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Introduction R i

The morphological pattern in which cells grow in culture has often been
taken as an indication either of their malignancy or non-tumorigenicity.

Unlike their normal countérpért, tumor cells grow in cultﬁré in disarray, pile ////
up and migrate past each other in such a méﬁner ;s to resemble their behavior
itr twnors. We have been interested to see whathear. reversal of the pattern nf '
gréwth back to that cha;acteris;ic of. non-tumor cells could be achieved and
whether.thié would-aléo be aécompanied by loss of malignancy.

The reported decrease in the maligﬁancy of Friend efythroleukemic-éells
and tﬁe marked enhancement of thé;r differentiation along the erythroid pathway
following their treatment by the simple solvent dimethylsulfoxide (DMSO)l_3
-stimulated our study of‘the efﬁect Qf this agent, as well as the closely
felated solveﬁt dimethylfbrmamide (DMF) , on various malighant and normal cell
lines used in our laﬁofatory. An altefatioh in the pattern of growth of

tumor-cells'resulted following treatment with these agents. This effect is

mimicked by the totally unrelated agent 5-bromodeoxyuridine (BrdU)4_6.

Materials and Methods

Cell Lines. The mouse tumor cells used included the melanoma line el B16,

established in our laboratory, Ehrlich ascites cells adapted to grow in vitro,
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3T3 cells transformed. by polyoma virus (3T3-Py) and TCMK-SV46, a Girus-
transformed mouse kidney cell line obtained from the Tissue Type Culture
Associatioﬁ. Most of the. experiments were carried out with QUA, a cell line

established by Dr. June Biedler (Sloan—Kettering Institute) from a tumor
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induced in C57/B1/6 mice by mgthyfcholanthrené7. Cells were grown in Eagle's

minimum essential mgdihﬁ‘supplemented with 10% fetal bovine serum, streptomycin

A
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and penicillin and maintained in a humidified atmosphere of 5% C0»-95% air
at 37°. Cultures weré freéuently monitored for the presence of mycoplasma

and found to be free of cbntamination.

Chemicals
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nangont~grade dimethyloulfonide wid dlwmethylformawide were Oblalined

ffom‘Fisher Scientific Company, N.Y.; thymidine and bromodeoxyuridine from

~ Schwarz/Mann, Orangebﬁrg, N.J.; ¢ycloheximide'fxom Upjohn, N.Y., N.Y.;

ethidium chloride from May-and Baker, Dagenhew, England;'conconavalin A and

" 'wheat germ lipase from Calbiochem, San Diego, Calif.; puromycin. from Lederle

Lab, Pearl River,'N.Y.; actinomycin from Merck Sharp and Dohme, Rahway, N.J.
Fucose 34 (1.8 Ci/mM) and fucose ld¢ (160 mCi/mM) were purchased from Amersham/
Searle,.Arlington.Heights,.Ill. and 2—deoxyglucose—3H (7.2 Ci/mM) from New

England Nuclear, Boston, Mass.

Assays

An ihoculum of 250 cells was seeded onto 60 mm plastic petri dishes and
the various agents were added to the medium 24-48 hrs later. Concentrations
of DMSO varied from 1-2%, DiMF from 0.5-1% and BrdU from 1-3 Hg/ml depending

on the. sensitivity of the. cell lines studied. 1In other ekperiments, chemicals



were aadgd'only after the typically randomly piling individualicoloﬁies had
been esta}ﬁlished7 For maés culture stﬁdies, é x 10% cells we;e inoculated
either into ﬁilk d%;ution boftlés or piastic petri dishes to which media
éontaining the agents was then édded.

Studies involving4incqigpratign of.radioactiQe fucose into surféce

glycopfoteins-were cdfézéd'out\aCCOrding to the propedﬁreldescribed by Buck,
et ai8 (see legénd to Fig..l), gnd the digeéted ftrypsigates" Qere chfomato—
graphed on Sephadex.G-50 columns. Radioactivity in chrmatograpﬁic fractions
was determined in é.Paékard—Tri-Carb:liquid séintillation.éouﬁter. Agglutina-
tioh'studies.with wheg; germ .lipase -and conéoﬁavalin A weré carried out as
déscribedibv Burae; and Goldbera® and Iﬁhar ané Sachgloi Grnwth.cnrvgg and
repl;céfion cycles wgfé.defermined by seeding a serieé»of feplicate.dishes

and couﬁ£ing cells at giVen time intervais; Viability was assessed by the

neutral red exclusion test.

To measure 2-deoxyglucose uptake, duplicate 60 mm dishes contéining

.1 x 106 cells wére<washed with pre-warmed glucose-free Hanks solution and

incubated er‘lO'ﬁin at 39° with 2.0 ml 0.25 uC 2—deo§yglu¢ose~3ﬁ per ml

(7.2 Ci/mM) Hanks without glﬁcosé as described by Martin et a1ll, Aafter

four raéid washes with ice—cold.glucose—frée'Hanks, cells were scraped into

0.5 ml water,'disaggregéted in a vortex mixer, and aliqubtg taken for scin;illa—

tion counting in a toluene-triton mixture and for protein determinationlz.

Results
A marked alteration in the randomly piling, non-contact inhibited growth -

pattern of the QUA tumor cell line occurred when the normal growth medium was




‘this tumor line, hadfﬁeen allowed to form.- Accordingly, this reversion of

supplemented by DMSO at final concentratlons of 1-2%, DMF at 0.5-1% and
BrdU at l 3 ug/ml Instead of the piling pattern monolayers of cells in:

regular parallel orlentatlon formed which were typlcal of non-malignant’

-

fibroblasts (Flg. l) The same drastic changes weére observed when the

agents were added even afte;,colonles of piled-up cells, characterlstlc for
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colonial morphology was not due to a’selection of cells from within the

total population. This was borne out by a study of the replication cycle,

whlch showed that although there was an increase in generatlon time, there was
no cell death. The doubllng tlme was about 30% longer in the presence of the
agents. 2 |

Incubatlon w1th DMF or 'DMSO’ for ~about 3 days, and w1th Brdu .for about~

5-6 days, was required before morphologlcal changes were manlfested These

changes could be maintained indefinitely by growth in the continuous presence

of the chemical agents. Reversion to the original growth pattern could be

. effected in about 3 days after removal of DMSO or DMF, or 6 days after with-

drawal of Brdu from the medium. lhymidine {but not uridine) prevented the
BrdU—induced effect if added to the.growth'medium at 5 times the molar
concentration of BrdU,‘but no such interﬁerence.with the observed DMF oxr DMSO
effect occurred, S—Bromouridine‘at concentrations of 1-10 ug/ml did not
mimic'the effect inducedlby BrdU. The tumor'lines QuUA, Mel‘Bl6, 3T3—Py, or
TCMK—SV4O behaved.similarly when treated with the agents under investigation.
The changes described above could not be induced by‘treatment'of the

tumor cells with dibutyryl cyclic AMP, with' or without theophyllin,

el
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as had been observed by othér investigators with different cell linesl3.,14
or by cytochalasin B, a mold metabolite which interferes with cell movement
and microfilament function. .To study the mechanism of'action df DMSQ, DMF

and BrdU, cell cultures containing these agents were treated with inhibitors

of protein, cytoplésmic RNA or mitgchondrial DNA biosynthesis. The inhibitors
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had to be used at éub:;oxic’concentrations) since several days of growth in

-
the.presence<3f théaéenté are requirgd'before morphological changes are
“"manifested.  Under these'conditiOns pugomycin (0.2 Ug/mli, cycloheximide
(0.05 ug/ml) and ethidium chloride (10~7 molar) failed to interfere with the
observed effect$.~ |
Since the membrane prdperties of the-cellS‘aneared'té be.affected after

incpbétion with the agents under investigation, ﬁheir effect.on the agglhtina—v-‘
bility éf the cell with wheat germ lipé;e and:conéanavélin'A was e;;mined.
We observed a considerableldeCreaée in agglutinability after the cells were
grown in the presence of Dmso; DMF or BrdU. This promptéd us to éxamine.the
surface glycdproteins by é~double—label experiment iﬁ which we éxposed cells
'fo'l4C or 3H fucose before and after incubation with the chemical agents.
Chromatpgraphic analeis of pronase—digestéd trypsinates of glycoproteins of
£helsurface membranes showed that treatment with DMSO ox QMF brought about

a decrease in the high mqlecular weigﬁt fucose-containing fraction and
increased the 1ow-molécular Weight fraction‘gf'the tumor cells when compared
.with'thoée of the untreated tumor cells kFig. 2). However, incubation with
BrdU did not significantly alter the elution profile of the'glycopeptide
‘fractions of these "cells.

“Several laboratories have reported an increased uptake of 2-deoxyglucose




by virus-transformed cells, as compared to their normal counterpartsll 15

‘This is presumably due to increased phosphorylation of the sugar by the tumor
cellsl6. Uptake of 2 deoxyglucose by the untreated parent tumor cell line

was not 51gnificantly altered after treatment 'with DMSO, DMF or BrdU. Similar
results were obtained regardless of“whether the agents were present. in the

, . 7 :

cultures for 30 min or~for several days (Table 1). Those findings are at

‘variance with a report of a decrease in the 2-deoxyglucose uptake after

treatment of 3T6 fibrcblasts With BrdUl7.

Discussicn

It has beén shown that DMSO, DMF, and BrdUlaffect the morphology and
arowth patfern of tumnrr rells {h ~ulinre inducing‘a'drastic cc=nge frcm'tbe
randomly piling non-contact inhibited growth cnaracteristic.of tumor cells to
one more‘closely resembling the parallel, oriented growth of normal cells.
This effect was readily reversed after withdraual of.thelchemical from the‘
medium. Despite a similarity in action, the three agents exert their effects
by different»mechanisms and on different targets within the cell. BrdU has
been reported to suppress*cytodifferentiation4'5, melanin production and A
tumcrcgenicity6’18 of cells in vitro and to ‘inhibit preferentially syntheSis
of tyrosine amino-transferase in hepatoma cellslg. These effects of BrdU as
well as those observed.in.our studies could be reversed with excess'thymidine;
this was not so for tne DMSO— or DMF—treated cultures. BrdU might interact
directly'with tne genetic material. DMSO and DMF on the other nad seem to
affect membrane components, or their assembly,'thereby leading to structural

changes orlspatial rearrangements of the glycoproteins at the cell surface.

To-




The obéervations‘by Buck et al® and warren et al20 of the presence -of larger
amounts of high molecular weight fucose-containing glycopeptidés at the

surfaces of virus transformed cells as compared with their normal controls’

and those of Bosman et al21

of a marked increase of glycosyl and galactosyl

transferases in virus tfansformed’Gélls suggest that DMSO and DMF may exert
27 ' :

their effects on cel;uléf differentiation. . This is exémplified by the DMSO- |
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inducéd,erythroid differentiation_of'tumor cellsl,.the increase of hydroxyf

22

proline concentration in human fibroblasts and the extrusion énd budding of

virus particles from virus—infectedfcellsz3r24. . DMSO also reversibly inhibits

. neurite extension by mouse neuroblast cells in vitrozs.

DMSC and DMF which are both very stable, highly'pola; substances, with
dielectric consﬁants greatéf thaﬁ‘waﬁe;,-are known to enhance cell$permeability26127.
It_is,péssible that these properties and tﬁé‘inflﬁence these solvents may exer£
on the hydration and solvation shells around the_membrane componénfs méy
account for'the varidus effects on cells, including increased uptake of RNA

;isolated from mengo.virﬁs28. | |

An enhanced.£ate of uptake oﬁ 2—depxyglucose by transformed cells has
been reported from a number of laboratoriesl5Ll6'29. This could either
reflect membrane:altefations during the process of transformatioﬁ or to
eénhanced pho§phqrylation of the sugar by intfacellular kinaées}6. Whatever the
effec#; ofiDMSQ or DMF on ccll membranes migﬁt be, they did not sighificantly
éffect the uptake_df 2-deoxyglucose by the tumor cells in our studies.

It is tempting to speculate that BrdU might act at fﬁe gene level,lwhere

due to its incorporaticn into DnA, it exerts an influence on transcription,

.and thus.on the éynthesis of some of the gene products characteristic of the



“

state of differentiation of these ce11s30,31 DpMSO and DMF on the other hand

might stimulate tumor cells to differentiate. The observed.inhibition by
BrdU of the‘DMSO—induced erythroid differentiation of Friend leukemia'cells32

suggests that the use of other agents which affect-cells may provide further

. . *
support for the argument that cancer is a disease of differentiation3§'34.
. -~ " . .

#77

*plthough the QUA tumor cells used in these studies uniformly grew as tumors

upon inoculation into mice7'35,‘pretreatment.bf'the cells with DMSO failed -

significantly to influence their tumorgenicity.- However, the time needed for

Shoospolanonle of Llwclo tould hove Daen H:ita.:uffi:i:&t o oroctioz tha
malignapt growth patterﬁ if thé céiis“had been kept in culture ig thé absence
of DMSO for thi§ protracfed period. Recipien£ mice were therefore pretréatgd
for several days with DMSO and maintained on this'agent after‘the DMSO- :
treatéd cell%.weré injecfed; Althoﬁgh thére was inhibition of tumorgenicity

“in a few instances, the results were quite variable (unpublished results).

Acknowledgment

These studies were supported by National Cancer Institute Grant CA 08748

and the Atomic Energy_Commission Contract AT[11-1]-3521.



B3
\

4
‘

AW
v

e
.
v,

)

‘y”‘ %
s

\! t,'

-
o horia
2
T o

»

!




Legend to Figure 1: The effect of dimethylsulfoxide and dimeﬁhylformamidé~on

.the iﬂ_vitro-growth pattefn of tumor cells. : . '_‘

a)’ Colony of QUA tumor cells; X32; Giemsa.

b) Colony 6f QUA tumor cells grown for 8 days in presence of 2% DMSO; X32} Giemsa.

‘c) Colony of QUAAtumor cells.

d) Colony of QUA tumor cells g§gwn‘f6r 7 days in presence of 1% DMF.

e o | /

e) Colony of Me;anoma;Bff'éells;'

£) Colbny of Melanoma B12 cells grown for 10 days in presence of 0.5% Dir.

[c to f£: X200, pﬁotographed-in living state, Nomarski optics]
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LegendAto.Figure é:‘ 2 x 106 QuA cells were grown 1n each of 7 Blake flasks
with 50 ml Eagle S minimum essentlal media with Hank's salts, supplemented with
A109 fetal bov1ne serum and fucose 14C to 'a final eencentratlon of 0.2 uC/ml
(160 mCl/mM) ‘After 24 hours, 25 ml of medium ' (without additional fucose) was
added to each flask-and cells grown for. an‘addltlonal 48 hours Cells Whieh
“had been grown in the Presence of DH%Q, DMF, or BrdU were 1ncubated in media

,,l/

: contalnlng the respectlve agents and fucose 3H 0. 4 HC/ml media (1.8 Ci/mmM) .

o’
:"/

After 1ncubation7 cells were washed. 4 times w1th 0.01 M Tris buffer PH 7.4,
trypsinized, digested with pronase and chromatographed on Sephadex G- SO as

descrlbeds. Fractions were.counted-in a Packard—Tri Carb liguid scintillation

counter.
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TABLE I

UPTAKQ OF 2vDEOXYGLUCQSEL3H]_BY TUMOR CELLS AFTER INCUBATION

WITH DIMETHYLSULFOXIDE, DIMETHYLFORMAMIDE OR 5—BROMODEOXYURIDINE

"
_ il :

‘Treatmentu :rﬁ” ’ ’hLehgthVof‘Treatment ' Counts/|Ug Protein
Control ' ‘ - ..0"  . o _ | 707
DMSO, 1% - : 30 min. R . | 791
DMF, 1% o 30 min. | T eoa
‘Brau, 1 pg/ml | - 30 min. | B | . sel
Control ’ S o ) ' R ._’-—“1':1.9-5'_"
DMSO, 1% o a2 da;ys o | 082
D, 12 | 13aays | . 1,iss
Brdu, 1 pg/ml | 27 days - 919

After short term_or lohg termlincubationibfAthe fumor cells with the

ageﬁté‘studied; the monolayers were washgd with gluc§$e—free Hanks, then
incubated‘Qith 0.25 uc/ml‘2—deoxyglucoéé—3H (7.2 Ci/mM) for 10 min; at -
39° (see text for details). »Aliquots were removed for counting and

protein determination.
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