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~ Cell Biology

Quantitative determfnation of transformed -
- cells in a mixed population by simultaneous
fluorescence analysis of cell surface and DNA

in individual cells.

(flow microtluorometry / SV40 / MSV/MLV / benzo[alpyrene / fluorescamine)

Susan P;:Hawkés and James C. Bartholomew
Laboratory of Chemical Biodynamics
University of California

Berkeley, California 94720 USA

Abbreviations: saline GM, 1.5 mM 'NazHP04, 1.1 mM KH2P04'(pH 7.4)

.containing 1.1 mM glucose, 0.14 M NaCl, and 5 mM KC1; borate buffer,

0.2 M HsBO (pH 9.0).



ABSTRACT

Cell surface labeling with fluorescamine indicates that the
fluorescence of Ba]b 3f3 A31 cells is considerably decreased after both
viral and chemical transformation. This phenomenon coupled with the
technique of flow microfluorometry énab]ed non-transformed and transformed
cells to be distinguished. A second fluokescent probe,>bropidium iodide,
which intercalates into DNA, was used in combination with fluorescamine
in ofder tb obtain a ratio of ce11‘surface 1abé]ing to DNA conteﬁt; This
manipu]ation é]]owed enhanced resolution of the two popu]afions and the
detection of small numbers of transformants in a predominént]y,normal

populat1on. .




INTRODUCTION.
" The advent'of f]ow'microfTUorometry hés created new poténtial'fof
‘the development of teéhniqdes fof malignant cell deteétidn. The'highv
' Speed and.convenience of the systems al]ow’statistically significaht_
pohu]atiohs of cells to be analyzed, one cell at a time, on the basis
of various parameters. These incfude measurements of cell vé]ume to
diffefentiate hUmanlléukocytes (1), the.use of nuclear fluorochromes to
determiné differences in DNA content‘éf chemica]]y induced mouse tumor
ce]]s'ahd normal cells (2;3), measurements of uv absorption and’]ight
§ scattér to éeparafeiébnorma1 cells from'uterine cervical céréinomas (4) -
and the measurément of huc]éaf to cytopiasmic ratios to detecf mag]%ghant
.ce11s in gyneco]bgical specimens (5,6). | ‘

The basis.of the disfinctiOn between normal and ma]ighant cells in
4mostfof.the above studies is a difference in DNA and'foﬁal pkotein content.
Prdmising new approaches are directed more at the 1evei of the plasma
mémbrane. For example, the determination of membrane microviscocities
by fluorescence emission anisotropy a]lows/gggﬁal and Ieukemfc lymphocytes
t0-be-séparated (7). F]uorescehtly 1a5e1ed antibodies directéd athcell
surface antigens, Tike those used to distﬁhguish between T and'B lympho-
cytes (8), a]so.offer a possible means of detecting ma]ignant.cel1s. |
However? the uséfulness'of this approach will not be realized until specific.
tumor antigens are purified.

B  5Receﬁt1y a more general technique (9;]0)vwhich was deQe]oped for
labeling the outer.surface$~ of tissue culture cells wifh fluorescamine,
offered a possible method of detecting transformed cé]ls. Fiuoreséamine
forms a fluorescent product with primary amines exposed at the cell surfacel

and has been shown to label both proteins and
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lipids; With this method if has been dehonstrated that on the basis of
protein content the fluorescence of chick embryo fibrobTastS was decreased
by a factor of three after trahsformatioh with Rous sércoma virus (9);

v The present report describes the adaptation of the method of fluorescamine
labeling for use in single cell ana]ysés by flow micrbfluorometry. This
technique has been used to eXtend the study to lines of mouse cells trans-
formed both byvvifuses and a chemical carcinogen and has demoﬁﬁtrated-thdt they
a1$o'differ considerab]y‘from'non-transformed ce11s with.respect to the
fluorescence intensity of surface bound fluorescamine. This propefty can
be used as the basis fof distinguishing the twortypes of ce}]é. - Additional
reso]ution'is‘provided by the incorporation of a second fluorescent brobe,
vpropidium'iodide, which binds to DNA (11). Analyses of the ratio of cell
surface to DNA fluorescence decreases dispersion of data due to cell-cycle
variations in fluorescamine labeling and thereforé enhances the resolution

of non-transformed and transformed cells in a mixed population.



Materials and Methods

Cells

,’Balb 3T3 A31 HYF cells wererderived by clonal selection from.
.Ba1b 373 A3] mouse fibroblasts (12). _The continuous line of MSV/MLV
Balb’3T3 A31 HYF transformed cells was produced by infett}oh_pf‘the
non—trénsformed line with the Moloney strain of Murine sarcoﬁa virus

(MSV/MLY). bTwenty-four hours after seeding; Balb 3T3 A31 HYF cells
' (Z:X 105) were infected with 6 x 105 focus forming units of MSV/MLV.
Nheh the cé]]s reached saturation density (1.1 x 107 cells/100 mm
tissue cu]tufe dish) they were transferred é total of four_passagés by
seeding at 2 x 10° CeI]S/loo mm dish. They were then frdzennatv-70°C'
in Dulbecco's modified EégTe's medium (DME), from Gfbco, Grand Island,
N.Y., containing 20% néwborn‘§a1f seruh and 10% DMSO. :Cells in theséA
éxperimenté were used 1-6 passages beyond frozen stocks.' |

Simian virus 40(SV40) transformation of Balb 373 A31 HYF cells was
carried out according tO‘UE methods of Todaro (13). The cells were
"cloned‘six'passages after infection and transferred a further six times -
before use. At that time they were producing T antigen as demonstrated
by the procedure of Pope and Rowe (14). |

Benzo[a]pyrene-transformed Ba]b 3T3 A31 cells (BP3T3) were>origina11y

derivéd-by DiPaolo and furthef cloned by Holley (15).

. A1l cells were carried in 100 mh tissue cu]tUre‘dishes (Fa1con,
Oxnard, California) and incubated at 37°C and 10% CO, in DME containing
,IO%Inewbokn calf serum. They were considered to be free of mycoplasma
: by'iack of cytoplasmic incorporation of [3H]thymidine after a 24 hr pulse
(OQS ﬁCi/m1, 20.1 Ci/mM; New England Nuclear, Boston, Masschusetts).



Labeling Procedure

Mono]ayer cultures of non-transformed and transformed ce]]s were

labeled 2-3 days after seeding 7 x 105 cells/100 mm dish, at which time

they were both actively grow1ng After remova]
of the med1um the ce11s were washed with warm saline GM and borate buffer.
A so]ut1on of fluorescamine (Hoffman-La Roche, Inc., Nut]ey, New Jersey)
-in acetone was added to borate buffer to a final concentration of 0.5%
acetone and 500 ug/ml fluorescamine and immediately applied to the cells.
After 30 secondé the cells were washed with warm borate buffer and
saline GM and removed from the tissue culture dishes by gentle scraping
with a rubber policeman. .The cells were fixed at 4°C for one hour in
saline Gﬂ containing 15 mM Mgci2 and 25% ethanol. Ribonuclease (5 x
crystallized, Cé]biochem, San Diego, Ca]ifornia)‘wasvadded to a final
concentration of 1 mg/ml, and‘the cells weré'incubated for one hour at
37°C. . The ribonuclease was removed by two washes in saline GM _
before‘staining wifh_bropfdium jodide (Ca]bidchém; A grade) at 50 ug/ml
in saline GM. After 30 minutes at room temperature the cei]s weré washed
once in sa]ine.GM and filtered through a 37 micron mesh Nitex filter

(Tetko, Inc., Los Angeles, California) before analysis.

Flow Microfluorometry

Ané]ysis was performed using an instrﬁment consfructed basically
according to the design of,Steinkamp et al. (16) with modifications to
_ é]iminate the sorting mode of operatioh, The.'instrument is represented
diagrammatiéa]]y in Figure 1. Cells stained with propidium iodide and/or
fluorescamine traversed a flow chaﬁber at approximately 500 cells/second
in a stream which intersected the beam of an argon jon laser tuned to

351.1 and 363.8 nm. Emitted light,collected at 90° from the laser beam




and cell stbeam;was passed through~a sefies of filters which allowed
excellent resolution of fluorescence above 580 nm into the RED photo-
mu1tip1ier and below 560 nmeinto'the.BLUE photomultiplier. The opticaT
system was constructed as fo]lows barrier fi]ter—-Corn{ng 3473' dichroic
beam sp11tter--Bausch and Lomb 45-1-5820, short pass f1lter--Corn1ng 1-64
nd 1ong-pass f11ter-fCorn1ng 2-63. S1gnals from each ce]] were then
processed e]ectronical]y td allow single parameter analysis (either redv'
of blue f]uorescence), ratios of the two signals or gated 51ngled para-
meter.ana1y51s. Processed s1gna1s for a g1ven cell populat1on were
actumqfated'and'djsp1ayed as pulse amp11tude frequency distribution |
histogfams on a multichannel pu]se'height analyser. The data was stofed

and prbcessed'by a Sigma-2 computer (Xerox Corp. Rochester,.New,York).

Resu]ts and D1scuss1on

| Ba]b 313 A31 HYF and MSV/MLV Balb 3T3 A31 HYF ce1]s labeled wath e1therh
hrop1d1um jodide or fluorescamine were examined by fluorescence microscopy.
F]udrescamine.labe]ed cells yfelded a blue fluorescence at the cell surface
due ‘to ehe-reaction of the reagenf with surface components and the huc]eiv
of propidium jodide labeled ceils yielded a red fluorescence.

ﬂSing]e parameter flow,microf]uqrqmeter analyses of these cells is

shown in Figure 2. Cell surface distributions obtained by.analyzihg the
blue fiuorescence of fluorescamine labeled eells‘were unimodal with non-
transformed ¢é11s yielding an average fluorescence intedsity 2.5 times
greater than transformed cells (Figure 2, C and D). The difference in
the fluorescamine fluorescence per cell which enabled the two populations

to be distinguished was not simply due to a change in cell size upon

' transformatlon as Coulter volume measurements of both cell types indicated
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identical cell yd]umes (data not shown). The factors which determine the

difference in fluorescence intensityvare currently undér investigation.
DNA distributions obtained by analyzing red f]uorescencé.of propidium

jodide stained cells were‘bimodé] (Figure 2, A and B). The large peak

A -

represents cells in-the G phase of the cell cycle and the second peék

1
at approximately twice the fluorescence intensity of the firét represents
GZ + M cells. Distributed between the two peaks are cells af various
stages of DNA replication in the S phase. o 7 |

in ordefbto détermine whether fluorescamine labeling was uniform -
throughout the cell éyéle, it was desirable  to make simulfaneQUs
measurements of surface fluorescence and DNA in individual ée]]sv For

this purpose it was necessary to label cells with both f]uorescam1ne and
prop1d1um 1od1de The spectral qualities of these compounds render them

part1cu1ar1y su1tab1e for use in combination, as shown .in Figure 3. The

' exc1tat1on spectra of the two fluorfors overlap such that both can be
excited by the 351.1 and 363.8 nm lines of an argon ion laser whereas their
emission spectra are widely éeparated, with propidium iodide fluorescing

mainly in the red (560-720 nm)'and_f]udreséamine in the blue-green (400-

580 nm) fegion of the spectrum. Under the conditions described. fluorescence

from propidium iodide was not detected by the blue photmultiplier and
fluorescamine did not.contribute to the measurement of propidium iodide,
as the signal from the former was extremeTy small and was eliminated elec-
tronically. | |

In a given population, the distribution of fluorescamine labeled cells
was'fbund to besin part, related to the cell cyc]e'distribution. ngure 4
shows that when the  surface -fluorescence measurements of a rapidly

growing population of MSV/MLV Balb 3T3 A31 HYF cells were gated to DNA



"rcontent; as determined by propidium iodide f1uorescence, the amount of
fluorescamine signal increased throughoutthe cell cycle; 'Non-transformed
Balb 3T3 A31 HYF ce]ls'showed'simi1ar cell cycle variationsh(data not
shown)Q' For bothecellbtypes distribution of'flnorescamine signals in
- each of the cell cycle phases was broad and presumably reflects the
spread of cells throughout that phase ' o _;
Slnce the purpose of this study was to dev1se a means of d1scr1m1nat1ng

between non- transformed and transformed cel]s, it was ev1dent that any.
, manipulation which wou]d narrow the f1uorescam1ne d1str1but1ons would
enhance the reso]ut1on of the two populations of cells. Thus, in order
to compenstate for variations in ce]] surface f]uorescence assoc1ated with
dlfferent‘stages of the ce11 cycle, an analog d1v1der was’ 1ncorporated into
»the'processfngvunit so that the ratio of fluorescamine to propidium iodfde )
'(F/PI)‘ could be calculated. Separate analyses of’b]ue f]uorescence of
non- transformed and transformed cells. 1abeled nith both f]uorescamine and
prop1d1um 1od1de a]]owed fairly good resolut1on of the two types of cel]s'
_although super1mpos1t1on of the two histograms 1nd1cates some degree of
over]ap (F1gure 5A). As expected the use of the'rat1o mode enhanced the
-separat1on of the two hlstograms (Figure 58) not on]y by decreas1ng cell
cycle variations but also probably by m1n1mls1ng d1spers1on of the data
due to presence of debris and clumps of cells in the samp]e and to minor
‘”var1at1ons in . laser power. in four trials the F/PI for non-transformed
cells was 3. 65 * O 50 t1mes the correspond1ng va]ue for tranformed cells.

‘In order to test whether this techn1que would be useful for detecting
transformed cells in a mixed population, Balb 3T3 A3i HYF cells and their
MSV/MLV transformed counterparts were labeled with fluorescamine and .

propidium iodide as described and subsequently mixed in various prooortions.

Analysis of the mixtures by the ratio mode indicated that a small



éercentage'of transformed cells could indeed be detected within a pre-
dominantly non-transformed popu1ation,(Figﬁre 6). fhis data suééests
‘that it should be possible to détec;ithefpresence'of'1ess‘than.1% trans-
formed cells. | |
To check that the observed differences in fluorescamine labeling
were ndt restricted to chick embryo fibrob]asts~tranéformed-by RSV and
mouse cells transformed by MSV/MLV, the study was extended to other
transforméd lines of Balb 3T3 A31 cells. 1In a sing]é experiment in which
cel]é were seeded af 1 x 106 cells/100 mm dish the F/PI for non-transformed
mOuée‘cé1ls was found-tofbe113 times greater than the ratio for cells
transformed with Simian virus 40 (SV40),‘Murine sarcoma virus {(MSV/MLV)
and benzo[a]pyrerne. The increased difference of the F/PI for the_hon-
~transf6rmed and transformed cells (which was previously 3.65:1),viﬁ this
1nstan¢¢_kas'due to increased levels of cell surface fluorescence of the
non-trahsformed cells. In this eXpériment cells were seeded.at‘a higher
density than pkeviouslyiand the observatidn may therefore be a reflection
of density-dependent increases of surface'prouﬁns simitar to those reported
by Hynes and Bye (17). It shdu]d be stressed that the experimeﬁgg reported

in Figures 2,5, and 6 were performed with actively growing cel]é and

therefore the basic difference between the non-transformed and transformed

cells was not related to different states of growth; However, as mentioned
abqve, the magnitude of the fluorescence signals from non-transformed cells
was apparently affected by cell density. “Cells, whose growth rate was
slowing down at high density were more fluorescent than actively growing
cells. In contrast, the fluorescence intensfty of transfﬁrmed cells was

unaffected by seeding at high density but remained at a low level. The

‘exact effect of density upon_these measurements requires further examination.

These preliminary observations do, however, suggest that growth conditions

could be manipulated to allow even greater resolution of the two populations.



In conclusion, this technique can be used to disﬁinguisﬁ between non-trans-
formed and transformed cells from both primary ch]tures,iin the case of
chick embryo fibroblasts reported earlier (9); and established lines of

Balb 3T3 cells. Furthermore, this distinction is applicable to cells

- transformed with an RNA virus (MSV/MLV), a DNA virus (SV40) and a chemical

carcinogen (benzo[a]pyrene) and therefore appears to be a general property

" of transformation. It is hoped that.these observations of cells in culture

can'bé-appliéd for use as a possible means of ma]ignént cell detection.
The availability of such a general technique would not only facilitate

early'detectiOn of ma]fgnancies but would also aid in'monitdring the

'éffectiveness of chemotherapeutic agents.

oaen
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:'Legends '

Figure 1. Diagram of flow microfluorometer. B, beam shaping lenses;

FC, flow chamber; L. lens; PMT, photomultiplier tube.

Figure_Z. Histograms representing distributions of fluorescence infensity
among celis in the population éfter staihing with propidium ¥odide (A and
B) or fluorescamine (Ciand D).. The ordinate represents the number of
ce]]s for which a given f]uorescence intensity waS‘measured and the
abscissa represents the relative fluorescence intensity of probidium
iodide,(proportional to DNA content)'or fluorescamine (proportional to
cell surfacé‘components) The cells were Balb 3T3 A31 HYF (A,C) and"
MSV/MLV trans formed ‘Balb 3T3 A31 HYF (B D).

- Figure 3. Fluorescence spectra of f]uorescam1ne (—-—-—) and
propidfum iodide ( ——) 1abe]ed Balb 3T3 A31 HYF cells in suspens1on
in s§1iné GM. Spectra were recorded on a spectrofluorometer (Perk1nfE1mer,'
mode]vﬁPF-3, Norwalk, Connecticut) with path]engths, excitation 10 mm )
and emission 3 mmrand absorbance <0.1 ét'all'excitation waveTengths.
Fiuoreséémine sca1e 3.33x propidium iodide scale. ———— represents
351.1 and’ 363.8 nm l1nes of argon ion laser; F——————¥4 represents
effective wavelength range detected by blue (I) and red (11) photo-

mu]t1p11er tubes.

Figure 4. Histograms representing distributions of fluorescence intensity
among MSV/MLV Balb 3T3 A31 HYF cells in the population after labeling with
both fluorescamine and propidium iodide. A, DNA distribution indicating
the phéses of the cell cycle (G;» S and G, + M) for which electronic '

gates were established. B, cell surface distribution. C, cell surface



distributiohé.of cells at different stages in the cell cycle obtained
by gated analysis against the DNA signal gates established in A. For the
pufpose'of visual display the gain setting for fluorescence intensity in

" panels B and C was increased relative to all othér data shown.

~Figure 5. Flow microfluorometric analysis of non-transforme&?Balb 373

| A31 HYF cells (NT) and their MSV/MLV transformed counterparts (T)
labe]ed'with both fluorescamine ahd“propidium_iodide. Paﬁe] A represents
histogfams of the fluorescence intensity of the fluorescamine éignal,

~ panel B representﬁ,histograms‘of the ratio of the fluorescamine signal

to the propidium iodide signal.

Figure 6. Flow microfluorometric analyses of non-transformed and | .
j MSV/MLV transformed Balb 3T3 A31 HYF cells labeled with fluorescamine

and‘propidium iodide.  The results are expressed as the ratiojof

fldbrescamine.to propidium jodide f]uoreséence. A, transformed'ce]1s;

B, non-transformed cells; C-E, mixtures of transformed and non-trans-

formed cells containing 8, 35, and 95% transformants respectively.
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