE-CEM, PM(C-22, and L1210 cells depending on the
concentration of methotrexate (83).

The pharmacology of methotrexate is complex (Figure 3) and the exact mechanism(s)
of methotrexate cylotoxicity is unknpwn. Inhibition of thymudylate (84), purine .(85.). and
protein synthesis (86) and disruption of methylation reactions (%7) arc toxic, and methotrexate
may inhibit all of these processes under certain conditions. Two proposed mechanisms of
cytotoxicity are: (1) "thymineless death™ which is augmented by cxogenous purines and
diminished by purine starvation, and (2) "pquineless death” which is diminished by exogenous
purines (12). In addition, it is well established tha't\;nelhotrcxate is a proliferation-dependent
cvtotoxic agent; thus, the biochemical effects of the drug only result in toxicity if cells are
;)rolifcrating during the period of exposure (83-90).

Thymineless death was first demonstrated with thymidine-requiring auxotrophs of E.
coli. Thymine starvation was only toxic when cells synthesized RNA and protein suggesting
that "unbalanced growth™ was required for cell death (91). Subsequently, thymidylate
starvation was demonstrated to result in "unbalanced growth” of cultured human tumor cetls
(92), and inhibition of RNA and protein synthesis antagonizes thymineless_acath in these cells
(92). Increased toxicity in the presence of hypoxanthine correlated with,increases in the
'concemration of dATP in CCRF-CEM cells suggesting that, in these cells, potentiation of
methotrexate's toxic effects may be a synergism between deoxyadenosine and methotrexate
toxicity~(83). In addition to unbalanced growth, thymidylate starvation leads to chromosomal

";berrations (93) and mitochondrial mutagenesis (94) in }nammalian cells,>both of which may

contribute significantly to toxicity.
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Although methotrexate ’is often thought to kill cells because it disrupts thyrﬁid_vlate
synthesis (95), the relative imporlaflce of inhibition of de novo purir;e synthesis for toxicity; is
still unknde. In some cell ﬁnes, exogenous purines redece methotre;&ate _toxicity (‘79v , 81, 82)
an observation which is incompatible wiﬁ] the concept of thymineiess dea'th:. Thus, in these cell
lines, the toxic effects of methotrexate have been ascribed to purme deprivation (12) In S-49
cells toxic ef fects of purme starvation are assocxated w1th depleuon of guanine nucleoudes
(96). The-eff ects of an inhibitor of de nrovo purme synthesis (6-mecaptopurine r1bonuc1e0s1de)
and si)ec1f ic 1nh1b110rs of ademne (L-alanosine) and guanme (mycophenohc acid) /mcleoude '

e

bxosymhesrs on 1nh1b1t10n of DNA synthesis and progression through the cell cycle were

compared (96). Recovery of [*H]thymilline incorporation into DNA of drug-treated cells

depended on restoration of guanine nucl®fide pools rather than adenine nucleotide pools and

the effects of mycophenollc acid and 6- mercaplopurme ribonucleoside on progressmn through

the cell cycle were similar, whereas the effect of alanosine was strikingly diff erent suggesting

that the effects of purine starvation are primarily a result of guanine debletion (96).

o

v %

E. Mechamsms of Resistance

The mechanisms of acquired resistdnce to methotrexate toxicity have been extensively
studied and fall into three classes: (1) increased levels of ' dihydrofolate reductase, (2)
alterations in the structure of dihydrofolate such that its aff inity for methotrexate is decreased,
and (3) -r‘edu'ced. uptake of methotrexate~(6-10) Less def ined "intrinsic” mechanisms of
resistance are associated thh the relative msensmvny of non S—phase cells to methotrexate
toxicity, the ratio of thymidylate synthetase to dihydrofolate reductase activity, and utilization
" of NADH as a substrate by dlhydrofolate reductase rather than NADPH (6).

AIln 1961, increased, levels of dxhydrofolate reductase in L5178Y cells was first
demonstratedit_o'fbe a ‘mechanism of resistance to methotrexate toxicity (97). Subsequently,
cells seleeted'for highn levels of dihydro‘folate were shown to héve an amplification in gene

frequency that is pr0por1ional io‘ eleva{ed levels of the enzyme and its messenger RNA (98).
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Stable and unstable amplification of the dihydrofolate reductase gene has been demonstrated in A
a number of cell lines (98). "In addition 1o increased levels of the enzyme, altered forms of

dihydrofolfate‘ reductase with decreased affinity- for methotrexate hav‘e\been identified in,

methotrexate-resistant cultured cells (48-50). The decrease in-affinity for methotrexate ranges
from 4- to 100,000-fold (6).

_ Methotrexate enters cells through ah energy-dependent - carrier mediated transport

.system present for uptake of circulating reduced 'folates (99). Decreased Kt and Vmax values

for transport of met?totrexate have been’ observed with rrtethotrexate-resistant cells, and in one .

X

mstance a complete loss of transport capacity was demonstrated (6, 99). Loss of the capacity

1o transport methotrexate can be tolerated because folate enters cells by an alternate transport

system (6). ,Cells resistant to methotrexate because'.of decreased uptake of drug remain

sensitive to "rron-classical" lipophilic antifolates which passively diffuse into cells (6).

o

Acqurred resistance to. methotrexate involves decreased action at dihydrofolate
reductase, the primary target of the drug, whereas "intrinsic” mechanisms of resistance to
antifolates are less well charactenzed Methotrexate is a proliferation-dependent cytotoxrc
agent that kills S-phase cells. It is well ‘established that slowly pro]if erating or qui_escent cells

are resistant to the toxic effects of methotrexate (88-90). The degree of resistance can be

s
i

considerable, for example, the viability of resting 3T6 cells was unaff ecte_d after 7-d exposures

to 1 mM methotrexate, whereas greater than 90% of logarithmically proliferating 3T6 cells were

killed after a 24-hr exposure to 1 uM methotrexate (90). Cells capable of rapidly synthesizing

dihydrofolate reductase or cells with high ratios of drhydrofo]ate reductase to thymrdylate
synthetase activity are likely to be naturally resrstant to methotrexate (6). As discussed
previously, thymidylate synthesis is the only folate-dependent reactiort that results in oxidation

of tetrahydrofolate and decréised activity of this enzyme allows cells to tolerate éreater

inhibition of dihydrofolate reductase (24, 78). The affinity of dihydrofolate reductase for

methotrexate is reduced in the absence of NADPH,_and utilization of NADH may result in less

sensitivity to inhibition of-the enzyme by methotrexate (100).
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1. Model System: The BeWo Cell Line

A. lntroduction

The BeWa cell line, derived from a malignam‘human‘chori(vcurcinoma, morphologically
and biochemically resembles the trophoblast of normal placenta. In proliferating BeWo
cultures, most cells are morphologically similar 1o in utero cytotrophoblastic cells (1-5). Also
present, at a low frequcr;cy (< 5% of the total population), in proliferating. cultures are cells
that resemble in utero syncytiotrophoblast (5). Exposure of BeWo cultures to methotrexate
inhibits proliferation and, within 48 hr, 80-90% of the «cells are morphologically
indistingushable 'from‘s'pong’géaously arising $TL cells (5). Morphological differentiation is
accompanied with increased expression of biochemical markers of in utero syncytiotrophoblast
(chorionic gonadotropin and heat-stable alkaline f)hosphz;tase) (6). Thus, the BeWo cell line
represents an in vitrb model system“ for investigating ﬁ]e differentiative effects of

chemotherapeutic drugs and relationships between differentiation and cytotoxicity (5).

- B. Normal Trophoblastic Development and Choriocarcinoma # w

Within 5 d of, fertilization, the human embryo consists of abprdximately 120 cells in the
form of a blastocyst (7). The outer cell layer of the blastocyst is the trophoblast, destined to
become the placenta. Attached eccemrically‘ on the inside of the blastocyst is the inner cell
mass, destined to become the fetus (7). Upon implantation, the trophoblast invades the
endometrium and differeﬁtiates into two layers (Figure 4).4 The outérmost layer, or
syncytiotrophoblast, is nonproliferative and multi’nucleated, whereas the inner layer, or
cytotrophoblast, is composed ©f proliferative, moderately sized, mononucleated cells (8).
Syncytiotrophoblast is apparently formed by fusion of\gytotrophoblastic cells (8-14). As the
placenta develops, villous structures (primary villi) consisting of an inner core of

cytotrophobilastic cells and an outer layer of syncytiotrophoblast are formed (8).

37 ¥



_Figure 4. Development of the human pl%h

MATERNAL
BLHOD SUPPLY
Y

UTERINE LINING SYNCYTIOTROPHOBLAST MICROVILLL

-

f

R

38

onta. During imblantation of the blastocyst

in the endometrium, the trophoblast diffetentiates into two layers. The inner layer is

composed  of  proliferative  cytotrophoblastic ~ cells. The  outer layer,

syncytiotrop}loblast, apparentliv arises by fusion of _('f'ytc'nrophoblastic‘ cells (8-14

From The Placenta, P. Beacomsfield, G. Birdwood, R. Beaconsfield. Cop
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Morphologlcal dlf ferentiation of the frophoblasl is accompanigd with f uncuonal
. specialization. Synthesis of chorionic gonadotropm (15 17) alkaline phosphatase (18- 19), PP,
(20), placemal lactogen (21),'and B, gl)fCOproteln (2{2) are localized to the syncytiotrophoblast,
but these»studies have not demonstrated that cytotrophoblastic cells are completely unable to
svnthesize placental proteins (22/).

| Gestational choriocarcinoma, a:malignant form of gestational trophoblastic disease,
"aris‘es from placemalv trophoblast and is morphologically and bidcﬁemically similar to
trophoblastic tissue (23). By definition, the tumor is composed of both cytotrophoblastic and

. syncytiotrophoblastic cells that are unable 1o form v1lh (23). Before the advent of .

)
i

chemotherapy, surger\ and radlauon were the primary forms of treatment, and death usually
resulted within 1 yr after the'patnent presented with the disease (24). In 1961, methotrexate
chemotherapy. was reported to result in a complete and sustained remission in 47% of patients
with ‘metastatic %choriocarcihoma (25). Today, the cure rate is approximately 90% (23, 26).
Currently used.chemotherapy regimens consist of daily intrarr:uscular injectio;s of 15 - 25 mg
methotrexate for 5 d, a'nd‘ response is monitored by> measuring chorionic gohadolr’opin» (24).
After 7 d drug.can be administered again, and the cycle is repeated untii serum chorionic
gonadotropin .levels are_norn;al (23). Although t?eatmem of ’%ﬁl}griocarcinoma is usually

. successful, resistance to meth‘ptrextratve chemotherapy does occur, and patients resistant to

chemotherapy have a median time of diagnosis to death of 6 months (26).



C. The BeWo Cell Line

v

The BeWo ;ell line was derived® from a brain metastasis of a gestational
choriocarcinoma of a patient who had become resistant to methotré’xate chemotherapy (1, 27).
The choridcarcinoma was originallyl' maintained ‘as a heterologous serial transplant (WO
chdriocarcinoma) in NIH-sirain, f cmalé, golqeh hamsters (1).’ During in vitrlo establishment
of the continous cell line, a uniform cytotrophoblastic phenotype was selected g\
o mi‘cfosurgicélly excising~and discarding non-trof)hqbiastic areas of cultures (1). Proliferating

BeWo cells are moderately ‘size-d.; possess a single.ovoid nucleus with prominent nucleoli, and

are_ultrastructural]y'similar to cyt‘otrophoblastic cellks of in utero placenia (1-5). A second cell

type is also present in proliferating BeWo cultures at a low frequency (1 - 4% of the total
population). These. cells are apparently nonproliferativé, larger than CTL cells, often

multinucleated (4, 5) and ultrastructurally similar tolthe syncytiotrophoblést of in utero

placenta (5). The'presence of STL ceils in serially transplanted cultur[es indicates that BeWo
- CTL cells can spontaneously dif ferehniiate to the mature trophoblastic cell type.

‘Morphological and biochemical changes initiated by exposure to methotrexate indicate

that differentiation of BeWo CTL cells to the STL phenotype can be chefyi4iis Biduced .

Immediately following exposure to methotrexate, proliferation of BeWo 5 ited (s
. O q

29), but cell growth and ntclear division are apparently unaffected re
of giant cells that are often multinucleated (5). In cultures exposed T 71 or' 1.0 uM
methotrexate for 3 - 4 days, 80_- 90% of the cells are morphologically indistinguishablé from

spontaneously occuring STL cells present in proliferating BeWo cultures (5). vMethotr'exate

ad

also stimulates expressidn of chorionic gonadotropin and placental alkaline phosphatase,
markers associated with the syncytiotrophoblast of in utero placenta (6). Thus, biochemical

and morphological evidence indicate that methotrexate induces BeWo cells to undergo a

* The WO-strain choriocarcinoma (27) secreted chorionic gonadotropin,
‘placental lactogen, and steroid hormones. Excised tumors displayed broad
sheets of cytotrophoblastic and syncytiotrophoblastic cells. In addition, a
transitional cell with séructural resemblence to both cell types was observed
(28). ‘



cytodifferentiative response that parallels normal trophoblastic development (Tab

|
i

le 1).
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Table 1

Comparison of CTL and STL BeWo Cells with

In Utero Cytotrophoblastic and Syncytiotrophoblastic Cells

42

CTL STL In Utero  In Utero
BeWo Cells BeWo Cells Cviotrophoblast  Syncytiotrophoblast - References
Morphology! - '
Cell Shape‘ Compact Flattened ‘ Compact Irregular 1-5;5
Cell Size Moderate Giant Moderate Giant 1-5;8
Nuclear ‘

Shapeu Ovoid Multilobed Ovoid | Multilobed 1-5;5
Number * Single Multiple ' Single Multiple 1-5;5
‘Microvilli Occasional Abundant ? Abundant 2,4,5:5 -
Ruffles | Abundam "Rare | 70 7 5;8
Filopodia Occasional Commop ? ? 5:5;
Lamellge Occasional Cothimon . 7 ? 55

Rough Ehdoplasmié Reticulum .

Numbers Moderate Abundant Moderate °  Abundant 2;4;5' )
Morpholo;y Lamir;ar _ i)ilated ) Laminar E Dilated 5;5
Free Ribosomes - Abundant ‘ Ab\.{ndant | Abundant .  Abudant 2,4,5;5
Golgi Moderate Abundant’ Moderate Abundant 2,4,5:5

Granules | o
and Vesicles Occasional Moderate » v Occasional Moderate 55
Lipid Droplets . fare common rare common 32,33;32, |
N ' ‘ 33;8:8
&
Mitochondri .
Morphology Oval - Elongated Oval  Oval, small 5.5
V Round-Elongated | 2,4
Numbers . Moderate Abundant Moderate - Abundant 55
Filament ) |
Network Prominent Limited ) ? ? 55
Desmosomes Common Rare 7 - Common 2,4,5:5
.Membrane Q . |
Imerdigation Rare Extensive ? Exlen;ive 5;5

= |



, Table 1 {cont'd.)

Comparison of CTL and STL BeWo Cells with

In Utero Cytotrophoblastic and Syacytiotrophoblastic Cells

CTL STL In Utero In Utero
-BeWo Cells BeWo Cells Cytotrophoblast  Syncytiotrophoblast R_eferences '
" Hormone Expression ' .
Chorionic ' ) )
Gonodatropin moderate high low high 1,3,6,30:6;
16-18;16-18 -
_Progesterone + " 32; ;342
Estrone + -
. ? 33; 358°
178- Estradiol + ? 33; 35
Lt
Enzvme Activity
Heat -stable
Alkaline |
Phosphatase moderate high low high 6,36,37:6,37;
. 18,19;18,19
Surface Marker
Transferrin .
' Receptor high high ? high 38,%:;1;39:39

tpersonal communication, Dr.° R. M. Johnstone and M. Adam.'

-.“AdqptedA from reference 5. the information about the ultrastructure of normal it&g!loblai't

was from references 13 and 31.

-

&

*sterotd synthesis has not been localized to a specific trophoblastic cell type.
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‘The mechanism of action of methotrexate during induction of ‘the BeWo
cytodiff eremiat{ve response has not been elucidated. It was Shggested that increased expression
of syncytiotrophoblastic markers is a direct result of inhibitioﬁ of‘ DNA synthesis (6), but
others have found that DNA content of BeWo cells increased as differentiation to the STL
phenotype occurred (5). An early investigattiion demonstrated that methotrexate-treated celis
exhibited increased cellular protein:DNA ratios (29). Methotrexate inhibited uti]iz‘éiion of
deoxyuridine and stimulated utilization of -thymidinc, §uggesting that thymidylate synthetase
"~ was inhibited during exposure to'lh.e drug. (29). The biochemical effects-of methotrexate oﬁ
BeWo celis ﬁave not been further in_vestig.ated. R

&

A Vnumbe.r of other agents stimulate synthesis-and secretion of chor_iqnic gonadotgxéin
and the heat-stable form of placehtal alkaline phosphatase by BeW(; cells. Although ectopic
production of placental-type aikal_ine phosphatase an'q chorioniz go’nadotropin' hﬁs‘_been‘
reported in a number of human tumor lines (40-45) and expression_of either of thes; markers
is considered a marker of neoplasia (46, 47), both placental-type alkaline phosphatase and
chorionic gonadotfqpin are normél products of the trophqplast (8, 15-19, 48). Agents known
to stimulate synthesis and secretion of cﬁorionic gonadqtropin by BeWo cells are dibutyryl
CAMP (with or without coadmixvliétration. of theophylline) (43, 49-50), sodium butyrate (49),
actinomycin-D (51), a;d 1-B-D-arabinof uran_osylcytosine (6); agents demonstrated to
.stimulate expression of heat-stable alkaline ) phosphatase are dibutyfyl . CAMP,
5-bromo-2'-deoxyuridine (36), and actinomycin-D (37). e |

Dfug-induce'd expression-.of syncytiotrophoblasti'c‘ m#rkers is not unique to the BeWo ,
cellv line. Fluorodeoxyuridine,‘ hydfoxfurea, and 1-ﬁ-D-arabinofuranosylcytosine stimulate.
» JAr cells, an independgntly der'ived choﬁocarcinoma cell line (52), to express elevated levels of
‘chorionic gonadotropin \(53). The effects of  fluorodeoxyuridine and
1-B-D-arabinofuranosylcytosine are bloéked by coadministration of thymidine ’and
deoxycytidine, respectively, suggesting that inhibition of DNA synthesis is. important for the

response (52). Methotrexate has also been ‘reported to induce morphological differentiation
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" and stimulate expression of _chorionic gonadotropin and heat-stable alkaline phosphatase in

GCH-nu choriocarcinoma cells, another independently derived line (54).
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IV. Materials and Methods

A. Cells : ‘ W

1. Cultured cells

All cells were maintained at 377 in a humidified atmosphere of 5% CO, in ai;. Stock
cultures of continous cell lines were grown in antibiotic-frec growth medium and»were
reinitiated at 2 - 3imonth intervals from frozen cells (cells, suspended in gmwlh medium
supplemented with 10% dimethyl sulfoxide werc stored in liquid nitrogen) that wcrf; free of
Mycoplasma as determined by Dr. J. A. Robertson, Department of Medicai Microbinlogy,
University of ‘Alb., Edmonton, Alberta, Canada. Unless otherwise indicated, cell culture
materials were purchased from Grand Island Biological Co., Burlington, Ont. and Flow
Labbralories, Inc., Mississauaga, Ont.. Gentamicin sulfate (50 ug/ml; Schering Corporation,
Kenilworth, N.J.) was used in colony-forming assays, and, if indicated., penicillin (100

\

units/ml) and streptoymcin (100 pg/ml) were used her expcriinems. All suspended cells
P ¢

were pelleted by centrifugation (120 x g, 10 min) in-a Model UV International Centrifuge

: (Inter'n'at:ional Equipment - Co., . Needham, Mass.). After monolayer cultures were

disaggregated by trypsinization (0.05% trypsin, 0.02% EDTA in 0.15 M NaCl), 20 - 40 ml of
warm growth medium was added to each s.uspension of cells before centrifugation. IUnless
otherwise indicated, growth medium was su\pplemen‘led‘with 10% fetal bévine serum, if medium :
was supplementea with 10% dialyzed fetal bovine serum, then it was indicated by (dFBS).

a. BeWo Cells

Human choriocarcinoma  BeWo cells, obtained from Dr. S. Friedman, Dept. of

Pharmacology, University of Calgary, Alberta, were maintained as monolayers in plastic T-25

. . o , S
tissue culture flasks and were subcultured after dissociation with trypsin-EDTA at weekly

A

51



imerv’alsl. Growth mcdiu‘m, unléss ‘otherwise indicated, Was Roswell Park Memerial Institute
(RPMI) medium 1640 sup‘plememcd with 10% fetal bovine serum. After an initial lag phase of
24 hr, the mean doubling time of proliferating cells was a&)proximalely 24 hr. Cultures that = ™
‘provided cells for experimental use were established by innoculating 1 x 10¢ cells per T-75 flask

and were harvested 5-7 d later.

Experimental cultures (2 x 10° cells/culture) were initiated in 5 ml of growth medium in ,_

T-25 plasue fla,ﬁs 60 x 15 mm tussuc culture dishes, of 2-oz glass prescription bottles
(Brockwa,\ Glass, Brockway Penn.). For determmauon of the effecls of methotrexate on
proliferation and .cell volume, 24-hr cultures were exéosed 10 growth medium containing
partiéular additives to be Lested; in some experiments, fetal bovine serum was replaced with
variousl).' tre;ted serum supplemems. Culture fluids were replaced completely every 48 hr. Cell
numbers were determined with an electronic parucle counter (Model Zb or Model Zf Coulter.
Elecironics Inc, “Hialeah, Fla) after dissociation with trypsin-EDTA and suspensmn in
0.15 M NacCl. - |

Control and drug"-’treated cimures were observed daily by phase-éomrast microscopy
wuh a Leitz Diavert (Emst Leitz (Canada) Lid., Mldland Ont.) microscope using Kohler
1llum1nauon Cultures, after staining with Wright's stain, were photographed with a camera '
mounted on either a Leitz Orthoplan, Ernst Leitz (Canz_a@a) Liud., or a Zelss Universal (Carlu
Zeiss (Canada) Ltd, Don Mills, Ont.) microscope.

: Serqu supplemems. used for experiments were dialyzéd, xanthiné-oxidase (E, C.
1.2.3.2] treated, charcoal extracted, ©r untreated fetal.bovmc' serum. Serum was exhaustively
dialyzed against three 50-fold volumes of 0.15 M I;IaCl using a membrane tubing with a
nominal molecular ‘v}ei;ght cutoff of approximately 3500 (Spectrapor 3, Spectrum Medical

- : ?
Industries Inc., Los Angeles, Calif.). Xanthine-oxidgse treatment consisted of incubating 0.4
u'.’ruliits (1 unit = 1.0 umol of xanthine converted to uric acid/min at pH 7.5 at 25°) of enzyme
per ml of serum at 20" for 30-60 min. Charcoal extraction was carried out by su§pen'ding 1gof |

Norit-A (Fisher Scientific Co., Fairlavwn, N. J.) in 10 ml of serum followed by filtration
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through a 0.22 uM filter (Millipore Corp., Bedford, Mass. ).
b.‘ HeLa Celjs
Stock cultureS»of human cervical carcinoma Hela S3 cells were maintained as described

previously (1) as monolavers in Eagle's minimal essential medium supplemented with 10% calf

@ubculture at weekly intervals. &xperimental cultures were established with 1 x 10°
lask and were harvested b\ trvpsinization 5 - 7 d later. HeLa cell volumes were
detérmined electrically and radiochemically as described for BeWo cells (se.clioni).

For determiﬂation of the effects of n;etholrexate' on viability; suspension cultures were
initiated in spinner flasks, expanded into round-bottomed ’flasks and, in the latter, kgpt under
continous agitation’ with vibratiﬁg‘ mixers t‘o p\r.evem cell clumping (Vibro-mixer, Model E1;
Chemapec, Hoboken, N.J.). In sus;:ension cultures, cells proliferateci with mean doubling
times of approximqlely 24 hr. Suspensiori cells ’were establishedv in moriola)'/er’ cultures at 2 x
; 1{0’ cells/T-ZS flask in RPMI mediurﬁ 1640 supplemented with 10% fetal bovine serum apd

adapted to growth for 2 - 3 d. Monolla&er cultures were trypsinized to provide cells for the

ey .

colon'y-f orming assay. Viability of unt&éﬂed and methotrexate-treated cells was asiessed in a
colony -forming assay exactly as describé(d for BeWo cells (section A.4)..

‘c. L1210 cells | | |

Murine leukemia L1210/C2 ‘,’jcells were mainta’ined in suspensidn ‘cultures without
shaking in Fischer's medium .suppl?/’merﬁec’i with 10% horse serum (2). Proliferating cells
(doubling time, ca. 14 hr) wére hal;jvesled by centrif uga;ion and after resuspension in-growth
medium, were used for cell volume /I‘gleasureménts as described belbw (éection B).

d. Novikoff rat hepa'toma ?/ells

Wild-type Novikoff rat hé;)atoma (NRH) cells'(§1181-67), provided by Drs. P. G. W.T '
Pla.geman'n and R. M} Wolheuter in 1982, were adapted in the laboratory of Dr. A. R. Pv.
Paterson to growth in Eagle's minimal essential medium supplemented \_;vithn 5% horse -serum,

5% calf serum, non-essential amino acids (0.1 mM) and glutamine (4 mM). The adapted line

is r%ferred to as Novikoff hepatoma UA. :Cuiltures for determination of cell volume were

o :
Bl R



ﬂbelow (seciidn B.).

( s

expanded'\.to 800 ml in growth medium with antibiotics m roller bottles rotated at 1.5 rpm, Cell
concentrations were kept below 4 x 10° cells/ml. '
uw ‘e. S49 cells i N 7

4 Murine lymphoma S49 cells were maintained in suspension cultures without shaking in
Fischéfﬁ;’é medium supplemented with 10% horse serum (3). For experimental use. cuitures
were exﬁa’ﬁded to 800 ml in the same medium with antibiotics in roller ‘bott/les rotated at 1.5

rpm. Cell concentrations were képl below § x‘ 10* cells per ml, and such cultures proliferated

" with a mean doubling time of approximately 18 hr. Cells were harvested by centrifugation and,

after resuspension in growth medium, were used for cell volume measurements as described

e

f. HL-60 cells - .

Human promyelocytic leukemia HL-60 cells (4) were é gii‘t from Dr. R. Gallo, NIH,

yQ \
\Bethesda MD Growth medium was RPMI medium 1640 supplememed with 15% feLal \)ovine

,, serum. Stock cultures were subcultured 3 or more times per week by diluting cells to 10°/ml,

and such celis proliferated with a mean doublmg lime of approx1mately 24 hr (5). The effects
of methotrexate on viability of HL-60 cells were determined as follows (6). Drug éxposures

were initiated by combining suspensions of growing cells (2 x 10° cells/ml) with equal volumes

of ‘drug‘f ree growth medium supplemented with 5% fetal bovine serum with or without 20 uM

methoirexate . After 48-hr exposures, the colony-forming ability of HL6O cells was

determined-as follows. Cells were diluted to densities of 40 @ind 80 cells/ml in growth medium

sup&ieméd with '30% conditioned growth medium (48-hr exposure to proliferating HL-60

cells), 30% feta]Abovine seriim, 200 uM hypoxanthine, and 20 yM thymidine. Cell 'siispensions

were diluted again with an equal volume of RPMI medium 1640 containing 0.29% agar (Agar
n :

Noble, Difco Laboratories, Detroit, Mich), and 5 ml of the resulting cell suspension was added

per 60 mm tissue culture dish (100 and 200 cells/dish). After cultures were incubated 14 d at
/ . x

- 37°, macroscopic coldnies were scored by examination with a dissecting microscope.



N .
S Wi .
E " N
“

55

g. Morris 'hepatoma 3924A

<

Morris rat hepatoma 3924A cells (7), provided by Dr. G. A. Weber, weré ;')ropagate?f

as monolayers in McCoy's medium 5A supplemented with 10% fetal bovine serum with-

subculture at weekl:\f intervals (8). The mean doubling times of such cultures were
approximately 14 hr. Before viability of 3924A cells was asséssed. cultures were initiated \yith
4.5 xi 10® cells/T-75 flask, and after cells attached (2 r_lr). culture fluids were cor\t\pplete]_\'
replaced with RPMI medium 1640 supplemented with 10% fetal bovine serum. Cells'wérg
propagaited in RPMI ‘medium 1640 supplemented with 10% fetal bovine serunm to é\l\low
measurement of the effecfs of methotrexate on colony-forming ability under ihe e);’act

conditions of BeWo cell experiments. After).adapting cells for growth (3 d), experimental

cultures were inoculated with 100 - 500 cells/60 mm plastic tissue culture dish, and the effect of |

methotrexate on colony forming ability was determined as described below (section A .4).

2. Blood cells - _ T

Peripheral blood, obtained from healthy volunteers by venipuncture, was collected into
10-ml heparinized (1213 U.S.P. units per tube) Vacutainer tubes (ﬁecton, Dickenson,
Rutherford, N.J.). Whole blood was diluted in séline, and the volumes of erythrocytes were
determined electronically and radiochemically (section B) without further treatment.

L&mphoéytes were purified from whole blood which was obtained as described -above.
One ml of phosphate buffered saline (0.8% NaCl, 0.22% Na,HPO,, 0.02% KH,PO., 0.02% KCl,
w/w) c_omaining 5% carbony! iron and 5% gum 'ar‘abic (Sigma Chémical Co.) was added to 10
ml of whole blood, and the resulling mi*lure ‘was incubated 45 min at 37 With mixing by
inversion (9). The mixture ‘WE‘lS then dil;ned with aﬁ 'eqﬁal volume of RPMI .medium 1640,
layered over a solution -of phosphate-buffered saline containing 60% Percoll (Pharmacia,
Dorval, Que.), and centrifuged (10 min, 400 x g). The lymphocytes weré removed from the

interface between the Percoll layer-and the diluted blood.
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Leukemic myeloblasts, Supplied by Dr. A. Belch, Cross Cancczr Inst., Edmonton,
b ]

Alb., were purif iéd as.f ollows. . Whole blood, obtained as described above [rom a paliem- with
acute myelogenous leukemia (AML).\was diluted with an equal.volume of RPMI medium 1640,
lavered over a-solution of phésphale-buf fered saline containing 60% Percoll, and centrifuged
(10 min, '400 X g). The leu}(emic myeloblasté were removed from the interface between the
dilﬁted blood and the Percoll. ’ . |
Isolated lymphocytes or leukemic myeloblasts were sus;;ended in RPMI medium 1640
supplemented with 10% fetal-bovine serum and were used without further treatment. Cell
volumes ;ver;s determined electrically or radiochemically as described below (section B).
o
3. Manipulation of population density "
| The effects of popuiation density on expression of cytodifferentiative markers by BeWo
cells wéré assessed under conditions in which the number of cells per culture var;ed (Method A)

andv in which the number of cells per culture remained constant (Method B). Methgﬂ A:T-25

flasks were innoculated with graded numbers of cells (2.0 x 10° to 10.0 x 10* cells per flask) in

a constant volume of growth medium (5 ml/flask). Method B: 60-mm tissue culture dishes

were inoculated with the same number of cells (2.0 x 10° cells/dish) in dif ferent volumes (0.05

to 5.0 ml) with variable-volume pipett{pg devices (Eppendorf, Hamburg, West "bermany, and

.Onxford Laboratories, SCP Sciences Division, Dorval Que.) The cells were allowed io attach

; (3-4 hr) and additional growth medfijm was ihen added to a total volume of § ml":“ Slx plates

®

were inoculated for each condition; three were trypsinized angﬁi}used to determine cell numbers -

and volumes and three were stained with crystal violet to determine the area of the plate
covered With cells. The area of the substratum covered with cells was determined by ‘measuring
the longest and shortest diameters of the "spot cultures” with 'a vernier micrometer and using
these measurements in the equation of the area of an ellipse ((\ = wab).

Cultures established by 'Methods A and B were exposed to 1 yM methotrexate as

described . previously (section A.l1) Cell numbers, cell volume distributions, and the area of

#
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substrate covered with cells (Method B) were determined at 72 hr. Population densities were

calculated using the number of cells present in cultures-at 72 hr. .

a. Colony-forming ability —

S

4. Determination of cell viability

The reproductive capacity of proliferating and methotrex.gie-tr,gakted BeWo celis was -
. o7 ’ “'. )
determined in a colony-forming assay. BeWo cultures (50 - 500 cells/60 ' mm Llissue culture

dish) were established in drug-f rée medium.‘. and 24-hr later, pultUre.«Ylu;ds were :eﬁllaced with
dr‘ug-free medium or medium containing 1 uM methotrexate. After 4é-hr exposures, culture
fluids were replaced with drug-free growth medium .containing 100 uM hypoxanthine and 10
pM- thymidine. Thé cy]tures were left undisturbed for 10 - 14 d at 37 in a. 5% CO, humidified
-atmos‘pf)erey to allow formation of macrbscopic colonies. To quantitate colony -forming ability,
cultures were stained with a saturated solution of crystal violet in 0.15 M NaCl and
macroscopic colonies were scored vishally.

b. Vital staining.

For deterrination of viability by dye exclusion (16),'BeWo cultures‘aere disaggregated
by trypsinization and cells were suspended in 100 ui of a 0.4% solution of trypan blue (Aldrich
Chemical Co., Milwaukee, Wis..) in0.15 M NaCl. Wet-mounted slides of cell suspensions were
prepared ir.nmediately, and viable cells were identified by the ability to exclude dye (IQO-SOO
cells were scored per assay). | | |

. For determination of viability by retention of fluorescein (11), BeWo cultures were
disaggrega_ted by trypsinization and cells were suspended in 1 ml of growth medium to which
was added 100 ul of a 0.05 mg/ml solution of fluorescein hiacetale (Sigma Chemical Co.) in
phosﬁhate-buf fered (pH 7.4) saline (0.8% NaCl, 0.22% Na,HPO,, 6.02% KH,PO., 0.02% KCI,
w/w). Cells were incubated at 20" for 15 - 30 min, pelleted by céntrifugation (1000 x g, 10
min),_resus.fiended in a small volume of the dye-coma.ining mixture, and wet-mounted slides

der
were prepared. Viable cells were identified by the presence of cytoplasmic fluorescence

-
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(100- 500 cells were scored per assay).

The viability of suspended BeWo cells was the safng as cells ih monolayer cultures and
was unaf fécted by exposure to trypsin for periods of less tﬁan 1 hr (data not shown).

| ¢. Thymidine-release assay. | | |

For determi/natidn of cell viability by rete.m'ion of high-molecular weight DNA
(12-1l4). BeWo cultures were established in glass scintillation vials (4 x 10* cells/20-ml vial),
gassed with 10% CO, in air, looéel_v' capped, and incubated at 37 for 24 hr. After 24 hr, culture
fluids were replaced with medium containing 20 or 2 nM [methy!-*H]thymidine (1.0 or 0.1
uCi/culture, respeptivély. 50 Ci/mmol). After 24-hr exposures, culture fluids were replaced
with drug-free growth medium or growth medium containing 1 xM methotrexate, and the
amount of tritium a_ssoc‘iated with cells was determined at 24-hr intervals as f ollgws. Cultures
were tinsed once with 5 ml of cold 0.15 M NaCl and emactéq }mh 0.2 M perchloric acid (2
ml) for ‘20 min at 4. The resulting precipitates were air-dried dvernight and solubilized with 2
~mlof 0.3N I\OH A xylene-detergent scintillation fluor (8 ml/vial). was added (15), and the
radioactive content of samples was determin’ed by; liquid Séintillation coumin.g (LS 7500, LS230,
or L.S-3133T liquid scintillation counters, Beckman Instfuments, Inc., Itvine, Calif.).

To determine if radioactivity released by dead cells was reutilized, untreated and
methotrexate-treated BeWo cultures were incubated. in growth medium containing
[_"H]thymidine-labeled cells that were killed ‘By freeze-thawing as follows: A vsingle BeWo
culture was established with 2 x 10° cells/T-75 Mask, aﬁd after 24 hr, cultre fluids were
replacedy with grpwth medium containing 100 nCi of [*H]thymidine (0.2 M, 20Ci_/mmolé).
After a 24-f1r exposﬁre, culture fluids were removed by aspiration, and, cultures were washed 3
times with medium (10 m}/wash). Cells were disaggregated with trypsin-EDTA, pelleted by
éentrifugafion,. and resuspended in medium at 10° cells per ml. The cell suspensions were

Y

frozen in a dry ice-acetone bath, thawed, and warmed to 37°.
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B. Cell Volume Measurements o

1. Electrical

Electronically edited (16) cell volume distributi(;ns were ot?tained with a Model Zf
Coulter Counter (100-pm aperture tube) in conjunction with a 100-channel particle size
analyzer, Channelyzer I1, Co_ulter Electronics Inc., interfaced with an Apple 11 plus computer,
Apblgy Computer Inc., Cupértino. Calif. The "channelyzgr was calibralt;d with polystyrene
microsbheres of 10.08 or 9.69 um diameter obtained from Coulter Electronics Inc. All volume
distfi.bulions were accumulated at .a coincidence rate of lesé than 5% imtil the modal pea;k
totaled 1000 cells. Volume distributions were analyzed with software obtained_ from Coulter
Electronics'lﬁc. AA shape factor of 3/2, corresponding to a spherical non-conducting particle,
was: used for all determinationﬁ of cell volume. Mean, median, and modal cell volumes for
each volume distribution were calculafted, and, unless ot«ilerwise indicated, values reported were
the average of several sepafate determinations of modal cell volume.* |

.The relationship between voltage pulse Lheight and particlg volume was investigated with
microspheres of known diameters obtained from Coulter Electronics, Inc. (5,10, 9.69, 10.08,
10.14 um), Duke Standards, Palo Alto, Calif. (9.54'-;* 0.15 u;n), 3M Company, Inc., Nuclear

Products Division, St. Paul, Minn. (15 + 5 um) and Sigma Chemical Co. (25.7 £ 5.8 um).

[
* To avoid confusion, the following definitions: have been used for reporting
all measurements of cell volume. Mean, median, and modal volume refer to
values determined from a single volume histogram, and the standard deviation
(S.D.) represents the dispersion around the mean of the distribution. The
arithmetic mean of 3 or more separate volume determinations was referred to
as the average modal or mean volume, and the S.D. of the average
represents the interassay” dispersion jn determination of mean or modal cell

.volumes.



2. Radiochemical

Cell-associated water was deler'ﬁiined using a centrifugal method (17). Cultured cells
were suspended in the appropriate ‘growth medium and blood cells were suspénded in RPMI
medium 1640 supplemented \;/ith 10% fetal bovine serum. Triplicate (duplicate for L1210/C2
cells) assay mixtures were prepared in 1.5-ml polypropylene microcentrifuge tubes ('Bio:“i{ad
Laboratories, Mississauga, Ont.). Added first wavs 150 ul of oil (84.9 parts Dow Corning 550
silicone oil and 15.1 parts Fisher 0-119 light paraffin oil; specific gravity, ‘1.03 g/aml) upon
which was layered 100 ul of growth medium containing [*H]water (2 »Ci/ml) or [“C]sﬁcrose
(10 uCiA/ml). Reactions were initiated )b_v addition of 100 ul of growth medium containing 1 x
10 to 3 x 10* cells and wére ended immediately thereafter by centrifugation for 30 sec
(Eppendorf Model 3200 microcen.trifuge.'Eppendorf ) The media porfions of the incubation
~ mixtures were removed b\ suction, and tubes were rinsed with 1.0 ml water. The}vrinse and
mo‘ﬁ of the oil were removed by suction leaving the pellet and a small portion of thé oil in each
tube. For asséy of the pellet‘c_omem of radioactivity, 200 ul of 5% Triton X-100 was added to
each. tube, and after incubating overnight, the tube contents and tubes wefe transferred to
counting vials and 10 ml of scintillation fluor was added (15). Radioactivity was determined by

liquid scintillation counting.

3. Optical

BeWo cultures wére harvested by trypsinization and the disaggregated cells wefe
~suspended in O.iS M b}aCl. Polystyrene beads of ‘a known diameter (9.54 pm, Duke Standards,
Inc.) were added to the suspensi&ﬁ**qf BeWo cell§ and wet mounts were used for
}Shase-contrast bhotomicroscopy. Photomicrographs were taken with a camera mounted on a

Zeiss Universal microscope (Carl Zeiss (Canada) Ltd.), and the diameters 'of beads and the

major and minor diameters of BeWo cells were measured directly from photomicrographs with

By
%

a vernier micromet
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C. Incorporation of Radioactive Precursors into Macromolecules

1. Thymidine and deoxyuridine

The apparent intracellular rate of thymidvlate synthesis was assessed by measuring
milization of deoxvuridine and thymidine from culture fluids. BeWo cultures were established
in glass scintillation vials A(4.0 x 10* cells/20-ml vial) and left undisturbed at 37" for 48 hr.
Exposures to 6.7 nM [methyl-*H)thymidine or 22 nM [6-'H]deoxvuridine were initiated by
adding 1 ml of growth medium containing 1 uCi radioactivity to the existing culture fluids
(final volume 3 ml) and incorporations were ended after 10 min by aspiration of culture fluids
and acid precipitation with 0.2 M perchloric acid. Cultures were extracted for 20 min at 4, acid
was remove‘d by aspiration, and vials were inverted and alloweﬁ to air-dry overnight.
Acid-precipitable materials were resolubilized with 0.3 N\KOH (2 ml/vial), 10 ml of
scintillation fluor (15) was added per vial, and radioactivity was determined by liquid
scintillatioh couming.b The rates of incorporation of [methyl-’H]th‘ymidine or
[6-*H]deoxyuriding into acid-precipitableimaterial were. constant ét ieasl 30 min. The rates of
incorpor;tion of thymidine and deoxyuridine by drug-free cultures were not significantly
_different (p>0.05) over the 2-hr exposures, and because’ [methyl-’H]thymidine or
[6-°H]deoxyuridine: were stable in growth medium (data not sﬁown), any changes in the rates
of incorporation of eithér precursor were not related to changes in their extracellular specific

activity.

- 2. Utilization of ['*Cl}formate

BeWo cultures were established with 2 x 10° cells per 60 mm tissue culture dish and
were incubated in drug-free growth medium at 37 for 48 hr. Cultures were then
"pre-incubated" with growth medium supplemented with 10% dialyzed fetal bovine serum with
or without 1 xM methotrexate for 1 hr. Immediately thereafter, intervals of incorporation

were initiated by adding 250 ul of growth medium containing 41.7 yCi [**C]formate to each
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culture; the final concentration of formatc was 0.17 mM (‘18.5 uCi/ml). Intervals of
incorporation were ended by aspiration of culture fluids at graded time intervals; Cullulrc.s were
rinsed with S m! of cold 0.15 M NaCl and were extracted with 2.5 ml of 0.2 M perchloric acid
al 4 for 20 min. The culture flasks were rinsed with an additional 2.5 ml of ice-cold
0.2 M perchloric acid,. inverted, and allowed to air-dry overnight. DNA, R‘NA, and protein
were separated as follows (18). The precipitates igcﬁlturc flasks were completely resolubilized
by incubation with 2 mi of 0.3 M NaOH at 37° for 60 min. This procedure hvdrolyzes RNA to
. f_icid-soluble fragments, whereas DNA and protein remain acid- precipitable. Alkaline soluu’oﬁs
were acidified with an equal volume of 0.4 M perchloric acid, cooled, and centrifuged (1000 x
. g, 10 min) at 4°. The supernatants (RNA containing fractions) were transferred to scintillaiion
vials and 16 ml of fluor (15) was a"ddcd to each vial. Precipitates remaining after alkaline
hydrolysis (containing DNA and protein) we}e treated with 0.5 M perchlotic acid (2 ml) at 70°
for 25 min. This procedure hydrolyzes DNA to acid-soluble fragments, whereas protein
remains acid-precipitable. Acidified solutions were cooled to 47, centrifuged (1000 x g,. 10
min), and the supernatants (DNA containing fractic;ns) were transferred to scintillation vials
and 8 ml of fluor (15) was added to each vial. Acid-insoluble materials remaining after acid
hydrolysis (protein-containing fractions) were resolubilized with 2 ml of 0.3 M NaOH (4 hr
incubation at 37T, tra;nsf_erred to scintillation vials, and 8 ml of fluor was added to each vial

(15). Radioact‘ivity was determined by liquid scintillation counting.

3. Adenine and hypoxanthine incorporation into RNA

Relative rates of purine salvage were assessed by measuring incorporation of
[8-*Hl]adenine or [8-!*Clhypoxanthine into RNA by variously treated cultures of BeWo cells.
After incorporation periods of up to 60 min, cultures were rinsed with § ml of ice-cold 0.15 M
NaC¥ and extfacted with 5 ml of 0.2 M perchloric acid at 4’ for 20 min.” RNA was separated
from DNA by the Fleck and Munroe modification of the Schmidt-Thannhouser procedure

(19). Perchloric acid-insoluble material ‘was solubilized by incubating cultures at 37 with 2 ml
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of 0.3 M KOH for 1 hr. The resulting solulionsﬂwcrc transferred to test uibes; chilled 10 ¢,
acidified with equal volum.és of 0.4 M perchloric acid, and after incubating at 4° for 20 min,
cent_rifﬁged. The RNA -containing fractions (supernatants) were transfered 1o counting vials
- and 15 ml of scintillation fluor\\ (15) was added to each vial. Radioactivity was determined by

liquid scintillation counting.

. Hypoxanthine Uptake

Rates of hypoxanthine uptake in the presence or absence “of 10 uM dipyridamole were
measured at 37 using a centrifugal method (13).< BeWo cultures for experimental u/se were
established with 2 x 10 cells/T-150 fiask and harvested 5 d lélér, Cells were rinsed once with
20 ml of 0.15 M NaCl at 37, trypsinized. suspended in growth medium, pelleted by
centrifugation, and resuspended in growth medium at a density of 8.56 x 10° cells/ml (100 ml}
total in a 250 ml glass bottle). Cell suspensions weré-gassed with 10% CO, in air, tlightly
capped, and incubated for 1 hr with rotary shaking ('175 rpm, Model G2 gyrotory shaker, New
ﬁrunswick Sci. Co., Ed'ison, N.J.) The viability of cells in this suspension was > 95% as
determined by the fluorescein diacetate method (section A.4). Before rates of uptake were
assessed, cells were pelletgd by centrif ugation- and resuspended at a density of 1 x 10° cells/100
pl in medium with' or without 10 uM aipyridamole. Dipyridamoleftrealed cells were
preinéubated for 3 min before iqlervals of uptake were initiated. Single assay mixtures were
prepared in 1.5 ml polypropyl‘ene microcentr}fuge tubes (Bio-Rad Laboratories). /'deed\ first
was 150 ul of oil (84.9 parts Dow Corning 550 silicone oil and 15.1 parts Fisher 0.-119 light
paraffi'n ‘o"il;Aspec. ‘© gravity, 1.0i g/ml) upon which was layered 100 ul of growth medium
contai;\in»g [*H}hypoxanthine (16.7 uM, 203 cpm/pmol). Uptake intervals were initiated by
adding 100 ul of growth medium cogfaining 1.0 x 10¢ cells to each tube. Intervals of uptake
were ended by centrifugation for 30 sec (Eppendorf Model 3200 centrifuge). Metabolism of
the permeant during the intg:rvals of incorporation was not assessed. Tubes were treated as

described previously (section B.2) and the [*H]content of cell pellets was determined by liquid
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1. DNA

The DNA content of BeWo cells was quantitated by flow cytometric analysis of
ethanol-fixed, mithramycin-stained, cell suspensions (20). Proliferating :);
methotrexate-treated cultures were disagér,egaled by trypsinization, and cells were suspended in
growth medium at 4, pelleted by centriftigation, and resuspénded in cold 0.15 M NaCl (1 x 100
cells/ml). Cells were fixed at 4° by slowly adding 5 ml of cold 70% ethanol per 1 ml cell
suspension. If not used immediately, fixed cells could be stored at 7 for up to | week without
changes in DNA histograms. In some cases, chick erythrocytes were'added as an inAternal
standard (20) to the f iied cell suspensions 30 min prior to the staining proc‘e'dure. Fixed cells
(with or without internal standards) were pelleted by centrifugation (1000 x gt 10 mm) ;’\'
resuspended in the staining solution (100 ug/ml mithramycin; Sigma ‘Ch‘emical” Co.,
0.1 M NaCl, 15 mM MgCl,, 0.1 M tris-HCL, pH 7.6) at 10° cells/ml and incubated in the dz';rl;
for 30 - 45 min. A_ll analyses of cellular f luoreseﬁce were completed within 3 hr of suspension )
of cells in the staihing solution. |

Mithramycin preferentially binds to guanine-cytidine regions of helical DNA,Vt_?u,t does
not bind to RNA. Binding of mithramycin to DNA re;ults in a slight blue shift of the major |
emmision peak (approximately 10 nM) and a 10—fold‘ increase in fluorescent enirr;issioﬁ'
intensity (20). The relative DNA content of BeWo cells was determined by ﬂow‘cytometrjé )
analysis of fluorescence of wavelengths greater than 570 nm after excitation with incident ligﬁt'

at a wavelength of 457 nm (argon ion laser, 200 mW) with a Coulter Electrbnics EPICS V flow

.
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cytometer. Emitted fluoresence was analvzed alter passing through a 515 nm blocking filter, a
500 nm dndgu mirror, and a 570 nm longpass hznr.ic‘r filter. I measured, forward angle and
90" light scatter by BeWo cells were analyzed after passing through a 48% dichroic mirror,

The relative number ol cells in compartments of the cell cycle were determined with
soltware (PARA?2) ob‘laincd from Couilcr Flectronics on a Terak 8510 computer (21). DNA
distributions that were not analyzed with the PARA2 program were smoothed and translocated

with the PARAT1 program (Coulter Electronics Inc.).

2. RNA

RNA was determined with the Fleck and Munroe modification of  the
4

i

Schmidt- Thannhauser procedure for the determination of nucleic acid (19). Cultures were
rinsed with 5 ml of ice-cold 0.15 NaCl, extracted at 4" for 20 min with 5 ml of 0.2 M percliloric
acid, and air-drieii overnight. The precipitates were hydrolyzed with 0.3 M i(OH (2 ml/flask)
for 1 hr at 37 and acid-precipitable material was removed and discarded by adding an equal
volume of 0.4 M perchloric a;id, incubating 20 min at 4", and centrifugir‘lg (100@»{110 min),

The supernatants (RNA-containing fractions) were diluted with equal volumes of water, and

the concentration of RNA was determined by absorbance at 260 nm.

3. Protein

The protein content of cell cultures was determined with the Oyama and Eagle
,«;(‘\ >~

miodification of the Lowry procedure as follows (22). Cultures were rinsed once with 5S.ml of

v

0.15 M NaCl and incubated with 2 ml of Lowry solution "C" prepared just before use by

mixing 100 ml of solution "A" (2% Na,CO, and 0.4% NaOH w/w in water) with 2 ml of

~ solution "B" (1% CuSO,5 H,0 and 2.7% sodium pbtassium Lartraté, w/w in water). After

incubation overnight at room temperature, 100 ul of water and 0.2 ml of 1 N Folin and
Ciocalteau reagent (Fish.é'r Scientific, Co.) were added, @d the flasks were incubated at room

temperature for.30 min. The. protein standard (range was 5 - 100 ng protein/assay) was bovine

4

i L
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serum albumm (Fractlon V, Sigma Chemical Co ). Absorbance of cxperimcntal sav ' and

,protem standards was measured at 660 nm w1th a Beckman Model 35 spectrcz. - ...oster.

(Beckman Instruments. Inc.).

F. High Performance Liquid Chromatography ' ‘

1. Purine content of fetal bovine serum
Analyses of the purine content of fetal bovine serum were performed by revcrsed-phasc
high performance liquid chromatography.. Separations were carried out by isocratic elution on

a Whatman Partisii PXS 5/25 ODS-3 column (Whatman, Inc., Clifton, N.J.). The

’ chromatographyv system consisted of a. Spectra-Physics pump (Model 740P, Santa Clara,

Calif .) ope'rat'ed at constant flow by a Chromatronix pump controller (Spectra -'Ishysic§, Model

740-C), a Waters injection loop (M;odel» U6K, Waters ASsociates, vhg@ilford,- Mass.), a

‘Pharmacia UV detector (Model 100, 254 nm), an Autolab Minigrator (Spectra-Physics), and a

Varian A-25 strip chart recorder (Varion Aerograph Walnut Creek, Calif.). Purine bases
were eluted with 50 mM phosphate pH 4.6,ata ﬂow rate of ] ml/mm This chromatography

system afforded excellent resolution of adenme, guanine, hypoxanthme, xanthine, and uric acid

¢

and separated the purine bases from purine niucleOsides (adenosine, guanosine, and inosine).
~ “Hypoxanthine and xanthine. were identified by retention time, cochromatography with added

standards and enzymatic shif t to uric acid with xanthine oxidase. Other bases were identified

N
bv retention ttme and cochromatographv wrth added standards Nucleosrdes were 1soorattcall)

eluted with 50 mM phosphate methanol (94 6) pH 4. 6 at a flow rate of 1 ml/min. This

(

procedure resolyed,adenosme, guanosine, inosine, and the purme ‘bases. Analyses of guanosine

r

'.@nd inosine - were p‘efformed following fractionation of 1 ml of serum on a boronate gel -

‘(Affi-GeL 601, Bio-Rad Lab'orat-ories Inc\) by elution with 0.1 M formic acid (23). Efﬂuents

were collected, lyophrlrzed (ertrs 1yophthzer Virtis Co., Gardmer N.Y.), and resuspended m

Q .
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250 ul of distilled ;water. Nucleosides were identified by retention /,1/ime and cochromatography
with added standards. Concentrations of oases and nucleosides wéme determined by comparison
of either peak height or area with that of authemio standards. Protein was removed from
sefum savmples by centrif ogatioﬁ' at 9OOJ x’g through Amicon CF25 cemrif lo membfane cones

iy

(Amicon Corp., Lexington, Mass.).

2. Methotrexate concentration in culture fluids
Samples of growth m'edium uoed for the determmation of methotrexatc were prepared
for chromatography using a preliminary ion-exchange procedure. Ten-ml samples (obtained
'by comoining media from 2 replicate cultures) were applied to 0.7 x 10-cm colomns of
Dowex-1 (1X18O Saggga Ch;glcal &o ) moumed on.a 'Baker'-10 vacuum mamfold {J. T
Béaker Chemical Co., Phllhpsour«g I\?J ). The columns were washed, under vacuum, with 25
ml of dxsulled water and 25 ml of 0.2 M acetic acid and Lhe effluents were discATded.
Methotroxqte was, eluted with 10 ml of 2 M acetic acid. The methotrexate-containing effluent
wao collected, lyophilized (Vi‘rt_is lyophilizer, Virtis, 'Co.)-and resuspeoded in 250 pl of distilled
water.

Analyses of the concentration of methotrexate in sampies of growth media were
performed by reversed-p.base oigh. performance liquid chromatography Chromatographic
separanom were carrled out byqsocratxc%elutxon of a 3.9-mm (mternal diameter) X %0 cm
Waters pBondapak C” column with a mobile phase consisting of acetate (0. 2 M, pH? 5)
buft/”-er:methanol:acelonitrilq (85.3:3.4:6.3) at a flow rate of 1.5 ml/min, (24). ‘This
chromatographic ‘sy_stem, wﬁich separates = methotrexate from‘ its  metabolites
7-1‘1ydroxymethotfexate a'nd 2-“,4-diamino-10-metﬁyl-ptéroic acid (24), éeporated me‘tﬁotrexate
from UV-absofbing material present in methotrexate-free grthh medium. Three samples
(each pooled from two replicate cultufes) “of medium were assayed per oondition. .The

methotrexate peak was identified by retention time and cochromatography with authentic

methotrexate. Methotrexaté was quantitated by integrating the area under the UV absorption

S &
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peaks. Thg/ methotrexate calibration curvg was linear fram 1.25 to 5 nmol, a concentrauon
range that /{)racketed the amount of methotrexate jﬁ the Samples injected onto the column. The
coeff1c1ent of variation for the retention time of methotrexate standards was 3.9% and for areas
of a knovv'n methotrexate concentration was'4.9% (n=10). , j
3. Purification of radiochemicals

[8-3H]Adenine‘ and [8-'*Clhypoxanthine ~were repurified by reversed-phaée high
pérformance liquid chromatography by isocratic elution of a Waters uBondapavk Cys column
with distilled wat'er- ét a flow rate of 1 ml/min. This chromatography system completely
resolved adenine ’frdm h_vpoxanthine. [methyl-*H]Thymidine and [6—’H]deoxyuridine wer;
repurified by isocratic elution of a Waters uBondapak Cu column with methan;zfl water (5:95)

at a flow rate of 1 mi/min. After purification, all radxochemlcals were/ dried by rotary

evaporation at 37" under vacuum, resuspended in distilled water, and stored at 2° for a

maximum of 7 d before use.
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G. Alkaline Phosphatase

1. Histochemicallloéalization
~ Alkaline phosphatase aguvity was histocheniically localized by hydrolysis of ' a
chromogenic substrate (25). The substrate solution was prepared by dissolvin’é 10 mg of
., 3;hy'drox3f-2l-napthoic acid 2,4-dimethylanilide phosphate (AS-MX phosphate, Sigma Chemical
Co.) in 0.25 m! dimethylformamide (Aldrich Chemical Co.). This solution was diluted vsylithr 25
ml distilled water and an additional 25 ml of 0.1 M 2-amino-2-methyl-1-propanol in water, pH
10, was added. Immediately before use, 30 mg of 5-chloro-2-toluenediazonium chloride
~hemizinc chloride (Fast Red TR salt, Sigma Chemical Co.) "wias added to the substrate solution
and filtered (Whatman qualitative paper, grade 1, Whatman Inc, Clifton, N.J.). To stain
cells, cultures were Tinsed .3_1t‘imes with cold 0.15 M NaCl (5 ml/wash), fixed at.4° with a 10%.
solution of f ormaldehyde. (37%, w/w) in .absolute ‘methanol. and incubated at room
ﬁtemper_ature with the subst;ate solution for 15-20 min. Intervals of incubation were ended by
~aspirating the substrate solution and rins&ng once with iO ml of cbld 0.1sM NaCl,‘ and alkaline
phosphatase-positive  cells (red-stained cytoplasm) were identif ied by‘ phase—-contr;é-t

Microscopy.

2. Heat-stable alkaline phosphatase assay ’ ‘ '

BeWo cells possess heat-stable and heat-labile forms of -alkaline phosphatase. The
phosphatase activity. remz;ining after incubating extraﬁt's at 60° (5‘-60 min) represents the.
alkaline phsophatase isoénzyme expressed by term placenta (26). Cells were harvested by
scraping cell monolayers (Costar disposable cell scraper, Costar, Caeridge, Ma;s.) into 2 ml
of 0.15 M NaCl at 4'; and resulting mixtures were stored at -20°. To pbta:in extj’rz;lcts.' for gssay

of heat-stable alkaline phosphatase acti\}ity, the cells were thawed, suspended by vortexing,

sonicated at 4 (3 x 15 s at 3 amperes with a Branson Instruments médel LG-75 sonifier,
: /

,’31 PRGN
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Stzlmford, Conn.), centrifuged (34.800 x g, 50 min)_; the pellets were discarded and the
supernatants were heated at 60" for 5-15 min. Alkaline phosphatase was assayed by the method
of Lowry (27). Reactions were initiated by mixing 100 ul of cell extracts and 250 ul of
| substrate  solution (8 mM  p-nitrophenyl phosphate and 2 mM MgCl, in
0.5M 2-au1wino-2-methy]-l-propanol, pH 10), and after incubating for 30 min at 37", reactions

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 the absorbance of the reaction mixture at

400 nm. The activity of heat-stable alkaline phosphatase was unaffected by 'repeeted freezing

"and thawing over a period of at least 4 weeks (data not showxl). The protein content of
. . . .

extracts was determined with the Coomassie Brilliant Blue G-250 dye binding assay (28). The

crudee\tract (100 - 300 ul) was added directly to 3 ml of dye reagent (1x, Bio-Rad

Laboratorles Inc ). Bovine serum albumin (Fractlon V Sigma Chemxcal Co.) was used as the
»

protein standard (range 5-100°:g/assay).

' istical i 2¥e
H. Statistical Analysis .

‘,@ The dxspersmn of sample means was reported as the sample standard devxauon (S. D ).

To detetmme the mean + S.D. of two serles of expenmentally dptermmed values; a

} Q @

functnon (X ~Y) of the MTSyPL  comtputer languaggq(gﬂ version of VS APL, IBM
i .

Corporation, Armonk, N Y., mOdlflCd to funcuon under Lhe Mlchlgan terminal system

L

operated on an Amdahl 5860 computer at the Umve;sny of Alberta, Edmonton, Alberta) was

used to calculate values for every combination of X an“(29) and the miean and S.D. were

B
calculated from these values .

Student's t-test, Wthh assumes normal populations with equal standard deviations, was ., -

used to determine if sampie means were sighif icantly different at the 95% confidence level (30).
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1. Chemicals g

Fetal bovine sera used in growth media and for analysis of purine content were
obtained from Grand Island>Bilologic Co.; Flow Laboratories; M.A. Bioprbducts, Mississaﬁaéa,
‘Om.;‘tnd Animél Health Laboratory, Toronto, Ont.

Methotrexate was obtained f@n Sigma Chemical Co. and‘L;:derle Laboratories, Pearl
River, N.Y. and f luorodgoxyuridine was obtained from Sigma Chemical Co: Dipyridamole was
a gift to Dr..‘A. R. P. Paterson from Boehfinger Ingelheim (Canada), Burlington, Ont.

High performance liquid <hromatography -grade methanol, acetonitrile, and potassium
phosphate were purchased from Fisher Scientific Corp. Xanthine oxidase (grade IIT from
buttermilk) ,,{igincg%es,b and nucleosjdes were obtained from Sigma Chemical Co.

]A'de;ﬁrﬁ“lg Ci/mmol) was purchased from Ngw, England Nuclear (NEN
sk g » _

JE*

ug.)‘.év%-SH]Hypoxanthine (10 Ci/mmol), [8-*Clhypoxanthine (57

v"ethyl-’H]thymidine (50 Ci/mmol), [6-°H]deoxyuridine (18 Ci/mmol), and

_ [_‘__fC]formate (57 mCi/mmol), were purchased from Moravchq,Biochérriicals Inc., Brefn, Califl”‘%:u“

]

[’H]W“ater _(100 mCi/ml) and [U-**CJsucrose (250 mCi/ml) were purchased from ICN

Chemical apd Radioisotope Division, Iryine, Calif.

Other chemicals were obtained from commercial sources.

)
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V. Biological Effects of Methotrexate on BeWo cells

A. Introduction

BeWo cells, although derived from; a malignant choriocarcinoma, possess biological and
biochemical characteristics associated with the trophoblast of in wtero placenta. BeWo cells
synthesize and secrete chorionic gonadofropin, placental lactogen, steroid hormones, and
placental alkaline phosphatase (1, 2), markers of normal syncytiotrophoblastic function (3-6).
In addition, proliferating BeWo cells are morphologically similar to normal cytotrophodglast
(7-11). A second cell type is also present in proliferating BeWo cultures at a low frequency (1
- 4% of the total p0pulatidn). These cells are larger than CTL cells, often multinucleated (10,
11), and ultrastructurally similar’ to the syn'cytioLrophoblasl of in ut_erb placgntg (11).

Morphologiﬂcal and biochemical cha‘n-ges initiated by methotrexége indiéale that BeWo
CTL cells can be induced to differentiate to the STL phenotype. In cultures exposed to
methotrexate for 2 - 4 days, 80 - 90% of the‘cells are morphologically indistinguishable f romﬁ
spontaneously occuring STL cells present in prolifefa:ting BeWo cultures (11). Methotrexate
also stimulates BeWo cell expression of - chorionic gOnédotrbpin and placental alkaline
.phosphatase (n. 63?4 o | |

A_lthox_zgh’;}\BeWo cells were derived from a métastalic choriocarcinoma obtained from a
patient that developed resistance to methotrexate chemotherapy (9, 12) and have ‘been
described as "methotrexate-resistant” in the literature (13, 14), the degree or bioche}rligal

mechanism(s) of resistance to the toxic effects of methotrexate have not been described.

Furthermore, although it has been suggested that methotrexate induces nontoxic

cytodifferentiative changes in BeWo cells (11), the viability of drug-treated cells has not been \‘\\

previously determined in a colony-forming assay. To assess the relationships between

A
differentiation and sensitivity to the lethal effects of methotrexate, experiments were

undertaken to quan%itate the antiproliferative, toxic, and differentiative effects of methotrexate

A
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on BeWo cells.

Methotrexale -induced morphological differentiation from the CTL-to—STL phenotype
(11) and expression of chorionic gonadotropin and placental alkalipe phosphatase (1) have
been well characterized, buy; under dissimilar conditions. 1n this work, quantifative markers of
the CTL-10-STL differentiative response were developed and; the time- and
concentration-relationships for methotrexate's effects on BeWo cell proliferation, viability, and
expression of svncytiotrophoblastic markers were determined under identical culture conditiéns.
Since fetal bovine serum is known to contain endogenous metabolites that modulate
methotrexate toxicity, the ability of dialyzed and untreated serum to support expression of
cytodifferentiative markers were invcsW[ed. |

Under culture conditions permissive for the CTL-to-STL cytodifferentiative response,
the time cgurses of appearance and concentration-effect relationships of differentiative
markers during continous exposuré to methotrexate weré similar. Inhibition of proliferation
and expression of syncytiotrophoblastic markers had similar_ concentration -effect relationships,

whereas colony-forming ability was unaffected over the range of methotrexate concentrations

tested.

During these investigations it became apparent that culture conditions profoundly

N

altered  expression of  markers of the :C?L'-to-STL diff éremiative response.
Methotrexate -induced increaseé ”in cell mass, but not exbression of placental alkaline
phosphatase or differentiation to the STL phenotype, were dependent on a dialyzable factor
present in serum. In addition, an increase in the number of cells per culture reduced expression
of syncytiotrophoblastic markers during exposure to methotrexate; hence, all BeWo cultures
used during the investigations reported in this chapter were established at an initial population
density of <1.3 x 10* cells/cm?®. Experiments undertaken to identify the factor lost during

dialysis and to investigate the basis of inhibition-of the differentiative response observed in

crowded cultures are presentéd in Chapters VI and VIII, respectively.

B



B. Results | B

1. Antiproliferative and cytotoxic effects --f methotrexate

a. Inhibition of proliferation

Before undertaking studies with methotrexate, conditions for proliferation of BeWo
" ®lls were established. A growth curve, representalivp of those obtained for BeWo cultures |
‘ established'under the conditions employed throughout this wdrk, is presented in Figure 5.
‘Followingr an initial lag period of 24 hr, a complete change of growth medium évery 48 hr was
sufficient to’support continued proliferation of BeWo cultures for at least 4 mean population
doublings. In subsequent experiments, cells were exposed to methotrexate with a complete
change of growth medium 24 hr after cultures were initiated to allow recovery from the édverse
affects of subculturing. It-is evident from the results presented in Figure 5 that continous
exposure to 1 uM methotrexate cbmp]et'ely inhibited proliferation of BeWo cells. ” The cell
number in drug-treated cultures did not increase after exposure to methotrexate and declined
after 48 hr-exposures to drug. The decline in cell numbers and the presence of debris in cul\iture
fluids following prolonged exposure (> 48 hr) to methotrexate suggested significant loss’ of
viability, but formation of syncytia could also explain decreased cell number. |

These results differ from those of other investigators, .who have reported that
prolonged exposures to 1 uM metHoirexate (3-5 d) did not result in significant lossés ‘of cell§
frorh culture‘g (11, 13). It is vpossii)le that this discrepancy resulted from a change in drug
sensitivity from drift in culture or variations in the proliferative state of the cultures. Previous
investigators psed cultures that were established at an initial cell density 10-fold greater than

the cultures of the experiment presented in Figure 5, and the mean population doubling times

of cultures at the higher population density were significantly slower (ref. 11; 58+19 hr, and

ref. 13; 50+ 12 hr). It is well established that slowly growing cells‘q‘re:» relatively resistant to thé.

4 .

cytotoxic effects of methotrexate (15-17)

Aty
)’ “\ Q’R(

e
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An 1C,, value of 50 nM was obtained for inhibition of BeWo cell proliferation gy
- .

methotrexate in medium supplemented with dialyzed fetal ‘bovine serum (Figure 6). Thus,
BeWo cells were highly sensitive to the antiproliferative éf'f'ech of methotrexate even though the
BeWo cell line was derived from a choriocarcinoma that was clinically'.rcsis'kam to methotrexate

chemotherapy.




19

: Figure 5. Effects of methotrexate on proliferation of BeWo cells in growth medipm

supplemented with 10% fetal bovine serum. Cuyltures ‘were established with 2 x 10°

cells/T-25 flask, and after 24 and 72 hr, culture fluids were replaced \Qilh drug-free

~ medium (@ - @) or medium containing 1 uM'mq;hotrexate (®— o) (Materials and

Methods, section A). At 24-hr intervals, cells were disaggregated by uvpsinization,

suspended in 0.15 M NaCl, and counted with an electrical particle counter. The shaded

" bar indicates exposure ‘to methotrexate, and each point represents the cell number

\

(mean+S.D, n=3) from a representative experiment. The mean population doublihé
times (£S.D., n=37) of BeWo cultures, under the experimental conditions of this

representative growth curve, maintained in medium'supplemenled with 10% undialyzed

serum (23.4+7.3 hr) or medium supplemented with 10% dialyzed serum (24.3%6.1 hr) |

were the same (p>0.05). After 48-hr exposures to méthptréxate. cell numbers in

drug-treated cultures were the same (p>0.05, n=4 separat?} triplicate experiments) in

growth media supplemented with untrealed or dialyzed SCer (data not shown).

subsequent experiments, expression of markers of the CTL to-STL dlffereptxatnve

response. by proliferating and methotrexate-treated ceTls were compared 72 hr after -

cultures were initiated (indicated by the arrows in this graph).’ /
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-'Figure 6. ,Determination of the IC;, valve for inhibitio:'l.. of BeWo cell
proliferation by methotrexate BeWo cultures were established with 2 'x
10° -cells/T- 25 ﬂask and, after 24 hr culture fluids were replaced with
drug-free growth medrum JFBS) or-  medium (dFBS) com.aining '
~methotrexate at the jonoentranons mdrcated At 24 and T2 hr, cell
numbers  were _determmed, .and symbols represem. the number of ceu
1 ~ .

doublings (mean iS D., n=4) of v'ariously treated ‘cultures expressed as
/.
a percentage of doublmgs in the absence of drug (1 9104 doublmgs.

~

mean population doublmg Txme of 26. li6 3 hr).

'31‘



. cultures has been used prevrously to quantttate cell death (18- 21).

" 82

b, Viabillty of BeWo cells

The decline in cell numbers md presence of debris in culture flurds f ollowlng exposurc
to methotrexate (; 48 hr) suggetsted sigmflcant loss of viability. but it 'was also possrble t‘bat
- cell number decreased because of formatpn of syncytta To deterrnineilf decreased cell'
numbers following exposure to methotrexste resulted f rqm loss of cells from the cultures or cell
. fusion, the amount ol‘ acid- precrpttsble DNA rematmng in cultures was assessed wrth 2
: thymndme--labelmg radroassay technlque Cells were prelabeled with [’H}myrmdme and the
amount of radtoacuvtty associated wrth untreated and’ methotrexate treated cells was
“.determmed at vanous lntervals The loss of radtolabeled thyrmdme f rom prelabled monolayer

¢

Before, the efl'ects of methotrexate on retention of radplabeled DNA was assessed

proltferatron rates of BeWo cells followrng exposure to [*H)thymidine were dctermtned It is

 evident. from the data shown in Table 2 that exposure of cultures to 0.1 uCi [’H]thymtdme was o
without ef fect, whereas’ exposune tol uCr ["H]thymrdme inhibited BeWo cell prolif erauon In
subsequent expenments cells were radiolabeled by 24- hr exposures to O 1 qu [’H] or 0 l uCl

\ ‘ [“C]thymtdme per culture



Tatle 2

Effects of [H[Thymidine on BeWo Cell. Proliferation

",‘

~ Cell Numbt/Vial "7(>x~ 10°)

Time (hr) .  Unireated 0.1 uCi/vial 1.0 uCirvial

o 274 % 013, 268 £ 047 278 t 04l
M 454+ 046 321 % 036 - 4335 & 0.2
. 130 £ 12 BS £ 17 613 E 130
L. o238 £ 13 32 226 387 £ 0.52

| B , . . . '\ L
('Y ) o " E c : \ . S

- . . , . \ . .
BeWo cultures were established with 4 X 10* cells/20 mi glass: sci'nlillation vi'al and

after 24 hr, cuiture . ﬂmds were replaoed with growth: med:um (1 \{nl) oontaiumg 20

aM (L0 uCirvial) of 2 nm (01 wCirvial) [’H}thytmdme (so Ci/mmol). ‘After 24- b
‘exposures Culture fluxds were replaeed with drug free medlum (2 ml) : and cellv
numbers (mean $S.D.. n= 3) were determined with an electrical particle counter
..Thereafter cell numbers were deter%uned at 24- hr mtervals. and after 48 hr culture |
flunds were replamd The mean population doubhng times of untrcated (25 0160
>hr) ‘and 0.1 uCi [’H]thyrmdme twated cultures (24 8:t73 hr) were the same

-

(p>0.05),



B . “

n hcvidm from the m\dn mmd in ‘rablo 3 thin oxpoturc o methommc didnot”
cause ucnmcam loss of ['H]nd!ohbm DNA durln; modemc exmm (24-72 hr). but
 continued exposure (6 d) led to significant decreases in the uuoum of radioactivity asiociaied.
© with oell. Qualitatively signilar results (sot mm) were ouemd with ("Chhymidine treated
BeWo crilmm “Thus; decmned cell numbm d\u'ing oomino\u md prolonpd cxpomre (L
' mcthottexate apparently multed from cell dcath and loss of cellular nutshl fmm thc cultum

LIf BeWo eells uuﬂliud d;niﬂam amounts of ndionctive thymdm nhtwd ftom |
dead cells !on of ndiolubeled DNA would uaduelﬂmm cell duth To demmine ir
- reutlliution of ndiohbelod DNA occured in the expeﬂmem pmamed ln Table 3, BeWo
cultures were exposed to growth: medium containing freeze-thawed cells th:t hnd been’
previously l;beled with [’H]l_.hymiding. The amounts of : t;it—ium from mhheled freeze-thawed
-~ cells amtw- with BeWo cplthre‘s after 48-hr exposures was approximately 20% of the total

. radioactivity available om culture fluids (Table 4 ‘Thus, loss of radioactivity from

methotrexate - tfuted BeWo cultures ptobubly undemtimted lm of labeled DNA~ By
approxhnatcly 20% in the expeﬂment of Table 3
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Effects of Mothatrexate on Retebtion u-’pqn.-w: DNA by BeWo Colls:

| | cpmRemaining ' %Remaining
Time (ﬁr) - “ ] “llJntmt'ed‘\‘  MTX-treated N i MTX -treated
0 - 180%150 e |
2 160t 140 1530 1800 w8 3'.9‘.
s 0190 0 190450 - 81%87
on o ad -
% T st s . UMEM 914 tse
120 o ond Y o
" . ".10701_'69‘? - 30 + & 203 £ 52

‘not srgnlﬁcamly dlf_ﬁmu M ummned ( p>0.05) ..

“ssignificantly different from untreated (p>0.05) .
BeWo cultures were established with 4 x 10* cells/20 mi glase scintlliation vial, and after 24 hr,
culture fluids were replaced with' growth medium "contnining' 2 .aM ~[’H]thymidihe‘
(0.1 uCi/flask, 50 Ci/mmol) as described in Table 3. After 24-hr incorporation :ntervnls :
- cmﬂture fluids were replaced vmh drug free ‘medium (Untreawd) or. medium conuining
1 uM methotrexnte (MTX- truted) Culture fluids were replwed every 48 hr t,hcmfter V
Values represent the mean (:I:S D , n=13) of ndioactivity (cpm) moqmed vmh BeWo cells
: nfter the cultux;es were rinsed with 0. 15 M NaCl and exmcted 20 rntn at 4 with 0.2
‘. M p_erclilonc acid. "% Rgmninins MTX_-treated" rep{;esgnts the :moums_ of .radloagu:';ty
associagted with drugtreated culturés expfessed ‘as’a percentago of the amount nﬁaining in -

drug-free cultures. -



' Appareat Rouse of Prelabied DNA by BeWo colls

) f

\ C\iltu:e s cpm Incorporated . Percent of Totl'

" Untreated . mote 281l

MTX-treated o motxso' T 19610

WrMMyWMMWMW llMcpm.
BéWo cultutes were emblhhed with 4 x 10* cylis/20 ml lhu scintillation vial,
and m.e: 24 hr, culture Nuids were: repleeed with 2 ml growth medlnm (with or

without 1 uM methmrexato) which conuined freeze- thawed BeWo cells

-  prelabled with [*H]thymidine (9230 cpm/ml, 10° cells/ml). BeWo cells were
labeled with [*H]thymidine and frecze-thawed as described in Materials and

- Methods (section A 4Y. - After 48- hr expoeurel cultures were rinsed with 0.15
‘MNaClmdextncdeOminaM'wfthOZMperchloricecid mdtheamount

- of radioactivity auocined with cells (mean :tS D., n= 5) was determmed by .

.
liquid scinulhuon ooumins ‘

: /‘
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- To determine if methomme induction of lhc CTL-10-STL differentiative mpoan*
could be npmed from methomule cytotoxicity, the vhwity of BeWo cells was assessed by
w:iul staining and colony-forming ability. 1t is evident that the viability of cells subjected to
48-hr exposures to | uM methotrexate was unaffected (Table $). |

©In the colony-forming_asay used during this investigation, BeWo  cels

subcultured ata demity of 2,- 20 cclls/cm’ and were cxpoued to drug 24 hr after plating. If, at
this extremely low popuhtlon density, cclls had not begun to prolifeqle 24 hr af(g
subculturing, resistance to the cytotoxic effects of ‘methotrexate could be related to the
proliferative state of the cells. Quiescent or slowly proliferating cells are intrinsically.Fesistant

o the cytot of methotrexate (15-17).  An estimate of proliferation rates of
‘ by determing thq.‘_pumber of

e e "There was a delay of 12 to 24 hr
before cell ‘numbers began to increue and after 24 hr, cells actively proliferated, indicating
" that resi;unoc to the toxic effects of methotrexate was not related to the proliferative status of 1
the cells. |

{



Table §

Effects of 48-hr Exposures to
1 uM Methotrexate on the Apparent Viadllity of BeWo Cells

‘Method : . Relative Viability

* Trypan blue ‘ 100 273 (s)
Fluorescein. diacetate . : 95 x 5 (%)
Colony-forming ability 109 + 11 (21) ’

‘number of separate dncfndnatlon:. | .
BcWol cultures were established (2 x 10° cells/T-25 flask and S0
250 qells/ﬁb mm  tissue 'cglture dish for vital staining and
colony-forming assays, respectively), and after 24 hr, culture ﬂui&s
were replaced with drug-free growth - medium or medium containing
| uM methotrexate, as described in Figure 5. After 48-hr exposures,
viability was determined as described in Materials and Methéds (section'
A.4). Values represent the apparent viability of niethotreute-treated
cells (mean+S.D.) and are expressed as a percentage of the viability
of unteated cells determined ' by trypan blue (94%3%, n=S5),
fluorescein diacetate (98+2%, n=S5), and colony-forming (67+11%,
n=24) methods.
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> Table 6 d

. Effects of Low Population Density on BeWo Cell Proliferation

Time (hr)

Cells/Colony 12 24 ;ts 7 9%
o1 19 67 27 20 24’

2 8 28 17 8 1
34 8 6 15 17 8
5-8 5 2 19 26 25
9-16 0 1 7 13 19
17-32 0 0 13 12 12
33-64 0 0 3 4 8
65-128 0 0 0 0 2

Mean1S.D. 1.5+ 1.2 1.72 1.5 ‘9.0 1 10.6. ’l(‘).4 99 158 £ 15.5
¥

BeWo cultures were established with 250 cells/60 mm tissue culture dish (initial cell density of
—

10 cells/cm?), and after 24 hr, cu!turc fluids were replaced with 9}ug-free' growth medium (5

/

xgl/culture) as described for the colbna'-forming assay (Materials ar_xd Methods, section A .4).
. Twelve hr after cultures were estiblished, and at graded time intervals thereafter, cultures were
stained with Wright's stain, and the number of cells/coleny (100 colonies per culture) wés
counted. The mean number of m@wlony reported for 48 - 96 hr cultures did not include
colonies with.a single cell, The mean generation time (£S.D., 24 - 96 hr) of BeWo cultures,

caiculated from the mean number of cells/colony, was 16.61£6.5 hr.



1. Morphelegical differentiation

Morphological differentiation from the CTL to the STL phenotype during exposuse 1o
methotreage has been well characterized (11). The morphology of proliferating and
methotrexate-treated BeWo cells was cxamined in growth medium supplemented with
undllyzed serum (Plate 1) and with dialyzed serum (Plate 2). Proliferating BeWo cultures
were predominantly populated (‘> 95%) with relatively small cells possessing a single nucieus
(Plates 1A and 2A). Nucleoli were promisent and the number per nucieus ranged from 2 10 5.
As cultures approached confluency, the cells became tightly associsted and ceil borders were
indistinct. As observed previously (10, 11), aiso apparent at a low frequency (< 5%) in
ptol@rerntin' BeWo cultures were giant cells that were often multinucleated. The nuclei of theg
cellswereumer.ineomptmonlolbemkleiofmwm.mdmofm multilobed. The
giant cells are termed STL cells hecause of resembiance to syncytiotrophoblastic cells present in
normal placenta (11). The appearance of STL cells in serially-transplanted BeWo cultures
indicated that a small number of BeWo CTL celis possessed the capacity for spontaneous
dif ferentiation. l?uring continous exposure 10 1 M methotrexate, cultures underwent a
stﬁkﬁg morphological differentiation to the STL phenotype (Plates 1B and 2B). The STL
phcnotyﬁe. characterized by increased cell size, nuclear enlargement, and multinucleation, was
predominant 48-hr after exposures to 1 uM methotrexate were initiated. Comparison of the
photomicrographs reproduced in plates 1 and 2 indicates that dialysis of the serum used to
supplement the basal growth medimix did not change the morphology of prolifmting or

methotrexate -treated BeWo cultures.
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Pate 1. Morpbsiogicsl difiereatiotion of BeWe cos duriag ssporselie
meuwmmmﬁMmzxw
M-um.mmuu.mm-’mwm drug-free
govih medium (A) @ medum cosainiss 1 WM medovvuic (B). u
described in Figure 5. Afier 48-hr exposures, cultures were suined whh
Wright's stain for M:Amw.mﬂl;anh
indicated by the arrow in the 1op micrograph, and 2 multinuciested STL cel
induced by exposure to “metbotresaie is indicated by the ammow in the bottom
micrograph. Magnification = 250x.
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Plate 2. Morphological . differentiation of BeWo cells during exposure to

methotrekate:%, dialyzed ,sefum. BeWo cultures were established with 2 x 108

. o ) A /x .
.cells/T-25 flask, and after 24 hr, “culture ﬂuids@ere replaced with drug-free

growth medium (dFBS, A) or medium (dI&S) cdn"taining, 1 uM methotrexate

~ -(B). After 48-hr exposures, cultures ‘were stained wit.h' Wright's stain for
_photomictoscopy. A spontancously occuring STL cell 1s indicated by the arrow .

in the top micrograph, and a multipucleated STL cell induced by exposure to

[

methotrexate is  indicated by‘ the arrow in the bottom micrograph.

Magnification =250x.
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. are shown in Figure 8. ; .
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- 3. Formation of giant cells

a. Methotrexute'-lnduced increases in BeWo cell volume

Since morphological ‘différentiation of BeWo cells to the STL phenotype was

- characterized by greatly enlarged cells, the effects of ruethotrexate on cell volume were

quantitated ele(’:trically (Figure 7) and o‘ptica-lly‘ (Figure'8). It is evidenl that met-hotreiate ‘
induced cons:derable intreases in cell volume The largest cells presem in cultures subjected to
48 -hr exposures tO/nethotrexate had volumes approxxmately 10 to 15-fold those of cells present
in proliferating cultures Populanon stausucs for the volume dnstnbuuons of Flgure 7 are

presented in Table 7. Since the median:mean ratios for ‘ivolume distributions of prohf erating

' and methotrexate-treated cells were virtually one, modal volume was the parameter used to

report the effects of methotrexate on cell size.* Results of optical detcrminatio%cell volume

.

2

{ -

\

- Repdrting modal volume afforded a significant technical advantage. over

mean- or median volume. When upper' or lower portions. of volume
distributions overlapped with debris or «cell aggregates, analysis of the
histogram " was still possible: Furthermore, the orifice current and amplification
settings of the Model Zf Coulter ‘counter are discrete, rather than continous,
and limit placement of the. volume distribution within the range of the
channel  analyzer. It was impossible to set accurate upper and lower limits,
for relatively wide dlstnbutxons (half helght width of 20-30 channels) with
consnderable debns 0T aggregates.
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Figurg 7. Effects of methotrexate on heWo cell volume as detern;ined
elecfricgl!y. BeWo .cultures were 'established with 2 X 10¢ c_ellé/T-2-5
flask, and after 24 hr, ‘,c‘:ulture fluid§ were‘ ‘replaced with drug-free -
Agrow‘th medium (,.-);? or néadium containing ‘1 uM methotrchaté (—).
as described in JFigfi/re 5. After 48-hr exposures (indicated by arrows
"in Figuré 5), cell volumes were electrically determined as ~described in /
Materials and _Methods “(section Bl) The - diStribﬁtions presented- gr’é

‘reprcsentati\}e of many obtained uhdef the experimental condition/s/ of

e

Figure 5.
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0984004 (n=22). N

Table 7

 Popalation Statistics of BeWo Cell Volume Distributions

 Volume- (pl/cell) '

Statistic . Untreated | \MTXtreawd :
Mean S.D. 2.86 + 1.38 . 1094 £ 4.9
© Median - 2,63 ) 110,62

~ Mode s ‘ 9.43

S

Population statistics a6 the BeWo cell volume- distributions presented in

Figure 7 were calculated -as. described in Materials and  Methods

(section vB.l)'." The average (£S.D.) median:mean ratios froﬁ. a large

~

series of expcﬁmcnts were, for untreated cells, 1.00+0.03 (n=37) and,

-for methotrexate-treated cells (48-hr :xposix}es ‘to 1 uM methotrexath,

N , -
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Figure ‘8. Ef{ects of ,methotrexate' oriﬁ‘ BeWo cell. volume as 'ldete"rrni/ned
optically. BeWo c;ultures‘. were- 'e;ta'blished with 2 x 10° ceIlS/T-'25 flask,
“and after  24 hr, etxlture fluids were replaced with: dru"g-frec growth'
medrum (sohd bars) or medrum contaming 1 nM methotrexate {open
bars), as descrrbed in Flgure 5 After 48 hr exposures, cells were"
.» drsaggregated ‘with tr)psm -EDTA, suspended m 0.15 M NaCl “arrd»
' wet moums were prepared Major and mmor dnameters of prohferaung
_an_d m_ethotrexate -treated  BeWo cells . were determined from.
prxotomicr,ographsr. averaged, and used o calculai_e ‘volumes a‘s'sum'ing”

that cells were spherical.

St
.



b. RNA od proteln eotltept V
“l‘he effects of methotrexlte on RNA and protein content of BeWo cultures were |
assessed to determipe if increased cell volume observed n the experlments ol‘ Figures 7 and 8
| represented increased cellular RNA and proteln Cultu were exposed to _methotrexate under
conditions that completely lnhlbited BeWo cell prolll”eratl (see Figure 5); thus, any increase
in RNA or protem content of 'such cultures represented incr sed RNA and. proteln content per
| cell The RNA content of drug-treated cultures dld not slgn cantlymcrease after the first 24
| hr of exposure to 1 uM methotrexate, whereas the’ protein cIntent of such cultures was still
: lncreasmg after 72-hr exposure to drug (’l'able 8; Srmilar tncreases in protein content during
' conttnous exposure to 1 uM methotrexate have been prevrously reported (11, 13)
3. El’fects of serum on glant cell formatlon

- To determme the el‘ fects of serum components on methotrexate .tnduced mcreases m.
~ cell mass, the volumes of untreated and methotrexate treated ‘BeWo cells were determined at
_24-hr intervals during 5-day exposures to methotrexate m‘growth medrum supplemented with
’dtalyzed or undialyzed serum (thure 9). Although the volume of proltferattng cells was the .
~ same when cells were mamtamed in etther _sera, the volume of drug treated cells was
srgmftcantly less when cultures were matntained in dtalyzed than in undialyzed serum. These
. 'drf l'erences suggested that methotrexate mduoed‘mcreases in eell volume reqmred a dtalymble
f. actor(s) present in serum. The factor(s) was not requtred for growth of BeWo eells since
_populattng doublmg ttmes of cultures mzl;ntatned in undtalyz.ed and dtalyzed sera were the same ,
(section B.1). A
The averages (:l:S.D.)v of a large series of volume deterrninatlons obtained after 48-hr
exposures to methotrexate in serum-free, dtalyzed and undtalyzed sera are presented in Table 9.
CItis thdent that methotrexate-mduced tncreases m cell volume requlred both dtalyzable and

undtalyzable serum factors. The dtalyzable factor was subsequently identified as hypoxanthme

(Chapter VI). The undtalyzable f actor(s) was not identified.

..
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Table 8.

"RNA and Protein Content of }\/detliotrente-truted BeWo Cultures

Time () RNA” (up) | Protein (ug)
o 544 £ 20 110 t 2
u 82 + 56 164 % 3
8 . mezsl 295 £ 3
7 79.9 + 66 25 %4

Al

BeWo cultures were establishi‘d with 2 x 10° cells/2-0z2 prescnpnon

bottlc/, and after 2? hr, culture flu;ds were replaced with growth

" medium contaming l uM mcthotrexate as described in Flgure S The

amounts (meant$§.D.) of RNA (n=6) and protem (n=3) per flask
were  determined at 24-hr mtcr\(als as descr:bed in Materials and

Methods (section E.2). - - ] .
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Figure 9.. Effects of mptlotrexate onv ‘the volume of BeWo cells cultured in
growth medium supblemented with dialyzed or undialyzed fetal bovine serum.
BeWo cultures were established with 2 x 10° cells/T-25 ﬁa;k. and after 24
and 72 hr, culture fluids were replaced with drug-free medium or medium
con’faining’ 1 uM methotrexate supplemcntqd' with undialyzed (RPMI +FBS) or
dialyzed serum (RPMI +dFBS), as described in Fi‘gure 5.- Eath bar represcnt:s’
‘the- modal cell folume | (‘average.. n‘=3)‘ determined &lectrically aé described m

Materials .and Methods (section 'B.l)w. .
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Table 9

Effects of Serum on

Methotrexate-induced Increases in Cell Volume

Modal Volume (pl/cell)

-~

Serum Suppicment Untreated © MTX-treated

FBS o 351 % 129 (20 1028 % 127 (9)
dislyzed FBS 334 £ 0.2 (21) 649  1.47 (13)
serum-free . 238 % 0.17° (9) 392 + 039 (9)

‘number of sepa;ate determinations
BeWo cultures were established with 2 X 10° cells/T-25 flask. ‘and
after 24 hr, é’ul;urc fluids were replaced w.i’th‘ drug-frec medium o
medium qor}tainiﬁg-l uM  methotrexate and the ﬁﬁpmpriate serum
supplement, as described in Figure 8. Afg:i 48-hr -exposures, volumes
(aver»a‘gcj:‘S.D_.) were electr_ically determined aé | .described in Mateﬁals

and Methods (section B.1).

5y —
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4. Alkaline phosphatase activity - 2

Human placenta expresses three distinct isoenzymes of alkaline phosphatase: at various
developmental stages. During the first 10 weeks of gestation, two isoenzymes are expressed
“that are immunologically dissirﬁilar to term placental alkaline phosphatase. Onc of ihe two
‘ isocnzymés present in the first weeks of gestation is apparently specific to the placenta since it
was not immunoprecipitated by antisera against adult liver, intestinal, or bone aﬂaalinc
phosphatase (22). The other isoenzyme JS indistinguishable from liver alkaline phosphatase
(225. After 14 1o 16 weeks of gestation, lc;ip alkaline phosphatase is expressed by the placenta,
and dcveloﬁmcnmlly earlier forms cannot be detected (22, 23). Alkaline phogphalasc activity
of term placenta is stable 3,."60" whereas liver, bone, intestinal, and the early placem;;l
isoenzymes are heat -labile (22, 24). | o | ’

1. Histochemical localization | |

Express;ion of alkaline phosphatase by cultured BeWo cells has been used as a
biochemical marker of syncytiot«rophoblast‘ (1). The specific activity of alkaline phosphatase in
crude extracts of proliferating BeWo cultures is; relatively ~16w in comparison to that of
methotrexate-tre#léd cultures (1). "Alkaline phosphatase was histochcmical‘ly focalizcd in
morpholbgiéally identifiable STL cells in untreated and‘r;methotrexate-treated culmres
(Table 10). In unt_reated cultures, Rthe majority of sponlahously occuring STL cells expressed
relatively high lex;els of alkaline phosphatase, whereas activity wa;; evident in the cytoplasm of
CTL cells only after prolo'nged expasures to the chromogenic substrate (1-2 hr, data not
shown). These results suggested that;ébomaneously occpr‘ing STL cells were responsible for
most of t_he alkaline phosphatase activity previously reported in extracts of prolif eratiung‘ BeWo
" cultures (1).

Expfession of alkaline phosphatése activity in methotrexa‘te-trearted BeWo cultures was
not uniform. In the experiment of Table 10 approximately half the STL cells in _
methotrexate-treated cultures were strongly pqsitive for alkaline. phosphatase, whereas the

‘rémiainder were weakly positive (data not shown), staining only after prolonged exposure to the
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substrate (> 1 hr).

2. Enzymatic assay for alkaline phosphatase.

‘:rhe placeral isoenzyme of alkaline phosphatase can be identified by characterizatipn
of heat-stability and pH optima k22, 24). .Thc effects of heating and pH on alkaline
phosphatase activity in extracts of proliferating BeWo cells and serum obtained from a
pregnant woman were compared in the experiments of Figuré 10. Alkaline phosphatase from
térm placenta can be detected in the serum of preénam women (25). Approximately 80% and
10% of the alkaline phosphatase activity in extracts of BeWo cells and in the serum of a
pregnant woman, respectively, was stable at 60°, and the heat-stable forms of the enzyme
expressed in BeWo cell extracts and in serum exhibited sirﬁilar pH activfty-prof iles with a
optima of pH 10.

Thus, approximately 80% q@f the total alkaline phosphatase activity  expressed by
proliferating BeWo cells was indistinguishable fi'om alkaline phosphatase in serum during
pregnancy. Similar values for the relative amount of term-placental isoenzyme expressed by
BeWo cells, determiried enzymatically "(70%) and immunochemically (76%), havé been
previously reported (26, 27). | ‘

Befo;e using alkaline phbs_wphatase. as a biochemical. marker of the E L-to-sTL
’ diff: ercntiat{vc response, the ef’ fegt of methotrexate on the assay for the enzyme was determined
(Table 11). The activity of heat-st?% alkaline phosphatase was unaffected bylthe presénoe of
methotrexate at féonccntrations c‘oinparablé to those used in culture fluids during drug
exposures. Thus, changes in the activity of hmt-stable alkalin‘c _phosphatase in- extractslof

BeWo cells after exposure to methotrexate were not due to effects of methotrexate on the assay

-

itself .
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Table 11

Histochemical Localization

of Alkaline Phosphatase Activity

Relative Percent
Cell Type Frequency Positive
Spontancous STL < 64 + 6
MTX -induced* STL 80 '.90. 58 £t 6

BeWo cultures were cstablished with 2 x 10° cells/T -25 flask, and
after 24 hr, culure fluids were rcpi;ced with drug-free growth
medium (sponﬁneous STL cells) or growih medium  containing
1 uM methotrexate (MTX-indﬁced STL éclls). After 48-hr exposures,
cultures were incubated 15 min with ‘a chromogenic substrate for
alkaline phosphatase as describedl in Materials and Methods (section
G.1). Values represent the number (mean:S.D.) of morphologically
- identified and alkaline phosphatase positive STL cells determined by

scoring 100-500 cells/culture (3 cultures for each condition).
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Figure 10. A: Heat-stability of alksline phosphatase in extracts of BeWo cells
and serum frem a pregnant woman. HeWo cultures were established with 2
10° cells/T-25 flask, and after 24 hr, culture fluids were replaced with
drug-free growth medium. After 48 hr, cxtracts  were made and pooled
(Materials and Methods, section G). Serum from a pregnant woman was
obtained as described in Materials and Methods (section G).‘Aﬁer heating
cell-extracts or scrum samples in a 60" water-bath for the ume intervals
indicated, portions were removed, cooled to 4°, and the activity of alkaline
phosphatase was measured by hydrolysis of p-‘nitrophcnyl phosphate (Materials
«and Methods, section G). B: pH optima of the heat-stable isoenzyme of
alkaline phosphatase present in extracts of BeWo cells and serum from a
pregnant woman (week 26 of gestation). Extracts of BeWo cells or serum,
oblaiﬁcd as described above, were heated 5 min at 60° and the apparent
activities of alkaline phosphatase were determined by  hydrolysis of
p-nitrophenyl phosphate at the indicated pH. Buffers used to determine the
pH optimum of heat-stable alk;line phosphatase were: pH 3-6; 0.2

M succinate. pH 6-9; 0.2 M hepes, pH 9-12; 0.2 M Z-amino-Z-mcthyl-l‘

i it

propanol.

e
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Table 11

Effects ofl Methotrexate on the

Activity of Heat-stable Alkaline Phosphatase

Specific Activity

Methbtrcxate (uM) | '(nmol/min/mg protein)
00 | | 185 + 63
0.29 164 + 5.5
' 2.90 170 + 6.
29.0 | 16.0 + 6.3

BeWo cultures were established with -2 x 10 cells/T-25 flask, and
after 24 hr, culture fluids were replaced with drug-free -growth

medium. After 48 hr, ‘extracts of cultures were made and heated 5

- 108

min at 60° as described in Materials and Methods (section; G). The o

specific  activity (meantS.D., n=3 separate cultures assayed in

triplicate) of heat-stable alkaline phosphatase was determined by "

-

hydrolysis of p-nitrophenyl phosphate. ‘The reaction mixtures consisted

of 100 pl of a ~crude-extract of BeWo cells, 100 ul of water wiih or

without methotrexate, and 500 4l of an 8 ‘mM solution of

p-nitrophenyl phosphate .in 0.5 M 2-amino-2-methyl-1-propanol (pH
10). Reagent blanks were the saine except that 100 ul water was

substituted for the BeWo cell extract.
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c. lunettcs of heat-stable alkahne phosphatase

A kmetrc study was undertaken with heat-stable alkaline phosphatase to further
characterize the 1soenzyme erpressed bv prohferatrng and methotrexate- treated It is apparcnt
from the data presented in Figure 11 that the rate of hydrolysrs of p-mtrophenyl phosphate |
was linear wrth respec:t to time for at least 15 min over the substrate coneentratr}n/range of
0.03 to 0.2 mM. ln crude extracts of proliferating and methotrexate treated BeWo cells the
Km t/alues, respectrvely,, for p-mtropheny_l phosphate were 0.93 and 1.00 mM and the Vmax
values were 28 9’and 87.7 nmol/mm/mg protein. Ina parallel expenment a value of 1.48 mM
was obtamed wrth commercrally obtained alkaline phosphatase from term placenta Thus,
although the apparent activity of heat-stable alkaline phosphatase was increased 3-fold the
affinity of the enzyme for p-nitrophenyl phosphate was.,'not' altered. "This value was similar to

previously reported values for the affinity of placental alkaline phosphatase froni term placenta

for phenyl phosphate derivatives (Table 12). Thus, these results mdrcate that the predommant

1soenzyme of alkaline phosphatase of BeWo cells was mdlstrngurshable from placental alkalme
phosphatase of term placenta on the basis of heat-stability, pH optima, and affinity for

p-nitrophenyl phosphate.

The rate of hydrolysis of 5.7 mM p-nitrophenyl phosphate in BeWo cell extracts was

_linearly related to the amount of enzyme present in teaction mixtures (Figure 12). Heat-stable

©

alkaline phosphatase was saturated under the conditions used for assay of activity in 'crude '

extracts, and the specific activities determined in subsequent sections as described in Materials

and Methods (section G) represent‘ Vmax/mg protein .
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» Eigure ll Effects of 1 uM methotrexate on the Km and Vmax of heat-stable

alkaline phosphatase expressed by BeWo cells A BeWo cultures were

estabhshed with 1 x 10¢ cells/T "5 flask. and _after 24 hr cullure fluids were . °

) replaced with drug -free - groulh - medium  or ,medrum comammg

1 M methotrexate After 48-hr eqtposures extracts ' of prohfk{mg and
methotrexate-treated BeWo cultures were - made, and after heating the extracts

-at 60" for ‘5 min, the apparent activity of heat-stable alkaline phosphatase

*was. determined by hyvdrolysis. of p-nitrophenyl pho}sphat’e' as described in

Materials and Methods (section G) B: Initial velocities were determined from

£l

Lhe time courses in Panel A by hnear rezressron and the: recrprocals wereg

D

plotted as a funcuon of p-nitrophenyl phosphate (Lmeweaver Burke plot)

b

L S
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Twble 12

Phenyl Phosphate"Derivntiyéé as Substrates

for ‘Alialihé Phosphaiase frdnx Term Placenta

- \‘
‘ C
Phosphate o : , e
Derivative Km (mM) . Reference
p-nitfophehyl , 08 » 28
pfnitrophenyl’ I 1.48. " his study
phenyl | 189 | 12
' ‘pheny‘l _ S 1.20 S 29

The veloclty of commercnally obtamed alkalme phosphatase f rom term -
placcnta at pH 10 was determmod from the amount of p- mtrophenyl ‘
phosphate released dunng at 15 ‘hm mcubauon penod at - 37 (Matenals"_-
and ,Methods, sectxon G). The substrate concentrauons ranged from
0.0125 to " 5 mM and the icoeff:cxent of deterrmnatxon (r’) fromr
.least squares lmear f’egressxon analysxs of the Lmeweaver Burke plot
'was 1.00. (n 12) The Vmax of placental alkalme phosphatase was
"15 6 umol p- mtrophenol released/mm/mg protem. ah_d 9. ug protem

was used per assay.
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.‘ Figure 12. Effects of epzyme concentration on the rate of hydrolysis of

. p-nitropheﬂnyl,/ phosphate - at pH 10. Be,,Wo' cultures were established with
. . - A} K / i

culture ﬂuids were' replaced

with drug- free growth medlum as descnbed in. Flgure S. After 48 hr,-

heat-stable, alkalme ‘ phosphatase _’ was assayed by hydrolysxs of

phosphate . (5.7 mM) as described in Materials and

Methods «:(secti'on G).. 'Each_fpo'int represents the rate of hydrolysis at

a 'different enzyme concenti'ation prepared by varying ‘the amount of

cell extract (two separate extracts mdlcated by dlfferent symbols) in

the assay. The. dashed line ‘and the coefflcnent of determmauon (r?)

were determmed by linear regressxon using least

’

the metl(ﬁod of

squares.
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' d. Effects of methotrexate on expression of heat-stable alkaline phosphatase
The effects of° methbtr_exate on the specific activity of the heat-stable isoenzyme of
alkaline phosphatase expressed by BeWo cells was assess'ed to determine the extent to- which

\

\expresmon of this biochemical marker of in utero placemal trophoblast was altered during
metholrexate -induced dxfferenuanon to the STL phenotype A 3-fold increase in the specific
actnvnty of heal stable alkalme phosphatase was evident after 96 hr exposures to
‘1 uM methotrexate (Table 13). In contrast, the specxfnc activity of alkaline phosphatase was
relatively stable in proliferatmg BeWo cultures over the time: course of the expenmem lt has
been prevnously shown that a 24-hr p:ﬁd exposure to methotrexate rcsulted in a transitory
3- fold mcrease that persisted for 2 dﬁm the specxfnc actxvxty of the heat- stable form of
alkalnne phosphatsse expressed by‘BeWo cells (1).
| . In section 3.c it was demonstrated that maximal increases in BeWo cell volume during
exposure to methotrexate reqmred dialyzable and undialyzable serum factors. In the

_ experiment of Table 14 the effect of dialysis of serum on expressxon of heat stable alkaline
phosphatase by BeWo cells. was determined. In both untreated and methotrexate treated cells,
the actmty of heat- stable alkalme phosphatase was unaf f ected by dxalysxs of serum, indicating

" that methotrexate-—sumulauon of alkaline phosphatase expressxon did not require ‘exogenous

factors.
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Table‘ ' 13

1

Effects of Methotrexate on. Expression of

£y

Heat-stable Alkaline Phosphatase by BeWo Cells

Specific Activity (nmol/min/mg protein) '

Time - (hr) Untreated MTX -treated
0 95t 2] “_ ‘
24 | 22,6 103 23 't 1l
s 136 .4 22 X £ 34
7 236 + 0.8 » 511 = 3.
96 243 + 15 6.0 £ 175

T

BeWo ‘cultures were established with 2 ‘x' 10° cells/T -25 flask, and
after - 2431r ) .cultur'e fluids Qere repla‘ced with  drug-free growih
medium or medium .containing 1 uM methotrexate. At 24-hr intervals,
extracts of pfoliferatiri_g (Untre;ted) ‘and 1 uM: methotrexate-treated
"(MTX-tr;atedj cultlurcs were made and heated at 60" for 5 min, and
" the  specific activity (meaniS;D.7 n=3 se.parate‘ cultures assayed in
‘triplic‘ate) of | -alkaline phospilatase was . determined as descri_bed in

Mateﬁals and Methods (section G)..
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Table 14
Effects of Dialysis of Serum on Expression "

of Heat-stable Alkaline Phosphatase by Be\}’q Cells

Specific Activity (r;mol/min/mg protein)

s

Supplement ~ Untreated MTX-treated
FBS 14.6 £ 2.7 51.3 + 229
Dialyzed FBS 129 + 3.1 76.6 £ 14.1°

‘not significantly different from untreated in the presence
of FBS (p>0.05).
*not significantly different from MTX-treated in thg
presence of FBS (p>0.05).,
BeWo cultures were established with 2 x 10° cells/T-25 flask, and

after 24-hr, culture fluids were replaced with drug-free growth medium

~ or medium containing 1 uM methotrexate supplemented with either

10% dialyzed or undialyzed fetal bovine serum (FBS). After 48-hr

‘exposures, extracts of ‘proliferating (Untreated) or methqtrekate-treated

(MTX-trg:ated) cultures were made, and heat-stable alkaline phosphatasev

activity (mean*S.D., n=9 'separate cultures assayed in triplicate) was

determined as described in Materials and Methods (section, G).

116



117

5. Concentration-effect relationships

The relationships between methotrexate and its effects on viability, prolif ératio'n rates,
agd two markers of the CTL-lo-éTL differentiative response were assessed in the gxperiments
})f ‘kFig_ﬁ're 13. Inhibi_tiori of cell proliferatiqn, formation of giam cells, and dif ferentiation to the -
S"i'L phenotyp€ exhibited similar conccntratio: -effect relationships, suggesting that
methotrexate action at a single biochemical iarg_et resulte.ci in both the antiprolif;ralive and
cytodif gérentiative i:f__ fectsl of the drug. In co'rli}tr-ast. colony forming ability of BeWo cells was '’
not decreased over the concentration rarige tested. Thus, although BeWo cells were sensitive to
the antiproliferative “effects- of methotfexate, reproductive capacity was not decreased after
exposures'to methotrexate that completely. inhibited cell proliferation.

Colonids arising a.f :er exposure to methotiexalq in the viability assay ;:onsistcd of 50 to
several hundred cells that were predominantly (> 90%) CTL in phenotype, suggesting that,
when placczd in drug-free medium, Bewtgwcells reverted to the CTL phenotype. Six colonies
were expanded after 48-hr exposures to 1 uM meihotrexaie and all cells of these clonal lines
displayed the CTL phenotype (Plate 3A). The effects of methotrexate on the morphology of
one of these lines was ‘assesséd to determine if cells derived from coionies that formed after
48>-hry exposures-to"met,hotrexate had the capacity to differentiate to the STL phenotype (Plate
3B). About 90%~of cells present in BeWo/MT]1 cultures exposed to methotrexate lfor 48 hr
,. acquired the STL phenotype suggesting that the cells from which these clones were derived iveri:
noi intrinsically resistant to the cytodifferentiative effects of methéuexate.

6. Toxic effects of methotrexate in other cell types

All of the existing choriocarcinoma cell lines were derived from tumors obtained f rorii

patients tha‘t had become clinically resistant to methotrexate chemotherapy. There are no

examples of cell lines that were derived from patients who were sensitive to methotrexate

>

-therapy. The sensitivity of other cell types to the cytotoxic effects of methotrexate were
A . . : ) '

determined under culture conditions similar to those used for experiments with BeWo cells. It

~-
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Figure 13. Methotrexate concentration-effect relationships for reproductive
viabﬂity. prollferati;m. .formation of giant cells, and differentiation to the STL

phénotype. BeWo cultures were cstablished (50-500 cclls/60 mm tissue, culture

- dish for viability determinations; 2éx 10 cclls/T 25 flask for dctermmauon of

~

drug cffects on proliferation, cell volume, and _morphology) in drug-free
growth medium, and after 24 hr, éulture fluids were replz;ccd with drug-frce
medium or medium cdntaining the “concentration of methotrexate indicated.
After 48-hr exposhres. colony;forming ability, cell volume, morphology, and

number of doublings were determined. chrodu’cti‘vc capacity was assessed by

colony-forming  ability (Material;' and ‘Methods, section A.4) and values

° represent viﬁ;iﬁty of ‘drug-trcated cells as a percentage of thét of

proliferating BeWo cells (66 81+10.5%, n=24). 'Fhe number of doublings were
calculated from cell numbers determined 24 and 72 hr after cultures were
initiated. Modal cell volume (average+S.D, n=3) was determined -electrically
as” described in Materials and Methods (secton B.1). Values Jfor the

pefcentage of cells displaying the CTL orcSTL phenotypef were obtained \frorp

scoring 100 cells/culture (n=1) at.the concentration of methotrexate indicated.

v
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Plate 3. Morphologs of BeWo cells expanded from colonies arising
after 48-hr exposures to methotrexate. Cultures of BeWo/MT-1" cells
were  established  with 2 v 10° cells/T-25 flask, and after 24 hi,

culture  fluids were replaced  with  drug-free growth medium  (A) of

‘medium containing |1 uM methotrexate (B). as described in Figure 3.

After 48-hr exposures.. cultures were stained with Wright's  stain.

Magnification=250x. The morphology of cells of the other S5 clones,

‘when cultured in drug-free medium, was similar to that of

BeWo/MT1.

&
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is evident from data presented in Table 15 that BeWo cells were relatively resistant to the

cytotoxic effects of methotrexate, but HeLa cells also displayed resistance to the toxic ef fects of

the drug under the conditions of this experiment. ,'

. ' M
& . ~

J\i,\
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s

.BeWo, HeLa, HL-60. and 3924A‘ cultures were establisﬁed‘ as described in Materiais and
. :

v

Methods (section A), and after 24 hr. culture. fluids w_eré replaced with drug-free growth

medium or medium containing 1 uM methotrexate. After 48-hr exposures, viability of cultured

c;ells was determirl_led by colony-forming assayé aé described in Materials and Methods @ection

‘A). Viability of drug-treated cultures was'expressed as a percentage of the colony-formihg
~ ability of proliferating cuitures of BeWo cells (67+11, h=24/3) HeLa (4049, n=20/1),

HL-60 (336, n=19/1), and 3924A (555, n=20/1). Literature values (30) for the effects

I

of methotrexate on cell viability were determined in colony-forming assays under the same. -

" conditions of thi§ study, and. viability was expressed as a percentage of the viability of

untreated cells as determined from graphs. Values for the apparént viability" of proliferating

cultures are for PMC-22 (85+13), L1210 (100+13), and CCRF-CEM (100).
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‘Table 15

Cytotoxic Effects of Methotrexate

o o Relative :
.Cell Type ' ' MTX, uM . . Viability Reference
BeWo 1 © 109 F11(2173) this study
10 98 + 17 (13/3) e
HelLa . 10 .97 .30 (2173) "
HL-60 10 < 1.5 (20/1) "
Morris Hepatoma . ,
(3924A) 10 2.0\i 1.3 (29/1) "
Human Melanoma , .
PMC-22 . 1 8 30
Mouse Leukemia - . K B
L1210 1 3 | 30,

Human T-cell Leukemia . ; L T '
- CCRF-CEM » : 0.1 o 22+%5 ' .30

‘number of separate cultures/ number of experiments

10 | n 30
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C. Summary | L.
| “The work described in this Chapter was undertaken to characterizé expressron of
syncytiotrophoblastic markers b) BeWo cells and o determme the relatronshrps between
differentiation and the antiproliferative and cytotoxrc ef fects of methotrexate Although the
BeWo cell line was derived from a malrgnant chorrocar{:moma obtained from a patrent that
»_becarne refractory to methotrexate c‘hemotherapy., BeWo cells were exceedmgly sensitive to the
: antiproliferative effects of rnethot'rexate..‘ After;intervals of. exposure to .r_rtethotreXate that Qere
were lethal .to most other cell types, the reproductive capacity 'Of BeWo eells was unaf fected,
Methotrexate- treated BeWo cells underwem a cytodlfferentlatrve response that was 4 caricature
~of normal syncytrotrophoblasttc development,. and “only af{e} prolonged exposures to 1 uM‘
methotrexate was there srgmf icant loss of vrabrlttv These observatlons mdrcate that although
BeWo cells were highly sensitive to the Cytostatic effects of methotrexate, they_we‘re relatrvely
- resistant to the cytotoxic effects of the drug. The reversible formation of nonprolif erative STL
cells during exposure to methotrexate may represent a novel biological mechanism of resistence.
'Under culture conclitionspermissive for the CTL-to-STL»d_ifferentiative response,A
BeWo cells coordinately expressed lncreases in"volume, elevnted levels of alkaline phosphatase,
and morpho‘lo"gic;ﬂ differentiation to the STL phenotyp'e.b Increases.in cell rolume correlated
with increases in both RNA"and protein content per culture, and the predominant form of
s : . U :
‘alkaline phosphatase expressed was indistinguishable from that of term placenta on the basis of
heat-stability, pH optima, and affinity f or p-nitrophenyl ph‘osphate. It was previottsly‘ sho}vn ‘
that approximately 80% of. BeWo ‘cell alkaline phgspha&arf was ‘immunoprecipitated by
antibodies against alkaline phosphatase of term placenta (27). Thus, enzymatic identif ication
~ of the isoenzyrne expressed by BeWo cells was consistent with immunological identification.
Similar concentration-effect relationships for expression of syncytiotrophoblastic markers and

inhibition of proliferation by methotrexate suggest that methotrexate-action at a single

biochemical target was responsible for both'effects.

1
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During these investigations, it became }apparent'thattthe seruxﬁ used to sﬁpﬁlemem .the'
basal growth medium altered methotrexate-induced f ogmgtion of giant cells. ft was
demonstrated that .me“thotré:(ate-kindl;.cedvin_cféases in ‘ce'u vo'lume.; But not expreééion of
mdrphological changes 6r Stimulation of alkaline phqspha"iase. aétivity, were less in culrtureg
maintainéd in growth medium suppleménted‘with dialyzed fetal bovine ser'um.l ;Experi'ments
undertaken to identify the dialyzable'faét(‘)'f requiredv for giant céll fc;rmation are reported in

IS

Chapter VI.
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V1. Identification of Hypoxanthine as a Factor Required for Giant Cell Formation

A. Introduction
The experimems. described in Cﬁapler V established that methotrexate-induced giant
cell formation, but Dot expression of heat-stable alkaline phospl;atase or - morphological
diff eremiatipn to the S.TL‘ phenolyp{e.. required a dialyzable '§erum factor(s). Experiments
preseﬁted in this chapter were undertaken to identify the d‘ialfyzable factor(s) necessary for
: methotrexate-induced‘f ormation of giant BeWo cells.
| Increases in BeWo cell volume during exﬁosure to methotrexate were a?:ompanied wlrilh
increases of cellular RNA (Chapter V). If methotrexate acts througﬁ inhibition of
dihydrofolate reductase in BeWo cells, then it is unlikely that z@_novo purine synthgsis would be
sufficient to support production of RNA (1-5). Hence, the possibility that a salvégable purine
was the dialyzable serurh factor required for ‘methhotrexate-induced_increases m cell volume was
investigated. Increasés in both RNA and protein content of BeWo cells weré less when cultures
were exposed to methbtfexate in growth medium supplemented with diagzed serum in
comparxson to undialyzed serum, and mcreases in RNA contem were inhibited more than’
increases in protein suggesting thal exogenous purmes were r:;mred for contmued nucleic ac1d
synthesis.” The effects of specific methods for removmg purines from sera (charcoal-extracuon
or xanthine oxidase-treatment) on i’neth.otrexate-induced increases in cell volhme-were assessed.
The results of these experime'ms indiéated that either xanthine or hypoisnmine was the
dialyzable f actor. The purine cdntent of fetal bovine serufn was measured, and the ability of
authentic hypoxanthine and other purin‘es to augrriem methotrexate -induced increases in cell
volume was determmed Hypoxanthme and other salvagable purines restored the ability of
dialyzed serum to support methotrexate-induced increases m cell volume, but the concentrauon

of hypoxamhine required was somewhat greater than that available when undialyzed serum was

used to supplement the basal growth medium. Although formation of giant cells required an
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exogenous purine, methotrexate-stimulated expression of heat-stable alkaline phosphatase or
mérphqlogical differemiation to the STL phenotype was unaffected by hypoxanthine.
Diﬁyridamole, an inhibitor of nucleobase and "nucleoside transport- (6-8), inhibited
methotrexate-induced increases in cell volume and hypoxanthine transport indicating ihat
uptake of exog‘enohs hypoxamhi‘n\ was required for giant cell formation. The results presented
in this chapter, indicate that the dialyzable factor required for giém cell fqrmation was

hypoxanthine.

B. Results

It i-s evidem from data presented in Table 16 that increases i_n RNA and protein content
per cell wexie less when BeWe cultufes were exposed to 1 uM methotrexate in culture fluids
containiné dialyzed instead of untreated fetal bovine serum. In me;hotrexate-treated BeWo
cultures maintained in medium supplemented with dialyzed serum, protein symhesis was
inhibited less than RNA synihes_is vv‘suggestingvthat decreésed RNA synthesis blocked formation
of giant celis. The increase in RNA content of BeWo cultures exposed to methotrexate f or 72
hr in growth medium supplemented with dialyzed serum was only 13% of the increase observed
in culturee maintained in medium supplemented with undialyzed serum. Rates of proliferation“.
RNA synthesis, or pretein sythesis were not altered in drug-free cultures by dialysis of the
serum supplemenl (Table 17). These results sﬁggest that salvage-dependent RNA synthesis was‘b

‘required for methotrexate-induced increases in cell mass.

e
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Table 16

Effects of Dialysis of Serum on RNA

and Protein Content of 1 uM Methotrexate-treated BeWo cells

RNA (ug/10* cells) Protein (ugs/10* cells)
Time .(hr) Ungialyzed FBS Dialyzed FBS Undialyzed FBS Dialyzed FBS
0 : 212 1.8 125 ¢ 12
24 36.5%+2.7 291228 224 + 13 212 £ 127
< 48 33916 290 2.5 2499+ 9 oty

n 39507 23507 29+ 6 229 £ 13

!

significantly different (i>>0.05) Sfom Undialyzed FBS.

2‘not significantly different (p>0.05) from Undialyzed FBS.
BeWo cultures were established with 2 x 10° celis/T-25 flask, and 24 and 72 hr later, culture fluids were replaced
with growth medium containing 1 uM methotrexate supplemented with eilhei’ dialyzed or undialyzed'fetal bovine
serum (FBS). At 24-hr intervals, cell number, RNA, and protein content per flask (méaniS.D., n=3 cultures
from a representative 'experimem of a series of 3). were detémined as described in Materials and Methods

A\
(section E}.



Table 17

Effects of Dialysis of Serum on Proliferation Rate and

RNA and Protein Content of Methotrexate-free BeWo Cells

Serum Treatment

Undialyzed FBS Dialyzed FBS
Mean Population
Doubling Time (hr) 234 £7.3(37) 243 £ 6.1' (37)
RNA (ug/10* cells) 297229 (9) 31.1 £ 320 (9)
Protein (ug/10° cells) : 142 + 28 (12) 141 + 25 (12)

‘not signi ficantly different (p>0.05)
BeWo chitures were established with 2 x 10¢ cells/T-25 flask, and after 24 hr,
culture fluids were replaced with growth medium supplemented with either
dialyzed or untreated fetal bovine serum, and cell numbers were determined
electrically (Materials and Methods, section A). After 48-hr exposures, cell
numbers and RNA and protein content were determined as described in
Materials and Methods (sections A ‘and E). Pqpulation doubling iimes were

calculated from the number of cells at 24 and 72 hr.
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Charcoal extraction removes purines by adsorption (9), and xanthine oxidase
cnzymatfcally converts hypoxanthine and xanthine to uric acid (10). It is evident from the da.ta
summarichd in 'I'abic 18 that treating fctal bovine serum with charcoal or xanthine oxidase
reduced methotrexate-induced increases in cell volume to levels observed "whcn cells were
exposed 10 drug in growth medium supplemented with dialyzed serum. These results suggest
that hypoxanthine and xanthine were the exogenous factors requited for formation of BeWo

AY
giant cells.



’ | Table 18
Effects of. Removing Purines from Serum

on Methotrexate-induced Formation of Giant Cells

Serum Treatment Mod.avl Vc;l.ume (pl/cell)
_ . Untreated 6.22 = 0.17
Dialyzed 358 % 009
Charc‘oa‘l‘-emracted % ) | ’4.07 + 0.02
f Xanthine oxidase‘{rea_tg;% %.,& | N 4.09 £ 0.06

Fetal 'bovine_\s‘eruw was treated as described in Materials afid Methods
(sectiori A.1)." BeWc cultures were estzblished with 2 x 10° cells/T-25
flask in growth medium containing unireated seruﬁ, and‘ after 24 hr,
culture  fluids were  completely  replaced »with' growth  medium
B supplement'ed' vs}ith variously treated sera, and Mcultures were inéubatgd
for an additional 24 hr. Culture fluids'.wére‘ then replaced again with

growth medium supplemented with the appropriate serum containing 1

oM methotrexate. After 48-hr  exposures, modal  cell - volume

(ayerage:tS.D., n=3) was determined electrically as described in.

‘Materials and Methods (sectigh
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The purine content of fetal ’b‘ovine serum was.assessed’ by reversed-phase high
performance liquid chromatogﬂraph‘\y". Represemé’tyx:ve chromatography tracings for t\he
separation of purines and nucleosi/des'are shown in Figuré 14. A chromatography sbyslem could
not be deQelopeda that “simultaneously separated purines and nucleosides. Hypoxaqthine.
'xamhine, and urjc "aciq/'\;'ere present in fetal bovine serum, and treatfpent of serum. with
xamhir_ie oxidase converted all hy;&oxanthine and xanthine to uric acid (Figure 15). The purine
content of several serum lots was det.erminedA, andmhose results are summarized in Table 19.
The concentrations of uric acid, xanthine, and hypoxanthine present in diff erém samples of
fetal-'boﬁne serum (6 different lots from 4 companjes) were telatively constant:and were

\

similar to concentrations for hypoxanthine, xanthine, and uric acid (50 and 75 uM, 92 uM, and -

130 uM, respectively) previously reported (11, 12).



. 137

Relative Absorbance (254nm)
g
Uric Ackd
Xanthine

o 0 0 1) 20 13 X 35
Retention Time (min)

ool -+ i v ey ™

Nucleoside Standards

- Relative Absorbance (254 nm)
g
Thymidine
Adenceine

g,

Figure 14. Separation of purines and nucleosides by reversed-_‘ph gh ’
vperforma'x_ice liquid chrom,atogrhphy. Purines - were separated by isocratic
elutioh of a Partisil i’XS. 5/25 ODS-3 columr'lﬂ (Waters) with 50 mM“
phospﬁate (pH 4.6) at a flow raté of 1 mi/min. Nucleosides were
isocratic:ally eluted from the same column with 50 mM phosphate (pH‘:a
4.6) buffer:methanol (94:6) at a flow rate of 1 ml/min (Materials

and Methods, section F.1).
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Figure 15. Effects of xanthine-oxidase treatment on purine content of

fetal bovine serum. Purines in  untreated (Panel A) and

xanthine-oxidase treated (Panel B) fetal bovine serum were identified

after serum samples were deproteinated by centrifugation through an
Amicon (CF-25) membrane filter. The chromatography system was as

described in Figure 14. Hypoxanthine, xanthine, and uric acid were

identified by retention timé, "cochromatography with ~‘added standards, .

and hypoxanthine and xanthine were also identified by enzymatic shift

to uric acid with - xanthine oxidase as described in Materials and -

Methods (section F.1). Ny
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Table 1?

Purine Content of Fetal Bovine Serum

Purine v ‘ ' Concentration (uM) .
Hypoxanthine 53+ 18 (6)!
Xanthine' 86 + 19 (6) l
Uric Acid ' : 139 + 22 (6)
Guanine | _ 2 £ 1 (6)
‘Adenine ‘ ‘ < 2.57 (6)
. Adenosine o < 05 (4)
Guanbsine | | ‘. < 0.2’. (2)
Clnosine L <02 (2

‘number of different serum lots
" imit of detection
Purines and nucleosides present in fetal bovine serum were quantitated

(mean*S.D.) by - reversed-phase high performance - liquid

chromatography as described in Figure 15.
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The ability of puri_np nucleosides and bases to éugmen‘t mcthotreﬁate-induced increases
in cell volume was assekssed to confirm that the dialyzable factor required for giant cell
formation was a purine. It is evident from the concemration-ef}fecl relationship presented in‘
Figure 16 that ‘hypoxaﬁlhine restored: the ability of dialyzed fetal bovine serum to support
methotrexate-induced increasgs in cell volume. The concentration of exogenous hypoxanthine
that yielded 50% 6!‘ the maximal increase in cell volume was approximately 80 uM-
Hypbxanthine did noi alter the volume of drug-free cells, Furtl-'xem»lore,vthe presence of
‘ hypoxér;thine (10-® -10") in the culture fluids of methotrexate-free cultﬁres did ﬁot
significantly alter proliferation rates (Table 20). These results indicate that theA ability of
hvpoxanthine to augment methotrexate-inducedrincreas&gv:\in cell volume was not related io a
r;onspec;; ic stimulation 61" cell growth.. | |

'fhe ability = of individual pufines and purine jnucleosides 10 augment
methotrexate-induced formation“of_ giant cells was .assessed by measuring changes in cell
volume durixig exposure to drug in medium supp}emented with dialyzed serum (Table 21). The
relative ability of other purines to supporthgiaht cell formation Was hypoxanthine > inosine >
adenosine = guanoside > xanfhine = u'ric acid. = no purine supplement. With the exception

@

"of guanosine, the purines and purine nucleosides tested did not affect préliferation rates of
methotrexate-free cultures. The number of doublings during the 48-ht exposure period

4

(mean*S.D., n=3 unless otherwise indicated) in the absence of additives was 2.2910.42
(n=17) and in the presence of additives ‘were: guandsine (1.51%0.02); "hypoxanthine
(2.14+0.56, n=9); adenosine (2.00£0.26); irfodine (2.3220.17); xanthine (2.28+0.19); and

uric acid (2.2040.21).
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Flgure 16. Effects of hypdxanthine on . the modal volume of
prollferatmg and methotrexate:treated BeW/o _cells cultured in growth
.medlumz supplemented-. with 10% dlalyzed fetal bovine serum. BeWo
cultures'"w):re established with 2 x 10° cells/T-25 flask, and afler 24

hr, culture " fluids were replaced with drug-free growth medium

containing hypoxanthine (O) 6r growth medium comainihg 1 uM

methotrexate and hypoxanthine (@) at the - concentrations indicated. .

After 48-hr exposures, modal cell volumes (averagef£S.D., n=3) were
determined as described in Materials “as Methods (_section B.1). The
modal volumes (averageS.D.) of cells subjéc_ted to 48-hr exposures
to 1 uM methotrexate in “medium supplémented, w.ith undialyzed fetal
bovine serum (10 3+1.3 pl/cell, n=9) or wi;h dialyzed fetal bovine
serum and excess hypoxanthine (>10‘ M, 10.1+0.6 pl/cell,v n=11)

were the same (p>0.05).

;"‘\)‘ ‘
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Table 20

* Effects of Hypoxanthine on Proliferation Rates of BeWo Cells

Hypoxanthine (M) 5 Doubling Time (hr)
0o o 20.3 + 3.2 (5)!
| 10 B 19.7 £ 0.7: (4)
0 . 19.4 + 0.6 (4)
10-* 20.5 + 2.07 (4)
107 ‘. 206 % 2.2° (5)
10" 213 £0.9°(3) s
00 | | 2.5+ 1.8 (3)
10-* | B0+ 1.9(3)
‘number of séparate cultures o

'not significantly different from population doubling time
of hypaxanthlne: free cultures ( p>0.05)
BeWo cultures -were established with 2 x 10° cells/T-25 flask, and after 24 hr,
culture fluids were replaced with metﬁotrexate-free grbwth medium containing
hypoxanthine at the concentrations indicated. Cell numbers were delcmﬁned
24 and 72 hr after :cultures were initiated, and v:;lues are the.population

“doubling times (+S.D.).
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Table 21

Methotrexate-induced Formation of Giant Cells in

Growth Medium Supplemented with Purines and Purine Nucleosides

Modal Volume (pl/cell)

. Compound 200 uM o MTX-free ; MTX-ireated
None * ’ 3.66 % 1.08 (33) 5.58  0.86 (J2)
Adenosine’ 420 % 0.61 (3) 7.31 % 0.95* (3)
Guanosine 496 £ 0.77 (3) 7.22 £ 0.95 (3)
Inosine 3.4740.23 (3) 8.72 £ 1.35 (3)
Hypoxanthine'® 2.40'% 0.10 (3) 10.95 £ 1.67* (9)
Xanthine 403+ 0.25 (3‘) 510 %047 (3)
Uric Acid S 4301069 (3) 5.18 £ 0.22° (3)

‘number of separate determinations - .
tadenosine was tested in the presenceé of 1 uM 2'-deoxycoformycin
’hypoxamh)ne concentration was 100 uM | o
‘significantly dif. feren; from drug‘ treated without purine supplement ( p>0.05 )
Snot signlficantly different from drug treated without purine
supplem‘ent (;.)>0.05)'
The basal growth medium was supplemented with 10% dialyzed fetal bovine serum. BeWo
cultures were established with 2 x 10° cells/T-25 flask, and after 24 hr, culture fluids were
replaced with methotrexate-free medium (MTX-free) or with mediurﬁ containing 1 uM
‘ rﬁethotfexate; purine bases and nucleosides were present in culture fluids as indicated. After
48-hr exposures, modal cell volumes (averageS.D.) v;ére determined electrically (Materials

and Methods B.1).
X «" i
’ /
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The effects of hypoxanthine on methotrexate-induced  expression  of
“syncytiotrophoblastic markers by BeWo cells are summarized in Table 22. It is evident that

increases in cell volume were dependent on a source of exogenous hypoxanthine, whereas

differentiation to the STL phenotype or expression of heat-stable alkaline phosphatase were

unaffected by hypoxanthine.
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Table 22
Effects of Exogenous Hypoxanthine on Expression of Syncytiotrophoblastic Markers
Dalyzed FBS Pialyzed FBS + 100 uM Hypoxanthine
Marker Untreated MTX -treated Untreated MTX: treated

Morphology CTL STL ‘ CTL STL
Cell volume 332 072(27) 649+ 147 (13) 428 + 145 (9) 1096 + 1.45(9)
Alkaline

1+

phosphatase 129 £31 ) 76.6 £ 141 (W) 19.7 31 M) //’578 + 189 (9)

{

- )

BeWo cultures were established with 2 x 16¢ cells/T-25 flask gand after 24 hr, culture fluxds‘lwere replaced with

growth medium (dFBS) or medium (dFBS} containing 1 uM methotrexate with or' without 100 uM

hypoxanthine. After 48-hr exposures, expression of markers of the BeWo CTL-10-STL differéntiative response
were quantitated as described previously (Chapter V). The predominant morphology (> 9% of tatal cells) of
cultures was determined with phase-contrast microscopy bv:l;coring at leasll"‘IOO cellé/c‘ulturc. Modal cell volume
(pl/cell, average1S.D.) was determined electrically (Materials and Methdds, section B.1), and the specific
acuvity (nmol p-nitrophenol. released/min/mg protein) of heat-stable alkaline phosphatase in crude extrz;cts

(m'ean:tS.D., n=triplicate assays) was determined as described in Matenals and MetHods (section G).



146

To determine if uprake of hypoxanthine was required for formation of giant cells, the
effects of dipyridamole, an inhibitor of nucleoside and nucleobase transport (‘0-8), on
methotrexate-induced increases in BeWo cell volume and uptake of hypoxanthine were
assessed. It is apparent from the results presented in Table 23 that dipyridamole or
hypoxanthine, in combinalion or alone, did not effect the volume of proliferating BeWo cells,
whereas dipyridamole inhibited hypoxanthinc-depcvém methotrexate-induced increases in
BeWo cell volume. At the highest dipyridamole concentfation tested (10 M) increases in
‘modal cell volume after 48-hr exposurey 1o methotrexate »:c;re inhibited by 53% in comparisoﬁ
to increases in cell volume in the presence of methotrexate and hypoxanthine.

To detqr\mine if inhibition of methotrexate-induced increases in I}cWo cell volume by
dipyridamole was related to inhibition of nucleobase transport, the initial rate of hypoxanthine
uptake by BeWo cells in the presence and absence of dipyridamole was mgasured using a
centrifugal method (13). l{plake of nucleosides and bases by cultured célls is usually linea‘r for
i to 10 sec, and initial uptake velocities are assumed to reflect the rate of transport of the

permicant into the «ell (14),

It is eviient {rom the data presented in Figure 17 that uptake of hypoxanthine by

BeWo cells was less in the presence of di ole. The rate of hypoxanthine uptake by

dipyridamole-treated cells was inhibited app'ro‘ wpately 82% in comparison to the rate of uptake

.
Vo

by untreated cells. This observation indicates that mediated transport of hypoxanthine by
’ o\

BeWo_ cells was sensitive to inhibition' by dipyridamole suggesting that the effects of

dipyridamole on methotrexate-induced increases in cell volume were related to inhibition of

hypoxanthine uptake.

—



Table 23
Effects of Dipyridamole and

Hypoxanthine on BeWo Cell VYolume .

Additives MTX-free MTX -treated
none S 491 1+ 057 596 t 0.31
Hx+10 ;LM‘&E‘Tﬁipyridamolc I 457 * 0.59 787 + 0.64
Hx+S M -dipyridamolc 4.57 + 0.62 9.56 + 1.08
Hx+1 M dipyridamole 461 + 0.37 9.66 + 0.94
Hx 5.21. £ 045 10.02 + 0.65

'dnpyrldamol,e (196+()9 hl'_{

BeWo cultures were  established with 2 x  10° cells/T-25 ‘flask, and
after 24 hr, cultﬁrc fluids were replaced with methotrexate-free
medium (dFBS) or medium (dFBS) containing 1 uM methotrexate; 100
uM hypoxanthine and dipyridamole were present in culture fluids as
indicated. After 4¥-hr exposures,i modal cell v'olume (average+S.D.,

n=6) was determined electrically as described in Materials " and

Methods (section B.1). The population doubling times (meantS.D.,

n=3) of methotrexale free BeWo cultures in the presence of 100 M

100 uM hypoxéﬂ%hme and 10 uM

g,

hypoxanthme (19. 3:&413 3 h,'

i v"'x
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Although the concentrations of dipyridamole used Tor this study were nontoxic to
proliferating BeWao cells (Table 23), dipyridamole alters cellular processes of cultured cells that
are unrelited 10 nucleobase and nucleoside transport (15). Therefore, these experiments do not
climmate the possibility that dipyridamole had effects on BeWo cells other g!}an inhibition of
hypoxanthine transport that resuted ininhibition of methotrexate-induced increases i cell

L %
volume.



149

-

n
w
o

i

20

ies

¥

o
T
N
.
‘ .
\

hng Uptake (pmot/ul pejlet wate

K]
&

Hypoxanth

0 1 1 ! 1 S i 1 |
-4 -2 0 2 4 6 8 10
Time (sec)

| ! rﬁigure 17. Effects of dipyridamole on ‘uptake of hypoxaﬁthine by BeWo 'Eells.
‘rlj:’g;ake of hypoxanthine (10.7 uM)> by BeWo cells was ﬁieasure& ’/as described in .
_Materiéls éndfl}dethods (section D) i,n th.e présence (@) and absénce (O) of ’
10 uM dipyridamole. Total pellet and extracellular volur;les were determined in
' ;;arallel. experirﬁents byfvequilibration of BeWo_ cells with [*H]water andp
["‘C]sucrose. The extracellular volume (0.36+0.04 ul, n=4) was 12% of the
total volume of the' cell pellet (water volume was, 2.96i0.21 ul/cell pellet,
n=4), and the exlracellulé; ﬁypoxanthine voylume (0.54 ul) de,t(;;mined by

extrapolation of the rate of hypoxanthine uptake in the presence and absence of

dipyridamole to time zero was 18% of the total water volume of the cell peliet. -

~

o
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C. Summary
Although RNA and protein contents of BeWo cells exposed to 1 1M methotrexate in a

hypoxanthine-depleted growth medium increased modestly, maximal increases in cell mass

required dialvzable factor(s) present in fetal bovine, serum. The- dialyzable factor was

< “ . s & . N B . )
hygog ¢ since: (1) specific methods for. removing purines (charcoal extraction and

I idasc treatment) decreased the ability of serum to support methotrexate-induced

increases in cell size; (2) exogenous h_ypoxamhine resiored the ability of dial'd fetal bovine
serum to support maximal increases in cell vblume; and (3) h);poxamhine as well as xanthine"
were present in unfreated __fetal bovine serum. Although hypoxanthine was the gost effici;:m'
source ~ of "the purine ring, inosine, adenosine, and guanbsine also augmented
methotrexate-induced increases in cell volume in growth medium supplememed with dialyzed
serum. The concentrations of h)}poxamhine and xanthine preseﬁt in umreated fetal bovine

serum. were less than that required to restore capacity of dialyzed serum to support maximal

] -

increases in cell size, but other uniQentif ied dialyzable factors (reduced folates, small amounts

of other purines) or protein bound purines ‘that were slowly exchangable could explain this

[

diff erénce .

5

Mediated transport of h}'poxanthine was apparently required for formation of giant .
cells as dipyridamole, an inhibit/;"or of nucleoside and base transport, inhibited increases.in cell -

volume and was shown 10 inlﬁibit uptake of -hypoxanthine from culture fluids® Uptake of

!

hypoxanthine was not compleg‘/ely inhibited by dipyridamole at the concentrations tested in this

/
!

work; thué, it was likely that léss than complete inhibition of hypoxanthine-dependeht increases
in cell volume were related Lq/r.esidu\a] influx of hypoxan{line in the presence of dipyridamole. -~

During the first 48 hr of continous exposixre to methotrexa_té in growth medium
supplemented with umreai_ed serum, increases in RNA content required 26.2 + 3.4 nmol of:
purine (assuming a purine:pyrimidine ratio of 1:1 and an average molecular weight of 300 f or

a RNA-incorporated purine nucleotide)., The amount of hypc;xanthine available from the

o growth medium (26.5 £ 9.0'nmol.) was comparable, suggesting that salvage of hypoxanthiﬁe

s
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was rate lir;fiting for RNA synthesis during thé CTL:to-STL differentiative response.

. A requirement f;r serum factors 1o express différeﬁliated function was previously
shdﬁ with mouse 3T3 cells. Adipocyte con'version of 3T3 cells was interrupted by biotin
def .iciené{i; " When biotin, a cofactor required for carboxylation during fatty acid synthesis (16),
was re;h;v;ed from the growth‘ medium, 3T3_ ‘cells‘did not accumulate triglvceride (17,18).
Biotin deficiency inhibited 3T3 cell de novo synthesis of long-chqip fatty acids required f{or
&triglycerides (18) Other marker.s of ’maturc adi.poc_\'te function were expressed under conditions
of biotin deficiency; therefore, biotin was not a regulator of the cytodifferentiative response,
bx:t was simply an extrinsic cofactor requiréd for biosynthetic pathways activitated d:;ring the
response ( 18); ‘ .

" In conclusion, results presented iﬁ this Chépter indicate that hypoxanthine was an

© exogenous factor required for methotrexate -induced formation of giam cells.r.&_‘Ho)wever,
morphological ':)differemiation to the STL phénotybe OI expression of heat-stal?li alkaline
phosphatase were not dependent on an exogenous source of hypo?camhine. Dialysis of serum ...
supplemen‘ts primarily inhibited inc}easéé inﬁiﬁRNA content of BeWo cells during exposure to
methotrexate suggesting that hypoxanthine was required for continued RNA synthesis ir‘f" the

presence of methotrexate. Thus, hypoxanthine was apparently a factor required for continued

growth of STL cells and was not a regulatory factor involved in controlling the CTL-t0-STL

-

-
=

% differentiative response.

®

3

@
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VI1. Mechanism of Action of Methotrexate During Induction of the CTL-to-STL

Cytodifferentiative Response

- g

A. Intr'oductioh .

Although the BeWo cell line was demed from a chong&;arqubma obtained f rom a
patient who had developed resistance Eg methotrexate chemothﬂr&pv cultured BeWo cells were
sensitive to the antiproliferative effects‘of methotrexa,te as eviden.éed by an-1Q¥%, value for ‘
inhibition of proliferation of 50 nM ('see Chapter .V, section B.1). “I;he antiproliferative and
cytotéxic effects of methotrexate have been attributed to disruption of qne-carbon metabolism
that is dependerit on letral?ydrofolale cofac;ors (1-5). ’N,‘“N-MeLh‘ylenetetrahydrofolate,
l°N~foi'mylte’trahydrofo‘late. and SN-methylietrahydrofolate contribute one-carbon units
. required for the methyl group of thymidylate ';(6), C-2 and C-8 of the purine ring (7), the
methyl group of methionine (8), the a-carbon 6f glycine (9), and the B-cafbon of serine (10) ‘
(see Figure' 18). Methotrexafe disrupts folate-dependent biosvnthetic pathways by blocking
formation of tetrdhydrofolate (11). During the syr;thésis of thymidyl?ne, *N,"*N-methylene-
tetrahydrofolate serves both as a one-carbon and as an ¢lectron donor in the, transfer of a
methyl group to deoxyu_ridylate. The loss of a hydride ion from the pteridine ring results in
conversion of tetrahydrofolate to dihydrofolate (12). Since dihydrofolate is not an active
coenzyme and tetrahydrofolafe cofactors are present in cells at catalytic concentrations,
c.ominued‘ thymidylate synthesis in the_presence of methotrexate leads to depletion of folate
céfactors (see Chapter I1). Reactions of purine, pyrimidine, and amino acid synthesi§ utilize
tetrahydrofolate cofactors, and exposure to methofreXate can result in inhibition of DNA,
RNA, and protein sy'mlftsis. ' Biochemical mechanisms of resistance to methotrexate include

elevated leVelg of dihydrofolate reductase, decreased metﬁotrexate uptake, and decreased

‘ bmdmg of methotrexate to dihydrofolate reductase (14-16).
msq 5
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Figure 18. The source and metabolic fate of one-carbon units, and interconversions of
tetrahydrofolate (H,-Folate) cofactors. Leucovorin (SNjformyltétrahydrofolate. not -
shown) can - be converted to . either 19N -formyltetrahydrofolate or

5N,‘°N-metheriyltetrahydrofclate. Adapted from reference 13.
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Tﬁere is little doubt that thymidine and putiné starvation arc the primary cylotoxic
effects of ﬁelhotrexgle. bul methotrexate also disrupLZ cellular processes not directly related to
inhibilion of dihvdrofolate reductase (see Chapter 2). In isolated eniyme systems, thymidylate
synthetase and other folate-dependent enzymésl are inhibited by methotrexate, and
polyglutamate forms of metﬁotrexate are more potent inhibitors than the parent drﬁg. In
" studies with  cultured éells, methotrexate has also been demonstrated to disrupt several
metabolic processes secondary to inhibition of dihydrofolate reductase. The importance of
. ~
these-effects to melhotréxaté cytotoxicity is not known. The complex pharmacology and the
biological response of BéWo cells to methotrexate has lead to the suggeslion that nieth@t;cxate
may induce the CTL-to-STL differentiative response through a nqvel mechanism of -actl_o'n '
involving sensitivity of a number of different target siteg or differential depletion of
'tetrahydrof 6latc cdf actor pools (17).

Experiments were undertaken to assess ‘the sensitivity of BeWo cells to the pﬁmary
biochemical effects of methdtrexale and to determine if these effects were responsible for
stimulating expression of syncytiotrophoblastic ~markers. Although the activity of
dihydrofolate reductase and its inhibition i))' methotrexate can be assessed directly by measuring
reduction  of [.’H]dihydrofolate, inhibition of biochemical | processes - dependent on
‘tetrahydrofola‘te cofactors are more commonly delemiined in étudies with- intact cells. 'The‘:\‘
‘efvfects_ 'of methotrexate on the apparent intracellular activity of thymidylate synthetase and
incorporation of formate into DNA, RNA, and brotein were assessed to determine if
folate-requiring biosynthetic pathways were inhibited. In additiqn, the DNA content of BeWo
éells was measured by ﬂow cytometry to determine if exposure to methotrexate resulted in an
S-phase block in progression through the cell cyg:le. When BeWo célls were exposed to
methotrexate ét c'o‘ncemr_ations supfamaximal for inh»ibition of proliferation, the appa'rem‘rate
of thymidylate synthesis was decreased within minutes and the rates of [“C]formaté

incorporation into DNA, RNA, and protein were inhibited approximately 95%. Cells

accumulated in G, and early S phases of the cell cycle, indicating that continous exposure to
. v
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methotrexate inhibited DNA synthesis.

To determine if inhibition of dihydrofolate reductase was the basis for induction of the
BeWo CTL-to-STL differentiative response by methotrexate, the cépacity of thymidine,
hypoxanthine, and leucovorin to block the drug's effects were assessed. If methotrexate was
.1 acting by a mechanism unrelated to depletion of letrahydrofdate cofaclors, "%ithcn
coadministration of a purine and thymidine or a source of ‘tetrahvdrofolate should not alter
methotrexate-induced cytodifferentiation. Coadministration of h)'poxaﬁthine and thymidine of
lcucov/orin abolished both the cytodifferentiative .and the aﬁtiproliferative | effects of
methotrexate. Differential ¢f fects of hypoxanthine and thymidine alone during exposure (o
methotrexate indicated that either puring or thymidylate starvation inhibited BeWo cell
proliferation and suggested that induction of the cytodifferentiative response was‘a result of
thymidylate starvation. To test this hypothesis, the effects of a specific inhibitor of
thymidylale synthetase on expression of syncytiotrophoblastic markers by. BeWo cells was
investigated. \Eluorodeoxyundme which has previously been shown to induce morphologlcal
dif ferentiation o; I;eWo cells,’ inhibited prohferanon, sumplaled increases in cell volume and
expression of heat-stable alkaline ph.OSphalaSC, and induced differentiation to the STL

™ . ‘
phenotype. These effects were blocked by coadministration of thymidine.

* Fluorodeoxyuridine %4;,uM) induces BeWo cells to differentiatd to the STL
phenotype = (99% yototal cells are giant cells, 8% of which are
multinucleated), personai communication, Dr. S. J. Friedman.

"Y .
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B. Results

1. Incorporation of deoxyuridine and thymidine

The effect of methotrexate on thymidylate slymhesis was assessed by comparing
i'ncorporation of [6-'H]deoxvuridine and [methyl-’H]Lhymidine into acid-precipitable material
of BeWo cultures at various intervals after initiating drug exposures ( Figure 19). The rates of
incorporation of thymidine and deoxyuridine by drug-free cultures were not significantly
different (p>0.05) over the 2-hr exposures used in the experiment of Figure 19 (data not
shown). Utilization of exogenous thymidine by methotrexate-treated BeWo cultures increased
relative‘,to that of drug-free cultures, reaching a peak 45 min after exposure to methotrexate
began.. Cbnversely, utili;ation of deoxyuridine by methotrexate-treated cultures decreased
relative to that of drug-free cultureé, suggesting that tetrahydrofolate had become rate-limiting
for thymidyla_te synthesis. The decline in incorporation of thymidine seen af ter 45 min suggests
that purines may have become limiting for continued synthesis of nucleic acids. Jlnhibition of
thy\midylate synthesis following exposure to methotrexate is consistent with substrate limitation
of the tetrahydrofolate cofactors that are required for continued activity of thymidylate
syﬁthetase. These results are in agreement with those of én earlier study, which demonstrated
increased incorporélion of exogenous thymidine, and decreased incorporation of deoxyuridine,

in BeWo cells subjected to prolonged exposures (up to 100 hr) to methotrexate (18).

¢ Assuming that the activity of thymidine kinase remained constant during
exposures . to methotrexate and that the extracellular concentrations of
precursors used in the experiment of Figure 19 did not perturb intracellular
deoxynucleotide pools.

*
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Figure 19. Effects of methotrexate on incorporation of.  deoxyuridine (dUrd) and
thymidine (dThd) into acid-precipitable material of BeWo cells. BeWo cultures were
established with 4 x 10* cells/glass scintillation vial, and after 24 hr, culture fluids
were replaced with drug~frée growth medium (dFBS) or mediurﬁ (dFBS) containing
1 uM methotrexate. Thereafter, at the time intervals indicated, 1 m} of medium
(dFBS) with or without 1 uM methotrexate and containing [6-°H]deoxyuridine (O, 1
uCi/culture’, final concentration 22 nM) or [methyl-*H}thymidine (@ . 1 uCi/culture,
6.7 nM) was added to each culture. Intervals of incorporation were ended after 10
min by aspiration of “the culture fluids and acid precipitation with 0.2 N perchloric
acid as described in Materials and Methods (section C.1). Each symbol .represcms
the mean (+S.D., n=3) of cpm incorporated into methotrexate-treated cultures as a
percentage of that incorporated into drug-free cultures (dThd, 5600 cpm; dUrd, 4980"

5y

epm).
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2. Formate incorporation

Form‘ale is utilized as a one-carbon sourcc in folate-requiring biosynthetic pathways
for forination of C-2 and C-8 of the purine ring, the methy! group of thymidylate, and the
folate-requiring pathways \Ff amino acid synthesis. ‘lﬁ the experiments of Figure 20, utilization
of formate was assessed in BeWo cultures subjected to ’l—hr exposures o 1 uM methotrexate.
The relative amOL‘mts. (percent of total counts) of formate incorporated into RNA, DNA, and
| protein, respéctively, by untreated BeWo cells were 93.1%, 5.5%. and 1.4%. In drug-treated
culturés, the rates of formate incorporatié;x into DNA, RNA, and protein we.re ihhibiled
approximately 95%, suggésting that tetrahydrofélate had become limiting for formation of

folate cofactors required for thymidylate, purine, and folate-requiring amino acid synthesis.
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Figure 20. Effects of methotrexate on mco%o ratiop | of [“C]formate, into DNA RNA

e e

and protein of BeWo cells; BeWo cullurcs &x " tabhshed wuh 2 x 10’ cells/60

L)

mm tissue culture dish, and safter 24 hr culture*’ j_',“unds were replaced with drug-free
grawth medmm (dFBS) or medium (dFBS) comammg 1 uM methotrexate. ¢ Alter
1 hr, mtervgls of incorporation were initiated by adding 250 ul of medium (dFBS)
containing [**C)formate (41.7 pCi/culture, final concentration 0.17 mM) to each
culture. Intervals of incorpbratiop were ended at the times indicated by aspirating
the culture fluids, washing with/:';"O.lS M NaCl (5 ml), and extracting for 20 min
with 0.2 M perchlorate (5. ml) at 4. “RNA, DNA, and brotein were separated by
the hvdrolysis procedures described in Materials and Methods (section C.2). Each

symbol represents the mean (*S.D., n=3) of radioactivity incorporated into DNA,

RNA, and protein of drug-free (O) or methotrexate-treated (@) cultures,

s
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3. Cellular D’\A content

The effects of methotrexate on incorporation of nucleic acxd precursors de

that de novo purinerand thymidylale'symhesis were inhibited in methotrexate-treated BeWo
cells. Although a result of inhibition of these biosynthetic pathways should be inhibition .of
§ ) ’ R

DNA synthesis, the CTL-to-STL cytodifferentiative response is accompanied by the

appearance of multmucleated cells suggesung increases in DNA content per cell. To determine

t

if exposure 10 methotrexate resulted in an S- phasc block in progression through the cell c»cle

-

'?/_the DNA content of ethénol-fixed ‘BeWo cells was measured by flow cytometric analysis of
mithramycin f luoresence. ‘ | 1

“In theor\ “the intensity of emitted flourescence can be measured on an absolute scale;

in practlce relatlve f louresence 1s measured to obtain DNA dlsmbuuom (20). Because relative

fluorescence varies with staining conditions, and may be altered by drug—treatmem, DNA

distributions of different cell suspensions must be normalized to allow quantitative *
compansons The ‘most reliable procedure consists of addition of a biolo%‘ical standard’ of ~
constant DNA content, usually Cthk erythrocytes, to cell suspensnons before stammg (20). An

_alternate procedure was required in this study because the DNA content of G, BeWo cells was

.
= o
<

so much greater that that of chick erythrocytes (ca. 3:5-fold) that small variations in peak

locatlon probably caused by samplmg €I10T, lead to consxderable variations in the G, to chick

“cell pea'k ratio (data not shown). Theliefore, cells from drug-free and methotrexate-treaged
cultures were mixed before fixirig and staining to determine if exposure to methotrexate altered
the relative fluorescence.integsity of mithramycin-stained cells (Table 24). Because G,

‘distributions appeared identical for drlig—free and methotrexate-treated BeWo “cells, in

¢

Subéequem experiments DNA distributions were translocated so that the G, peak was in
i . . ) )
~channel number 60, and this relative DNA cdntemr was defined as the 2N DNA content of

BeWo cells. Ce
\ . ,
The relative DNA conténts of drug:free and methotrexate-treated BeWo cells are

. i ’ . . . . ) ' . . "*
illustrated in Figure 21. Continous exposure to 1 M methotrexate resulted in a gradual decrease



Table 24 /// .

Effecté of Methotrexate on the

Relative Fluoresence Intensity of G, BeWo Cells

Bl

G, Distribution

Umreated:MTX‘-treated Peak Position ‘\, Half -height Widsh
10 EEIRE R
31 %+ 2 11+ 1
21 73+ 4 S10 %1

s | & 1

1l e 76 2 _ 12+ 1 -
. 3,."7# ‘:Df' -.il‘ -r . g .
0:1 P 76 + 3¢ 11 £ 2

s ¢

_BeWo cultures were established with 1 x 10¢ cells/T-75 flask, and'

after 72 hr, culture fluids were replaced with drug-free ‘growth

~medium (dFBS) or medium (dFBS) containing 1 M methotrexate.

After - 48-hr exposures, v Vprolif erating (Untreated) and

methotirexate-treated . (MTX) cultures were disaggregated by

trypsinization, afd cell suspens_gons were mixed in the numerical ratios

. . . " . . . .
irdicated, fixed with ethanol, and stained with mithramycin for .

analysis with a Coulter EPICS V flow cytometer és described in
Materials and Methods (segtion E.1). Relative fluorescence intehsities
r(mean:tS.D., n-—¥3) are presented for the location of the modal
channel of the G, peak and the width of the G, .pea{k %t half its

height.

R
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in the relg,i/ive number of cells with a 4N DNA content and a concommitant increase in the
number o/f/ cells in early S phase. Thus, althouggdivisioﬁ of kyéells possessing a 4N DNA content
cominueg/i"\, progression of cells through S phase of the tell cycle was inhibited during exposure
j .
10 mgthJ)trexatc. indicating,ythat DNA‘symhestlis was inhibited in methotrexate-treated cejlls.
The effect of methotrexate on progression of BeWo cells through the cell cycle was quantitéted
by com;artmentalizing DNA distributipns into G, S and G,-M phases of the cell cyéle (22).
The | model for pa;ametric analysis (PARA2) assumed that G,’ cells formed .a Gaﬁssian
distribution centered around a DNA content of 2N and that G,-M cells formed a second
Gaussian distribution centered around a DNA content 1.94-fold that of G, cells.” The standard

deviations of the Gaussian distributions were determined from the steepest aspect of the

curves.® S phase was modeled as a continous distribution between the G, and/é;-M peaks, and

was subdivided into 4 equal compartments (S,, S;, Ss, S4). The interfaces b’yétween S phase and

G,; or G, were determined by assuming that cells with 2N and 4N DNA contents were

symmetrically distributed around their respective modes with a standard deviation determined
fromthe steepest aspect of the curve. _
Analyses of the DNA distributions of Figure 21 is presemeci in Figure 22. In. the

absence  of methotrexate, thé relative number of cells in each compartment of the cell cycle

remained relatively constant over time with about 45% of cells in S phase. After initiation of

methotrexate exposuré, there was a transient increase, peaking at 6-7 hr, in the relative number -

‘ of cells in G; of the cell cyclé. With continued exposure to methotrexate (> 8 hr) the G, cells

subsequently entered S phase, butvapparently _did‘ not proceed through the cell éycle since there

- was accumulation of cells in ea_rlyJS phase (S, and S,) as G, cel_ls disappeared. The decline in

)
a

" It would be expected that the G,-M peak is centered at .a channel number
exactly twice that of the G; cells, but this is not ;xperimemally observed
(23). s

. [ : i

* For DNA distributions (as presented in Figure ‘19), the "left" half of the
G, peak and the "right" half of the G,-M peak are the steepest. aspects of
the ®urves. The other. halves of the G, and G,-M. peaks overlap with early
and late S-phase, respectively; thus, the standard deviation of the “inner"
half of each of Lgfse peaks is greater than that of the "outer" half.

L
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.

40 60 120 160 200 240
Relative DNA Content

Q/Figure 21. Effects of methotrexate on DNA content. of BeWo cells. BeWo cultures
" were established with 1 x lOé.ycells"p_per T-75» flask,’ and a‘fter 72 hr, culture fluids
were replaeed with growth medium (dFBS). containing 1'uM methptrexatc. Attt:graded‘
nme mtervals thereafter, cultures were disaggregated by trypsinization, ar;d cells were
: pelleted,; suspended in O. 15’5‘ M NaCl, fixed with ethanol, )end stained withj
mithramycin r.aS\ described in Materials and Methods - (section E.1). Flourescence
distributions representing relative DNA content were obtained with an EPICS V flow
cytometer and were smoothed with the. least .s'quares spline aigorithim of the PARAl
program; ‘G, peaks were translocated to channel 60,<a‘nd the areas of ’the 2N 16\ 4N
region (channels 40 to 160) were n,orrnal{zed to a -conseant value. The 2N to 4N
distribution represents the fluorescent intensities ' of SO,QOO cel‘ls. ﬂigh[ scattering

approaches‘(21) to characterize the Aparticles with 4N and greater DNA content are

presented in Appendix 2. , A s
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~ panel: S, (O)s5 S: (O), S, (a), S. (0),

By

k3

population doublmg time of drug -free cult,ures in this experiment was |,

263 hr. ¥and there was no ‘proliferation.. in" methotrexate- -treated “PF

Figure 22. Effects of methotrexate on cell-cycle progression of BeWor

“cultures. BeWo cultures were establxshed with 1 x 10¢ cells/T-75 ﬂask

and after 72 hr. culture fluids were replaced with drug- -free growth_
medjum (dFBS) or medium (dFBS) containing 1 M methotrexate. At
graded time intervals thereafter, culthres were: disaggregated - by
trypsinization, and cells were fixed with ethanol and stained with‘

mit‘hramycin' as described in Figure’ 19. DNA distributions were

.obtained with an EPICS V .flow cytometer, and gl{istributlons . were

analyzed with the PARA2 program sobtained from Coulter Electronics

“Inc. Data pomts represent the relative number of cells presem in

various " phases of tlz; cell - cycle of a single methotrexate treated .

»(closed symbols) or f}roleeratmg (open symbols) culture. The

cultures. Upper .panel: G, (o), . S. (07’5&,,"k (}}r:‘daG;-M (a). Lower

&
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the number of cells in G, suggested that, although cells were initially blocked at the G, -5 phase
transition by methotrexate treatment, there was, after 6-8 hr exposures, limited recovery of

DNA synthetic capacity. The relative numbers of cells in the 6 compartments of the cell cycle

after 48-hr exposures. to methotrexate wére not significantly different from those after 24-hr

exposures (data not shown)..
The validity of ‘the mathematical model utilized for quantitative cell cycle analysis was
graphically tested by comparing "raw" data with distributions generate&from' the "bést-fit"

parameters determined for G,, the four compartments of S and G,-M phase (Figure 23). The
L 30

-

“model- -generated DNA distributions were relatrvel‘}* srmll.ar in shape to the experimental DNA

9
drstrtbutrons indicating that the model ylelded parameters for DN,Q distributions that closely

At IA
approximated the number of cells actually present in each compartinent of the cell cycle. The

N -u,"

only poor fit between the model and the data occurred with DNA distrib,ttttong obtained fiom

OQ.UQN that had been exposed to methotrexate for 24 hr or longer, when the reletive number of

't
c&lls in the G,-M peak was diminished and the G,-M peak .was poorly approxxmated by a

symmetfn‘ical Gaussxan distribution.

- Mg N
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Figure 23. GraphicalA test’ of the .validity of the PARA2 analysis

Untreated

MTX-treated

program. Hypothetical DNA distributions were generated " with  the

4

PARA2 program using the assumptions of the model and the best-fit
parameters for the 6 compartmeénts of the cell cycle determined for

the analysis of Figure 22. For comparison, the raw data was plotted

on the same scale.

x

1/



[ 171

4. Effects of protective agénts

Previous experiments (sections B.1-B.3) inc;icated that exposure to methotrexate
disrupted BeWo cell folate-dependent one-carbon metabolism. To determine if inhibition of
dihydrofolate reductase and .concommitam. depletion of cellular thymidylate and purines was
the effect of methotrexate responsible for inducing the CTL-to-STL differentiative response,
protection experiments were undertaken. The toxic effects of methotrexate in mammalian cell
cul;ures can be reduced or prevented by the addition o@xymidine, a purine, and, in some
cases, glycine (1, 24-27) or reduced folates (25-27). Leucovorin (5N-formyltetrahydrofolate)%
can be converted to N ,‘°N-methenylte_}r/ahydrof olaté or '°N-formyitetrahydrofolate and
apparently replenishes pools of reduced ﬁESl;;e cofactors. (28). Hypoxanthine and thymidine
are salvagable end-prdducts of Pelate requiring biosynthetic paﬁ@ways (6, 7). For all
protection experiments presenied in this Chapter, BeWo cells were gxposed to methotrexate in
growth medium suppleménted with dialyzed fetal bovine »seruxﬁiﬁo avoid interference from
exogenous metaboliteé9

The :thymidine and hypoxanthine requirements fourpBeWO cell proliferation in the
presence of methotrexate were assessed to determine if depletion of these metabolites resulted in
inhibition of proliferation. lNeither hypoxanthine nor thymidine alone protected cells against
the antiprolif erative eff ecis of methotrexate. However, coadministration of hypoxanthine and
thymidine blocked the antiproliferative effects of 1 uM methotrexate. The concentration-effect
relationships for protection by one precursor in the presence of .an excess of the otheg differed
by an ordber of kmagr’xitude. The PC;,'® of hypoxanthine in the presence of excess thymidine (50
uM, Figure-ﬂA) was ten-foid the PC,, of thymiding in. the presence of excess hypoxanthine (5

uM, Figure 24B). These resulls indicate that methotrexate inhibited both de nove purine and
&

® The basal growth medium (RPMI medium 1640) contains 0.1 mM
methionine, 0.13 mM glycine, 0.29 mM serine, and 2.3 pyM folic acid, but
does not contain reduced folates, nucleobases, or nucleosides. :

10 The PCs is the protective concentration of one metabolite required for
half -maximal increases in cell number in the presence of methotrexate and
excess’ concentrations of the second metabolite. \



Figure 24. Effects of thymidine and hypoxanthine on proliferation of
BeWo cells exposed to 1 ul\i methotrexate. BeWo cultures were
established with 2 x 10° cells/T-25 flask, and v‘avfler 24 hr, culture
fluids were replaced with additiv;-free growth medium (dFBS) or
medium (dFIBS) containing 1 uM _mg;hotrexate plus thymidine. ar‘\d
ﬁypoxanthine .at the concentrations xi-ﬁdicated. .After 48-hr exposures:s
cell numbers _‘(meantS.D.) were determined with an 'electrical particle
counter as described in Materials and Methods (séction B.1). A: BeWo
cells were ex’posed o 1 M methétrexate and graded cpnc’en;rations of
hypoxanthine in the presence (®) and abser{ce (0O) | of_»ﬁO.l‘ mM
thymidine. B: "BeWo cells were exposed to 1 uM methotrexatev and
graded conceﬁtrations of ‘thymidine in the presence (@) and absence
(0) of 1.0 mM hypoxanthine. Data ‘,points represent the perceni
change in cell number (mganiS.D.; n=3_), " exeept that the open
symbols in:_’ panel B are values from ﬁﬁingl% d‘etermipat.i'on. The
percent chaglée in cell number wdﬁ_defiﬁed as: 106 X

(treated cells/flask at 72 hr) — (control cells/flask at 24 hr)
(control cells/flask at 72 hr) — (control cells/flask at 24 ‘hr)

The mean (*S.D.) population doubling times of cultures exposed to
methotrexate, hypoxanthine (> 10* M) and thymidine (0.1 mM) were
greater  (27.4%£2.4, n=7) than these  of additive-free cultures

(20.3£3.2, n=12).
&
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thymidylate synthesis in the BeWo cell line, and arc consistent with the ea’fr‘»l‘icr démgnslr.at;;%jp
that thymidylate synthesis and de novo purine synthesis were inhibited following gxpcisﬁre 110
methotrexate (sections B.1 and B.2, r;:spectiv'ély).

To determine if inhibition of dihydrofolate reductase was also the ur{derlying cause of
methotrexatednduéed -cytodifferentiation, the ability of thymidine and hypoxamhiné or
leucovorin to protect against the cytodifferentiative effects of methotrexate were assessed
(Plate 4, Table 25). It is evident from Plate 4 that morphological differentiation 1o the S{;L
phenotybe was biocked by coédministration of hypoxanthine and thymidine. BeWo cells
exposed to methotrexate in the presence of these additives were moderately sized,
mononucléated, and otherwise morphologically indistinguishable from untreated CTL cells.
Data from a large series of experiments are presented in Table 25 where it is evident that

hypoxanthine and thymidine or leucovorin blocked expression of cytodifferentiative markers

and allowed proliferation of BeWo cells in the presence of methotrexate.



w
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Plate 4. Effects of hypoxanthine and thymidine on methotrexate-induced

differentiation to the STL phenotype, BeWo cultures were established with 2x

10° cells/T-25 flask, and aflcal:\, culture fluids were replaced with

additive-free growth medium * ) or medium (dFBS) ¢ontaining
methotrexate with or without;ﬁ,%idine and hypoxam‘h.ine. After 48-hr
exposures, cultures were siained with Wright's stain for microscopy as
described in Materials anddMethods. A: no additives. B: 1 M methotrexate. |
C: 1 4uM methotrexate plus 1 mM hypoxanthine and 0.1 mM thymidine. Final

magnification was 250x.
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e A
'ro assess the rclatwe rmpbrrance or\pnnne versus thymndylate starvauon durmg

' —

. methotrcxale mduwd BeWo cytodrf fcrennauon the ablhly of thymrdme or hypoxamhme alone
101 prevent the- effects of methotrexate was mvesngaled (Table 25) Erther-’ punne or

IR

,Lhymrdylate starvation resulted in in’hibmon of BeWo cell prohf eration, but only thymrd)lale

“

ﬂarvalrp_n resulteq in _expressron of cylodrf f erenuauve markers. ‘

o 'I';lre‘ effects of f"‘lu'orodcoxyuridinei‘a specif ic inhibitor of thymidylate symhct:;xse were
- exammed o test the h\pothesrs that depleuon of oellular thymrdylate during methotrcxale :
exposure was. responsrble for induction of thc C'I' L to STL rcsponse (Table 26).
| F]uorodeoxyundme has been previously shown to xnhuce morphological differentiation. of .
Ber'cells "' Exposure 'of BeWo ccﬁs 10 fluorbdeoxnrridine inhibiwd prbliferation and ind.uced |

a cylodnf ferentiative response srmxlar to that of rnethouexate mcludmg increases in- cell

volume SUmulated expressnon of heat-stable alkahne phosphatase and morpholog;cal :
/ .

dif ferermauon to the STL phenotype Thymldme blocked, to varymg degrees, all of these -

effects. These results suggest that lhymxdylate starvauon was the pnmary brochcmlcal effectof -

melhotrexate

11 Personal communication, Dr. S. J. Friedman.
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- C. Summary C -
Although the BeWo cell line ,‘wAas~ derived from a choriocarcinoma obtained from, a

patient that developed resistanee to methotrexate chemotheraoy. cultured BeWo cells were

Tt

sensitive to the primary biochemical effects of the drug. Incorporation and protection .

: expe_rimems and direct measurement of DNA, RNA, and protein (see "Chapter V. for

" determination of RNA and protein) content indicated that exposure to methotrexate inhitted
* de novo thymiuylate. purine, and folate-depeudem amino acid«'synthesis of BeWo eells. These
- effects, which are nomally'consiuered cytotox;c did not lead to cell b’dea'th (see »Chapter"V for
viability studres) but, instead’ morphologrcal ard hrochermcar markers " assocrhted with the
\ qyncyuotropoblast were expressed by methotrexate treated BeWo cells. . ' \\' '
Quantitative ‘cell- -cycle analysrs demonstrates that mhrbmon of prolrferatlon by

: methotrexate was a result of an S- phase block in the BeWo cell cycle During short term

‘exposures to methotrexate (<38 hr) ap increase in the relative number of cells in Gl indrcated ._

that initiation of DNA synthesrs was mhrbrted However lhrs block was overcome with

continued exposure to drug A "transuory mhrbmon of initiation of DNA symhens has been'

previously observed with cytosine arabinoside inhibition of Chinese hamster ovary cell

. . : ] )
-proliferation (29). The molecular mechanism by whieh c:.lls' overcome inhibition of DNA .

" synthesis is not known (29). R ) . v

It has been suggested that franscription or translation of chorionic gonadotropin or

placental alkaline phosphatase might occur in one di’screte portiou of the cell c/ycle (30).

Quanmatxve analysis of the effects of rnethotrexate on progressron of BeWo cells through the

e

cell cycle provrded evidence that cell cycle effects could accoum for mcreases in expression of a

specific protem. ‘After 24 or 48 hr—exposures to 1 uM methotrexate; the number of celis
. R . . . . : /

~ present in S, phase of the cell-cycle incre“ased‘about 2.5-fold. During 48-hr exposures to 1 uM

methotrexate; it was demonstrated (Chapters VI-IX) that met_hotreiatel stimulated a 2.6 to
5-fold increase in,a!kaline phosph’atasf: 'aetivity. Thus, if mrly-S;phase céps-.expressed greater

levels of heat-stable alkaline phosphatase; increased expre'ssion ‘of the enzyme could be

1

.- . o -

®
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eccounted__.fon by an increase in the number of cells in 2 nanlcular pttue of the cell cycle.

‘\_ The biochomical effects of methotrxate exposure on one-carbon metabolism of BeWo
, cells indieeted that dihydrofolate reducu;e was sensitive to inhibition by methotrexate; hen‘ce.
-protection experiments were undertaken t6 determine if depletion of cellular thymidyhte and
purines was responsibie for inducuon of the CTL to STL cytodifferentintive response
' Leucovorin or, hypoxanthlne and thymidtne restored proliferative capaeity and blocked
e_xpress_ion of mnrkers of | ‘the CTL-to-STL cytodifferentietﬂive response. Atthongh the

protective effects of Teucovorin may be more complex’ than merely replenishment of

" ‘tetrahydrofo-late pools (see Chapter 2), 'protectidn agninst tne‘cytodifferentiative effects by

bboth thymtdme and hypoxanthine or a source of reduced folate indicates that disruption of
- folate- dependent one-carbon metabolism is necessary for methotrexate tndtmd BeWo cell

. dif ferentratnon

To assess the relative rmportﬁce of thymidylate versus purine starvation during

mduttmn of the CTL-to- -STL - differentrauve response. the effects of hypoxanthme or

thymidine alone on methotrexate's antiproliferative and cytodif ferenttatrve effects were.

" assessed._ Results of these experiments indicated that either purine or thymidine starvation

multed in inhibition of proliferation but th‘ymidylate starvation wﬁs the-br'ocheniical effect of

<

'.methotrexate responsrble for mductton of the CTL-to-STL response The hypoxantlnne

- requrrements of BeWo cells’ during methotrexate exposures for cell growth during the o

dr_fferenttattve response were snmlar to those required for conttnued pr,ohf eratton since, in the

‘presence’ of exoeér thymi’dine. the concentration of hypoxathine (ca. 50 uM) fﬂrequired' for -

'proliferatipn_’ was similar to tlre concentration of hYpoxnnthine ‘(80 uM) required for

half - maximal 'restoration of the ability of dialyzed' serum to support inicreases in cell volunie

Hypoxanthme and thymidine or leucovorin, but not hyfpoxanthme alone, have been '

prevrously shown to block methotrexate stimulated expression of syncytrotrophoblastrc markers )

by cells dertved from chonocarcmoma (30, 31) Admtmstratton“of thymidine (the -growth

’ medium contained hypoxanthine) or leucovorin blocked stimulation of both human chorionic



3
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Lo ‘ X . . . ’ v ) .
. ~ . -
- o . w2
) . . . ) .
T " ' °

4 -

gomdcuopin ncretioh md pimnui dnllnc pholvhlme alivity in methotrmte-tmted'
. BeWO ceili ( 30) Similerly. thymidine (the m{wth n?dium conttimd hyponnthine) blocked‘ -
methotreute stimuhtion oi‘ chorionic conndotropin ﬁmtion in JAr eellt. another cen line,
 derived from human choriocarcinoma (31)

\ .

\

’ " To dest the hypothesis that thymidyiate stcrvction was mpomible for
methotreute induction of’ the CTL-to STL differentiative ‘response the: eri‘ects of
flumdeoxyutidine (3 potent iahibitor of tﬁymidyltte lyntheme on prolilmtion and expi'euion'

“of cytodifi'erenthtive markefs were inveltinted Fluorodeoxyttridine was previously shown to

. induee formntion of giant eells end morphoiogical differenthtion of Be\Vo cells.!? In this work
. it was demonstuted that ﬂuorodeoxyuridine. ata concenmtion that inhibited proliferetion. . |
: »also caused dii'i'erentietion to the STL phenotypet which was nccontpunied with increues in cell
" volume and expreeeion of heet-mhie aumine phosphntue Theee differentietive ei‘fects were
biocked.byadminietrationofthymidine o T
In. ooncluﬁon. methotreute tppnrently induced a thymineless and purinelees state in
. -Be“,io eeils. which did not. lead ditectiy to cell death. “Instead, chuacteristics associated with
‘the in utcro syncytibtrophobhst were expreued Since the protective nature of the-
' nonproliferative state toward dmgs that kill cycling oells is a Well esteblishetf‘phenonenon

- ._ (32- 34) it was bossibie tat the differenthtive relpome of BeWo cells alters their sensitivity to
the cytotoxic ef i' ects of methotreute Resisunce tq mcthotrente cytotoxicity hy induction of

:the STL phenotype which is nonprolifentive' may represent a novel biologicai nmechgnism of * ,.

. resistanee to methotrexete
# ‘ o P

~

11 Personal communication, Dr. S.WJ. Fr‘iedman.v



e E . . . .i 4- .o . . N 183

. D. References . : .

_ * “ ‘ | - \ .
1. Hakala, M., Taylor, E. The nbllity of purine and ths\nine derivatives nnd of glycine to
f support powth of mammalian cells in cultutc J Bibl. Chem., 234; 126 128 1959
. Ruekert, R. R., Mueller, G. C, Studies on unbalanced growth in tissue culture. 1. Induction

and consequence of thymidine deficiency. Cancer Res.. 20:1584-1591, 1960.

.Skippe[.H E., Bennett, L. L., Jr Law, L. W, Eﬂ‘ects of A- methopterin on formate
incorpornion into the nucleic acids of suwepdble and retimm leukemic eclls Cancer
© Res. 12:67-6719.1952. |
. 4. Sartorelli, A. C., LePage, G. A. Effgctsof"kMethoplerin'on ’.the' p‘uri-nc biosythesis of
~ susceptible and vu'sis{;m TA3 ascites cells. Cancer Res., 18:1336-1339, 1958. |
. 5. Williams, A. D., Slater, G. G., Wh;zler R.J. The effect of amethopterin on formate-C**
- incorponnon by mouse leukemus in vitro. Cancer Res., 1: 532 536, 1955.
6. Reichard P Biosynthesis of purines and pyrimidines. ln. E. Chuwf 1. N Digvxdson ’
. ,(eds.). The Nucleic Acids, Vol. 2, pp. 277-308, New York; ‘Academic Press, 1955.
7. Buchanan, J M., Biosynthesis of puﬁne'nucleolides.. InE. Chargaff, J. N, Dﬁvi.dson‘ |
| (eds.), The Nucleic Acids, Vol.. 3. pp. 304-322, 1960. New York: Academic Press,
1960. v . . : L - ' /
8. Flavin, M.,Methionin&bidsymheéis:‘ In: D. M Gree‘éberg (ed.), Metabolic Pithways’. 3r;1.
ed., Vol.“VIII, pp. 457-503. New York: Academic Press, 1975. " |
9. c_vreexiberg. D. M. Biosyntliesis of amino acids ind relatea compounds. /- D. M. Greenberg |
(ed.), Metabolic Pathways 3rd ed Vol llI pp. 237- 315 New York Acadcmlc

ST Press 1969
10 Greenbers. D. M. Biosynthesis of amino acids and related compounds /n: D. M. Greenberg
/ o \ (ed) Metabolic Pathways 2nd. ed., Vol. 1. , pp. 173-235, New York: Academic

- PreSS 1961,



11.

12

13.
14.
1s.

16.

17.

18.

19

184

Huennekens, F. M, The role of dihydrofolic reductase in the metabolism of one-carbon

units. Biochemimy.2 151-159. 1963. < ot

.

Wahba, A. J., Friedkin, M. Direct spectrophotomaric evidence for the oxidation of
tetrahydrofolate durins the enzymatic sygglesis of thymidylatc 1. Biol. Chcm
236 PCl11-12, 1961, o

. P , o
Hendemn. J.F. Teaching one-carbon metabolism. Biochem. Educ., 7:51-52, 1979.

[

Bertino, J: R. Folate Antagonists. Handbook of Exptl. Pharm., 72:615-631, 1984.

Albrecht, M. M., Biedler; J. L. Acquired resistance of tumor cells to folate antagonists. /n:

Bertino, J. R., Dolnick, B. J., Berenson, R. J., Scheer, D. 1., Kamen, B. A. Cellular

mechanisms of fesistance to methot;eute~. In:A.C. San:relli; J.S., Lazo, J. R.
\Benino (eds.), Molqcuﬁr Actions and Tﬁgeﬁ for Cancer Chemothenpeutic Agents,
PP. 385-397 New York: Academic Press, 1981.

Friedman S ‘J., and Skehan, P. Morphological differentiation of human chonocarcmoma

cells induced by mcthotrcxate Cancer Rw -39:1960-1967, 1979 .
Hussa R.O., Pattillo. R.A. Ef_fects'of methotrexate on established cell lines of human

chczpocarmnoma Europ J. Cancer, 8:523-529, 1972.

. Smith G. K., Benkovic, gf A., Benkovic, S. J. L( }-10- Formyltctrahydrofolate is the

cofactor for glycinamide nboﬂycleonde transformylasc Bnochcmxstry (ACS)

4

20: 4034 -4036, 1981

.Gray.] Ww.. Dean P. N Mendelsohn M. L. Quantitative cell-cycle analysxs In:M.R.

7
Melamed, F.F, Mu!lanpy. M. L., Mendelsohn (eds.). Flow Cytometry and Sorting,

pp. 383-407. New York: John Wiley & Sons, 1979.



y | : 185

. 21. Salzman, G. C.. Mullaney. P. ., Price. B. J. Light scaller;ng approaches {o cell
| chauctcriution In: M. R. Melamed, F. F. Mullaney, M. L' Met'ndelsohnx(eds.). Flow
&Cymmeuy and Sorting, pp. 383- 407. New York: John Wilcy & Sons 1979.
22. huqx,j R. Biochemistry of Cell Division. Springfieid, I1.: CharlesC Thomas, 1969.
23, Bagwell C B. Ph. D Thesis, Univenity of Mumi 1979
24 Hakala, M T. Prevention of toxicity of amcthopmrm for Sarcoma 180 cells in tissae
culture. Science, 126 255, 1957.

>

25 Bogyo D., Mnhich E Reversal of the in vitro mcthotrcxam suppression of cell- medmtod
" immune respomc by folinic acid and thymidine plus hypoxanthine Canoer Res.,
40:650-654, 1980.
*26. Pinedo, H M., Zaharko D.S., Bull D.S., Chabner, B. A. The reversal of methotrexate
cytotoxicity' 10 mouse bone marrow cells by lcucovorm and nucleosides. Cancer Res.,
36; 4418 4424, 1977, ' ‘l
27. Lcyva. A Nederbragt H., Lankelma J., Pinedo, H. M. Methotrexate cytotoxicity :
Studxes on its reversal by folaws and nucleosides. Cancer Treat. Rep., 65:45-50, l9§1.
28. Blakley, R. L., The Biochemistry of Fplic Acid and Related Pteridines. pp.'188-218. New
York: American Elsevier, 1969. I
29 Tqbey. R. A. Effects of cytosine arabmosxde daunomycm mithramycin, aucytxdmc;
adriamycin and’ camptothecin on mammahan cell cycle traversc Cancer Rcs

e

32:2720-2727, 1972. . o °

- 30. Speeg, K. V., Jr., Aiizkhan. J. C.”. Stromber'g. K. The'sﬁmuhﬁm by methotrexate of
huma_n chorionic gonadotropin and placental alkaline phosphatase in cultured human
choriocar'ci;xoma cells. Cancer Res 36 :457(')-4576,- 1976.

31. Azizkhan, { C., gpeeg K. V., Jr., Stromberg, K., Goode, D. Stimulation of human
chori'é_nic gonadptropih by JAr line choriocarcinczma after inhibition of DNA synthesis.

@

Cancer Res., 39:1952-1959, 1979,



(3 . ’ - 186

32. Drewinko, B.. Paichen, M.. Yans, L.-Y.. Barlogie, B, Differential klling efficacy of
twenty antitumor drugs on ptolife'raun. and nonproliferating human tumor cells.
" Cancer Res., 41:2328-2333, 1981.
33, Hryniuk, W. M., Fisher, G. A.. Bertino, J. R. S-Phase cells of rapidly growing and resting
. populations. Diﬂ'm in response to methotrexate. Mol. Pi’urm.. 5:557-564, 1969.
34. Johnson, L. F., Furhmim. C. L., Abdison, H. T. Resistance of resting 3T6 mouse
- fibroblasts to methotrexate cytotoxicity. Cancer Res., 38:2408-2412, 1978.

-~



VII1..Effects of Population Density on the BeWo Cytodifferentative Response

A Introduction

During pmnous investigations (Chapter V and V1), it became apparent that culture
conditions altered the response of BeWo cells to methotrexate. Most notably, dialysis of serum
used to suppk;mcm the basal growth medium and increases in the nanbcr of cells per culture
reduced expression of syncytiotrophoblastic markers during exposure to methotrexate. The
pqpuluion density of cultures alters cell motility, shape, proliferation, and differentiation

(1-6). Density-dependent inhibition of proliferation is the most studied of population density

effects. and explanations for this phenomenon include depletion of growth factors (7),

L3

accumulation of toxic factors or chalones (8), decreased availability of nutrients from culture
fluids (9-12), and changes in cell-cell or cell-substratum interactions (13-14). Following

exposure 10 methotrexate, the surface of BeWo cells is changed and cell-substratum interactions

L)
are altered, suggesting that culture microenvironment may alter formation of giant cells during

the CTL -10-STL differentiative response (15).
In this work, experiments were undertaken to determine the basis of the inhibition of
the CTL-10-STL response observed in crowded BeWo cultures. Methotrexate-induced increases

in cell volume were inversely related to population size. Since it was previously shown that

;v exogenous hypoxanthine was required for formation of giant cells (Chapter VI), culture fluids

were supplcmcnted with 1 mM hypoxanthine. Hypoxanthine augmcmed methotrexate induced
mcmses in BeWo cell volume, but this effect was diminished at high populauon densities.
Although there appeared to be sufficient drug available in crowded cultures to affect a
response, drug uptake ;ra; l;:ss at higher population densities. Since a number of parameters
varied in crowded cultures, a mcthodology _wis developed to manipulate popﬁlation densities

within cultures of constant cell number, volume of growth medium, and culture substratum.

Using this culture system, methotrexate-induced increases in cell volume and® expression df

oot 187 '
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L

ulkatine phosphatase were shown 1o be inversely related 10 population density. The viabilie
of BeWo cells in sparsely and densely populsted cultuses were the sa ting that
decreased expremion of differentiative markers was not duc to cell death; The effects of
population density oa utilization of adeniné and hypoxinthine indicated that salvage of purines
from culture ﬂu;dt was less in crowded cultures, but it was not possible to determine if lln's.wu
a cause or an effect of the density -dependent inbitition of tbe CT} -to-STL differentiative

-
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B. Resuits

/

1. Glant cell formation in crowded cultyres

| The effects of culture population on‘mcth()rrcxatc‘indl;ced giant cell formation were
first assessed by r;in{ply increasing the number of cclls in the inoculum used (0 establish HeWo
cultures (Method A; Materials and Methods, section A.3). When BeWo cultures of different
populations (2 x 10° - 1 x 10* cells/T-25 flask ) were exposed to 1 uM methotrexate, the selative
i)crgasc in cel] volume was inversely related 10 the number of cells per flask (Figure 25). After
48-hr exposures, the volume of methotrexate -treated BeWo cells ranged from 10 pl/cell at the
lowest density (2 x 10° celis/flask) to 4 pl/cell at the highest density (8 x 10* cells/flask). Since
mcthotrcxitc-indugcd formau’o‘;) of giant cells was previously shown to require sa]vage of
preformeqd purines (Chapter \}l ). hypoxanthine was éddgd 1o the growth medium to determine
if reduced formation of gi?m cells in densely populated cultures w;s related to depletion of
purines. Hypoxanthine augmented methotrexate-induced increases in cell volume; but this
effect was diminishéd at higher population densities. o

Thus, relatively small increases in the number of cells per culture appeared to inhibit
methotrexatesinduced cxp}cssion of cytodifferentiative markers by BeWo cells. To minimize
this effect, all previously reported exper.imcnts in this work used cultures that were established
at an initial population dchsity of < 1.33 x 10* cells/cm?.

Since population density, cell number, and the ratio of cell number to volume of
grov;'th medium all varied in cultures established with Method A, the results presented in Figure
25 do not unequivocally demonstrate that formation of giant cells was inhibited in a
density -dependent manner. It was possible that increased cell numbers resulted in depletion of
unidentified serum factors or methotrexate from culture fluids. Because the affinity of
metl"xotrexate for Qihydrofolate reducatase is sufficiently high that the enzyme titrates available

»
drug (Chapter ¢ amount of "free” drug may have been insufficient in crowded cultures

.
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Modal Volume (pl/cell)

X
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Figure 225. Effects of 'culture _population apd hypoxanthine - (Hx) ' on
méthotrexatefinduceﬁ increases in cell ~voiume. BeWo ‘cu‘ltures‘_‘  were
established  with 2' - iO x 10° cells/T-25 flask (Méthod A; Materials
.ian‘d Methods, section A.3), émd after ‘24 hr, . culture fluids were
replaced with g?}:)wth medium (5 ml) containing 1 wM methotrexate
(O})_ o.r medium (5 ml) coﬁtaining 1 iuM mt’zt‘hotrex‘ate‘ and 1 mM
hypoxanthine (@®). . After = 48-hr -exposures, modal cell “volumes
'(averageiS.E., kn=3) were ‘determine_d e]ectrically (Materials and
: Methods, section B.1). uPoﬁu’latiOn densities were calculated from the

-number of cells present. in. cultures after 48-hr drug exposures.'
“ 0 . 3 B )
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to elicit a response.

| .
! /

To deterr:nne if suffi 1c’1ent amounts of methotrexate were avarl?’ble to saturate cellular
,targets of the drug, the condentratron of methotrexate remaining in, culture fluids after 48-hr
exposures was determmed by high performance hqurd chromatography. The chromatographtc
system used afforded excellent s'eparation}of ‘methotrexate f ronyUV—absorbiug material present
in growth' medium (Figure 26). The'results presented in Tg{;ie 27 illustrate that methotrexate
was depleted from culture fluids during 48-hr exposurcs at”)"all population 'densities,‘ and uptake
of methotrexate from culture fluids was decreased at hrgh cell densities. Whtle the amount of

"cell- assocrated" methotrexate was reduced by dbout 30% at higher densmes previous
expenments (éshapter VI, sectron B. 5) suggested that at the lowest population densxty. there
was sufficient methotrexate in culture fluxds_,:-to induce formatton of giant cells. Exposure of

low density cultures to one-tenth the conceﬁtration of methotrexate used in Table 27 resulted in

near-maximal increases in cell volume. -
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Figure 26 Chromatograpic sgﬁaration of methotrexate frqm UY-absorbing
material present in_ growﬁi medium. Samples of growth medium with
or without 1 uM mcthogréxate weré fractionated 'with_ an ion-exchange
‘ chromatography procedure "desc‘ribédﬂ in Materials and Methods (section
" F.2). Methbgexate-cpntaiﬁing Aeffluems “were con‘cemrated, and
met'hotreXAte was ’separateld from other UV-absbrbf/ng material by
isocfatic' elution. of a Waters uB;)ndapak Cis column with acetate (0.2

M pH 55) buffer:methanol:acetonitrile (85.3:3.4:6.3) at a flow rate

of 1.5 mli/min (Materials and Methods, sectioh F.2).



Table 27
Effects of Culture Population on‘-'t'he Amounts of

Methotrexate Remaining in Culture Fluids After 48-hr‘ Exposures

Cell . ‘ Cells . - "Cell-associated”

Inoculum per Culture Methotrexate -~ Methotrexate
(x 10°%) (x 109 (uM) . (fmol/cell)
27 176 + 004  0.86 * 0.16 6.4
4 363 + 041 0.68 % 0.13 - a4
6 . 551 + 080 081 % 005 1.7
8 6.77 £ 061 0.2 £.0.07 21

10 796 + 034  0.68 £ 0.06 20

BéWo cultures weje established and ‘exposed, to ‘methotxexate as
described in i:igure‘ 25. '_ Aftc; 48-hr exposures, c¢ell numbers were
determined,, and culture fluids were collected for analysis  of
methotrexate by high performance liquid chromatography'.‘as’ déscribt;d

in Figure 26. Values presented are mean (1S.D.) number of cells per

flask - (n=3) and methotrexate _concentration  (n=3). 'When'

AdruAg-exposures were initiated, theé concentration of methotrexate in
. growth  medium \A}as 1.0£02 uM (n=6), as determined
chromatographically. "Cell-associated "_ methotrexate was calculated from

Wa‘:rlibxﬁffigwﬁhfmaﬂi‘_‘iiﬁ depleted from culture fluids and number of cells per

AN ) ~ o
culture at 48 hr. Insignificant binding of methotrexate to the culture -

flasks occured during 48-hr 'exposures (data not " shown). |

-~
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2. Effects of population density on expresslon of. cytodllferentlatlée markers lllll cell viability '
To'elintinate the possiblity that depletion of unidentified serum factors or methotrexate
resulted in the apparent density'—dependent inhibition of giant cell formation, an experimental .

apprdach was developed that allowed manipulation of populatton denslt< as the only

‘ expenmental vanable (Method B; Matenals and Methods section A.3) Cultures estabhshed '

l
~ with Method B were compact dome hke structures conststing of several multilayers of cells.

The average density of "spot cultures estabhshed with Method B was reproductble for a given

- inoculum volume. For example. thecoefftcnent.ol‘_ vanatnon for the area of 8 "spot cultures”

»

established’ with 2.0 x 10° cells in a 0.1 ml inoculum was less than 11%. Dishes that showed
: »

evidence of celle spfeadixlg f rom the central -dense "spot culture" were discarded ‘
| lt is appatent from the experiment presented in Flgure 27 that giant cell formattor\x 'was |
mlnbtted in densely populated cultures with. constant, cell numbers. At the lowest density, the
modal volume of methotrexate-treated oells was greater than 10 pl/oell Wmas at higher |
hdensmes {(>17.0x10* cells/cm’) modal volumes of\ drug treated cells were the same (p>0. 05)' ‘
as that of proliferating BeWo cells (3 5111.29 pl/cell, né20) In ‘these experiments, the

™~ o
-volume of growth medtum. concentration and absolute amounts oﬁ'ﬂ{thotrexate. number of

cells, and available culture'éttbstratutrx were virtually identical for all culture

methotrexate-induced formation of giant-cells was inhibited in a density -dependent
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Figure 27. Effects of ﬁopulafion' _density on . methotrexate-induced
increases in_ BeWo cell volume. BeWo cultu‘l'g's were established with 2
x 10° .'cells/60 mm"* 'tissueb cult;xre dish ‘with 0.05‘ to 5 ml inocula
(Method B, Materfais and MEthéds. se’c‘t;idn A.3), and after cells had
atfache'd. ba‘ddftional growth médiprh was_‘ added to a total of §

- . ‘. . . ) 4 .
ml/culture. After 24 hr, culture fluids were replaced with - growth

medium (5. ml) éohtaining 1 uM methotrexate, - an'dv after 48,-hr.
exposu;e;, modal cgll volumves‘ (avcrageiS.D.. n=3) were. determinued‘
electrically (Materials and Methods, section. B.1). Population dgnsit-ies.
(meant$S.D, n=3) were cafculated from‘ 'the area of thé culture

" substratum occupied by cells and the number of cells remaining after:

48-hr éxposures to methotrexate. -
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- The ’ei’fects of p'op'ulation density on ei’tpression of heat-stable alkaline phosphatase, '
examined in cultures
: established with Method B (Table 28) At sparse population densities ca, 1x 10‘ cells/cm’)
continous exposure tol uM methotrexate resulted in a 7-fold increase in the specii‘ic activity oi'
heat- stable alkaline phospltatase in cell extracts whereas at higher de sities (ca. 7 x 10‘
vbl.voells/cm’) the activity only increased 23 fold over control values The a parent activity of
‘ hent-subie alkaline phosphatase in drug free cultures was unaffected by pulation density |
povin, L R 7 iy
Oell death oocurs in the core of tumors (16, 17) and cultured tumor-cell spheroids
(18,) probably because of decreased availability of nutrients Thus, it was "possible that cell
death in the core of the "spot cultures was responsible for decreased expression of BeWo
-cytodifferenuative markers. Cell Viabtlity was assessed by vital -staining methods m sparsely \
_and densely popﬁhted cultures estabhshed thh Method B (Table 29) Sinoe the vxability of
BeWo cells in drug free or methotrexate treated cultures was not ai‘i‘ected by increased
population density. reduced cxpression of. markers of the heWo cytodifi'erentiative .Tesponse

was not due to cell death and necrosis in the core of dense cultures

#



Table 28

. Effeets of Population Density on I’Aethottexgte-

/

induced Expression of Heat-stable Alkaline Phosphatase’

..

Specific "Activity

Culture ‘Untreated _ MTX-treated

Sparse’ 212 + 43 1463 t 30.4
. Demse 325 + 143 763 £ 326
2

BeWo cultures were established LJfﬁ/ith 2 x 10° cells/60 mm tissue
culture dish” with ‘5 ml (sparse) and 0.1 ml inocula (;lcnsé), and after
cells had attached, an additional 4.9 ml of growth medium was added
to densé cultures (Method B), as describéd in Figurc; 27. After 24 . hr,
cuIt_ur? fluids 'v./ercr ;plaad with drug-free medium (Untreated) or
‘medium . containing 1 ‘uM ‘x.ncthotréxate (MTX_-treated); After 48-i1r
Dexposureé extracts of the cells were made, ‘and ihc s'pecific activity
. (nmol bp mtrophenyl phosphate released/min/mg protein) -of heat-stable
- alkaline phosphatase (me\qnis D., n=9) was determined as described
in  Materials and Methods (section G). The 'population density
(meaniSD) of sparse cultures was 12102 x . 10* cells/cm? (n 3)

and of dense cultures was 6.5+0.7 x 10* cells/cm® (n=8).



‘ ' Table 29 .
. " Effects of P‘opqlatﬁn Density
and ' uM Methotrexate on Viability of BeWo cells |

v -
Untreated . MTX-treated
Vital Stain Sparsc Denge Sparse Dense
Trypan blue 93 * 4 97 +.1 - 95 % 3 %0 % 3
Fluorescein S : _ ; o
diacetate 98 + 2 97 £ 2 92 £ 7 91 £ 3

e

BeWo cultures were established with' 2 X 10* cells/60 mm tssue
culture dish with 5 ml (sparse) and 0.1 m! inocula (dense), and after

cells- had attached, én additional 4.9 Imlb of growth medium was' added

" to dense cultures, as described in "'I'.ablc 28. After 24 hr, culture fluids

were Teplaced with drug-free medium (Untreated) or medium

containing 1 M methotrexate (MTX-treated). After 48-hr exposures,

cultures were disaggregated by trypsinization, and cell viabilities

(meantS.D., n=3, 500 celis/culture) were determined by vital staining.,

methods és described in Materials and Methods (section -A.4).

B
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3. Rate of purine salyage in sparsely and densely‘ populated cultures
| Since it was ptcviously demonstrated that methotrexate-indttced increases in ccn volume
were dependent on exogenous hypoxanthine, the rates of ipcorporation of adenine and
hypoxanthine into RNA were measured to Qete_rrttine the ”relative ability of BeWo cells in
~ sparsely and densely populated cultures tehtsalvagc purines. ‘ln the experiment of Table 30,
cultures were establiahed by Method B "lpcorpo’ration of hypoxanthine (50 M) and adenine-
(5 uM) irtto RNA were inhibited, respect;vely, by approximately 60 and 80%. Increasing the
extrat:ellular concentration of hypoxanthit:e (1 rttM) ot adenine (1 mM) overcamg the apparent
inhibition of purine salvage. The experimehts of Figure 27 and Table 29 were conducted in
growth medium with an extracellular concentration of hypoxanthme (from fetal bovme serum
used to supplement the basal grthh medium) of 0.5 uM (see Chapter VI section B)
Decrcased cell surface in dxrect contact with the growth medium is thought to result in
less effi 1c1ent uptake of compounds present in the growth medium (9-12). Smoe initial rates of
-punne uptake could not be measured,'* it was not possnble to determme if decreased salvage of
purines was ‘a cause or an effect of density-dependent 'Amhtbltnon. of  the CTL-to-STL
cytodifferentiatige ‘respons‘e." HdWeve’r, thee‘xp‘erimentsﬂptesent’ed in_vTable 30 indicatet:l that
saivage-det)cndent RNA synthesis“, ;;re\tiously shown to be neoessary for formation of giant

cells (Chapter VI ), was less in densely, than in sparsely, i)opulated, cultures.

13 Zero-trans ‘influx of purines into most cultured cells reaches equilibration
within seconds (19), and' it was not‘ feasible to determine initial rates of
. purine uptake into BeWo cells over this time scale. ‘



Table 30

. Effects of Population Density on Salvage of Purine Bases

Cpm/ld’ cells pmol/ug RNA
Purine Sparse - . Dense Sparse | Dense
Ade (5 uM) 7848 * 305 1336 + 48 300 £ 010 075 % 0.12°
“Hx (50 uM) 6574 t 559 2679 + 75 653 : 0.50 3.93 = 0.59
Ade (1 mM)‘ 1090 + 160 00 £ 35 621 % 3.1 576 £ 90
Hx (1 mM) 304 £ 9 193 £ 19 585 £ 17 518 £ 9.4

7

a

BeWo cultures were established with 2 x 10° cells/60 mm tissue with 5 ml (sparse)
~and' 0.1 mi i.noculﬁ. (dense), anﬁ_ after cells had attached, an additional 4.9 ml of
growth medium was added to dense cultures, as described in Table 28. After 24 hr,
culture fluids were replaced “with drug-free medium (Wntreated) or medium
containing 1 M métuhotrcxatc/ (MTX-_treatedj. After 48-hr exposures, culture fluids \
were replaced with medium containing [8-°Hadenine (5 uM; 144000 cpm/nmol, 1
mM; 990 cpm/nmol) or [8-’H}hypoxanthine (5?) uM; 56,000 cprh/nmol. 1 mM; 290
cpm/hmol), and after 30 min, intefvals of incorporation were ended by aspiration of
culture fluids, rinsing with 0.15 M NaCl, and acid-precipitatioh with cold 02 M
perchloric acid (Materials and Méthods, sec}ion C.3). Values represent the ‘mean
(:tS.D;) ‘of -cpm incorporated per 10° cells or pmol incorporated per ug RNA. The
number of cells ﬁnd RNA content, 'respcctivel“y’, were -fo.r" sparse cultures, 2.13+0.06
x 10° cells/culture (n=6) and 38.3 ng RNA/culture (n=‘2), and for’ dense éultures

2.10:?:0.03 x 10° cells/culture '(n=6)'and 26.4 ug RNA/culture (n=2).
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C. Summary .

a .

In the work presented "in this Chapter, the effects of culture population on
mclhotr’cxate-induced expression of cytodifferentiative markers were shown to be a result of
vboth exhaustion of exogenous hypoxathine and dcnsity-ﬂcpendem effects unrelated to global
culture population or the ratio of cell number to volume of culture fluids. Although
spontancous differentiation to the STL phenotype is relatively rare in drug-free _BeWo culiurcs.
it too appears to be inhibited at higher population densitics.(ZO). At low densities, the ‘m;mbcr
of giant cells and multi;&ucleated cells were 4 and 2.5%, respectively, of the ;otal population,
whereas at higher densities, the number of giant cells and multinucleated cells were 1.5 and
<0.2% of the total population (20). Thus, methotrexate-induced and spontaneous
;lifferemiaiion to the STL p;leﬁotype are ;lpparcn(ly sensitive to culture microcn\;iron;nent.
Cytotrophoblastic cells are surrounded by syncytiotrophoblast in the villi of normal pla(ccma
and choriocarciﬁoma is 'charactcﬁied by central cores of cytotrophoblast-like cells with
peripherial rims of syncytiotrophoblast-li‘ke cells (?1) suggesting that tissué micrc;environment'
may be an important det?rmin_am of cellular differentiation. Thus; density-dependent
inhibition ;)f . BeWo cytodifferentiation may reflect conirol mechanismis of in vivo
differentiation. O »

o . The original observation lhal mcihoUexatgwu@d ‘expression of cytodiffer.cn‘tiativev
" markers was less in crowded éultux;e_s was apparently a result of Both depletion of serum factors
(hy;oxahthine) and population cienéity effects. As cell numbers per culture ‘were increased
(Method A), the cellular demand for purines apparently surpassed the amounts of \
hypoxantﬁine salvageabie “from serum : present in growth medium. Above’ a threshold
population density of approximately 2.5 x 10* cells:{cm’, formau'on of giant cells in cultures
established with Method A was inhibited in a ngnne*’r that conld not be reversed, even by high
concentrations (1 mM) of exogendus hypoxanthine. In cult'ukres in which only local population

density was varied (Method B), methotrexate-induced increases in cell volume and expression

of heat-stable alkaline phosphatase were inversely related to density. The apparent decreases in
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uptake of methotrexate and salvage of exogenous adenine or hypoxanthine by
methotrexate-treated BeWo cells indicated that utilization of molecules from culture fuids was
less in crowded cultures. However, it was not determined if decreased utilization of purines or
uptake of the inducer were effects or causes of density -dependent iquition of the BeWo-
cytodifferentiative réspoﬁse. '

Be\\;o cell membrane glycosylation patterns (22), cell agglutination with lectinf: (‘23).
and adhesion to the culture substratum (15, 20) change during methotrexate exposure. In
addition, su;ocptibility of the nuclear-cytoskeletal framework to extraction by potassium
iodide, an actin-depolymerizing agent (24) and the organization of keratin f ilamcnls and actin
stress fibers (15) also change during drug exposure. All of these properties would be affected
by changes in celli-cell or cell-substrate ir;teractjons. Althoggh the mechanism of
density -dependent inhibition of the BeWo CTL-to-STL differentiative response is unknown, it
has been dcn;onstratcd that culturc‘ microenvironment altered the response of BeWo celis to

methotrexate.

5
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. IX. ‘Conclusions
During exposure 10 methotrekate, BeWo cells undergo a cytodifferentiative- response that is
«analogous to'deyelopment of in utero quiescent syncytiotrophoblast. The_current_investigation
is concerned with relationships between rnetho_trex_ate toxicity and differentiation ’»i‘nv.the BeWo |

cell line. Results of this investigation ind‘i'cate that BeWo cells were exceedingly sensitive to the °

antiproliferative effects of methotrexate (1C,=50 nM), but Telativelv resistant to its cytotoxic

2

eff ects (1C5>10 uM). Drug exposures that:.comnletely inhibited prolif eration also inhibited
thymldylate synthetase de novo purine synthesxs and progression through S-phase of the céll
cycle. Protectton. expertments mdxcated that dtsrupuon of -folate- dependent one-carbon
~ metabolism tesulted in thymldylate and purine starvation and concommttant inhibition of
proliferation. Although thymldylate or purme starvauon usually klll cells within 4-48 hr,
v;abtllty of methotrexate-treated BeWo cells was: unaffected after 48-hr exposures to °
methotrexate at ‘concentrations supramaximal for inhibition of proliferationl. Following |
removal of drug, cells reverted to the CTL phenotype_and regained prolifer_ative capacity.
Resistance to methotrexate cytotoxicit); by induction of the S_TL~phenotype,n which s
nonproltf erative, mav represent a novel blOlOgl::al mechanism of resistance to methotrexate
l’:xperlments undertaken to identify the biochemical effect(s) of methotrexate
.responsxble for induction of the BeWo cytodiff erentiative response indicated that thymtdylate
starvation stimulated expression of syncytiot‘\rophoblastic markers. Depletion\ of - purines
'present in the culture fluids antagonized methotrexate-indueed increases in cell volume, but did
not alter eXpression. of- heat-stable alkaline nhosphatase or morphological differentiation.
Duringothis investigation it became eﬁdent that‘expression of syncytiotrophoblastic
markers was also antagonized by increases in cell population durlng eXposure to.methotrexate.
This phenomenon wasl a result of both depletion of hypoxanthine_ from culture fluids and
denslty-dependent effects unrelated to absolute culture populaton. Utilization of rhethotr,exate
and purines from the' culture fluids‘“ suggestedoth_at decreased availability of molecules may be

o

important in density7dependent inhibition of cytodifferentiation, but the’ large'_ number, of

206 .
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effects of methotrexate on the BeWo cell surface and cell-substratum interaétions; sukesti» ihat
cul_tu're microenvironment may ~have more prof ound effects on the CTL-to-STL
cytodifferentiative response.

This work demqn.;trales that methotrexate induced non-toxic cytodifferentiative
changes in. BeWQ célis through a mechanism that is toxic to.most cultured cells. These ‘xesults -
plrovide a fqﬁndation fo; further studies on the cytodifferentiative .mechanism of action of
methotrexate in the BeWo cel] line. It is not intuitively obvious how:thymidylaje star§ation
altefednregulatiqn of expression of syncytiotrophoblastic markers, ‘bul gs effects of the drug

were unrelated to toxicity ‘indicating that the response“was not an "agorial gasp»". "Onc
possibility is that methbtrexate disrupted méthonine and adenylate metabolism altering
synthesié of S-adenosyl methionine and methylation-p'attems. Since xﬁethylation reactions are
important for <ﬂ:rell‘ regulation, disruptibn of "its metabolism could indu'ce'a pleiotropic biological
.respoﬁse. Another possibility, related to a area'qi~ _intensive research, is that-"methotrexate
exposure altered gxpressign of cellular 'onéogeneé. It is rapidly becoming evident that certain
' oncogenes are  intimately relafed to embryonic genes that -may control the
"proliferative - dif erentiativé" status of the cell’, and decreased expréssion of cellular oncogenes
correlates with acquisition of differentiated function and loss of malignant poiemiai in certain
‘culture human fumor ‘c‘ells (1-4). Although the molecular méchanisms of control of

~. proliferation ‘and differentiation are poorly understood, research in this area could have

prof ound consequences on the therapy of cancer. . 4
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“Kppendix 1

Fidelity of the Coulter Method fdr»Determination"of BeWo Cell Yolume

N

A. Introduction

Reslstance pulse sizirtg,’ ln'vented by éoulter in 1953, is a converiient method .l"or |
_ determining cell ’volume'(l) In this study. the Coulter method was used to quantitate glant
ceﬁdformatnon a marker of the CTL -to- STL dnfferenttatrve Tesponse. Since values for BeWo
cell volume have not been prevrously reported condmons for accurate determmatlon of the
volume of these cells were establtshed To measure volume electncally, the shape of the
particle rnust be knovvn; hovvever disaggregated geWo cells were irregularly shaped. Since.
diameters can onl.y, be optical}v determined in two-dimensions, 'the shape of BeWo cells could
‘ not be defined. To determiuez the effects of variations in particle Shape on calculation of
B Coulter vol_umes. the :mathematical relationShip between particle shape, volume, and magnitude .
of tlre resistance pulse ‘was describéd.n From th‘eoretical. calculations, i't‘isecame apparertt that
o small deviations in axlal,ratio would cause relatively ’small'errors in Coulter determlnation of
particle volurrre Values of BeWo cell volume obtamed electncally were similar to values ¥

obtamed with two mdependent methods for determtmng cell volume mdrcatmg that the Coulter

method yrelded accurate measures of BeWo cell volume ‘ : k oL a

B. Theory of Resistance Pulse Sizing ' e .
The Physncal basns of resistance pulse sizing is that particles suspended in an electrolyte

1 contnbute to the net reststmty of the compound medtum (2) In practice, parttcles suspended

in an electrolyte are pumped through a small drameter orifice. An electrode is placed on either

- side of the orifice, and a constant current is maintained with an alternating current power

-

supply. As each partlcle passes through the electrical field, _electrolyte is displaced thereby -

- . . f . i ,

AU
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changing the reslstance across the orif’ ice (3). By dtht's law, altered resistivity is cletected. asa
| chahge in voltage across the two electrodes. If the specific resisti‘vlty of the particle is 'greate.r
. tharl tiat of the electrolyte lncreaseo resistance as the particle passes through the orifice is
accompamed by a transitory mcrease in voltage N b | |

Slmphfted resistivity relatlonshxps predict that Ismall partncles passmg through h Coul,ter
orifice cause changes in voltage dxrectly proportlonal to their volume 4). In practnce these
relatxonshxps were inadequate since differently shaped pamcles of the same volume ytelded
dif f erent changes in voltage ina mooel s;stem of the Cbulter orifice (5). More precise analysis.
of resnstivnty relatlonshlps mdlcate that partxcle resnsnvnty. shape, and orientation to the
electrical field can affect the amplitude of the voltage pulse (1. 5-9). Maxwell derived an
equation. describing the conductivity of"a-eorhpound mediumd cbnslsting 'of spherical particles :
suspended m an electrolyte (2) Solving this equation for the speclal case of a single pamcle
o yxelds an equation that descnbes the relatnonshnp between the, change in resistance (or am.plltude
| of the voltage pulse) and the volume of a spherical pamcle as it migrates through a Coulter
" orifice. | ' - 1 L

i _ : - : | 8

Maxwell's equation is:

= mtn+ Pln-r) . - _‘ S o S
‘ 2"3 +r - ZP(r, ’3) i -

Where r,, 1., and r, are the Specif ic resistivities of the suspension, particle, and electrolyte,
. . 8 - e .
respectively, and P is-the volume fraction of the suspended particles. e

. e
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SolVing‘for'.P:‘, - e
P= (r-n)Qntr) . L !
'\(\’1 +2n)(r,-n) . -t .
\ P

\
\

" To introduce the change in resistance:

i R, = RJ_>+ AR, D ' . a (3]
* Where Rl and R, are the resistance of the onf ice t” illed with-the suspensxon and electrolyte, and
AR, is the ch_ange in resistance caused by_mngrauon of t 'pamcle through the onf ice.

- For an orifice with cross-sectional area, A, and length, L:

L)

r,(/L/A} =.r,'(>L/A) + R, | ' ' ) [4]
Thus: - | | -‘ S

n =’r,+AR.,(;A'/,L) - . | i s | » - | [5]
Equ;ﬁon ISIis‘i'nt-r.oduc'ed ‘it;to eguaﬁ;n 2 (1). ‘..U_ponjrearra%ngin}gt:

P= AR, (2n+71) ‘ S 6]
2AR1 (’3 = r;y + 3’3 (L/A)(r; - r,)

EAssumiﬁg R, >>63R,, and P = AV/LA where AV = ,vq!ume of the particle:

oV = (Un)(Rs - ADR/3n - 23 +1/3) 7]
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AR, is measured’as aAU/{, where aU is the absolute magnitude of the voltage pulse

s

and {is the aperture current.

Substituting AU for AR, and rearranging equation 7:

aV = pU-A? . 1
- rye i 31 - r/r] ‘.
[2 + ry/r) ‘

To introduce the form factor ( fr -

f= 3l -_r/n]
[2 + r/ry)

For a nonconducting particle, r, > > ryand equatibn 9 reduces to:

f= 372

Thus, the final equation for a noncox%ucting spherical particle is:

Pl

- aV= pU-A . 1
) ry-i 372 B

(8]

[10])‘ |

(11]

For spheroids with three different axis, an an equation analgous to equation 1 is (8):

Ch= ot (S =Dn+ (7 D(rn-r)P . n

n+(f-Dr- (n-r)P
which reduces to:

AV = AU'A_’a-. i

(12]

(3]
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Equations 11 and 13 describe the mathematical relationshi'p between the magnitude of

-~ the voltage pulse (AU) and the volume (aV) of nonconducting spheres and spheroids. It is

evrdent that the voltage pulse resulting from migration of a particle through the orrfrce is
dependem on the shape and resistivity of the partrcle the resistivity of the electrolyte, ‘the

cross-sectional area of the orifice. the aperture current, and the orientation of the particle in

" the orifice.. ln pracuce absolute voltages are not measured Instead, the Coulter.counter is

c_alibrated‘wrth particles of known volume and shape, and the volume of an unknown particle is
determined r‘elative to that of the calibration particle. Wrth the same voltage amplification,
;oe'r'ture current., electrOIyte, and orifice, the volume of the unknown particle (AV~) is:

£ AV- = f-aV - (sU"/aU) . N4

Where S~ and AU~ are the form factor and voltage pulse of the unknown partrcle and f, aU,

and AV -are the form factor, voltage pulse, and volume of the calibration partrcle

It is evident that volume cannot be determined from the magnitude of the ‘electrical
resiatance voltage pulse without assunring particle shape\. For nonconducting spheres, the form -
factor is 3/2. and ‘f or spll‘eroids the form f act_'or is a constant related to the ratio of the axes of
the particle. Sirnplil‘ieo .equ‘ations (6) for the form factor of régular ellipsoidal particles a

oriented p_erpendicular to the electrical field are: , ’ ' ’

" for an oblate spheroid (principal axes a, b, b, m = a/b < 1)

Vf = mcos m . . m _ [15]
A-m)= (1w ,

for a prolate spheroid (principal axesa, b, b, m = a/b > 1):

v

W= _ m _m(eestm) . ne
(m?-1) (m?-1)+

>

Since the form factor (/) is a constant based on the ratio of the three axes of the particle and

not their absolute lengths relative sizes can be determined if the partrcles have the same shape.

1
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. Form factors for prolat(e §phcroids with diﬁffering elliptic'ity and orientations to the
electrical field are presented in Figure 28. If a particie of constant volume is transformed into
~an increasingly elpngated prolate\ sph;roid. it is evideht' that eﬂxatioq ‘ 11 results in an
overe;ti'mation. of true particle volume if the long axis is oriented perpendicular to the electrical

field. Conversely, if the long axis is parallel to the electrical field, the volume of é pfolate
. spheroid is underestimated by ﬁsing a shape factor of 3/2. If oparticles are randomly oriented

these two effects cancel, and the calculated volume close‘ approximates the true volume of the

particle.
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Figure 28. Form factors of prolate spl;eroids of different ellipticity.

The hydrodynamic flow ‘through a Coulter orifice is perpendicular to
the electrical field; thus, the orientation of the particles under gizing
conditions | varies between random and long axis . perpendicular to the
field de{)ending on the degreee of orientation caixsed by hydrodynamic

-

forces.
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C. Results

1. Relationship between resistance changé and volume of microspheres

«  The magnitude of the resistance voltage pulse is linegrly related to particle volume only
when particles, are small in comparison to the diameter of the Coulter orifice. When the ratio
of particle to orifice diameter is greater than 0.3, distortion of the electric field (the basis‘ of the
voltage pulse) ‘cgused by a particle as it migratcé through the orifice is influenced by the orifaice
wall (10). The 1:elationship between particle volume and the amplitude of the voltage pulse for
the Coulter counter used during this investigation was determined using microspheres of known
diameters (Figure 29). There was a linear relationship betwéen the Coulter volume of
microspheres and the volume of the particle calculated from its digmeter over a range of 0.065
to 8.9 pl/particle (particle:orifiée diameter ratio of 0.05 to 0.257). Vinualiy all of the volume

measurements obtained for BeWo cells fall within this range.



m

Figure 29. Relationship between Coulter volwme and volume of microspheres
calculated from their reported diameters. Microspheres of diameters ranging
from 5 10 25.7 um were suspended in 0.15 M NaCl by repeated pipetting and
sonication and were clcftronicall)t sized with a Coulter counter fitted with a
100-ym (diameter) aperture tube. Plotted is the relationship between mean
Coulter volume * S.D. (vertical error bars) obtained from the Coulter
volume distribution and the calculated volume of microspheres (horizontal
error bars are the ranges of volume calculated for particles with diameters + 1
S.D. from the mean diameter of the particle). Points without error bars
indicates that the S.D. was smaller than the size of the symbol. The dashed line
am;_ the coeff icient of determination (r’) were determined by lineat regression

using the method of least squares.
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2. Conditions for determination of BeWo cell volume
It is apparent from equattons that descrtbe the relauonshtp between particle volurne
" and magnitude of the resistance pulse that a ‘priori knowledge of parttcle shape is necessary o ‘

p .
calculate cell volume with the Coulterémethod. The major and minor diameters of BeWo cells
were measured from photomrcrographs to deterrhme the shape of dtsaggregated cells
(Figure 30) Both prollferatmg and methotrexate treated BeWo cells - were- 1rregularly shaped
followmg trypsmxzatlon and suspension in 0.15 M NaCl. However, the average axial ratios of
untreated and drug- treated BeWo cells were the same; thus, 1f parttcles wefe not orientated
during the wet- mountmgC process, then prolrferatmg and drug-treated BeWo cells possess the
same shape. Since it was previously_ vn (eq. 14) that the form facto'r cancels out of the
volume equation if particles have the" same shaoe, it is evident t‘hat relative changes in BeWo
cell volume can be accurately determined with the Coulter method. |
To 'estcimate the errror introduced ‘into Coulter volu_rne: measurements by - small
variations in axial ratio, the apparent volumes of randomly-oriented prolate and oblate
sphero_ids were calculgted a5 1f the particles were spherical. ‘”Using equation 11 (which assumesy
that the unknown particle fits the ideal case of a noncon_ducting spherical particle (form
factor=3/2), the Coulter volume ol; a prolate ellipsoid with a)rial ratio 2:1:1 wou‘ld be
\overestimated by 3% and that of an oblate elliﬁsold with axial ratio 2:2:1 would be
overestimated by 6%. If -particle's are assumed to be oriented in the orif’ ice the‘error increases
| dependmg on orientation in the electrical field. Thus; small devratlons in axral ratio from that
of the 1dea1 case, such as were observed with BeWo cells (axial ratio <.1. 3 1:3:1), would be
expected to cause small er_rors in calculation' of- Coulter.volume. Consequently, BeWo cell‘
volumes were calcula,ted;; using a form factor of 3/2, corresponditlg to the ide‘al case of ‘a’
nonconclucting sphere, and were reported on an absolute scale in. this investigation.

Experimental cond‘itions‘fo‘r precise determination of the volume of BeWo cells were

a

established before the effects of methotrexate on cell volume were measured. Accurate

counting and sizing of osmotically fragile particles with the Coulter method requires stability of
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F'igure‘ 30. Axial ratios of BeWo cells - cultured in t'he. prbsénce and
absence -of methotrexate. BeWo culu:res were established with 2 x 10°
cells/T-l25~ flask, and after 24 hr, culture ‘f]uAids were r;:placcd with
drug-free growth medium (O) or medjﬁm mediu’m containing " 1 ;LM
methotrexate ._(0). Aﬁerﬂ 24 hr exposu‘-res, cultures \;/ere disaggrega;cd
with trypsin-EDTA  and -suspended in 0.15 M NaCl. Following
suspension, cells - were mixed in a 1:1 nurﬂné‘ricalv ratio with
microspheres of known »diame,vtcr (‘9.54' am) suspended in 0.15 M

NaCl, and the resulting mixtures were wet-mounted on microscope

slides. Photomicrographs were taken of fields containing cells with at

least one’ polystyrene microsphere, and the diameters of spheres and
. BeWo cells were measured on - the photomiccrographs with a vernier '_

rhicrbmeter. The total magnification was 52-fold; and the coefficient

of var_iation for . the diafneter of microspheres determined opticall_v was
4% (n=30). The average axial ratios of proliferating cells (1.13+0.13,
n=36) ~and methotrexate-treated cells (1.15%0.13, - n=30) were the

same (not significantly, different, p>0.05). The dashed line represents

.- a 1:1 relationship betﬁreen the two diameters (perfect sphere).
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the partrcles and 1soton1c1ty w1th the suspendmg electrolyte. The effects of suspensxon in O 15
L

' M NaCl on BeWo cell volume are presented in Table 31 where it 1s ev:dent that the volumes of

control and methotrexate treated BeWo cells were unchanged after 1 'hr m saline.

Furthermore, the volumes obtained in saline were the same as the volumes- obtained w,‘h,en‘

: similarly treated cells were suspended in ’growtlt Q_tedium.‘ All determinations of cell volume
presented in this investigation were completed within 30 min of suspension in saline.

Accurate electrical determination _c;f particle size over a large range of volumes is

~dependent on inherent linearity bet_ween aperture current and _volta'ge amplif: ication. Changes in

BeWo cell volume dunng exposure to methotrexate were suff rc1ently large to requrre several

aperture current or voltage ampllfrcatron settmgs Thus, it was necessary to establrsh the range

of.linear response of the voltage amplifi jer: Itis evrdent from results presented in Table 32 that -

mean’ volumes determined for BeWo cells were vrrtually identical over a 16- fold range of
aperture current. The volumes of control BeWo cells ‘were routinely determined with' an

- aperture current of 0.125 milliamperes, whereas the volumes of methotrexate-treated -cells were
. . . ) “lr :

[N

determined with curtents of 0.016 to 0.125 milliamperes, depending on their size.

I

'\b



. of cells suspended in 0.15 M NaCl (2.3010.11 pl/cell) .

s
Y

£
%
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* Table 31

Effects of O.IS M NaCl on BeWo Cell Volume

- Cell-Volume (pl/cell) .

Time (min) _ ‘ Untreated ' . ‘
. v MTX-treated
5 h .o, 3T ’ 1108 £ 4.97 (3) i
15 ' 317 + 1.36' (3) | nd. h
30 ‘ ' L3133 1500 (3) 1082 + 5.64 a ’
e o 30 £1.46(3) . 1042£510 Q)
ST I : 35021310 (3) ‘ 979 £ 5.61° (1) -

‘number of determinations. _ ‘
“not significantly different (p < 0.05) from control volume at 5 min._
. ‘not ;rlgn_i ficantly 41 Sferen (p < 0.05) from drig-treated yolume
at'5 min. ' . | i
BeWo cultures were established with 2 x 10° cells/T-25 flask, ;n_d after 24 hr.> culture fluids

were replaced with drug-free growth medium (Untreated) or medium containing 1 uM

. methotrexate (MTX-ueated)‘. After 48-hr exposures, cultur'es’,'wcre'disaggrcgated with "

trypsin-EDTA. Disaggregated cells were suspended in 0.15 M Na_CI, and mean cell vojumes
(aver’a:ge:tS.D., n=r!u§nber of separate Vde(erﬁainﬁtions indicated) were determined electrically -
at the times indi;:a}ed (Materials and Mcthods. ‘section ‘B.l). Ina separate experiment (not
svhrc;'wn),, [ﬁc mean cell volume (avé_rageiS.D.. n=3) of BeWo cells suspended in mcdium

supplemented with 10% fetal bovine serum. (2.1810.26 pl/cell) was the samej- (p>0.05) as that

v



Tal)'le 32__ : L

Effects of Aperture Current on BeWo Cell Volume

Aperture Current (mAl‘ | ~—~  Mean Cell Volume (pl/cell)'
')" 0016 n ‘ . 359+126
'-V6.032 , o 357+ 1.24
| 0.063 C 3.56 £ 1.20
Co 0028 | - | 3631121
t _' - 0.250 - sS04 12

‘mA:mllltamperes

“BeWo cultures were establtshed with 2'x 10° cells/T-25 flask, and after 24 hr,

culture ﬂutds were replaced with drug-free growth medfam. After 48 hr,

' cultures were disaggregated by trypsinization pooled ‘and cells were suspended’

in 0.15 M NaCl. Mean cell volumes (£S.D.) were detet‘mmed at the aperture

current indicated, as descnbed in Materials and Methods (sectron B 1)

224
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3. Optical and radiochemical determinations of cell volume -
The accuracy of the Coulter method for measuring BeWo c;ell volume was assessed by
comparing }elect.rbically determined values with values obtained using two independent methods.
Since the diameter of BeWo cells could be optically measured in only two dimensions, an

assumption régarding cell shape was necessary before volume could be calculated from

diameter. The axial ratios of BEWo cells were irregular (Figure 30), hence the shape of the =

cells could not be precisely def’ ined.” However, if shape changes dr oriemé‘tioﬁ of cells did not ~

‘occur during the preparation of wétlmounted slidés for light microé;opy, then upper and lower
bounds for BeWo cell volume could be estimated. Assuming that the unknown third axis was
equal to the major 'two'-'dimensional axis yielded an upper bound for BeWo cell volume,
whereas assurriing that the thifd aﬁis was edual to the minor two-dimensional axis yielded a
lower alimit for'BeWo cell volume. The range of cell volumes obtained with these calculations
are sufnmarized i'n Table 33. | |

It is evident f ro,1‘1'1 the considerations aone that’critical‘ evaluation of the fidelity of the
Coulter rﬁethod- for determining the volume of BeWo cells required a method that was
independent of particle sha-pe. Cell_"-associated water space represents the "os‘motic:ally active”

volume of ihe cell. If hydrophobic compartments of the cell that exclude water (eg. lipid

bilayer, condensed chromatin, the interior of protein molecules) are similar in different cell

types, then cell-associated water volumes and Coulter volumes should be linearly related fora

number of different cells types. Since the cell-associated water volume does not represent the

total volime of the cell, the ratio of this volume to Coulter glume should be less than 1. Itis

evident from the data presented in Figure 31, that cell-associated water volume and Coulter sizé '

were linearly related for all but one'* of the cell types examined. The ratios of cell-aséog:ia.tg:d'

“* The lymphocyte preparation examined ha\d‘ a cell-associated water:Coulter
volume ratio of > 1. Contaminating cells in ‘the preparation probably *
resulted in an overestimation of the cell-associated water volume of
lymphocytes. Volume measurements of lymphocytes were excluded from  all
subsequent calculations of the ratio of Coulter to cell-associated water
volume. : ' : :
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Figure 31 ‘Rehti:n;hip between Coulter volume and cell-associated water:
(Internal Water ‘S.pace.)’. Cultured cells were propagated and éollcc,ted
for cell volume measurements and blood 'cells we.rc\ | isolavted as .
described in  Materials and -Methods (section .A). Coulter aa.ndv
cell-asséciated water volumes  were dctefmincd as déscribéd in Materials
and Methods (section B).‘ Each symbol represents the a’veragc (£S.D.)

cell volume for -the number of determinations indicated (nuuiber of

. separate Coulter mean -volume determinations, number of triplicate

determinations of cell-associated water -volume). Vertical érror bars

I3 . B -. - ' . y . . (
indicate the interassay S.D. in determination of mean Coulter volume,

" ‘and horizontal error bars indicate the interassay S.D. in determination

of mean ' cell-associated water volume. Points without error bars

indicates that the S.D. was' less than the size of the symbol. The
dashed line and the correlation coefficient (r?) were determined by
linear regression using ihe‘»least squares methoﬁ

- - i

!
-
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water volume to Coulter volume for cultured cells in r’non\olayers (BeWo or Hela cells) or in
suspension.'(LIZIO/CZ;* NRH, 0,849) and fbr human blood cells (erythrocytes or leukemic -
myeloblasts) were similar (mean+S.1>.=0.7910.11, the range was 0.66-0.93, n=7).

The immediate objective of these experimenfts\was to assess t{lc accuracy of 'th‘e Coulter
method for determining cell size. It is evident from the results summarized in Table 33 that the
" values of cell volume for both control and methotrexate-treated cells determined electrically,

optically, and radiochemically were sirﬁilar. While ‘no singic method afforded "significam
theoretical adventages, the Coulter method was the most practical}.
The differences between Coulter and cell-associated water volume'® weretassumed td
represent the hydrophobic partial Qolume of cells and were used to calculate an "intracellular
‘VQlume for BeWo cells. The value (averagetS D } for "intracellular volume” (2.40+0.58,

n=9 tnphcate determinations) or mean Coulter volume (2 83+1.30, n=27) of BeWo cells

were the samf in pa\rallel experiments ( p>0.05). ) :

15 The -average hydrophobic compartment of the cells examined in these
experiments (excluding lymphocytes) was 20.9% * 10.3% of their Coulter
volume, n=7 cell types. To calculate the ‘intracellular volume" of BeWo
cells, - the average hydrophobxc compartment of cells was added to the mean
cell volume determined in a parallel experiment.



Table 33

Determination of BeWo Cell Volumé

Volume (pl/cell)

Method ' Untreated . MTX -treated
Mean Coulter 283130270 10.28 £ 1.27 (9
Optical (Sphere) 3.16 150
Optical '
(prolate spheroid) 2.97 : 14.4
. . 1
Optical i
(oblate spheroid) 3.34 , . 16.4
Cell-associated water 1.86 + 0.40 (9)° ' nd.

‘average (£ S.D.) of the number of separate determinations of
mean Coulter volume Indicated. -

‘average (£ S.D.) of the qym§er of triplicate determinations.

*not determined. .
BeWo cultures were established with 2 x 10 cells)T-ZS flask, and after 24 hr, cultures fluids
were replaced with drug-free gr\owth‘ medium (Unuéatcd) or medium containing 1 uM
mélhouexate (MTX-treated). After 48-\‘hr exbosures, cultures were diSaggrcgaled by
trypsinization and cell volumes were detefmmed 'elecmcally, optically, and radiochemically as
described in Matena‘ls and Methods (section B.). Cellvvc.)luymes were ,ca]culated‘from the
diameters measured for.-Figure 30 by assuming that the unknown third axis was the same as
either the majq; two-dimensional axis (oblate spheroid with axes of a,b,b where a/b>1) or

the minor two-dimensional axis (prolate spheroid with axes of a,b,b where a/b<1) or by

averaging the*major and minor two-dimensional axes and assuming that cells were spheres.

229



230

D. Summary .

Althougha the potential of electrical resistance pulse sizing has not been realized in its
most imaginative setting, i. e., it was envisioned that the number and size of fish in a sa’lrhon
run could be determined (4). the Coulter method is used to determine the volume of many
biological and industrial particles. Among the l?iological particles, the volumes of erythrocytes,
leukocytes, ;:latclets, bacteria, spermatozoa, vaginal cells, virus, mitochondria, and tissue
culture cells have been determined (1,4). In this work, the fidelity of the Coulter method for
determination of the volume of BeWo cells was assessed by comparing Coulter volumes with
cell “volumes.deter.mined optically and radiochemically. Although the Coulter method is
dependent on particle shape, cal/culations had suggested that moderalé' variations in axial ratio
(up 1o 2:1:1 or 2:2:1) éause relatively small errors in determination of volume. from the

magnitude of a particle’s voltage pulse. Similar values for the volumes of methotrexate-treated

" and untreated BeWo cells were obtained by three independent methods, indicating that the

Coulter method could be used to accurately measure the volume of BeWo cells on an absolute !

scale under the conditions employed in this study.

The appa,rént discrepancy between Coulter and intracellular water volume is because the
" later is not a measure of total cell volume. The water-excluded, or osmotically-iriactive
Qolume, reported‘ in the literature (11) isb similar to the difference between Coulter and
cell-associated waier volurke reported in this chapter. The osmotically inactive fraction of cells
can be determined by measuring the volume of cells in hypertonic media (12‘), and the averzige
(£S.D.) value for 7 different nepplasﬁc and normvalr cells was 31.9 £ 6.5% of the total cell

volume (11). Thus, the difference between Coulter and cell-associated water volume could be

attributed to the partial volume of cells that excludes water.

1

In conclusion, the Coulter method has been established as a valid measure of the

volume of BeWo cells. In work presented in subsequent Chapters, this method was used to

quantitate formation of giant cells, a marker of the CTL-to-STL differentiative response of

BeWo cells.

' o
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i . ~ Appendix 2

Relative Cellular Fluoresence Gated @ght Scatter

) ®
lhtroductlon

\ e

i

In previous work (Chapter VII, section B.3), the effects of methotrexate on the

relative DNA content of BeWo cells was assessed. 1t is evic[%nt from the distributions presented

\f? a consrderable number of "particles” present’in methqg‘exate treated cultures had DNA

contents greater that 4N. Although microscopic examination of cell suspensions indicated that
aggregates ‘were pr_esen: (ca. 10-20%). STI. cells are apparently polyploid (1) and may
contrib_ute to" fluoresernce in the 4N, and grealer, region of distributions, Hence, the light

scatter characteristics and DNA content of paricles present in BeWo cell Suspensions were

assessed to determine if ligr:it scatter could discr:minate between single—cells containing 4N and

" greater DNA contents,(ca. 3-4% of the total population) and aggregates consisting of cells with

7

2N to 4N DNA contents (Figures 32 and 33)
Forward-angle light scatter is related to cell volume and can be used to characterize the

DNA content of particles of a specific size (2). A single’distribution that was slightly skewed

to the rrght was obtained, when the forward- angle light scatter of particles present mﬁ'\ -

a

_suspensions of BeWo cells was measured. Movmg %J%)wer gate!s to successxve!y 1arger

%
channel numbers resulted in drstnbutlons with relativel o

greater, region (data not shown), I—Iowever since there were no distinct subpopulatrons in -

these distributions, gating on forward-angle light scatter dxd not discriminate between srngle
\

cells and aggregates. Rrght angle (90) hght scatter is related to, the mternal archxt,ectﬁre of

cells (2). Although thg 90° hght scatter of particles present in BeWo cell suspensrons was’

o
e

24
S d’

16 The gatmg procedure involved collectmg the ﬂuorescence of "particles" with

light scatter ‘%qarer i n a given channel number.

inore ﬂuoresence in the 4N, and -~
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Figure 32. Light-scatt'er properties of particles\vpresent in suspensions of
BeWo cells. BeWo cultures were established withrl x 10¢ cells/T-75
flask -and, after 72 hr, were disaggregated by trypsinization. Cells were

pelleted, suspended in ‘0-15. M NaCl, fixed with ethanol, and stained

~with miéhraqycin as described. in Figure 30. Distributions are

. Tepresentative of . forward-angle and 90° light scatter of 457 nm

wavelength incident light by BeWo cells or cell aggregates.
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* distributed as four distinct péaks (Figure 32) the DNA distributions of vparlicles in these four
regions were the same as those obtained without gating (data not shown). Thus,. collectmg
fluorescence gated on 90° light scatter did not provide a method for identifying polyploxd STL
cells‘. :

In an attempt toldiscriminate between a single 4N cell and a doublet of 2N cells, DNA
dis'tri"butions were collected by gating on both [ orward-an'glei and 90" light scatter (Fig’ure 33).
DNA distributi‘ons’ obtained with these gating procedures were the san)e'as distributions
'obta‘ined withbut géting (data not shown). Analysis of the daia of F'igure 33 indicated that
eacﬁ of the subpopulations had the same prbpo'riion of cells with a 4N‘ content of DNA (Table

34). Thus, although 4 distinct subpopulations of BeWo cells were identified on the basis of

o

their light-scatter characteristics, the DNA distribution (Figure ‘33) and 4N DNA content
(Table 34) of each light-scatter subpopulaton was similar to ihat of the total population of

cells.
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Figure 33. Relative DNA .‘c‘onten-t of cells with specific light scatter

distributions of mithramycin-stained

' BeWB cells with the light-scatter characieristics indicated in Figure 32

were obtained with a EPICS V flow cytometer. To compare  DNA

‘ ,ﬂdistributions obtained by gating on' forward-angle light scatter (FALS) .

and 90 light scatter (90LS), distributions were smoothed with the least

squares spTine algorithim of the PARAl program; 2N DNA content

peaks were translocated to channel 60, and the areas of the 2N to

4N region (channels 40 to 160) were normalized to a constant value.

The 2N to 4N ~distributior; represents 10,000 to 50,000 cells; The

increased noise evident in the two dist\ributions gated' on. FALS ‘and
J

90LS-2 (peak 2) or 90LS-3 (peak' 3) was a resuli of decreased cell

numbers.

Gated on FALS & 90LS-2

235

DNA Histogram (IRFL)

My

Gated on FALS & 90LS-1 "%,

\
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Table 34

Relative Number of Cells With a 4N DNA Content

Present in DNA Histograms Obtained by Gating on Light Scatter

Lig}it Scatter Characteristics Percentage
Ungated Cons
FALS o 20.5
FALS + 90°LS-1 . 19.5
FAES + 90'LS-2 ° 197
FALS + 90°LS-3 - 217

The proportion of cells‘ present -in  the 4N Qistribution ~of _DNA‘
distributions presented in Figure 32 was determined with the PARA2

program,
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