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Osteoblastic differentiation and P-glycoprotein
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Summary A recent study of multidrug resistance (MDR) 1 gene transfected osteosarcoma cells found a cause-effect relationship between
increased expression of P-glycoprotein (P-gp) and a low aggressive phenotype. However, several experimental and clinical studies have
observed contradictory findings in that P-gp expression has been associated with tumour progression. In the present study, we characterized
P-gp-positive and P-gp-negative single-cell clones of a murine osteosarcoma, to further investigate the relationship between P-gp expression
and changes in cell phenotype. Although these clones were all selected by doxorubicin (DOX) exposure, they were heterogeneous with
respect to MDR1 gene expression. The P-gp-positive clones revealed MDR phenotype, whereas the P-gp-negative clones showed no
resistance to drugs. Morphological and functional analysis showed that both the P-gp-positive and P-gp-negative clones were more
differentiated than the parent cells in terms of enhanced activity of cellular alkaline phosphatase, an increase in well-organized actin stress
fibres and enhanced osteogenic activity. Moreover, these subclones all displayed a decrease in malignant potential such as oncogenic
activity, tumour growth rate and metastatic ability, regardless of their P-gp status. These results indicate that the observed osteoblastic
differentiation and less aggressive phenotype in DOX-selected osteosarcoma cells may not only be explained by the direct effect of P-gp, and
accordingly, consideration of the effect of DOX, as well as P-gp, appears to be important. © 2000 Cancer Research Campaign
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P-glycoprotein (P-gp) is a 170 kDa membrane glycoprotein whichn relation to the increased invasiveness of tumour cells (Weinstein

exports a number of structurally and functionally unrelated drugset al, 1991). It thus appears that although P-gp may play a role in

from the cell, decreases intracellular accumulation of these drugseduced malignancy, observed phenotypic changes do not always

and thus, causes the phenomenon of multidrug resistance (MDRgflect the function of P-gp.

(Bosch and Croop, 1996). P-gp has been detected in a variety ofWe recently isolated several clones of a murine osteosarcoma

human cancers, including osteosarcoma, and may be at ledst pulse exposures of the parental cells to doxorubicin (DOX)

partially responsible for the observed drug resistance in son®llowed by single-cell culture (Takeshita et al, 1996). Many of

current chemotherapy regimens (Chan et al, 1991; Balidini et athese single-cell clones overexpressed P-gp, but some clones dic

1995). not express detectable P-gp. The P-gp-positive clones displayed &
There has been recent interest in changes in tumour cell phenlatively low level of resistance similar to clinically observed

type in relation to P-gp expression. For example, studies on humailiug resistance, and retained tumorigenic activity, and thus,

neuroblastoma and mouse sarcoma cell lines have shown theppeared to be a useful model for additional investigations into

increased expression of P-gp correlates with a decrease in onddDR osteosarcoma (Takeshita et al, 1998). In the present study,

genic activity and expression of a more differentiated phenotypeve further characterized these P-gp-positive and P-gp-negative

(Bielder, 1994; Bielder and Spengler, 1994). Similar results havesteosarcoma clones, and found that DOX-selected osteosarcom:

been obtained in a variety of MDR cell lines. Furthermore, a transsells express osteoblastic differentiation and a low aggressive

fection study oMDR1gene in osteosarcoma cells clearly demon-phenotype, regardless of their P-gp status.

strated a cause-effect relationship between P-gp expression and a

less aggressive phenotype (Scotlandi et al, 1999). In contrast,

studies on rat liver carcinogenesis have consistently indicated MATERIALS AND METHODS

association of P-gp overexpression with tumour progression

(Bradley et al, 1992; Bradley and Ling, 1994). In an immunohistoCell lines

chemical analysis of human colon cancer, P-gp was overexpresseg,q P-gp-positive (MOS/ADR1 and MOS/ADR2) and two P-gp-
negative (MOS/RV1 and MOS/RV2) single-cell clones as well as

Received 7 May 1999 the parent osteosarcoma cell line were used for the present study
Revised 14 September 1999 These clones were selected by exposure to DOX, as describec
Accepted 9 October 1999 previously (Takeshita et al, 1996). The MOS/ADR1 and
Correspondence to: H Takeshita MOS/RV1 cells consisted of non-polyploid cells having DNA
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Table 1 Pgp expression, DNA content and MDR phenotype

IC, (Mg mIT)
Cell line P-gp @ DI DOX VCR ETP MTX
MOS b 1.4 0.022 (1)¢ 0.0049 (1) 0.065 (1) 0.022 (1)
MOS/RV1 - 1.3 0.011 (0.5) 0.0023 (0.46) 0.061 (0.93) 0.018 (0.81)
MOS/RV2 - 25 0.035 (1.5) 0.0023 (0.46) 0.095 (1.4) 0.010 (0.45)
MOS/ADR1 +© 1.3 0.16 (7.2) 0.074 (15) 0.28 (4.3) 0.017 (0.77)
MOS/ADR1 + 2.4 0.41 (18) 0.060 (12) 0.85 (13) 0.025 (1.1)

aP-gp, P-glycoprotein; DI, DNA index; DOX, doxorubicin; VCR, vincristine; ETP, etoposide; MTX, methotrexate. >—, Pgp was not stained positively with mAb
C219. °+, More than 50% of cells were stained positively with mAb C219. “Numbers in parentheses represent relative values as compared with the IC,; for the
parent MOS cells.

indices similar to that of the parent cells, and the other two clonesere then permeabilized by a 2-min exposure to 0.1% Triton

consisted of polyploid cells. The cell lines were maintained aiX-100 in PBS at room temperature, followed by rinsing with PBS.

37°C in a humidified incubator containing 5% carbon dioxide in FITC-conjugated phalloidin (Sigma; Wulf et al, 1979) was applied

Dulbecco’s modified Eagle medium supplemented with 15 mmoto the cells at a concentration of 0.05 mg'ri PBS, and was

|11 HEPES buffer, 10% fetal calf serum and an antibiotic solution.allowed to react for 40 min in a humid atmosphere. After washing
with PBS, the cells were examined by a fluorescence microscope.

P-gp expression and cellular DNA content

Cells grown on coverslips were washed with phosphate-bufferelé] vivo tumour growth

saline (PBS), fixed with acetone for 30 min, and stained by thé/fter the cells were trypsinized, X110’ cells in a small volume of
indirect immunofluorescence method. The primary monoclonamedium was injected subcutaneously (s.c.) in C3H/Sed mice. The
antibody C219 (Centcor Diagnostics, USA) was applied for 20 tumours were measured weekly in two perpendicular dimensions
at £C (5 ug mtl). After washing with PBS, the cells were incu- until their volumes exceeded 2000 fanThe tumour volumes
bated with fluorescein isothiocyanate (FITC)-conjugated F (ab) 2vere estimated using the formuld %ab)/2, where a is the shorter
goat anti-mouse IgG (Caltag Laboratories, USA) for 1 h andand b is the longer of the two measurements. The primary tumours
rewashed with PBS. P-gp immunofluorescence was examindd s.c. and both lungs were then resected. One half of each tumour
with a fluorescence microscope. For the DNA content analysisyas cultured for the study of P-gp staining. The other half of the
cells were harvested by trypsinization, smeared onto glass slidésmour and lungs were fixed with buffered formalin, and then
with a cyto-tec centrifuge, fixed with 70% ethanol, treated withprocessed for histological examination. Lung metastases of the
0.1% RNAase and then stained with propidium iodide. Theumour cells were assessed using both macroscopic and micro-
cellular DNA content was measured by cytofluorometry. scopic findings of the lung specimens.

MDR phenotype RESULTS

MDR phenotype of the cell lines was determined using the MTT. . .
(3-(4,5-dimethylthiazal-2-yl)-2,5-diphenyltetrazolium  bromide) E)ngg expression and MDR phenotype in clonal cell
assay described by Hansen et al (1989), V@lues (concentra-
tions of the drugs that produce 50% growth inhibition) were deterCompared with the parent cell line, the P-gp-positive lines,
mined for each of the cell lines. MOS/ADR1 and MOS/ADR2, were more resistant to DOX,
vincristine and etoposide, all of which are known to be substrates
for P-gp (Table 1). In contrast, the P-gp-negative lines, MOS/RV1
and MOS/RV2 were not resistant to these drugs. All cell lines
Cells were harvested by trypsinization, suspended in 10 mrhol 1displayed similar sensitivity to methotrexate, which is not a
Tris—hydrochloride (pH 7.4) containing 1 mmot! Inagnesium  substrate for P-gp. There was no relationship between P-gp
chloride, 20 mmol+ zinc chloride, 0.02% (weight per volume) expression and cellular polyploidization. Considering that these
sodium azide and 0.1% Triton X-100, and sonicated for 30 s. Theubclones were all isolated from the surviving cells after exposure
sonicates were centrifuged for 15 min at 8@p@t 4£C. ALP of the parent cells to DOX, the P-gp-negative single cell clones
activity was determined by measuring spectrophotometricallyappeared to be composed of revertants of P-gp-positive cells.
(410 nm at 37C) the release of p-nitrophenol from p-nitro- Indeed, we confirmed that P-gp-mediated drug-resistant pheno-
phenylphosphatase using the method of Lowry (1955). Proteitype was rapidly lost in DOX-free medium, using a DOX accumu-
was measured using a protein assay kit (BCA; Pierce, USA). lation assay for colony-forming cells (data not shown).

Cellular alkaline phosphatase (ALP) activity

Fluorescent staining of cellular actin Differentiation of the DOX-treated osteosarcoma clones

Cells grown on coverslips were rinsed briefly in PBS, fixed forBoth the P-gp-positive and P-gp-negative clones demonstrated
5 min with buffered formalin and then washed with PBS. The celldhigher ALP activity than the parent cell line (Figure 1).
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DISCUSSION

MOS Recent investigations have shown that adverse prognosis in
P-gp overexpressing osteosarcomas may result simply from resis-
RV1 tance to chemothergpbut not from biological aggressiveness
(Scotlandi et al, 1996). In fact, studiesMDR1 gene-transfected
Rv2 osteosarcoma cells demonstrated that P-gp may have a direct or ¢
least an indirect role in a decrease in aggressive tumour phenotype
ADRL (Scotlandi et al, 1999). In the present studle characterized the
P-gp-positive and P-gp-negative single-cell clones of a murine
osteosarcoma, to further investigate the relationship between P-gp
; ; ; expression and the observed changes in cell phenotype.
0 1 2 3 4 Our results demonstrated that the P-gp-positive MDR clones
Cellular alkaline phosphatase activity and P-gp-negative drug-sensitive clones both expressed more
(wmol min” mg™ protein) differentiated and less aggressive tumour phenotype, when
Figure 1 Cellular ALP activity determined by the method of Lowly. The data compared to the parent osteosarcoma cells. These clones exhibite
were representative of two independent experiments with similar results. The enhanced activity of cellular alkaline phosphatase, an increase in
results are expressed as umol min-* mg protein. Bars, standard deviation well-organized actin stress fibres and enhanced osteogenic
activity. Moreove, they all displayed a decrease in oncogenic
activity, tumour growth rate and metastatic apilitegardless of
Morphologicaly, these clones were characterized by the presendéeir P-gp status. Regarding these observations, tfferetit
of those cells which had welkganized actin stress fibres in their explanations can be discussed.
cytoplasm. In the parent cells, howewbe actin fibres were either Because the osteosarcoma subclones described here were a
sparsely distributed or flusely spread throughout the cytoplasm isolated from the surviving cells following DOX exposure, the
(Figure 2 A-E). Although all the tumours produced by inoculationP-gp-negative, drug-sensitive clones appeared to be composed o
of cultured cells into mice s.c. exhibited histological characterisrevertants of P-gp overexpressing cells. Based on this hypothesis.
tics of osteogenic sarcoma, they varied in cellularity and thét is possible that the reduced malignancy found in the P-gp-
amount of bone and osteoid matrix (Figure 2 F-J). The tumoursositive and P-gp-negative clones may be due to an indfifect e
resulting from inoculation of the parent cells consisted of densef P-gp. In this case, as pointed out by Scotlandi, expression of the
tumour cells with a small amount of relatively immature osteoidVIDR1 gene may result in coactivation of other genes responsible
formation. The tumours produced from inoculation of thefor the decreased malignancand then, only théMDR1 gene
MOS/ADRL1 cells showed more abundant bone and osteoid formaxpression was partially suppressed in the P-gp-negative
tion than those produced by the parent cell line. Similar histoelones.
logical findings were observed in the tumours produced from the Another possible explanation may be that DOX produced a
MOS/ADR?2 cells or the MORV1 cells. The tumours produced significant dfect on osteoblastic flerentiation and a decrease in
by the MOSRV2 cells revealed relatively higher cellulgrit aggressive phenotype both in the P-gp-positive and P-gp-negative
clones, although P-gp also played a role in reduced malignancy
in the P-gp-positive clones. UnlikMDR1 gene transfectants
(Scotlandi et al, 1999), our panel of osteosarcoma subclones
The parent osteosarcoma cell line (MOS) showed 100% tumorselected by DOX showed morphological and functional changes in
genicity following a s.c. injection of these cultured cells into mice their cellular diferentiative state. MoreoyeDOX is known to
all of which developed metastatic lesions in the lufigble 2). In promote cellular dferentiation (Morceau et al, 1996). Thus,
mice inoculated with the MOS cells, the tumours grew rapidlyconsideration of theffect of DOX, as well as P-gp, appeared to be
with a doubling time of 4.9 days. In contrast, all four subclonesmore relevant to explain our experimental results.
which were isolated after exposure of the parent cells to DOX, Although our results were obtained from only one model of
demonstrated a decrease in tumorigepicgrowth rate and MDR osteosarcoma, they might help to explain therdimet find-
metastatic potential. No mice inoculated with these subclonegs regarding the relationship between P-gp expression and

ADR2

In vivo tumour growth and metastatic potential

developed metastases in the lungs. malignang. It is known thatMDR1 gene expression can be
Table 2doubling time and metastatic ability a
Cell line n Tumour (%) Doubling time (day) Metastases (%)
MOS 12 12/12 (100) 4.9 12/12 (100)
MOS/RV1 12 3/12 (25) 15.0 0/12 (0)
MOS/RV2 12 8/12 (66) 7.9 0/12 (0)
MOS/ADR1 12 7/12 (58) 10.0 0/12 (0)
MOS/ADR?2 12 6/12 (50) 11.8 0/12 (0)

aTumorigenicity and metastatic ability are shown as a total of two independent experiments with similar results. In each
experiment, cells (1 x 107) were injected into six mice, and tumour growth was monitored until 3 months after injection.
Doubling times represent means of two to six determinations in the experiment 2
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Figure 2 Fluorescent staining of cellular actin by FITC-conjugated phalloidin (A-E) (magnification x 1000), and haematoxylin and eosin staining of histological
sections of tumours in mice (F-J) (magnification x 40). A and F, parent cell line. B and G, MOS/RV1. C and H, MOS/RV2. D and I, MOS/ADRL1. E and J,
MOS/ADR2
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stimulated by a broad spectrum of structurally and functionallyFairchild CG, lvy SP, Rushmore T, Lee G, Koo P, Goldsmith ME, Myers CE,
unrelated agents, including anticancer drugs (Fardel et al, 1997)’ Farber E and Cowan KH (1987) Carcinogen-induced mdr overexpression is

. L. . . . associated with xenobiotic resistance in rat preneoplastic liver nodules and
dlﬁerentlatllon_mducmg agents (MICkerle.y et al, 1989)’ . grOWth hepatocellular carcinomaBroc Natl Acad Sci US84: 7710-7705
factors (HWSCh'EmSt_et al, 1995), carcinogens (Fairchild et algardel o, Lecureur v, Daval S, Corlu A and Guillouzo A (1997) Up-regulation of
1987), tumour necrosis factor alpha (Hirsch-Ernst et al, 1998), and P-glycoprotein expression in rat liver cells by acute doxorubicin treatment.
UV-irradiations (Uchiumi at al, 1993). All these agents may be  EurJ Biochen246 186-192 o
able to cause P-gp overproduction as well as their known effects [f"sen MB. Nielsen SE and Berg K (1989) Re-examination and further

I dditi p- itself is also likelv to h it ffect development of a precise and rapid dye method for measuring cell growth/cell

a cell. In adal I0.n, gp i S? IS also likely 10 have positive € ec_s Kill. J Immunol Method&19 203-210
on a decrease in aggressive phenotype. Therefore, the combingigch-Ernst KI, Ziemann C, Schmitz-Salue C, Foth H and Kahl GF (1995)
effects of all these factors should be taken into consideration. For Modulation of P-glycoprotein and mdrlb mRNA expression by growth factors

example, the use of an anticancer drug for selection of MDR cells il”7g”T§gV rat hepatocyte culturBiochem Biophys Res Comnitts
IS expeCted to result in coexpression of P-gp and the rEdl'lcg-‘;ﬂrsch-Ernst Kl, Ziemann C, Foth H, Kozian D, Schmitz-Salue C and Kahl GF

malignant phenotype, because the drug and P-gp may both (1998) induction of mdrib mRNA and P-glycoprotein expression by tumor
suppress aggressive phenotype. In contrast, itBR1 gene necrosis factor alpha in primary rat hepatocyte cultir€ell PhysiolL76:
expression is stimulated by carcinogens or by growth factors, P-gf) 506-515

e

expression may be associated with either more aggressive or | N_ (1993) Osteosarcoma: contribution of chemotherapy to tregtn_wem of the
primary tumor. InFrontiers of Osteosarcoma Research: Interdisciplinary

aggressive tumour phenotype dependlng on the total effects of Survey of Clinical and Research Advandésvak JF and Mcmaster JH (eds),
these factors and P-gp. It is also possible that several factors pp.25-40. Hogrefe & Huber: Kirkland
having different actions may simultaneously stimuM@R1gene  Link MP (1993) Preoperative and adjuvant chemotherapy in osteosarcoma. In:
expression. Moreover. cell phenotype expression might be affected Frontiers of Osteosarcoma Research: Interdisciplinary Survey of Clinical and
- S R h Ad Novak JF and M ter JH (eds), pp. 41-49. Hogref

by the tissue origin of the cell. To prove these hypotheses, Hﬁgiirf(irklaﬁzme ovak JF and Memaster JH (eds), pp ogrefe &
howevel_’, further StUdie_S using various stimulatorsiDR1gene | owly OH (1955) Micromethods for the assay of enzyme Il. Specific procedures.
expression as well as different types of cells are needed. Alkaline phosphataséleth Enzymolt: 371-372

In conclusion, we demonstrated that both the P-gp-positive andickerley LA, Bates ASE, Richert ND, Currier S, Tanaka S, Foss F, Rosen N and
P-gp-negative osteosarcoma clones selected by DOX exposure Fojo AT (1989) Modulation of the expression of a multidrug resistance gene

R . o . (mdr-1/P-glycoprotein) by differentiating agenisBiol Chen264:

expressed osteoblastic differentiation and less aggressive tumour 1g931_18040
phenotype. It is known from clinical studies that human osteosamorceau F, Chenais B, Gillet R, Jardillier JC, Jeannesson P and Trentesaux C (1996)
coma cells often appear to exhibit histological differentiation after ~ Transcriptional and post-transcriptional regulation of erythroid gene expression

drug treatment (Jaffe, 1993; Link, 1993), and to express a high in anthracyclin-induced differentiation of human erythroleukemic dg#d.
. ' : ' ' ; Growth Differ7: 1023-1029
level of P-gp in the r6|apsed tumours (Serra etal, 1995)‘ StUdl%%otlandi K, Serra MC, Nicoletti G, Vaccari M, Manara MC, Nini G, Landuzzi L,

are underway to determine the relationship between P-gp- colacciA, Bacci G, Bertoni F, Picci P, Campanacci M and Baldini N (1996)

mediated MDR and differentiation in a clinical setting. Multidrug resistance and malignancy in human osteosarddaraer Re$6:
2434-2439
Scotlandi K, Manara MC, Serra M, Benini S, Maurici D, Caputo A, Giobanni CD,
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