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We showed previously that a sequential treatment with
doxorubicin (4 hr) followed by paclitaxel (24 hr) (Dox—Pacl)
induces a synergistic cytotoxic effect in the BRC-230 breast
cancer cell line and in human primary breast cancer cultures.
The validity of this experimental finding was confirmed in a
clinical phase I/1l study on advanced breast cancer patients.
To improve the cytotoxic effect obtained by the Dox—Pacl
sequence, we analyzed the effect of adding gemcitabine
(Gem) to the Dox—Pacl sequence in a preclinical study. Our
study was performed on BRC-230 and MCF-7 cell lines, and
cytotoxic activity was evaluated by the sulforhodamine B
assay and the type of drug interaction by Drewinko’s test.
When Gem (0.01 pg/ml for 24 hr) was given immediately or
24 hr after Dox—Pacl, an antagonistic cytotoxic effect was
observed. Conversely, a synergistic effect was found when
Gem was given 48 hr after Dox—Pacl. From results of flow
cytometric analysis, the synergistic effect was attributed to
cell cycle perturbation. Cells were arrested in G,-M (95% in
treated vs. 21% in control samples) 24 hr after Dox—Pacl
treatment. The block progressively recovered thereafter,
and after a further 24 hr, at the time of Gem treatment, the
cells progressed into the G;-S phase boundary (the cell cycle
phase susceptible to the cytocidal effect of the drug). Our
findings suggest that the interactions of Dox, Pacl and Gem
are highly schedule- and time-dependent and should be taken
into consideration in the planning of clinical protocols. Int. J.
Cancer 80:413-416, 1999.
© 1999 Wiley-Liss, Inc.

Breast cancer is one of the most drug-sensitive tumors, a
several polychemotherapy regimens are routinely used for
vanced and adjuvant treatment. Doxorubicin (Dox) as a sin
agent induces a response rate of 30% and 50% in treated a

active (Amadorkt al,, 1996; Frassinegt al,, 1997) was used in all
experiments.

MATERIAL AND METHODS
Established cell lines

MCF-7 and BRC-230 human breast cancer cell lines were used.
MCF-7 is an estrogen receptor (ER)-positive cell line. BRC-230 is
an ER-negative cell line obtained in our laboratory from a ductal
infiltrating breast carcinoma (Amadoet al, 1993). Cells were
maintained as a monolayer at 37°C and subcultured weekly.
Culture medium was composed of DMEM/HAM F12 (1:1) supple-
mented with fetal calf serum (FCS) (10%), glutamine (2 mM),
non-essential amino acids (1%), and (only for BRC-230) insulin
(10 pg/ml). Cells were used in the exponential growth phase for all
experiments.

In vitro chemosensitivity test

The sulforhodamine B (SRB) assay according to the method of
Skeharet al. (1990) was used. Briefly, cells were collected during
exponential growth phase culture by trypsinization, counted and
plated in 96-well flat-bottomed microtiter plates (100 pl cell
suspension per well). Each sample was run in octoplet, and each
experiment was repeated 3 times. At 18-24 hr after plating (an
adequate time for exponential growth recovery), 100 ul of culture
medium containing or not the drugs were added to the wells. At the
end of drug exposure, cells were fixed with 50% trichloroacetic
acid (TCA) at 4°C (50 pl/well, final concentration 10%) for 1 hr.

er 5 washes with tap water, cells were stained with 0.4% SRB
ssolved in 1% acetic acid (50 pl/well) for 30 min and subse-
ntly washed 4 times with 1% acetic acid to remove unbound

n. The plates were air-dried and solubilized with 150 pl of 10

previously untreated breast cancer patients, respectively. Combipaa unbuffered Tris base [tris(hydroxymethyl)aminomethane] so-

tion chemotherapy protocols (Bonadonna, 1992; Bonadehah

lution. The optical density of treated cells was detected at 540 or

1995; Harriset al., 1997; Schumachet al,, 1994) including or not 510 nm.

anthracyclines have increased response rates and improved sur- ) _
vival, thus becoming standard therapy for breast cancer. Flow cytometric analysis

Much interest has been focused on the search for new drugs witlExponentially growing cells were trypsinized, rinsed and plated
molecular targets other than DNA. Taxanes, which are mitot(@ X 10° cells per dish) in 60-mm Petri dishes and incubated for
spindle poisons that stabilize microtubules and inhibit their depol}8-24 hr at 37°C before drug exposure. Medium was aspirated
merization to free tubulin, have been widely investigated iffom the plates, and different concentrations of drugs were added to
preclinical and clinical studies on different tumor types (Donehe exponentially growing cells. Control dishes without drugs were
hower and Rowinsky, 1993; Giannakaketal, 1998; Wanietal, ~cultured using the same conditions, with comparable media
1971; Zoliet al, 1995). In particular, paclitaxel (Pacl) is highlychanges. After exposure to the drugs, cells were trypsinized,
active as a single agent in previously untreated breast cancers ¥@ghed twice with phosphate-buffered saline (PBS) and resus-
in Dox-refractory breast cancers, producing objective respor%@”ded in 1 mi of 4,6-diamino-2-phenylindole. Cells were then
rates of more than 60% in previously untreated and about 50%|ered through a disposable 40 um filter assembly (Ratcom,
Dox-refractory breast cancers (O’Shaughnessy and Cowan, 10§4ami, FL). Human lymphocytes were utilized as internal stan-
Swainet al,, 1995).

Gemcitabine (Gem), a new pyrimidine antimetabolite, has—
demonstrated an interesting cytotoxic activity against several solidsrant sponsor: Istituto Oncologico Romagnolo, Fdtéaly.
tumors (Abbruzzese, 1996), including breast cancer.

We have evaluated the cytotoxic effects produced in humanCorrespondence to: Department of Medical Oncology, G.B. Mor-
breast cancer cell lines by a combination of Dox, Pacl and Gemdaegni-L. Pierantoni Hospital, viale Forlanini 34, 47100 Foltaly. Fax:
analyze the different types of interaction of the 3 drugs as a functi@#)543-731736. .
of different treatment schemes. We also tried to attribute thg™Mali-0-r@fo.nettuno.it
modulation of cytotoxic effect to the induction of cell cycle
perturbations. The DoxPacl treatment that proved to be the most Received 25 April 1998; Revised 27 July 1998



414 ZOLI ETAL.

DOXORUBICIN 100 PACLITAXEL 100 GEMCITABINE
100 5,
60 80 80
§ 60 60 g0
2
a 40 40
& 40
20 20 20
0 . — [ i : ' ' ' oy 0——— p : *
0,01 0,025 0,05 0,001 0,005 0,01 0,01 0,05 0,1
ug/ml ug/mi ug/mi
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FIGURE 2 — Dose-response curves of cell lines treated with-B&acl . === : Dox (0bserved survival): - : Dox—Pacl (expected survival);
Dox—Pacl (observed survival).

dard. For every sample, 30,000 cells were analyzed by flodevised (Drewinkeet al., 1976; Kendal and Stuard, 1983). For a

cytometry (Ratcom). The data obtained were elaborated usigiyen drug dose, we determined a surviving fraction (SF) of cells:
Modfit (DNA Modeling System) software. SFa for Pacl, SFb for Dox and Sfc for Gem. Following the

combined administration of Dox, Pacl and Gem, we determined
SFabc. Additivity held, resulting in SFabe SFax SFbX SFc, so

Italy) were supplied as lyophilized powders, diluted with steril hat our estimate of deviation from additivity was the quantity

physiological saline solution at a concentration of 1 mg/ml, divide Fabc— (SFax SFb X SFc). The ratio of differences between

into aliquots, and stored at70°C. Pacl, supplied by the Europeanobserved and expected survivals and the square root of the relative

Organization for Research and Treatment of Cancer (EORTCiances for all drug combinations examined were, in fact,
Preclinical Therapeutic Models Group, was diluted with ethan&iStributed normally, with the average equaling 0 and the variance
(95%) to obtain a concentration of 1 mg/ml and stored-20°C ~ €qualing 1. The results obtained were defined according the
until used. Drug stocks were freshly diluted in culture mediurfPllowing criteria: SFabe= SFax SFbx SFcindicates an additive
before any experiment. In the chemosensitivity assay, drugs tes@igct, SFabe< SFax SFbX SFc, a synergistic effect; and SFabc
singly were used at scalar concentrations of 0.01, 0.025 and 09Bax SFbx SFc, an antagonistic effect.

pg/ml for Dox, 0.001, 0.005 and 0.01 pg/ml for Pacl and 0.01, 0.05

and 0.1 pg/ml for Gem. From preliminary experiments in drug-

combination studies, we tested Dox at all 3 concentrations and Pacl

and Gem at intermediate concentrations of 0.005 pug/ml and 0.05 RESULTS

pa/ml, respectively. For flow cytometric analysis, cells were

exposed during exponential growth to 0.025 pg/ml Dox, 0.005 The cytotoxic effects of individual drugs in the 2 established cell
ug/ml Pacl and 0.05 pg/ml Gem for 24 hr. ' H T qlnes are shown in Figure 1. The cytotoxic activity of Dox was

somewhat higher in the MCF-7 (k= 0.025 pg/ml) than in the

Statistical analysis BRC-230 cell line (IG, = 0.038 pg/ml), whereas a similar
To quantify deviations from additive effects induced by Padensitivity to Pacl (IG = 0.0025 and 0.0027 pg/ml) and Gem

combined with Dox and Gem, a statistical Studertitest was (ICso = 0.05 and 0.048 pg/ml) was observed in both lines.

Drugs
Dox (Pharmacia, Milan, Italy) and Gem (Lilly, Sesto Fiorentino
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FiIGURe 3— Dose-response curves of cell lines treated with-B&acl 48 hr washoutGem sequences==: Dox (observed survival);—-:
Dox—Pacl- 48 hr washout>Gem (expected survival);— : Dox—Pacl-48 hr washout>Gem (observed survival).

TABLE | — CELL CYCLE PERTURBATIONS INDUCED BY SINGLE DRUG TABLE Il — CELL CYCLE PERTURBATIONS INDUCED BY DOX— PACL
EXPOSURE IN BRC-230 CELL LINE SEQUENCE IN BRC-230 CELL LINE
% Cell % Cell % Cell % % Cell % Cell % Cell %
Treatment inoGg?G? in 0S p%asse inoG;-el\/IS Dekgris Treatment inoGg?G? in oS p%asse inDG;-el\/IS Delgris
Controt 50.9+1.2 28.1+10 21.0=13 3.0=0.8 Controt 50.9+1.2 281+1.0 21.0+13 3.0=0.8
Doxorubicin (4 hr) 58.2 29.0 12.8 6.4 Doxorubicin (4 85 24.8 66.7 20.9
Gemcitabine (24 hr) 61.2 317 7.1 6.3 hr) — paclitaxel
Paclitaxel (24 hr) 7.4 275 65.1 15.2 (24 hr)
Paclitaxel (24 14 15.3 83.2 175 Doxorubicin (4 0.7 3.9 954 31.8
hr)— 24-hr hr) — paclitaxel
washout (24 hr)— 24-hr
. . washout
Mean valuest standard deviation of experimental data detected at poxorubicin @ 3.4 15.8 80.8 14.7
different treatment times in control samples. hr) — paclitaxel
(24 hr)— 48-hr
washout
The Dox—Pacl sequence caused an additive cytocidal effect in Poxorubicin (4 138 26.2 60.0 251

the MCF-7 cell line and a synergistic effect in the BRC-230 cell ?Zr)djr{)icg%erl

line (Fig. 2), whereas the inverse sequence-P&ubx or simulta- washout
neous treatment with the 2 drugs produced an antagonistic effect — -
(data not shown). Mean valuest standard deviation of experimental data detected at

. iff i i | les.
Cells were exposed to Gem for 24 hr to improve the (:ytotoxﬁlzI erent treatment times in control samples

effect obtained by the DexPacl sequence. An antagonistic
cytotoxic effect was observed in both cell lines when Gem wasf . . . .

given immediately or 24 hr after DexPacl treatment (data not aiter a 48-hr washout resulted |n0a considerable increase in S phase
shown). Conversely, a synergistic effect was seen when Gem VVSQS and in damage to about 40% of cells.
given 48 hr after the end of DexPacl treatment (Fig. 3). The
synergistic interaction was higher in the BRC-230 cell line than in
the MCF7 cell line.

Flow cytometric analysis of cell cycle perturbations induced by T0 date, the clinical design of polychemotherapeutic protocols
single drugs or drug combinations was analyzed in BRC-230 celé'jls mainly taken into account information derived from experimen-
The 4-hr treatment with Dox induced a modest increase in th@ Studies on single-agent mechanisms of action and has favored a
number of G-G, phase cells and a decrease ip)® phase cells combination of drugs with complementary mechanisms of action.

(Table 1). A similar but more evident cell cycle perturbation wa&'S & esult, sequential drug administration has always been based
observed after a 24-hr exposure to Gem on weak or no experimental data. It is clear that sequencing is

- ) ) vitally important in order to avoid drug treatment when cells are not
The characteristic &M accumulation of cells together with the i, the drug-sensitive phase.

total disappearance of cells ing@; was evident after a 24-hr%In a previousin vitro study on human cell lines and primary

DISCUSSION

exposure to Pacl. The cell cycle perturbation was even greater afiel ot ~oncer cultures, we showed (Amadoral, 1996) that the
a 24-hr washout (Table I) and, when analyzed immediately after thg, \ence Dox-Pacl, but not simultaneous drug administration or

end of E?O)HPacI treatment, was consistent (Table I1) with a blocl, ~'inverse sequence (PaeDox), produced a powerful synergistic

of cells in the G2-M phase that increased after a 24-hr washout "’miraction. Drug interaction becomes more complex with the

progressively recovered after 48 and 72 hr. increasing number of drugs included in clinical protocols. We thus
The cell cycle perturbation induced by DesPacl was not attempted to define the Gem, Dox and Pacl interaction to formulate

altered by a 24-hr treatment with Gem given immediately or afterthe most effective treatment schedule. We observed that the

24-hr washout (Table 111). Conversely, a 24-hr treatment with Gemaximum cytocidal effect is achieved by the following sequence:
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TABLE Il — CELL CYCLE PERTURBATIONS INDUCED BY DOX— PACL— GEM  Dox—Pack 48-hr washout and then 24-hr treatment with Gem.
SEQUENCE IN BRC-230 CELL LINE e . . .
Q The synergistic effect was greater in ERan in ER' cell lines and

Treatment %Cells % Cells % Cells % would therefore probably be more effective in ERreast cancers,
iNGyG, _ inSphase  inGyM Debris which are highly aggressive and often treated with polychemo-

Control 50.9+ 1.2 28.1+ 10 21.0£03 3.0+08  therapy. The synergistic effect may be a result of cell cycle

Doxorubicin (4 85 24.8 66.7 20.9 perturbation induced by the treatment schedules. In fact, according
hr)— paclitaxel to this scheme, Gem attacks cells recovering from-&/lock as
(24hr) they progress to the S phase and produces a powerful cytocidal

Doxorubicin (4 9.5 26.3 64.2 158 effect, as shown by the large amount of debris. Such a hypothesis is
thZf paclitaxel supported by the absence of a cytocidal effect of antimetabolite
hr) — gemcitabile exposure on the cells still blocked in,®& immediately or 24 hr
(24 hr) after Dox—Pacl treatment.

Doxorubicin (4 12.8 333 54.1 16.2 In view of the successful translation of results from preclinical
hr) — paclitaxel studies on conventional and newly proposed cytocidal drugs
(24 hr)— 24-hr (Amadoriet al, 1996; Saviniet al, 1992) and on modulators of
‘é‘i’f‘;g;ggt(girﬂ;) drug resistance (Citret al, 1991; Silvestrinit al, 1992, 1997) to

Doxorubicin (4 113 51.0 373 36.3 a clinical setting, an advanced breast cancer protocol will shortly be

hr)— paclitaxel activated in Italy based on our present findings.

(24 hr)— 48-hr

washout gem-
citabine (24 hr) ACKNOWLEDGEMENTS
IMean valuest standard deviation of experimental data detected at We thank Dr. A. Flamigni for technical assistance. The study was
different treatment times in control samples. supported by a grant from the Istituto Oncologico Romagnolo,
Forli, Italy.
REFERENCES

ABRuzzesE J.L., Phase | studies with a novel nucleoside analog gemcitgbrinciples and practice of oncologith ed.), pp. 1557-1616, Lippincott—
ine. Semin. Onco) 23(Suppl. 10), 25-31 (1996). Raven, Philadelphia (1997).
AMADORI, D., BErTON, L., FLAMIGNI, A., SaviNi, S., D Giovanni, C.,  KEeNbAL, M.G. and SuarD, A., The advanced theory of statisti¢¢ol. |,
CAsANOVA, S., De PaoLa, F., Amaporl, A., GluLoTTto, E. and o, W.,  Section 10.6, Vol. II, Chapters 17 and 18), Hafner, New York (1983).
Establishment and characterization of a new cell line from primary humgh g, aucunessy J.A. and ®wan. K.H.. Current status of ; ;

: ¢ J.A. , KH., paclitaxel in the
breast carcinomareast Cancer Res. Trea2s, 251-260 (1993). treatment of breast canc@reast Cancer Res. TreaB3, 27-37 (1994).
AMADORI, D., FRassINET, G.L., Zoii, W., MiLANDRI, C., TENGHI, A., VINI. S.. ZoLl. W.. NANNL. O.. \bLPL. A.. FRASSINET! G.L.. MAGNI. E.
Ravaioul, A., GENTILE, A. and Swzano, E., Aphase I/ll study of sequential £ ycni,'A., Amabori, A. and Avabori, D., In vitro potentiation by
doxorubicin and paclitaxel treatment of advanced breast caBeenin. |onidamine of the cytotoxic effect of adriamycin on primary and established

Oncol, 23(Suppl. 11), 16-22 (1996). breast cancer cell lineBreast Cancer Res. Treap4, 27—34 (1992).
BonaponNA, G., Evolving concepts in the systemic adjuvant treatment &, yacHer M.. BASTERT. G. BoJAR H., HUBNER, K., OLSCHEWSK], M.
breast canceCancer Res52, 21-27 (1992). SAUERBREL, W., SCHMOOR, C., BEYERLE, C., NEumANN, R.L.A. and Rus-

BoNADONNA, G., VALAGUSSA, P., MouTernl, A., ZamBeTTl, M. and cHecker H.F., Randomized X 2 trial evaluating hormonal treatment and
BrawmsiLLA, C., Adjuvant cyclophosphamide, methotrexate and fluorouradhe duration of chemotherapy in node-positive breast cancer patients.
(CMF) in node-positive breast cancer: the results of 20 years of follow-uglin. Oncol.,12, 2086—-2093 (1994).

N. Engl. J. Med.332, 901-906 (1995). SLVESTRINI, R., GORNATI, D., ZaFFARONI, N., BEARzATTO, A. and [E
CiTRO, G., Qucco, C., \ERDIANA, A. and Zupi, G., Reversal of adriamycin Marco, C., Modulation by lonidamine on the combined activity of cisplatin
resistance by lonidamine in a human breast cancer cellBirie J. Cancer  and epidoxorubicin in human breast cancer c8isast Cancer Res. Treat.,
64, 534-536 (1991). 42,103-112 (1997).

DoneHoweR R.C. and Rwinsky, E.K., An overview of experience with SILVESTRINI, R., ZaFFARONI, N., ViLLA, R., QRrLANDI, L. and @sTA, A,
taxol (paclitaxel) in the U.S.ACancer Treat. Rey19(Suppl. C), 63-78 Enhancement of cisplatin activity by lonidamine in human ovarian cancer
(1993). cells.Int. J. Cancer52, 813-817 (1992).

DREWINKO, B., Loo, T.L., BRowN, B., GoTTLIEB, J.A. and REIREICH, E.J., SKEHAN, P., SORENG, R., SUDIERO, D., MONKS, A., MCMAHON, J., MSTICA,
Combination chemotherapin vitro with adriamycin. Observations of D., WARREN, J., BokescH H., KENNEY, S. and BYp, M.R., New colorimet-
additive, antagonistic and synergistic effects when used in two-druig cytotoxic assay for anticancer-drug screenihgnat. Cancer Insf 13,
combinations on cultured human lymphoma celBancer Biochem. 1107-1112 (1990).

Biophys, 1, 187-195 (1976). SwaIN, S., Honig, S. and WLTON, L., Phase Il trial of paclitaxel (Taxol) as
FrRAssINET, G.L., Zoui, W., SLVESTRO, L., SERRA, P., MiLanpri, C., first line chemotherapy for metastatic breast cancer (MB®)c. Amer.
TiIENGHI, A., GIANNI, L., GENTILE, A., SaLzano, E. and Avuabori, D.,  Soc. clin. Oncal 14, 227 (1995).

Paclitaxel plus doxorubicin in breast cancer: an Italian experiedemin. WanI, M.C., TAYLOR, H.L. and WALL,, M.E., Plant antitumor agents. VI. The
Oncol, 24(Suppl. 17), S19-S25 (1997). isolation and structure of taxol, a novel antileukemic and antitumor agent
GIANNAKAKOU , P., MLLALBA , L., LI, H., PorRucHYNsSKY, M. and FoJo, T.,  fromtaxus brevifoliaJd. Amer. chem. Sq®3, 2325-2327 (1971).
Combinations of paclitaxel and vinblastine and their effect on tubulip, | \w  Fawmion. A, FrassineTi G.L. Bajoko. P.. De Paola. F
polymerization and cellular cytotoxicity: characterization of synergistiMIngNDR'I: C. AMADE)RI,”D. and GSI;ERI-.CXMPANI, A In vitro activify of
schedulesint. J. Cancer 75, 57-63 (1998). taxol and taxotere in comparison with doxorubicin and cisplatin on primary
HARRIS, J., MorrOW M. and NorToNn, L., Malignant tumors of the breast. cell cultures of human breast candBreast Cancer Res. TreaB4, 63—-69

In: V.T. De Vita Jr., S. Hellman and S.A. Rosenberg (ed€3jncers: (1995).



	MATERIAL AND METHODS
	RESULTS
	Figure 1
	Figure 2
	Figure 3
	TABLE I
	TABLE II
	TABLE III

	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES

