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The mutation rates of cancer cells to drug and multidrug resistance are
paradoxically high, i.e., 10~3 to 10~¢, compared with those altering
phenotypes of recessive genes in normal diploid cells of about 1012
Here the hypothesis was investigated that these mutations are due to
chromosome reassortments that are catalyzed by aneuploidy. Aneu-
ploidy, an abnormal number of chromosomes, is the most common
genetic abnormality of cancer cells and is known to change pheno-
types (e.g., Down’s syndrome). Moreover, we have shown recently
that aneuploidy autocatalyzes reassortments of up to 2% per chro-
mosome per mitosis because it unbalances spindle proteins, even
centrosome numbers, via gene dosage. The hypothesis predicts that
a selected phenotype is associated with multiple unselected ones,
because chromosome reassortments unbalance simultaneously thou-
sands of regulatory and structural genes. It also predicts variants of
a selected phenotype based on variant reassortments. To test our
hypothesis we have investigated in parallel the mutation rates of
highly aneuploid and of normal diploid Chinese hamster cells to
resistance against puromycin, cytosine arabinoside, colcemid, and
methotrexate. The mutation rates of aneuploid cells ranged from
10~ to 1076, but no drug-resistant mutants were obtained from
diploid cells in our conditions. Further selection increased drug resis-
tance at similar mutation rates. Mutants selected from cloned cells for
resistance against one drug displayed different unselected pheno-
types, e.g., polygonal or fusiform cellular morphology, flat or three-
dimensional colonies, and resistances against other unrelated drugs.
Thus our hypothesis offers a unifying explanation for the high
mutation rates of aneuploid cancer cells and for the association of
selected with unselected phenotypes, e.g., multidrug resistance. It
also predicts drug-specific chromosome combinations that could be-
come a basis for selecting alternative chemotherapy against drug-
resistant cancer.

he spontaneous emergence of drug- and multidrug-resistant

mutants is the nemesis of cancer chemotherapy (1-5). There-
fore it has been studied for half a century now (6), ever since
cytotoxic drugs were first used for cancer therapy (5), but its
mechanism is still unclear (7, 8). The large body of work on the
subject shows that the mutation of cancer cells, and of tumori-
genic cells in culture, is strikingly different from mutations of
normal diploid cells, based on the following five criteria.

(i) Paradoxically High Rates of Mutation to Drug Resistance. Resis-
tance to cytotoxic drugs reflects the loss of some normal
metabolic function. Therefore, both alleles of normal diploid
cells must be mutated to manifest the resistant phenotype.
According to the spontaneous mutation rates of haploid human
genes, which are about 107° (9), the mutation rates of diploid
cells to drug resistance by gene mutation are predictably very
low, i.e., only about 10712 (7, 8, 10, 11). But numerous investi-
gators (7, 8, 10-13) have observed that the mutation rates to
drug resistance of cancer cells and of tumorigenic cell lines “are
much higher than expected on the basis of germinal eukaryotic
mutation rates” (14). The frequencies of these mutations range
between 1073 and 107° per mitosis (10, 11, 15-19). For example,

one of 10° human leukemic cells is resistant to amethopterin (1),
and one of 10° cells from a mouse cancer is metastatic (20).
According to Gartler and Pious, “resistance to high drug levels
on a classical genetic scheme would involve at least two muta-
tional steps. Yet the mutation rate estimates for their resistance
are of the same order of magnitude or much higher than are
reported for single events in germinally occurring mutants. On
this interpretation the rate of occurrence of somatic cell variants
is thousands of times higher than for germinal mutations” (10).
This difference in the rate of occurrence, according to Henry
Harris, defines a “major conceptual difficulty,” i.e., “to reconcile
the very high mutational frequency with genetic theory if two
functional alleles are present in the same cells” (8).

(ii) High Rates of Reversion of Drug-Resistant Phenotypes. Conven-
tional gene mutations are genetically just as stable as their
parents (9). But drug resistance of cancer cells and tumorigenic
cell lines is significantly less stable than conventional mutations,
some reverting to the original or other phenotypes at the same
rates with which they were generated (2, 7, 12, 18, 20-22).

(iif) A Continuum of Homologous Phenotypes. Mutations of recessive
genes are typically all or nothing (9). But the drug resistance of
cancer cells displays a continuum of transitory phenotypes shifting
to increasing resistance on consecutive rounds of selection (2, 6, 23,
24). Regarding the mechanism, one investigator proposed that
“step-wise drug selection provides strong, indirect evidence that an
unstable gene dosage mechanism” is at work (2). Another suggests
that “multiple events contribute to resistance” of the same drug
(25). Likewise, Koski et al. have recently concluded that the
generation of drug-resistant human leukemic cells is “a complex
rather than a simple molecular mechanism” (26).

(iv) Mutation Rates Independent of Ploidy. Based on gene mutation,
“the frequency of mutants with a recessive phenotype should be
exponentially related to the number of functional genes per cell”
(27). In contrast, the mutation frequency of tumorigenic cells to
drug resistance is independent, or practically independent, of
ploidy levels ranging from pseudohaploid (numerically haploid,
but structurally aneuploid) to pseudooctaploid (8, 13, 14, 28).

(v) Multidrug Resistance. Selection of a mutant phenotype from
normal diploid organisms typically yields variants with just one
mutated gene or operon (9). But “[w]hen cultured cells are
exposed to . . . achemotherapeutic drug, individual clones can be
selected that express . . . resistance to multiple drugs that may be
structurally and functionally unrelated. Such cross-resistance
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occurs frequently in cultured cell lines and is termed the
multidrug resistance (MDR) phenotype. The MDR phenotype
is also encountered in the clinical setting where many human
cancers are refractory to multiagent chemotherapy” (2). There-
fore, a recent reviewer concluded that multidrug resistance “had
to be understood as the net effect of a multifactorial process” (4).

In view of these peculiarities, some have tried to reconcile the
high mutation rates of cancer cells and cell lines with gene
mutation by postulating “mutator genes” (11) or a “mutator
phenotype” (29), although, according to Breslow and Goldsby,
the “suggestion of a mutator gene really begs the question. . . .
[because] one is left with the problem of accounting for such a
high frequency of mutator genes” (11). Indeed, mutator genes
are not commonly found in cancer cells (30-35). Others have
postulated multidrug resistance genes (2, 4). But this generates
a new paradox because such genes never seem to protect normal
cells against chemotherapy, e.g., no drug-resistant normal lym-
phocytes are ever observed in chemotherapy of leukemia. Even
“nonmutational” (13) and “epigenetic” mechanisms (7, 12, 14,
17, 22) have been postulated to explain the frequent mutation of
cancer cells to drug resistance. And ‘“additional degrees of
freedom which appear to exist in tumors and established cell
systems in vitro ” were proposed by Morgan Harris, specifically
to explain the ploidy independence of mutation (28).

Here we propose that mutation of cancer cells and of tumor-
igenic cell lines in culture is due to chromosome reassortments
and that reassortments at high rates are catalyzed by aneuploidy,
an abnormal balance of chromosomes. Aneuploidy is the most
common genetic abnormality of cancer cells and tumorigenic cell
lines (8, 36-38) and is known to change phenotypes by changing
the expression of hundreds to thousands of genes (e.g., Down’s
syndrome) (39-43). Moreover, we have shown recently that
aneuploidy destabilizes the karyotype, because it unbalances the
many balance-sensitive components of the spindle apparatus
including even the numbers of centrosomes (44—46), autocata-
lytically by unbalancing the dosage of the corresponding genes
(42,47, 48). The risk of gaining or losing a given chromosome per
mitosis in a highly aneuploid cancer cell was found to be about
2%, which corresponds to a 46% risk for a highly aneuploid
human cell to gain or lose one chromosome per mitosis (48, 49).
The more aneuploid the karyotype, the more unstable it will be
(42,48, 50). In contrast, the risk of normal diploid cells of gaining
or losing a single chromosome during mitosis is very low, ranging
from 0% in human embryos (51) and adolescents (52) to 0.4%
in adults, based on finding trisomic chromosomes in 0.2% (53).

Thus chromosome reassortment catalyzed by aneuploidy is an
“additional degree of freedom” of mutation available only to
aneuploid cancer cells and cell lines—the probable basis of the
notorious genetic instability of cancer cells (42, 48). The high
mutation rates of influenza virus via reassortments of sub-
genomic RNA segments (54, 55) versus the extremely low
mutation rates of viruses with singular genomic RNAs (56) are
an exact precedent for our model.

Chromosome reassortment can alter phenotypes by two distinct
mechanisms that make different predictions. (i) Suppose there are
alternative pathways to the same metabolic goal. This must be
expected because alternative biochemical mechanisms have already
been identified that generate the same drug-resistance phenotypes
(4,7,22,57,58). In this case chromosome reassortment could switch
on an alternative pathway for drug resistance by amplifying the
chromosomes that contain the corresponding structural and/or
regulatory genes. The neoantigens and newly expressed RNAs of
cancer cells are predictable consequences (3, 42, 43, 59). The
reversibility of this process would also explain the reversibility of
many drug-resistant phenotypes described above. (if) Suppose a cell
is heterozygous for a recessive drug resistance gene. Such a cell
could become drug resistant if the chromosome with the intact gene
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is lost by reassortment. This reassortment would create an irrevers-
ible mutation, even if the respective chromosome is subsequently
doubled again.

Chromosome reassortment can also explain the transitory
phenotypes described above as distinct chromosome combina-
tions, i.e., phenotype-specific karyotypes. Chromosome reas-
sortment further predicts new unselected phenotypes in addition
to selected ones, because chromosome reassortments alter the
dosage of thousands of regulatory and structural genes. More-
over, the hypothesis predicts that mutations by chromosome
reassortment are not, or only little, dependent on the “ploidy”
of the respective aneuploid karyotype.

To test this proposal we have compared here directly the
mutation rates of aneuploid tumorigenic cells with those of
normal, diploid cells from the same inbred line of Chinese
hamsters (CHs) (60). Mutants were selected for resistance to
cytotoxic chemotherapeutic drugs such as methotrexate, cyto-
sine arabinonucleoside (araC), colcemid, and puromycin.

Materials and Methods

Cells. Embryo cells from a single 18-day-old male of an inbred
line of CHs were prepared as described previously (60). The
preparation and clonal isolation of three chemically transformed
CH cell lines, termed D 313, M 853, and B 644, has also been
described previously (48). The cells were propagated and main-
tained in DMEM supplemented with 10% FCS and antibiotics
following published procedures (47).

Cytogenetic Analysis. Cell cultures that were about 75% conflu-
ent were incubated with 300 ul Karymax (GIBCO/BRL) (i.e.,
3 png colcemid) for about 3 h. The cells were then rinsed once
with PBS, dissociated by trypsin, harvested before spontane-
ous clumping set in, mixed with a small volume of complete
medium, and centrifuged for 4 min at 750 rpm at room
temperature, following a protocol of GIBCO/BRL. The cells
were resuspended in 100-150 ul of the supernatant, mixed
with 500 ul 0.075 M KCI1 (GIBCO/BRL), and 1 min later were
mixed with another 3.5 ml of the hypotonic KCl solution. After
a total of 6 min at room temperature the cells were centrifuged
for 6 min as described above. The cells were then again
resuspended in 500 ul of the supernatant and first mixed with
0.5 ml and, 1 min later, with another 3.5 ml of a solution of 3
vol of ethanol and 1 vol of acetic acid. After incubation at room
temperature for 15 min the cells were centrifuged for 6 min as
above. This procedure was repeated once more; the cells were
then suspended in 0.5-1 ml of the ethanol-acetic acid solution,
and aliquots were pipetted on the upper, long edge of a tilted
microscope slide with a 10-ul Eppendorf pipette tip. The
chromosomes are then directly visible with a phase-contrast
microscope as previously described (47).

Treatments of Cultured Cells with Cytotoxic Drugs. Between 2 million
and 4 million cells were seeded on a 10-cm Petri dish in 7 to 10 ml
of medium. One or more of the cytotoxic drugs puromycin (Sigma),
araC (Mack—Pfizer, Illertissen, Germany), colcemid (GIBCO/
BRL), and methotrexate (Lederle Laboratories, Pearl River, NY)
were added to the culture medium either when the cells were
seeded or less than 24 h later. The concentration of drugs is
reported in micrograms per Petri dish (rather than in molarities,
which depend on the volume of medium and on uptake).

Results

Effect of Aneuploidy on Mutation Rates to Drug Resistance. To
determine whether the high mutation rates of cancer cells and
tumorigenic cells to drug resistance are due to gene mutation or
to chromosome reassortments catalyzed by aneuploidy, we have
compared mutation rates in parallel cultures of normal diploid
and aneuploid cells. To minimize other genetic differences,
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aneuploid and diploid cells were derived from the same inbred
line of CHs (60).

The diploid CH embryo (CHE) cells were prepared from
animals and had been propagated in vitro for a few generations
before use in our experiments (Materials and Methods). The
aneuploid CH cells studied included three chemically trans-
formed cell lines that had been generated with dimethylbenz-
anthracene, methylcholanthrene, and benzpyrene (hence
termed D 313, M 853, and B 644, respectively) and had subse-
quently been cloned as described previously (47, 48). The
chromosome distribution of each of these clonally derived,
aneuploid lines is very heterogeneous, as is characteristic of
aneuploid cells (12), and the modal (i.e., most common) chro-
mosome number of D 313 is 31, that of M 853 is 38, and that of
B 644 is 37 (48). Thus based on 22, the normal diploid chromo-
some number of the CH, each of these lines is highly aneuploid,
roughly in the triploid range. Because all cells studied have an
identical genetic background, except for the presence or absence
of aneuploidy, different mutation rates to drug resistance would
have to be due to aneuploidy.

For the selection of drug-resistant mutants, 2 million to 4
million cells were treated in 10-cm plastic Petri dishes with one
of the four cytotoxic drugs puromycin, araC, colcemid, or
methotrexate, as described in Materials and Methods. Three of
these drugs, i.e., puromycin, methotrexate, and colcemid, were
chosen because they are not genotoxic and thus do not alter the
spontaneous mutation rates of cells.

Within 10-40 days after the initiation of drug treatments all
three aneuploid cell lines had generated drug-resistant colonies
at frequencies of 1-200 per 10° unselected cells, whereas under
the same conditions, normal diploid CHE cells failed to generate
any resistant colonies (See Table 1). Thus our results confirm the
hypothesis that chromosome reassortments catalyzed by aneu-
ploidy may be the mechanism of mutation to drug resistance.

It may be argued, however, that a hypothetical mutation
induced by the carcinogenic, polycyclic aromatic hydrocarbons,
used to generate the transformed cells (47), has generated the
drug-resistant mutants directly or indirectly. But this is consid-
ered unlikely because mutation, particularly by polycyclic aro-
matic hydrocarbons, is inefficient, at most <1076 (19). Thus only
one in about 10° clonal cultures derived from chemically trans-
formed cells, such as the three studied here, would have been
heterozygous for drug resistance by such a mutation.

Spontaneously Transformed CH Embryo Cells Also Generate Drug-
Resistant Variants at High Rates. The argument that gene muta-
tions of our aneuploid CH cell lines acquired from treatments
with carcinogens before their clonal isolation may be responsible
for their high mutation rates was further investigated by studying
two spontaneously transformed aneuploid CH cell lines, SpoT 1
and 2. These lines were derived from two independent, sponta-
neous foci of transformed cells that appeared in different dishes
of untreated control cultures of CHE cells that had been
maintained in vitro for 2 and 3 months, respectively. Thus their
odds for mutation, which is not necessary for transformation, are
the same as those for untransformed control cells and thus are
undetectably low in our system (see Table 1).

As expected from exact correlations between malignant trans-
formation and aneuploidy described previously by us and others
(47, 61-64), both of these cell lines were aneuploid. The modal
chromosome number of SpoT 1 was 26/29 and that of SpoT 2
was 29, and both lines displayed the wide distribution of chro-
mosomes that are characteristic of aneuploid cells (Table 2).

It is documented in Table 1 that the mutation rates to resistance
against puromycin, araC, and methotrexate of both of these spon-
taneously transformed lines were similar to those of the three
polycyclic aromatic hydrocarbon-transformed aneuploid cells. Thus
the high mutation rates of both polycyclic aromatic hydrocarbon-
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Table 1. Frequency of drug-resistant colonies among cell cultures
exposed to toxic drugs

Time until Colonies per 2
resistant to 4 X 106
Drug Cells colonies, days cells
Puromycin CHE* — 0 (3 expts)
(1-20 ug per 10-cm B 6441 12,18, 12 13, >80, >50*
dish) D 313 —, 11, 21 0, 3,20
M 853 14, 18 11, >100*
SpoT 1 17,10 2, >200%*
SpoT 2 10 >200*
Cytosine arabinoside CHE — 0 (3 expts)
(0.25-10 ug per 10-cm B 644 14,15 40, >200
dish) D 313 —, 15 0,3
M 853 —, 15 0, >100
SpoT 1 —, 10 0, >50
SpoT 2 30 >200
Colcemid CHE — 0,0
(0.1 ug per 10-cm dish) B 644 26, 40 1, >200
D 313 —, 26 0,3
M 853 26, 40 9, >100
(0.2 pg per 10-cm dish)  CHE — 0,0
B-01col* 16, 9 10/7, 2
M-01col 16,9 28/75, 27
Methotrexate CHE — 0
(1.25-2.5 ug per 10-cm B 644 1 82/17
dish) D 313 9 135
M 853 16 91
SpoT 1 35 164
SpoT 2 35 68

*CHE, diploid Chinese hamster embryo cells.

B 644, D 313, and M 854 are highly aneuploid, clonal lines of benzpyrene-,
dimthylbenzanthracene-, and methylcholanthrene-transformed Chinese
hamster cells; B-01col and M-01col are B 644 and M 854 cells resistant to 0.1
g colcemid; and SpoT 1 and SpoT 2 are highly aneuploid spontaneously
transformed Chinese hamster cells.

*Experiments in which, in addition to large colonies of cells, multiple small
ones survived drug treatment, which was typically observed when selection
was initiated at the lowest concentration listed in the table.

transformed and spontaneously transformed cells, compared with
those of normal diploid cells, correlated exactly with aneuploidy.

Stepwise Increase in Drug Resistance During Selection. Following the
large literature on the subject, drug treatments were initiated at
low micromolar concentrations and then increased in subse-
quent cultures to higher concentrations to obtain more and more
resistant variants (6, 8, 18, 23, 25, 65). According to one
investigator, “Typically, in these studies, cultured cells are se-
lected for resistance to a single anti-cancer drug with a ‘classic’
step-wise selection protocol” (2). This protocol implies that a
given phenotype is improved by multiple rounds of mutation.

Our experiments have confirmed these observations both
positively and negatively. For example, colonies initially selected
for resistance to 1 pg of puromycin per dish could be rendered
resistant to 20 ug in subsequent rounds of selection (Table 1). In
contrast, if 20 pg of puromycin was chosen for the initial round
of selection of drug resistance from the same cells, no survivors
were obtained.

In most cases a majority of cells resistant to a given concen-
tration of a drug survived 2- to 5-fold increases of the selective
drug if puromycin and araC were used within the limits stated in
Table 1. However, in the case of colcemid only about 1 in 10° B
644 and 3 in 10° M 853 cells resistant to 0.1 ug colcemid per dish
(termed B-0lcol and M-0lcol in Table 1) survived a 2-fold
increase of colcemid to 0.2 ug per dish (Table 1).
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Table 2. Chromosome distribution in spontaneously transformed CH cells

Chromosomes per cell

Cell type 22 =2n 24 25 26 28 29 30 31 33 54
SpoT 1* — — 1 7 6 7 — 1 1 —
SpoT 2 — 1 — 1 — 7 15 3 — — 1

*SpoT 1 and SpoT 2 are spontaneously transformed Chinese hamster cells.

It follows that the most sensitive method to detect mutation to
drug resistance is to initiate selection at a very low concentration
of a cytotoxic drug. But if the concentration of a toxic drug was
too low to kill the majority of sensitive cells, the culture initially
appeared resistant until it was dissociated into single cells with
trypsin and then propagated under the same (or more stringent)
selective conditions. Eventually all cells that are able to survive
but unable to grow at a given drug concentration are eliminated
by this method.

These experiments suggest that a multiplicity of mutants with
various degrees of resistance existed in each group of cells
selected for resistance to a specific drug. Thus multiple steps or
mutational events appear to generate a continuum of mutants
with different degrees of resistance against the same drug.
Nevertheless, these events must be relatively specific because
their frequency varies with the drug used, e.g., events altering the
resistance to puromycin appear to be relatively common, gen-
erating tolerance to large increases of selective drugs, and events
altering resistance to colcemid appear to be relatively rare,
restricting the tolerance to increased drug concentration.

Selected Drug Resistance Is Associated with Different Unselected
Morphologic Phenotypes. The hypothesis that drug resistance
among aneuploid cells is generated by chromosome reassort-
ments also predicts that cells with identical drug resistance
markers may differ from each other in new, unselected pheno-
types, depending on their particular chromosome combination.
Cell morphology proved to be one such gratuitous phenotype of
drug resistant cells. For example, different puromycin-resistant

Fig. 1. Different morphologies of drug-resistant cells derived from the same
clone of aneuploid CH cells. (a) Polygonal and spherical, puromycin-resistant
cells derived from the aneuploid CH clone D 313. (b) Spindle-shaped and
spherical, cytosine arabinoside-resistant cells derived from the aneuploid CH
clone B 644. (c) Polygonal and spindle-shaped refractile, puromycin-resistant
cells derived from the aneuploid CH clone M 853. (d) Fusiform and polygonal,
puromycin-resistant cells derived from the aneuploid CH clone D 313.
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B 644 cells or different araC-resistant D 313 cells on the same
Petri dish were either fusiform or polygonal (Fig. 1). This
observation confirms the “morphologic innovations” among
cells resistant to the same cytotoxic drugs observed by others
over 40 years ago (66, 67).

Colony morphology proved to be another gratuitous phenotype
of drug-resistant cells. Two examples, a three-dimensional and a flat
colony of puromycin-resistant SpoT 2 cells, and one each of
puromycin plus araC-resistant M 853 cells, are shown in Fig. 2.

Multidrug Resistance. Resistance to more drugs than selected for
is also predicted by the hypothesis that drug resistance is
achieved by chromosome reassortments that simultaneously vary
thousands of genes. Several such cross-resistances have also been
confirmed for the cells studied here (Table 3).

Cross-resistance was determined from the percentage of con-
fluence a culture resistant to a given drug had reached in the
presence of further drugs by the time a parallel culture in the
absence of further drugs was confluent. For this purpose 1 million
to 2 million cells were challenged simultaneously with the original
selective drug(s) together with other cytotoxic drugs. In parallel, 1
million to 2 million cells were grown only in the presence of the
original selective drug(s). If the culture challenged with new drugs
grew to confluence at the same or nearly the same rate as the
unchallenged control culture, the cells of both cultures were diluted
4-fold and reseeded in the presence of the same drugs.

The results are reported in Table 3. For example, puromycin-
resistant B 654 cells reached 50% confluence in puromycin and
araC by the time a parallel culture, treated only with puromycin,
was confluent (Table 3). In contrast, only about 1-10 of 10°
unselected B 654 cells were resistant to araC (Table 1). Likewise,
araC-resistant B 644 cells reached 75% confluence in the presence

Fig. 2.
same clone of aneuploid CH cells. (a and b) A three-dimensional (a) and a flat (b)
colony of puromycin-resistant SpoT 2 cells. (c and d) A three-dimensional (c) and
a flat (d) colony of puromycin plus araC-resistant M 853 cells.

Different colony morphologies of drug-resistant cells derived from the
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Table 3. Multidrug resistance profiles of cells originally selected
for resistance to a specific drug

Cells resistant to a
given drug, ug per

10-cm Petri dish Cross-resistance to unselected drugs, %*

B 654*—puromycin 20
M 853—puromycin 20
D 313—puromycin 20

50% at 5 ng puromycin + 5 pg araC
20% at 5 png puromycin + 5 pg araC
5% at 10 ug puromycin + 5 pg araC

B 654—araC5 75% at 5 pg araC + 5 png puromycin
D 313—araC5 50% at 5 ug araC + 1 pug puromycin
30% at 5 ug araC + 5 ug puromycin
M 853—araC5 50% at 5 ug araC + 1 pug puromycin
50% at 5 ug araC + 5 png puromycin
B 654—araC5 75% at 5 pg araC + 0.1 ug colchicine

<5% at 5 pg araC + 0.2 ug colchicine

50% at 5 ug araC, 5 ug puromycin + 0.1 ng
colchicine

<5% at 5 pg araC, 5 ug puromycin + 0.2 ug
colchicine

90% at 5 png puromycin + 0.1 ug colchicine

75% at 5 pg puromycin + 0.2 ug colchicine

B 654—araC5 +
puromycin 5

D 313—puromycin 20

See text or Table 1 for a description of cells.
*Cross-resistance of cells, with resistance to previously selected drugs, to further
drugs was determined from the percentage of confluence a culture had reached
by the time a parallel culture in the absence of further drugs was confluent.

of puromycin by the time a parallel culture, treated only with araC,
was confluent (Table 3). In contrast, only about 1 of 10° unselected
B 644 cells were resistant to puromycin (Table 1). We conclude that
mutants, selected for resistance against only one drug, are also
resistant to lesser degrees to various other unrelated drugs.

Preliminary Evidence for Reversibility of Drug Resistance. We have
observed in many cultures of drug-resistant cells growing in the
presence of a selective cytotoxic drug an excess of unattached, dead
cells, compared with parallel cultures grown in the absence of the
drug. The death of these cells occurred while the majority of cells
in the culture were firmly attached to the dish and growing, and is
thus not due to the lack of nutrients. Moreover, cell death depended
on the nature of the selective drug. For example, more cells died in
araC and puromycin-resistant cultures than in colcemid-resistant
cultures treated with the respective drugs. Furthermore, the mor-
tality of multidrug-resistant cultures in the presence of multiple
drugs seemed to be higher than in single drug-resistant cultures in
the presence of a single selective drug. These observations are
preliminary evidence for the reversibility of drug resistance via
chromosome reassortment. However, further work is needed to
confirm this interpretation.

Discussion

(i) Chromosome Reassortment Versus Gene Mutation as a Mechanism
of Drug Resistance. The experiments described here were designed
to distinguish between gene mutation and chromosome reassort-
ment as the mechanism for the generation of drug-resistant mutants
of cancer cells and tumorigenic cell lines. In contrast to the
experiments conducted by others, we have investigated this ques-
tion here by comparing directly the mutation rates of normal,
diploid cells with those of highly aneuploid cells from the same
inbred line of CHs. This comparison revealed that aneuploid, but
not diploid, cells (¢) mutate to drug resistance at the high rates of
107* to 107 which are paradoxical in view of conventional
mutation rates of recessive genes of diploid cells (see above); (b)
undergo further mutation at high rates in subsequent rounds of
selection that enhances the drug-resistant phenotype; and (c)
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display, in addition to the selected phenotype, different unselected
morphological and drug-resistant phenotypes.

Each of these results can be explained on the basis of
chromosome reassortments that are autocatalyzed by aneuploidy
as proposed above (Introduction). With regard to the question
of whether chromosome reassortment achieves drug resistance
by activating alternative biochemical pathways or by deleting
chromosomes with drug-sensitive alleles from heterozygotes, our
data support the first alternative. The chromosome deletion
hypothesis is hard to reconcile with (a) the wide spectrum of
degrees of drug resistance observed for a given resistant phe-
notype, (b) preliminary evidence for reversibility, and (c) the low
probability that each of the five clonal cell lines from which
mutants were derived would have been heterozygous for resis-
tance genes against all of the drugs tested here. Thus based on
the accuracy of its predictions, chromosome reassortment, rather
than gene mutation and chromosome loss, is the mechanism of
the high mutation rates of aneuploid cells.

Like us, others have previously considered chromosome loss
as a possible genetic basis for drug resistance (7, 12, 14, 18, 23,
67-70). But others have not previously considered chromosome
reassortment, autocatalyzed by aneuploidy, as the mechanism of
the high mutation rates of aneuploid cells. This may be why a
direct comparison of the mutation rates of diploid and aneuploid
cells was not performed previously. Indeed, many investigators
assumed that cell lines with normal or near-normal chromosome
numbers were also diploid or near-diploid (7, 8, 19, 28). However,
cytogenetic studies show that the cell lines that were considered
diploid or near-diploid were pseudodiploid, with numerous aneu-
ploid chromosomes or segments of chromosomes, despite diploid or
near-diploid chromosome numbers. The CH lines used for most of
the studies on mutation to drug resistance are a case in point (71,
72). According to Terzi, “[e]ven when the cells have the same total
number of chromosomes, they usually possess a variable number of
homologues” (12).

(ii) Phenotype-Specific Karyotypes. Our hypothesis predicts phe-
notype-specific karyotypes that we have not identified. Indeed,
the phenotype-specific karyotypes will be difficult to identify for
two reasons: (a) Different chromosome combinations are likely
to generate identical drug resistance phenotypes because mul-
tiple biochemical mechanisms can generate the same drug
resistance phenotypes (4, 7, 22, 57, 58). (b) Collateral reassort-
ments, resulting from the inherent instability of the aneuploid
karyotype, that are irrelevant to the selected phenotype will
mask the specific karyotype of a given drug-resistant cell.

Nevertheless, it should not be impossible to identify pheno-
type-specific chromosome combinations, by focusing on resis-
tances with narrow tolerance to a given drug concentration and
thus possibly without alternative pathways, and by studying
near-diploid aneuploid cells, in which only a minimal number of
chromosomes are aneuploid. An example of such an analysis, i.e.,
resistance to platinum compounds, has recently been described
(69). Work along these lines could identify chromosome com-
binations that generate specific phenotypes or groups of phe-
notypes and thus become a basis for selecting alternative che-
motherapy against drug-resistant cancer. Alternatively, it is even
conceivable that substances that destabilize aneuploid chromo-
some combinations beyond their inherent levels by furthering
chromosome reassortments, such as tumor promoters (77, 82,
83), could prove useful against drug-resistant cancer.

(iii) Chromosome Reassortment May Lead to Chromosome Rearrange-
ments. Next to aneuploidy, chromosome rearrangements are the
second most common chromosome abnormality in cancer cells
(36, 78). By upsetting the normal balance of enzymes involved in
DNA breakage and reunion that are necessary for DNA repli-
cation, chromosome reassortment could also generate aneu-
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ploidy-specific chromosome rearrangements, as for example the
multiple rearrangements of chromosomes in cancer cells that
have been recently detected with fluorescent chromosome-
specific probes (79, 80).

(iv) Mutation to Drug Resistance as a Functional Test of Preneoplastic
Aneuploidy? Aneuploidy has been investigated as a marker of
incipient malignancy in benign lesions (see refs. 73-76 and 81, and
literature reviewed in refs. 43 and 64). But the sensitivity of such
tests is limited by the percentage of aneuploid cells in a sample (e.g.,
a Pap smear). However, if enough aneuploid cells were present to
generate a drug-resistant mutant, i.e., between 103 and 10°, they
could be picked up via selection for drug-resistant mutants.
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