




NONGENETIC TRANSFER OF DRUG RESISTANCE

Fig. 1. Electrophoretic patterns for whole-
cell membrane proteins from V79 cells (lane B):
LZ cells (lane F); 16/31% (lane C), 31/45%
(lane D), and 45/60% (lane E) interfaces from
V79 cells; and 16/31% (lane G), 31/45% (lane
H), and 45/60% (lane I) interfaces from LZ
cells. Lanes A and J, standard protein. The arrow
identifies the position of 170.000 molecular
weight.
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migration of protein isolated from the same interfaces utilizing
LZ cell membrane. The arrow indicates the position of 170,000
molecular weight. Note that the 16/31 % discontinuous sucrose
gradient interface obtained with LZ cell membranes demon
strated a prominent band at this position (Fig. 1, lane G), which
likely represents a glycoprotein similar to that isolated by
Riordan and Ling (24) from colchimid-resistant cells. Utilizing
data obtained from scans of individual lanes, we estimated that
approximately 16% of the total protein contained in LZ cell
membranes had a molecular weight of 170,000.

Fig. 2 shows Western blot analysis of proteins isolated from
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Fig. 2. Western blot analysis of protein bands from discontinuous sucrose
gradients. Lanes A, B, and C (LZ cells), lanes D, E, and F (V79 cells), and lanes
G, H, and / (77A cells) from 16/31%, 31/45%. and 45/60% interfaces, respec
tively. 1,11111'J, standard. The 16/31% interface contains the majority of the P-
glycoprotein (M, 170.000) from all three cell lines. LZ cells show the highest
level, 77A cells intermediate, and V79 cells the least P-glycoprotein. All lanes
were loaded with 100 Mgprotein.

discontinuous sucrose gradients. Fig. 2, lanes A, B, and C, give
the levels of LZ cell P-glycoprotein from the 16/31%, 31/45%,
and 45/60% bands, respectively. Fig. 2, lanes D, E, and F, are
from the same bands from V79 cells and Fig. 2, Â¡Ã¢nesG, H,
and /, for 77A cells. Fig. 2, lane J, is the standard. These data
show that the 16/31% interface contains most of the P-glyco
protein from LZ cells and that this is overexpressed in LZ and,
to a lesser extent, in 77A cells. Of interest is the finding that
small amounts of P-glycoprotein are also found in V79 cells
(Adriamycin sensitive), suggesting that P-glycoprotein may
serve a possible transport function in normal cells.

The data in Fig. 3 were obtained from Western blots of
membrane protein from LZ cells (Fig. 3, lane A), V79 cells
(Fig. 3, lane Â£),and V79 cells at 0 h (Fig. 3, lane B), 4 h (Fig.
3, lane C), and 24 h (Fig. 3, lane D) after fusion with P-
glycoprotein. The following is apparent: (a) P-glycoprotein was
successfully incorporated into the membrane of V79 cells and
(b) the level of P-glycoprotein diminished with time after fusion.

Adriamycin Survival Responses. The survival curves in Fig. 4
trace typical Adriamycin responses for V79 cells, 77A cells, LZ
cells, and V79 cells fused with protein isolated from the 16/
31% interface from V79 cells or LZ cells. First, these survival
responses demonstrate the three levels of Adriamycin resistance
in V79 (sensitive), LZ (highly resistant), and 77A (intermediate)
cells. These survival response states are consistent with the
degree of gene amplification found in 77A and LZ cells (9).
Second, slight resistance is transferred to V79 cells with V79
cell membrane vesicles (3.8-fold increase in survival at 3 Â¿ig/
ml, 60 min). Third, significant resistance was transferred to
V79 cells when LZ membrane P-glycoprotein was used (92.3-
fold increase in survival to 3 Mg/ml, 60 min).

Fig. 5 shows the survival responses to 0.25 Mg/ml Adriamycin
for 0-8 h of V79 cells and V79 cells fused with the 16/31%
fraction isolated from V79 cells or LZ cells. These data con
firmed the observation shown in Fig. 4 and demonstrated that
V79 cells fused with P-glycoprotein from LZ cell membranes
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Fig. 5. Survival response of V79 cells (â€¢)and V79 cells fused with P-

glycoprotein from V79 cells (O) or LZ cells (D) exposed to Adriamycin (ADRM)
(0.25 Â¿ig/ml)for 0-8 h. Plating efficiency and SE as in Fig. 4.

Fig. 3. Western blots of membrane proteins isolated from V79 at times after
fusion with P-glycoprotein from LZ cells. Lane B, 0 h after fusion; lane C, 4 h;
lane D. 24 h. Lanes A and E, Western blots of membrane protein from LZ and
V79 cells, respectively. At 24 h the level of P-glycoprotein in fusion products is
similar to that present in nonfused V79 cells. Lane /â€¢'.protein standard. All lanes

were loaded with 100 ^g protein.
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Fig. 4. Adriamycin survival responses for LZ cells ('.â€¢),77A cells (O), V79
cells (â€¢),and V79 cells fused with P-glycoprotein from V79 cells (A) or LZ cells
(D). Survival in Adriamycin of V79 cells exposed to PEG and PHA only was
similar to that of V79 cells fused with P-glycoprotein from V79 cell membrane.
PE, plating efficiency (percentage of untreated cells capable of forming visible
colonies). SE are shown unless smaller than the plotted points.

transferred significant resistance. The predominant effect ap
peared to be on the initial slope; the final slopes of the survival
response of V79 cells and V79 cells fused with V79 membrane
were parallel, indicating equal rates of response. The increase
in resistance at 8-h exposure was 36-fold when P-glycoprotein
from LZ cells was fused to V79 cells.

The observation of intermediate Adriamycin response of V79
cells fused with LZ P-glycoprotein can be understood by the
photomicrographs in Fig. 6. Fig. 6A shows immunoperoxidase
staining of V79, Fig. 6B, LZ cells, and Fig. 6C, fusion products.
The faint staining of V79 cells can be attributed to a small
amount of P-glycoprotein normally present. The pattern seen
in Fig. 6C shows a spectrum of stain intensity indicating pos
sible random fusion events with our technique. Such a mixed
population of fusion products would be expected to exhibit
Adriamycin survival response states which would be neither
sensitive nor highly resistant.

Table 1 summarizes the survival curve characteristics for V79
cells fused with the P-glycoprotein protein fraction isolated
from either V79 cells or LZ cells from four separate survival
curve determinations. The table gives the inverse slopes in ng/
ml Adriamycin, 60 min, for the initial and final portions of the
survival curves. These values are the levels of Adriamycin
necessary to reduce survival by 0.368. Utilization of this param
eter to characterize response is reasonable if specific mecha
nisms of action of Adriamycin in cell killing are not implied.
The differences in slope for the initial part of the survival curve
when V79 P-glycoprotein protein fractions are used are mar
ginally significantly different than that for V79 cells alone and
are consistent with the observation that V79 cells have low but
measurable levels of P-glycoprotein in their membranes and
that fusion with material derived from V79 cells results in an
increase in P-glycoprotein sufficient to result in a small change
in response to Adriamycin. The final slopes of these two cell
preparations are not different. However, when P-glycoprotein
from LZ cell membranes is fused to V79 cells, a significant
increase in the initial and final slopes is observed. The table
also gives the initial and final slope ratios of fusion products
relative to V79 cells.

Adriamycin Uptake and Efflux. Fig. 7 shows uptake and efflux
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Fig. 6. Immunoperoxidase staining with C219 antibody to P-glycoprotein. A,
untreated V79 cells; B. LZ cells; C, V79 cells fused with P-glycoprotein from LZ
cell membrane. Note spectrum of P-glycoprotein levels in fusion products. The
arrowhead identifies at least three V79 cells with staining intensity similar to that
in A.

Table 1 Survival curve characteristics for V79 cells and V79 cell P-glycoprotein
fusion products

Inverse slope ratios, in pg/ml, of Adriamycin for 60 min, which is the drug
dose necessary to reduce survival by 0.368 on each (initial and final) portion of
the survival curve. Slope ratios are relative to V79 cells.

Slope ' (/ig/ml. 60min)Â°V79

V79
V79Cell

linex

V79 membrane
X LZ membraneInitial0.103Â±0.035C

0.1 40 Â±0.024''

0.230 Â±0.03(/Final0.74

Â±0.15
0.76 Â±0.06'

1.46Â±0.1.VSlope

ratios*Initial1.0

1.36
2.23Final1.0

1.03
1.97

" Adriamycin dose necessary to reduce survival by 0.368.
* Relative lo V79 cells.
' Mean Â±SD.
d Significant at the 90% confidence level.
' Not significant.
^Significant at the 99% confidence level.
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Fig. 7. Uptake and efflux of Adriamycin by LZ cells (â€¢),V79 cells (O), V79
cells exposed to PEG and PHA only (A), and V79 cells fused with P-glycoprotein
from LZ cell membrane (D). All cells were exposed to 3.0 <jgAdriamycin for the
time indicated, ill Efflux is expressed as a percentage of intracellular drug at
time 0 after a 1-h exposure to 3.0 Â»jg/mlAdriamycin. V79 cells fused with V79
membrane P-glycoprotcin had uptake and efflux kinetics similar to those of V79
cells exposed to PEG and PHA only.

of Adriamycin after exposure to 3.0 ng/m\ drug for V79 and
LZ cells and for V79 cells fused with LZ P-glycoprotein. Also
shown are similar data for V79 cells treated with PEG and
PHA. Similar uptake and efflux kinetics were observed for V79
cells fused with P-glycoprotein from V79 cells (data not shown).
Uptake (Fig. 7/4) appeared to be similar for V79 cells, V79 cells
treated with PHA and PEG, and V79 cells fused with LZ P-
glycoprotein. LZ cells demonstrated reduced uptake. Fig. IB
traces efflux as a percentage of drug present at time zero. All
cells were treated with 3.0 ng/m\ Adriamycin for 1.0 h. The
following are of note, (a) LZ cells rapidly lose intracellular drug
within the first 5 min. (b) V79 cells fused with LZ P-glycopro
tein also release drug rapidly, followed by a slower release
through 60 min in drug-free medium, (c) Both V79 and V79
cells treated with PHA and PEG show similar efflux rates, (d)
In the latter, the amount of drug found exceeded that at time
zero for several minutes. This observation may have reflected
reincorporation of membrane-bound drug or inefficient efflux
mechanisms. Taken together, the data show that the efflux of
Adriamycin was enhanced when V79 cells were fused with LZ
P-glycoprotein, which implies that the protein was transferred
in a functionally unaltered state insofar as P-glycoprotein func
tions as an efflux pump.

DISCUSSION

The multidrug resistance phenotype can be transferred by
gene transfer (13) or by the transfer of chromosomes isolated
from resistant cells (12). The observations reported here show
that a significant degree of resistance to Adriamycin can be
transferred to sensitive cells by fusion with P-glycoprotein
isolated from the cell membranes of highly resistant cells. This
observation strongly suggests that the P-glycoprotein found in
the cell membranes of multidrug-resistant cells, presumed to be
the gene product of the amplified gene found in such cells, is a
major factor in the phenotypic expression of multidrug resist
ance, even though the studies reported here tested only the
response to Adriamycin. The small increase in resistance found
in V79 cells fused with P-glycoprotein isolated from V79 cell
membranes may reflect the expansion of P-glycoprotein nor
mally found in the cell membrane of wild-type V79 cells. In
addition to this possible expansion of P-glycoprotein, PHA
and/or PEG may have induced changes in the cell membrane,
rendering cells more resistant to Adriamycin. It has been spec
ulated that the presence of P-glycoprotein in the cell membranes
of drug-resistant cells is responsible for decreased uptake and/
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or increased efflux of cytotoxic agents. Our data indicate that
the resistance conferred by transfer of P-glycoprotein to sensi
tive cells is not accompanied by a change in the uptake of
Adriamycin in fusion products, but the rate of efflux was
substantially increased. We interpret this observation to mean
that the transferred P-glycoprotein retained some, if not all, of
its presumed function as an energy-dependent pump.

The significant increase in resistance expressed by V79 cells
fused with P-glycoprotein from LZ cells reflects a population
response and includes the response states of V79 cells fused
with differing amounts of P-glycoprotein, including those cells
not incorporating the protein. The mechanism by which "vesic
ular" P-glycoprotein is fused to the membrane of sensitive cells

in the presence of PEG and PHA is not clarified by the
experiments described here. However, the orientation of the P-
glycoprotein actually fused is likely to be correct with regard to
extracellular, transmembrane, and intracellular domains be
cause incorrect orientation of these domains would not be
expected to contribute to increase resistance to Adriamycin; to
express increased resistance, sensitive cells may be required to
incorporate sufficient amounts of P-glycoprotein in correct
functional orientation. Fusion products not satisfying these
requirements would not be expected to express increased re
sistance response states to Adriamycin. Therefore, the resistant
state may be substantially more prominent in those cells ac
tually fused with the P-glycoprotein. It should be possible to
separate fused cells from nonfused cells by cell separation
techniques and measure the Adriamycin response of such cells.
These experiments are planned.

Together with the genetic evidence (reviewed in Ref. 3), the
data described above suggest that the P-glycoprotein found in
the cell membrane of multidrug-resistant cells is indeed the
gene product of the amplified mdr gene. Although uptake was
not substantially changed in the P-glycoprotein-fused cells,
efflux appeared to be enhanced. In addition to its function as
an effective pump for cytotoxic agents, P-glycoprotein may also
represent a binding site for Adriamycin (and other toxic agents)
and the resulting drug-protein complex renders Adriamycin
ineffective with regard to cell killing. Implicit in this speculation
is that the cell membrane may constitute an important target
for Adriamycin cytotoxicity. This possibility was first suggested
by Tritton and Yee (18), who found that, when Adriamycin was
coupled to insoluble agarose particles, the complex was actively
cytotoxic to L-1210 cells in culture. Under these conditions, it
was shown that no free Adriamycin entered the cell. That the
cell membrane may be susceptible to the damaging effects of
Adriamycin was investigated by Murphree et al. (19), who
showed that Adriamycin increased both the rate of agglutina
tion of sarcoma 180 cells by concanavalin A and membrane
fluidity. The latter appeared to be Adriamycin dose dependent.

Siegfried et al. (20) investigated the effect of hypoxia and
Adriamycin resistance on membrane fluidity, measured by elec
tron spin resonance spectroscopy. They found that hypoxia
increased the cytotoxic action of Adriamycin and that hypoxia
also increased membrane fluidity. When Adriamycin-resistant
sarcoma 180 cells were studied, it was found that the degree of
resistance to Adriamycin was correlated with the level of de
creased fluidity. Therefore, the cytotoxic action of Adriamycin
appeared to be directly related to the degree of membrane
fluidity. Finally, Lane et al. (21) found that the equilibrium
concentration of Adriamycin uptake varied with temperature,
between 37Â°Cand 0Â°C,but that the cytotoxicity of Adriamycin

did not parallel temperature-dependent uptake. Indeed, cyto
toxicity rapidly fell as temperature of drug exposure decreased;

Adriamycin was inactive at all temperatures below 20Â°C.There

fore, these investigators showed that the lack of cell killing by
Adriamycin at low temperatures was not accompanied by sub
stantial decreases in drug uptake and they reasonably concluded
that the loss of cytotoxicity at temperatures below 20Â°Cmay

have been linked to structural changes in the cell membrane.
These observations are similar to those reported by Colofiore
et al. (22), who found that pretreatment with metabolic inhibi
tors (2-deoxy-D-glucose and 2,4-dinitrophenol) of wild-type and
Adriamycin-resistant 77A cells enhanced the survival of these
cell lines exposed to Adriamycin. It was also shown that the
enhanced survival was not accompanied by changes in uptake
of Adriamycin. Indeed, enhanced survival was accompanied by
slight increases in Adriamycin uptake following treatment with
metabolic inhibitors. Taken together, these observations con
stitute reasonable evidence that the cell membrane is important
in the expression of Adriamycin cytotoxicity.

If the cell membrane constitutes a major target for Adria
mycin cytotoxicity, it follows that P-glycoprotein may represent
a binding site for this chemotherapeutic agent. For example,
the Adriamycin-P-glycoprotein complex formed in wild-type
cells may interfere with important transport processes, which
may lead to cell death. It is reasonable to assume that this
proposed complex may initiate a series of events which result
in eventual gene amplification for P-glycoprotein, to ensure
that the cell membrane contains sufficient levels of this protein
for its normal function in the economy of the cell. Cells resistant
to Adriamycin as a consequence of increased levels of P-glyco
protein in their cell membranes may be resistant by virtue of
protection of the cell membrane rather than by decreased uptake
and/or increased efflux of Adriamycin.

Invoking the cell membrane as a primary target for Adria
mycin cytotoxicity may provide an explanation for the biphasic
character of the Adriamycin survival curve of mammalian cells
in culture (Ref. 23 and Figs. 4 and 5). Biphasic survival curves
are generally interpreted to mean that the cell population being
studied consists of at least a sensitive and resistant subpopula-
tion. Attempts to isolate the Adriamycin-resistant subpopula-
tion from wild-type V79 Chinese hamster cells acutely exposed
to Adriamycin have been unsuccessful (7, 8). An alternative
explanation is that mammalian cells have at least two targets
for Adriamycin cytotoxicity. One of these may be the cell
membrane and may be responsible for the initial rapid cell
killing observed. The "resistant-tail" of the Adriamycin survival

curve for mammalian cells in culture may be due to the inter
calation of this agent into duplex DNA, a possibly less impor
tant target for Adriamycin cytotoxicity.

Belli and Piro (23) observed that the major effect of Adria
mycin on the single-dose radiation survival curve of V79 cells
was to reduce the capacity of cells to accumulate sublethal
radiation injury (a decrease in extrapolation number). This
observation is generally taken to predict that reduction in this
capacity is accompanied by a decrease in ability to repair
sublethal radiation injury, as measured by two-dose survival
studies. Belli and Piro (23) showed that Adriamycin-tested cells
were not deficient in this regard. This finding can now be
reinterpreted in the context of the assumption that the cell
membrane constitutes the site of damage interaction between
radiation and Adriamycin, with regard to the presence or ab
sence of the shoulder on the single-dose radiation survival curve.
The repair of sublethal radiation injury may be the consequence
of the repair of radiation-induced DNA damage and Adriamy
cin may be less important in suppressing the expression of this
operationally defined radiation-repair process.
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Finally, the observations reported here raise a number of
questions. Clarification of the time-course of persistence of
Adriamycin induced by transfer of P-glycoprotein may provide
insight into the turnover rates of this gene product with regard
to fading of Adriamycin resistance. LZ cells are cross-resistant
to a number of chemotherapeutic and chemical agents, and it
will be important to determine whether transfer of P-glycopro
tein also results in cross-resistance to other agents such as
actinomycin D, vincristine, and colchicine. Lastly, it is possible
that the P-glycoprotein-drug complex may have an important
signal function in the initial steps leading to the amplification
of the mdr gene.
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