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Drug resistance is a major obstacle in the successful treatment of cancer. Thus, elucidation of the mecha-
nisms responsible is a critical first step in trying to prevent or delay such manifestations of resistance. In this
regard, three-dimensional multicellular tumor cell spheroids are intrinsically more resistant to virtually all
anticancer cytotoxic drugs than conventional monolayer cultures. We have employed the EMT-6 subline PC5T,
which forms highly compact spheroids, and differential display to identify candidate genes whose expression
differs between monolayer and spheroids. Approximately 5,000 bands were analyzed, revealing 26 to be
differentially expressed. Analysis of EMT-6 tumor variants selected in vivo for acquired resistance to alkylating
agents identified eight genes whose expression correlated with drug resistance in tumor spheroids. Four genes
(encoding Nop56, the NADH SDAP subunit, and two novel sequences) were found to be down-regulated in
EMT-6 spheroids and four (encoding 2-oxoglutarate carrier protein, JTV-1, and two novel sequences) were
up-regulated. Analysis of the DNA mismatch repair-associated PMS2 gene, which overlaps at the genomic level
with the JTV-1 gene, revealed PMS2 mRNA to be down-regulated in tumor spheroids, which was confirmed at
the protein level. Analysis of PMS2�/� mouse embryo fibroblasts confirmed a role for PMS2 in sensitivity to
cisplatin, and DNA mismatch repair activity was found to be reduced in EMT-6 spheroids compared to
monolayers. Dominant negative PMS2 transfection caused increased resistance to cisplatin in EMT-6 and
CHO cells. Our results implicate reduced DNA mismatch repair as a determinant factor of reversible multi-
cellular resistance of tumor cells to alkylating agents.

Of the two major forms of drug resistance encountered
during or after anticancer therapies, including chemotherapy,
acquired drug resistance has received greater experimental
attention. It is considered to have a genetic (mutational) basis
and involves (in the case of cytotoxic chemotherapeutic drugs)
biochemical alterations operating at the cellular level, such as
expression or increased activity of certain DNA repair en-
zymes, detoxification enzymes, membrane-associated drug ef-
flux molecules (e.g., P glycoprotein or multidrug resistance
protein), and antiapoptotic effector molecules such as bcl-2
(12, 16, 22).

Many forms of intrinsic drug resistance, on the other hand,
depend on physiologic and/or microenvironmental mecha-
nisms operating at the tissue or multicellular level (14, 29, 37).
For example, limited penetration or diffusion of drugs into the
deeper layers of a tumor mass can result in a failure to re-
spond, as can lower tumor cell growth fractions due to high cell
densities or suboptimal (e.g., low-pH or -oxygen) growth con-
ditions (15). Hypoxia due to factors such as disrupted blood
flow in tumors represents another manifestation of such a
mechanism, which in many cases can involve changes in gene
expression, rather than mutation (19). This multicellular or

tissue resistance of solid tumors to anticancer drugs or radia-
tion can be recapitulated in vitro by anchorage-independent
growth of tumor cells as small multicellular aggregates, or
spheroids (19, 37). In addition, there are some examples of
acquired drug resistance which appear to operate primarily at
the tissue level (38).

Tissue drug resistance remains a relatively poorly under-
stood phenomenon. The term “multicellular drug resistance”
to describe this adhesion-dependent mechanism of resistance
was proposed in 1993 (17, 18), when it was observed that the in
vivo-selected drug-resistant EMT-6 variants expressed their
resistance in vitro as spheroids and formed more compact (or
cohesive) spheroids than the parental EMT-6 cell line. Subse-
quently the rapid acquisition of transient multicellular drug
resistance in EMT-6 and human MDA-MB-231 breast cancer
cells (which had not previously been exposed to any cytotoxic
drugs) following a brief exposure to either cisplatin or 4-hy-
droperoxycyclophosphamide (4HC) of cell lines grown as
spheroids was demonstrated (10). This rapidly induced resis-
tance was not observed when monolayer cell cultures were
used. Furthermore, cells exposed to either drug were able to
form more compact spheroids, again suggesting a possible cor-
relation between the level of cell-cell adhesion and multicel-
lular drug resistance.

In another study, EMT-6 sublines selected for their ability to
form highly compact spheroids were shown to be more resis-
tant to 4HC (when grown as spheroids) than the parental cell
line, which forms loose spheroids (35). In addition, treatment
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with hyaluronidase preparation disrupted EMT-6 spheroids
and sensitized the released constituent cells to 4HC. Critically,
these experiments were carried out by exposing cell monolay-
ers to 4HC before replating them as monolayers or spheroids,
thus excluding drug penetration into the spheroid mass as a
factor in the observed multicellular drug resistance. The che-
mosensitizing effect of hyaluronidase was also observed in vivo
when EMT-6 grown as ascites tumors in which the cells grew as
small clumps, or spheroids, in the ascites fluid of the intraperi-
toneal cavity was used. Treatment of tumor-bearing mice with
cyclophosphamide and hyaluronidase led to a significant in-
crease in survival (P � 0.005) compared to cyclophosphamide
treatment alone (35).

One mechanism contributing to multicellular drug resis-
tance may be the reduced growth fractions of tumor cells,
which are typically observed in spheroids, compared to mono-
layer cell cultures (29). In this regard, it has been found that
the cyclin-dependent kinase inhibitor p27Kip1 is up-regulated
at the protein level in tumor spheroids, compared to corre-
sponding monolayers, which could contribute to the observed
reduced growth fraction (33) in spheroids. Multicellular resis-
tance was also studied in human epithelial tumor cell lines,
which were demonstrated to form spheroids as a consequence
of E-cadherin cell-cell interactions (36). A monoclonal anti-
body against E-cadherin (SHE 78-7) was shown to disrupt
preformed spheroids of HT29 colon and CaOV3 ovarian can-
cer cell lines and sensitize these cells to cytotoxic agents, in-
cluding cisplatin (11, 12).

The aforementioned p27Kip1 results highlight the possibility
that changes in expression of a number of genes or proteins
mediated by such environmental factors as cell-cell adhesion,
high cell density, low pH, or deficient oxygen levels may con-
tribute to multicellular drug resistance. In this regard a number
of changes in protein expression (in addition to p27Kip1) in
spheroids, e.g., down-regulation of certain integrins (40) or the
epidermal growth factor receptor (21) or up-regulation of en-
zymes such as heme oxygenase (25), have been documented.
Thus, to further our understanding of the possible molecular
mechanisms associated with multicellular tumor drug resis-
tance, we have employed the differential display (DD) tech-
nique (20) to identify changes in gene expression between
monolayers and spheroids in the EMT-6 mouse model. We
chose a subline of EMT-6 termed PC5T, which forms highly
compact spheroids, for our DD comparison and subsequently
extended our analysis to EMT-6 drug-resistant variants se-
lected in vivo (38). We now report the identification of eight
cDNAs whose expression correlates with spheroid formation
in EMT-6 models expressing either intrinsic (PC5T) or ac-
quired (EMT-6 drug-resistant variants) forms of drug resis-
tance. We also show that PMS2, the DNA mismatch repair-
associated protein, is down-regulated in tumor spheroids and
in EMT-6 tumor variants selected for resistance to alkylating
agents. The role of PMS2 in resistance to alkylating agents is
shown by testing for sensitivity to cisplatin in mouse embryo
fibroblasts (MEFs) derived from wild-type and PMS2 knock-
out mice, by in vitro colony formation assays. In order to
address whether a down-regulation (as opposed to a loss-of-
function mutation) of a DNA repair protein is associated with
reduced DNA mismatch repair, we employed a genetic assay
using a reporter vector (27). EMT-6/P spheroids, in both the

presence and absence of cisplatin treatment, showed reduced
levels of DNA mismatch repair compared to respective mono-
layers. Furthermore, transfection of EMT-6/DDP (i.e., cispla-
tin-resistant) cells with a dominant negative PMS2 expression
construct resulted in increased resistance to cisplatin com-
pared to control transfectants. The possible significance of
these microenvironmentally induced genetic changes with re-
spect to tumor drug resistance is discussed.

MATERIALS AND METHODS

Cell culture. The EMT-6 mouse mammary tumor cell line and the EMT-6
variants used in this study were grown in Waymouth’s medium. Human HEY
(ovarian), LNCaP (prostate), HT-29 (colon), and HBL100 (breast) carcinoma
cells and Chinese hamster ovary cells (CHO43 and CHO124; a gift from Mor-
photek Inc.) were grown in RPMI 1640, and the DU-145 (prostate) and MDA-
MB-435 (breast) carcinoma cells, as well as MC5 (wild type) and C18 (PMS2�/�)
MEFs, were grown in Dulbecco’s modified Eagle medium (8). All media were
supplemented with 10% fetal bovine serum and 4 mM L-glutamine. Cells were
maintained in a 37°C humidified incubator with an atmosphere of 5% carbon
dioxide. Single-cell suspensions were prepared by treatment with trypsin-EDTA
(Life Technologies, Inc.) and resuspension in complete medium before mono-
layer or spheroid cultures were set up.

Spheroid culture. Multicellular spheroids were generated as previously de-
scribed (18), using the liquid overlay technique. Briefly, 24-well culture plates
(Nunc) were coated with 0.2 ml of 1% SeaPlaque agarose (FMC Bioproducts,
Rockland, Maine). Cells from a single-cell suspension were added at 105 per well
in a total volume of 1 ml. Spheroids were allowed to form over 24 h for EMT-6
cells (and EMT-6 variants) or 48 h for the human cell lines, as previously
described (36).

RNA isolation, Northern blotting, and DD. Total RNA was isolated with a
Trizol kit (Gibco BRL, Grand Island, N.Y.) following the manufacturer’s in-
structions. DD and Northern blotting were carried out as previously described
(7). A combination of ethidium bromide staining and ubiquitin mRNA expres-
sion was used to reflect equal loading.

DNA sequence analysis. Plasmid sequencing was carried out manually with a
Sequenase II kit (Amersham, Cleveland, Ohio) following the manufacturer’s
instructions. Database searching was carried out using BLAST.

Reverse transcription-PCR. DNase I (Novagen)-treated total RNA (10 �g)
was reverse transcribed in 20-�l reaction mixtures containing 1� reverse tran-
scription buffer (25 mM Tris-HCl [pH 8.3], 37.6 mM KCl, 1.5 mM MgCl2, 5 mM
dithiothreitol), 1 mM deoxynucleoside triphosphates, 10 �M oligo(dT), and 1 �l
of 0.1 M dithiothreitol. Mixtures were placed at 65°C for 5 min followed by 5 min
at 37°C. Two microliters of Moloney murine leukemia virus reverse transcriptase
(50 U/�l; Stratagene) was added, and the reaction mixture was incubated at 37°C
for 1 h. Reverse transcriptase was inactivated by incubation at 75°C for 5 min.
Five microliters of each reaction mixture was made up to 50 �l of PCR volume
containing 1� PCR buffer (10 mM Tris-HCl [pH 8.3], 50 mM KCl, 1.5 mM
MgCl2), 0.1 mM deoxynucleoside triphosphates, 2 �M concentrations of forward
and reverse primers, and 1 U of Taq polymerase (Amersham). All PCRs were
carried out under the following conditions: 95°C for 3 min, followed by 35 cycles
of 95°C for 30 s, 60°C for 1 min, and 72°C for 1 to 2 min (i.e., 1 min per 1 kb of
expected product size). A final extension was carried out by treating the reaction
mixtures at 72°C for 5 min. Reactions were resolved on a 1% agarose gel, and
PCR products were gel purified by using a QiaEx II kit (Qiagen).

5�-RACE. 5� rapid amplification of cDNA ends (5�-RACE) was carried out
with a GeneRacer kit (Invitrogen) following the manufacturer’s protocol. Briefly,
5 �g of total RNA (extracted from EMT-6/DDP cells, i.e., cisplatin-resistant
spheroids) was dephosphorylated with calf intestinal phosphatase, and the 5� cap
was removed by using tobacco alkaline phosphatase. The decapped mRNA was
ligated to a GeneRacer RNA oligonucleotide (Invitrogen) and reverse tran-
scribed with oligo(dT) and avian myeloblastosis virus reverse transcriptase. Hot-
start PCR was carried out by using the Advantage cDNA polymerase mix (Clon-
tech) and following the manufacturer’s instructions. The PCR and a subsequent
nested PCR were carried out with gene-specific primers (5�-GGCCTAGCACC
TTTTTATTATTAGGT-3� for the first reaction and 5�-ACAGAAGCCCGGG
CTCCTCCCTA-3� in the nested reaction for the A3bG product) and 5� primers
specific for the GeneRacer RNA oligonucleotide sequence (Invitrogen). PCR
products were resolved on a 1% agarose gel, purified with QiaEx II, cloned into
pCR2 (Invitrogen), and sequenced.
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Western blotting. Cells were lysed by the addition of boiling lysis buffer (1%
sodium dodecyl sulfate, 1 mM sodium orthovanadate, 10 mM Tris-HCl [pH 7.4]).
Tumor tissues were homogenized in boiling lysis buffer, and all lysates were
cleared by centrifugation. Protein concentration was evaluated with a Bio-Rad
protein assay. Equal amounts of protein were loaded onto a 8% polyacrylamide
gel and resolved by standard sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Proteins were transferred to polyvinylidene difluoride membranes.
Membranes were blocked with blocking buffer (5% nonfat dry milk, 10 mM Tris
[pH 7.5], 100 mM NaCl, 0.1% Tween-20). Primary antibody was added in block-
ing buffer (without Tween-20) at concentrations recommended by the manufac-
turer. Membranes were washed with 10 mM Tris (pH 7.5)–100 mM NaCl–0.1%
Tween-20. Rabbit anti-mouse immunoglobulin horseradish peroxidase-conju-
gated secondary antibody was added in blocking buffer. Membranes were washed
and detection was carried out by using ECL (Amersham) and exposure to film.

PCR on genomic DNA. Mouse genomic DNA was amplified by using the
Advantage Taq polymerase mix (Clontech) and following the manufacturer’s
instructions. Primers used were gmPMS2R (5�-TCG GTT TGC TCC ATG GAT
GCA-3�) and gmJTVR (5�-CTT TAC CTG GTA CAT CGG CAT-3�). Condi-
tions were 94°C for 4 min followed by 94°C for 30 s, 60°C for 1 min, and 72°C for
1 min (30 cycles). A final extension step (72°C for 5 min) was applied, and
products were resolved on an agarose gel.

In vitro colony formation assays. Monolayer cultures were exposed to various
micromolar concentrations of cisplatin [cis-platinum(II) diammine dichloride;
Sigma] for 1 h, after which cells were rinsed, trypsinized, and plated at various
dilutions in a colony formation assays (18). Surviving fractions were calculated as
plating efficiency of drug-treated cells divided by plating efficiency of the un-
treated control. Wild type and PMS2�/� MEFs were kindly provided by Michael
Liskay (Oregon Health and Science University, Portland).

Genetic analysis of DNA repair. The pCAR-OF (27) vector (a generous gift
from Bert Vogelstein) was transfected into EMT-6/P cells, which were selected
in 0.7 mg of hygromycin per ml for 2 weeks. A pooled population of transfected
cells was equally split into two plates, of which one was treated with cisplatin (50
�M for 1 h) in phosphate-buffered saline (PBS) and the other was treated with
PBS alone. For each treatment, cells were washed in PBS and replated as
monolayers and spheroids. Three days after plating, cells were lysed, and beta-
galactosidase activity was measured with a high-sensitivity �-galactosidase assay
kit (Stratagene), following the manufacturer’s instructions.

Analysis of PMS2 dominant negative expression. CHO cells stably expressing
the dominant negative PMS2-134 protein (27) were obtained from Morphotek
Inc. The PMS2-134 cDNA (a kind gift from Bert Vogelstein) was cloned into the
NheI and NotI sites of the pCEP4 vector (Invitrogen), which allows episomal
expression of the transgene. Transfections were carried out with Lipo-
fectamine2000 (Invitrogen) followed by hygromycin selection. The empty pCEP4
vector alone was used for control transfections. Pooled transfected populations
of EMT-6/DDP or CHO cells were tested for resistance to cisplatin by colony
formation assays.

In vivo tumor growth. Cells (5 � 105) were injected subcutaneously into
syngeneic 6- to 8-week-old female BALB/cJ mice (Jackson Labs). Three weeks
later, tumors were excised and immediately placed in RNAlater (Ambion) so-
lution, stored overnight at 4°C, and then placed at �70°C until used.

RESULTS

The EMT-6 mammary tumor cell line forms spheroids
within 12 to 24 h of growth in suspension (by plating on solid-
ified agarose) (18, 35). Tumor cells within such multicellular
aggregates are more resistant to the cytotoxic effects of alky-
lating agents such as 4-HC than respective monolayer cultures
(18). It has also been shown that highly compact or cohesive
spheroids are more resistant to alkylating agents than loose
spheroids (35). To identify genes that may be involved in this
form of intrinsic multicellular drug resistance, we studied a
clone of EMT-6 (called PC5T) previously selected for its abil-
ity to spontaneously form highly compact spheroids (35). DD
analysis (7, 20) was used to compare total RNA extracted from
PC5T monolayer (grown to approximately 75% confluence)
and spheroid (after 24 h of growth in suspension) cultures.
Approximately 5,000 DD bands were analyzed in duplicate
experiments, and Northern blotting analysis was used to con-

firm the differential expression of identified products (Fig. 1).
We isolated a total of 26 differentially expressed cDNAs, 17 of
which were preferentially expressed in monolayer cultures,
compared to spheroids, and 9 of which were up-regulated in
spheroids.

To confirm the altered expression of identified cDNAs as a
consequence of spheroid formation, PC5T cells were placed in
suspension in a time course experiment (Fig. 2). Changes in
mRNA expression for most genes were noted between 8 and
33 h after the cells were removed from monolayers and plated
on solidified agarose; thereafter, their relative levels remained
stable. One exception was band A3, which continued to in-
crease throughout the period of the experiment (up to 108 h)
(Fig. 2). Thus, the identified DD products correspond to genes
whose expression correlates with the transition from two-di-
mensional (monolayer) to three-dimensional (multicellular)
growth. However, we cannot exclude the possibility that some
of the observed changes are a consequence of cell detachment
from tissue culture plates rather than spheroid formation per
se.

Spheroid formation, particularly in large (i.e., �2-mm) sphe-
roids, is associated with conditions of hypoxia and stress, as a
consequence of limited diffusion of factors such as glucose and
oxygen into the core of the spheroid (17, 18). To test whether
either of these conditions may contribute to changes in the
expression of the identified DD products, PC5T monolayers
were grown in low (1%) serum or in the presence of 100 �M
cobalt chloride, which acts as a hypoxia mimetic, for 24 h. Total
RNA was then extracted and analyzed by Northern blotting.
Neither treatment substantially affected the RNA levels of the
identified DD products (Fig. 3), with the exception of A6aC,
which was found to be up-regulated (twofold) by serum star-
vation (which also caused a slight down-regulation in M17 and
M4cG). Thus, the majority of the 26 identified cDNAs associ-
ated with spheroid formation were shown not to be affected by
stress (as caused by serum starvation) or hypoxia-like condi-
tions. Presumably the changes detected in gene expression are
associated with differences in cell-cell interactions between
monolayers and spheroids.

It was previously shown that EMT-6 variants selected in vivo
for resistance to four alkylating agents (carboplatin, cisplatin,
thiotepa, and cyclophosphamide) form more compact sphe-
roids than the parental EMT-6 cell line (18). These variants,
however, do not express significant resistance to alkylating
agents compared to the parental EMT-6 cells analyzed as
monolayer cultures. Initially this was suggestive of the possi-
bility that the drug resistance properties of the variants are
operative only in vivo (38). However, we have demonstrated
that the EMT-6 variants are significantly more resistant (5- to
10-fold) to the alkylating agent against which they were se-
lected than the parental line, provided that the cells were
tested as spheroids (18). We therefore decided to analyze the
expression of the identified cDNAs in the EMT-6 drug-resis-
tant variants grown as monolayers and spheroids. By Northern
blotting we found that 8 of the 26 identified DD products were
differentially expressed in all drug-resistant variants between
monolayer and spheroid cultures (Fig. 4). These cDNAs,
whose expression was found to correlate in all spheroid models
tested, were cloned into pCR2 and sequenced. Four of the
eight identified cDNAs were found to be up-regulated in sphe-
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roids; these were identified by database search as encoding
2-oxoglutarate carrier protein, JTV-1, and two novel se-
quences. The four cDNAs identified as being down-regulated
in spheroids were found to match Nop56, the NADH SDAP
subunit, and two novel sequences.

We next decided to test whether the particular changes
identified with the EMT-6 tumor system would also differ be-
tween monolayers and spheroids of human tumor cell lines. A
panel of six human tumor cell lines (HEY [ovarian cancer],
LNCaP and DU145 [prostate cancer], HT29 [colorectal can-
cer], and HBL-100 and MDA-MB-435 [breast cancer]) were
grown as monolayers and spheroids, and the corresponding
RNA was isolated and analyzed by Northern blotting. We
chose the first two products identified in our DD study, which
were M4cG (Nop56) and M2b (NADH SDAP), to test the
expression of their human homologues in human tumor sphe-
roids. Using the database sequences of the human homo-
logues, primers for reverse transcription-PCR were designed,
and the cDNAs were amplified by using HT29 monolayer
RNA as a starting material. As shown in Fig. 5 the human
Nop56 (M4cG) showed a decrease in mRNA expression in
spheroids compared to monolayer cultures in all human tumor
cell lines. The human homologue of M2b (NADH SDAP)
showed a similar change in expression in three (DU145, HT29,
and HBL100) of the six human tumor cell lines tested (Fig. 5).

Thus, changes in gene expression identified between EMT-6
monolayer and spheroid cultures show a similar pattern of
altered expression in the human tumor cell lines tested.

Finally, we decided to attempt to characterize products
whose sequence from the DD product did not provide a match
with gene database sequences, using a 5�-RACE protocol. To-
tal RNA from EMT-6/DDP cells grown as spheroids was li-
gated to an RNA oligonucleotide (as described in Materials
and Methods). Primers specific to A3bG and the synthetic
RNA oligonucleotide were used in a reverse transcription-
PCR which generated two bands of 1.2 and 1.0 kb (Fig. 6). The
1.0-kb band was gel purified and shown by Northern blotting to
produce the same expression pattern between monolayer and
spheroids as observed with A3bG (Fig. 4). Surprisingly, the
1.2-kb band produced a pattern opposite to that expected, i.e.,
it was down-regulated in spheroids. The 1.0- and 1.2-kb bands
were cloned into pCR2 and sequenced. The 1.0-kb band was
shown to match the 5� end of A3bG, as expected, and the 5�
end of this product showed a database match with JTV-1. The
1.2-kb band was found to match transgellin. We do not know
how this product was generated in our A3bG-specific 5�-
RACE protocol, but since this (fortuitous) gene was found to
be down-regulated in spheroids, we included it as an identified
product in Table 1.

Human JTV-1 was identified as a gene initiating within the

FIG. 1. (i) Examples and analysis of identified DD products from PC5T EMT-6 mouse mammary tumor cells grown as monolayers (M) or
spheroids (S). (ii to v) Northern blotting was carried out with total RNA (20 �g/lane) extracted from PC5T cells grown as monolayers (Mon) or
spheroids (Sph). Probes were labeled with [32P]dCTP. Sizes of bands were approximated by relative migration with respect to 18S and 28S bands.
Ethidium bromide (EtBr) and ubiquitin mRNA are shown as loading controls. Grouped blots were generated by stripping and reprobing of the
same filter.
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human PMS2 promoter, which is transcribed in the orientation
opposite to that of PMS2 (26). We therefore decided to test
whether PMS2 expression could be affected as a consequence
of JTV-1 overexpression in spheroids. By Northern blotting,
murine PMS2 was shown to be down-regulated in EMT-6
spheroids compared to monolayers (Fig. 7). Whether this is
indeed related to the overexpression of murine JTV-1 is not
known, particularly since the murine JTV-1 has not yet been
characterized. We decided to test whether, as in the case with
the human homologs, the murine JTV-1 and PMS2 genes were
separated by a short physical distance (as well as in the oppo-
site orientation) in the mouse genome. A reverse primer from
murine JTV-1 and a reverse primer from murine PMS2 were
used to amplify EMT-6 genomic DNA. A band of 365 bp was
obtained. Sequencing identified regions of JTV-1 and PMS2 at
a distance of 185 bp (in humans this distance is approximately
200 bp, according to Nicolaides et al. [26]) from each other
(Fig. 8), as detected by BLAST searching.

Since antibodies to PMS2 are available, we next decided to
test whether PMS2 protein expression is altered in EMT-6
spheroids. By Western blotting, using a mouse anti-human
PMS2 monoclonal antibody (Transduction Laboratories),
PMS2 was shown to be down-regulated in spheroids compared
to monolayers (Fig. 7). PMS2 protein down-regulation was
observed after 48 h of growth as spheroid cultures (compared
to monolayers) and continued to decrease thereafter.

We next decided to test whether the down-regulation of
PMS2 protein could be detected in EMT-6 sublines selected
for acquired drug resistance, compared to the parental cell
lines. EMT-6 and drug-resistant tumors were grown in BALB/c
mice and excised, and protein lysates were prepared. By West-
ern blotting, down-regulation of PMS-2 protein was observed
in EMT-6 variants resistant to cyclophosphamide, cisplatin,

FIG. 2. Examples of Northern blotting analysis of DD products in a time course experiment on PC5T spheroid formation. Monolayers were
trypsinized and plated on solid agarose for the times indicated. Total RNA was extracted, and approximately 20 �g was loaded per lane. Probes
were labeled with [32P]dCTP. Sizes of bands were approximated by relative migration with respect to 18S and 28S bands. Ethidium bromide (EtBr)
and ubiquitin mRNA are shown as loading controls. Grouped blots were generated by stripping and reprobing of the same filter.

FIG. 3. Examples of Northern blotting analysis of PC5T EMT-6
monolayers which were serum starved (PC5T/1%FCS) or treated with
100 �M cobalt chloride (PC5T/CoCl2) for 24 h, using isolated DD
products. Control PC5T cells were grown in medium containing 10%
fetal calf serum (FCS). Total RNA was extracted, and approximately
20 �g was loaded per lane. Probes were labeled with [32P]dCTP. Sizes
of bands were approximated by migration relative to 18S and 28S
bands. Ethidium bromide (EtBr) and ubiquitin mRNA are shown as
loading controls. Grouped blots were generated by stripping and rep-
robing of the same filter.
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and thiotepa (but not in carboplatin-resistant variants), com-
pared to the parental line (Fig. 7). Thus, PMS2 is down-regu-
lated not only in EMT-6 spheroids compared to monolayer
cultures but also in three EMT-6 drug-resistant variants grown
in vivo compared to the parental EMT-6 tumor.

To test the role of PMS2 in resistance to alkylating agents,
we compared, as proof of concept, the sensitivity to cisplatin
between wild-type MEFs and MEFs derived from PMS2
knockout mice (31). At higher concentrations of cisplatin (10
to 20 �M), no surviving colonies were observed for wild-type
MC5 fibroblasts even at high plating cell numbers (�106),
whereas colonies were noted for C18 (PMS2�/�) fibroblasts
(data not shown). At lower concentrations of drug (2 to 8 �M),
C18 MEFs were also shown to be more resistant (e.g., approx-
imately 10-fold at 8 �M cisplatin) than MC5 cells (Fig. 9).

We next decided to measure DNA mismatch repair activity
between EMT-6 monolayers and spheroids. Since biochemical
assays for this process typically require 109 mammalian cells
(5), it was not feasible to use this approach to analyze spheroid
cultures (each spheroid is composed of approximately 105

cells). We therefore decided to use a genetic approach devel-

oped by Nicolaides and colleagues (27). pCAR-OF (out of
frame) is an episomal vector containing a hygromycin resis-
tance gene and a beta-galactosidase gene with an upstream
58-bp out-of-frame poly(CA) tract; this vector can only gener-
ate beta-galactosidase activity as a consequence of a frame-
restoring mutation (i.e., insertion or deletion) following trans-
fection. Beta-galactosidase activity can therefore be used to
measure the rate of such mutations (27). EMT-6/P cells se-
lected for stable transfection with pCAR-OF were plated as
monolayers and spheroids. In a parallel experiment, EMT-6
transfectants were first treated with cisplatin (50 �M for 1 h)
and then replated as monolayers and spheroids. Three days
after plating, cells were analyzed for beta-galactosidase activ-
ity. In both experiments, beta-galactosidase activity was found
to be higher in spheroids than in monolayers (Fig. 10).

To determine the role of PMS2 down-regulation in EMT-6
spheroids, we attempted to overexpress wild-type PMS2 in
spheroids or to down-regulate this gene product (in monolay-
ers) using RNAi interference. Despite repeated attempts, we
were unable to reproducibly alter PMS2 expression by either
method. We therefore sought to make use of a dominant

FIG. 4. Northern blotting analysis of EMT-6 parental (P) and variants selected in vivo for drug resistance (to cyclophosphamide [CTX],
thiotepa [Thio], cisplatin [DDP], and carboplatin [Carbo]) grown as monolayer (Mon) or Spheroid (Sph) cultures for 24 h. Approximately 20 �g
of total RNA was loaded per lane. DD products were [32P]dCTP labeled. Sizes of bands were approximated by migration relative to 18S and 28S
bands. Ethidium bromide (EtBr) and ubiquitin mRNA are shown as loading controls. Grouped blots (iii and iv) were generated by stripping and
reprobing of the same filter.
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negative PMS2 (PMS2-134) cDNA, which was previously
shown to inhibit endogenous PMS2 and impair DNA mismatch
repair (27), transfected in Chinese hamster ovary cells (pro-
vided by Morphotek). In addition we transfected PMS2-134
into EMT-6/DDP using an episomal (pCEP4) vector. Western
blotting analysis for PMS2-134 (Fig. 11b) was carried out with
the anti-hPMS2 E-19 antibody (Santa Cruz Biotechnology),
which recognizes the N terminus of human PMS2. For both
CHO and EMT-6/DDP, pooled transfectant populations were
used to avoid artifacts due to clonal variance. By colony for-
mation assays, we found EMT-6/DDP cells transfected with
PMS2-134 to be more resistant to cisplatin than control trans-
fected EMT-6/DDP cells (Fig. 11a). A similar result was ob-

served with Chinese hamster ovary cells transfected with the
dominant negative (27) PMS2 compared to controls (Fig. 11c).

DISCUSSION

Studies of drug resistance mechanisms in cancer have been
dominated by the use of mutant or variant cell lines of drug-
resistant cells, usually selected in vitro. Typically, a cancer cell
line is serially exposed to increasing concentrations of a cyto-
toxic drug over a prolonged period, and the selected variant
subpopulation is then compared to the parental, drug-sensitive
cell line. It is not unusual, by selection in monolayer cultures,
to generate resistant cell line variants which exhibit 10- to

FIG. 5. Northern blotting analysis of human ovarian (Hey), prostate (LNCaP and DU145), colon (HT-29), and breast (HBL100 and MDA-435)
cancer cell lines grown as monolayers (Mono) or as spheroids (Sph) using [32P]dCTP-labeled probes. Total RNA was loaded at 20 �g per lane.
Sizes of bands were approximated by migration relative to 18S and 28S bands. Ethidium bromide (EtBr) and ubiquitin mRNA are shown as loading
controls. h, human.

FIG. 6. 5�-RACE and Northern blotting analysis of products. Total RNA from EMT-6/DDP (cisplatin-resistant) cells grown as spheroids was
used in a 5�-RACE reaction to amplify the 5� end of the A3bG product. (i) 5�-RACE products were resolved on a 1% agarose gel (lane a, primary
PCR). Secondary PCRs were carried out with A3bG nested primer alone (lane b) or RNA oligonucleotide-specific nested primer alone (lane c).
RACE products were generated with nested primers to A3bG and RNA oligonucleotide (lane d). (ii and iii) The two largest PCR products from
the nested PCR (approximately 1.2 and 1 kb) were gel purified and applied to Northern blots of EMT-6/PDD grown as monolayers (Mon) or
spheroids (Sph). The 1-kb RACE product hybridized to a message of 1.2 kb (ii), and the 1.2-kb RACE product hybridized to a message of 1.6-kb
(iii). Sizes of bands were approximated by using size markers (i) or by migration relative to the 28S and 18S bands. Approximately 20 �g of total
RNA was loaded per lane. Probes were labeled with [32P]dCTP. Ethidium bromide (EtBr) and ubiquitin mRNA are shown as loading controls.
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100-fold-increased resistance to a particular drug (17). This
approach has revealed a number of biochemical mechanisms,
such as increased drug efflux, increased DNA enzyme repair
activity, and increased resistance to apoptosis, among others
(1, 4). Such mechanisms, which typically result from genetic
mutations leading to loss of function or overexpression of a
particular gene, are generally assumed to be involved in in vivo
situations when tumors relapse and stop responding to chemo-
therapy. For example, P glycoprotein (1) became a major tar-
get for circumvention of tumor cell multidrug resistance. How-
ever, while P-glycoprotein antagonists, such as calcium channel
blockers, cyclosporine or cyclosporine analogues, and vera-
pamil (2, 6), are remarkably effective in reversing the multi-
drug-resistant phenotype in monolayer cultures, the same is
not necessarily true for multicellular spheroids (32, 34) or

other multicellular systems (39). This may help explain results
from clinical trials of P-glycoprotein reversal agents in patients
with P-glycoprotein-expressing adult solid tumors, as they have
shown little, if any, efficacy thus far, despite over a decade of
clinical testing (6, 13).

One intriguing finding that may help explain the differences
between monolayer and in vivo tumors with regard to drug
resistance comes from the work of Teicher et al. (38), who
showed that acquired drug resistance generated in vivo by the
EMT-6 tumor was not expressed in monolayer cultures. This is
but one example of monolayer cell culture systems providing
what may be overly simplistic unicellular mechanisms of drug
resistance, leading to an underappreciation of tissue- or mul-
ticellular aggregate-mediated mechanisms. Since the drug-re-
sistant phenotypes were previously re-expressed by growing the

TABLE 1. Sequence analysis of DD products

DD cDNA Database search resulta

A7eG .................................................................................................................................2-Oxoglutarate carrier protein
M2b ...................................................................................................................................NADH oxidoreductase SDAP subunit
M4cG.................................................................................................................................Nucloeolar protein 56
A3bG*b .............................................................................................................................Transgellin (cloned by 5�-RACE)
A3bG.................................................................................................................................EST (corresponding to JTV-1)
M3cG.................................................................................................................................EST
M14aG ..............................................................................................................................Novel
A7cG .................................................................................................................................Novel
A3 ......................................................................................................................................Ribosomal protein S24
A18cG ...............................................................................................................................EST
A6Ac .................................................................................................................................Guanylate binding protein/gamma interferon inducible protein

a EST, a match was found in the murine expressed sequence tag database; Novel, no match found in any database.
b �, additional product identified in the process of cloning A3bG.

FIG. 7. Northern blotting and Western blotting analysis of PMS2. (a) Northern blotting analysis of parental EMT-6 (P) and variants selected
in vivo for drug resistance (to cyclophosphamide [CTX], thiotepa [Thio], cisplatin [DDP], and carboplatin [Carbo]) grown as monolayer (Mon)
or Spheroid (Sph) cultures for 24 h. Approximately 20 �g of total RNA was loaded per lane. DD products were [32P]dCTP labeled. Band sizes
were approximated by migration relative to 18S and 28S bands. Ethidium bromide (EtBr) and ubiquitin mRNA are shown as loading controls. The
A3bG blot from Fig. 4 is reproduced here (the same filter was stripped and reprobed for PMS2) for ease of comparison. (b) Western blotting of
PMS2 in EMT-6 and EMT-6/DDP showing down-regulation of murine PMS2 in spheroids (Sph) compared to monolayers (Mon). (c) Western
blotting of murine PMS2 in lysates of tumors of EMT-6/P and drug-resistant variants. PMS2 is down-regulated in all cells except EMT-6/Carbo
compared to parental EMT-6 cells.
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EMT-6 variants generated by Teicher et al. as spheroids in
vitro, a mechanism that is cell-cell or cell contact dependent,
termed multicellular resistance, was proposed (4, 18). It is
noteworthy that the typical magnitude of resistance generated
by spheroid cancer cell line models (17) is in the range of 2- to
10-fold greater than that generated by controls (or parent cell
line), i.e., less dramatic than what can be obtained by using
monolayer culture models, and it remains to be established
whether unicellular or multicellular mechanisms are most rel-
evant in the clinical setting.

In an attempt to begin to elucidate possible molecular mech-
anisms responsible for multicellular drug resistance, we ana-
lyzed an EMT-6 subline capable of forming compact spheroids
using the DD method to identify changes in gene expression
between monolayers and spheroids. Having isolated 26 differ-
entially expressed cDNAs, we then used the EMT-6 variants
generated in vivo by Teicher et al. (38) to find genes that were
consistently differentially expressed between monolayers and
spheroids. In this manner we detected four genes that were
up-regulated in spheroids and four that were down-regulated
compared to monolayer cultures. We are attempting to char-
acterize the four novel sequences identified as differentially
expressed between monolayers and spheroids.

FIG. 8. Identification of a murine genomic 365-bp region containing sequence matches to murine JTV-1 and PMS2 in opposite orientations.
(a) The bold line corresponds to a region of human chromosome 7 present in GenBank (accession no. AC005995), with the relative positions of
human JTV-1 and human PMS2 shown beneath the line. (b) Sequence of identified mouse genomic DNA showing murine PMS2 and JTV-1 exon
regions as identified by BLAST searches against GenBank.

FIG. 9. In vitro survival of MC5 (wild-type [WT]) and C18
(PMS2�/�) MEFs treated with cisplatin. Monolayer cultures exposed
to cisplatin for 1 h were dispersed and replated in a colony formation
assay. Values are averages 	 standard deviations.
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Nature of differentially expressed genes. The M4cG DD
product, which is down-regulated in spheroids, was found to
correspond to the murine homologue of the human nucleolar
protein 56 (Nop56p/SIK1). This gene was originally reported
as SIK1, for “suppressor of I
B”; SIK1 was isolated as a high-
copy-number suppressor in yeast of the growth-inhibitory phe-
notype induced by an I
B-GAL4 fusion protein (24).

The M2b cDNA, which is also down-regulated in spheroids,
was found to match the NADH SDAP subunit, which is a
component of respiratory chain complex I in mitochondria.
This complex consists of 34 different subunits, though the effect
of deregulation of the SDAP subunit on the complex and its
activity is unknown. The A7eG cDNA, which is up-regulated in
spheroids, was found to match the 2-oxoglutarate/malate car-
rier protein. It is of interest that two of the identified genes are
involved in mitochondrial metabolism and redox reactions. In
that respect, a recent study demonstrated that an increase in
reactive oxygen species increases proliferation in spheroids
and decreases P-glycoprotein-mediated drug resistance (41).

FIG. 10. Analysis of beta-galactosidase activity in EMT-6/P cells
transfected with a DNA mismatch repair reporter vector (pCAR-OF).
EMT-6/P cells transfected with pCAR-OF were plated after cisplatin
treatment (50 �M for 1 h) as monolayers (OMC) and spheroids (OSC)
or after no drug treatment as monolayers (OMN) or spheroids (OSN).
After 3 days of plating, beta-galactosidase (�-Gal) activity (units per
milligram of lysate) was measured; error bars indicate standard devi-
ations.

FIG. 11. (a) In vitro survival of EMT-6/DDP cells transfected with dominant negative PMS2 (DDP-134) or vector only (DDP-vec), following
cisplatin treatment. (b) Western blot analysis of dominant negative PMS2 (PMS2-134) expression in transfected EMT-6/DDP cells and vector-only
transfectants, showing a band of approximately 17 kDa. (c) In vitro survival of CHO cells transfected with vector (CHO43) or dominant negative
PMS2 (CHO124) following cisplatin treatment. Monolayer cultures were exposed to cisplatin (CDDP) for 1 h, dispersed, and replated into colony
formation assays. Values are averages 	 standard deviations.
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Furthermore the expression of another protein involved in
redox reactions, DT-diaphorase, has been correlated with drug
resistance in HT29 spheroids (30). Further work will be
needed to determine how mitochondrial metabolism impacts
proliferation (and drug resistance) in tumor spheroids.

The JTV-1 gene was identified by 5�-RACE of the A3bG
DD product, which was found to be up-regulated in EMT-6
spheroids compared to monolayers. JTV-1 was originally iden-
tified by Nicolaides and colleagues (26) as a transcript origi-
nating within the PMS2 gene region, but on the opposite
strand. It is not known what interactions these two genes may
have, e.g., whether the expression of one affects the other as a
consequence of their juxtaposition.

Nature of differentially expressed genes: PMS2 and the pos-
sible impact of suppressed DNA mismatch repair in multicel-
lular drug resistance. Although the murine genomic region of
PMS2 has not been characterized to the point of determining
the nearby presence or absence of a murine JTV-1 homolog,
we decided nevertheless to evaluate the relative expression of
murine PMS2 in EMT-6 monolayer and spheroids. This was
based on the possibility of a murine juxtaposition of these two
genes that would be similar to the situation in human genomic
DNA, and that transcription of one gene could interfere with
that of the other. Our interest was driven by the fact that JTV1
was closely associated (at the genomic level) with a human
gene (PMS2), loss of expression of which has already been
implicated in resistance to DNA-damaging drugs. In this re-
gard, our findings that PMS2 is indeed differentially expressed
between monolayers and spheroids prompted us to test
whether these two genes were physically in close proximity in
mouse genomic DNA. By using the database murine PMS2
sequence and our 5�-RACE sequence of murine JTV-1, two
reverse primers were generated, one corresponding to the 5�
end of each gene. These primers were used in a PCR to amplify
mouse genomic DNA. Our results suggest that the murine
JTV-1 is oriented in the opposite direction and 185 bp from the
murine PMS2. We do not know, however, whether this physical
proximity is related to the fact that both genes are differentially
expressed between monolayers and spheroids (JTV-1 is up-
regulated in spheroids, whereas PMS2 is down-regulated).

The PMS2 gene is mutated in a subset of hereditary non-
polyposis colorectal cancers (28), which is involved in DNA
mismatch repair. In this regard, it is of interest that mismatch
repair deficiency has been shown to confer resistance to DNA
alkylating agents such as N-methyl-N�-nitro-N-nitrosoguani-
dine and N-methyl-N-nitrosourea (3), as well as the chemo-
therapeutic drugs cisplatin and doxorubicin (5). It has been
suggested that defects in this DNA mismatch repair can lead to
tolerance to DNA mutations of the kind induced by alkylating
agents. For example, efficient DNA mismatch repair may lead
to a signal to induce apoptosis if cellular DNA damage cannot
be repaired adequately; thus, mismatch repair deficiency may
allow tolerance and accumulation of mutations and failure to
undergo apoptosis (5, 27). We do not know yet whether down-
regulation of PMS2, as we have observed in tumor spheroids,
is sufficient to mimic the effect of PMS2 loss or mutation that
others have described in terms of drug resistance. Our current
working hypothesis is that down-regulation of PMS2 in tumor
spheroids can lead to resistance to alkylating agents and cer-

tain other DNA damaging agents via reduced (or impaired)
DNA mismatch repair.

There is already some evidence that alterations in PMS2
activity can affect DNA mismatch repair (and presumably drug
resistance): Nicolaides and colleagues (27) have described a
mutant PMS2 sequence (PMS2-134) derived from a patient
with hereditary nonpolyposis colorectal cancer syndrome
which appears to act in a dominant negative fashion when
transfected into DNA mismatch repair-proficient cells, reduc-
ing their ability to carry out repair of different lesions (e.g., G/T
heteroduplexes and heteroduplexes containing 2- to 4-bp
loops) (27). To test our hypothesis, we used the same genetic
approach used by Nicolaides et al. (27). Using the pCAR-OF
vector transfected into EMT-6/P cells we observed a decrease
in DNA mismatch repair activity in spheroids compared to
monolayers (Fig. 10) after 3 days of culture, in both the pres-
ence and absence of cisplatin treatment. There were a number
of reasons for choosing such a time point and protocol. First,
spheroids are typically cultured for 24 to 72 h to prevent sphe-
roids from reaching a size (i.e., �2 mm) at which hypoxia
becomes a factor. Second, we chose the longest possible time
to increase the sensitivity of the assay, since previous applica-
tions of the pCAR-OF reporter vector involved transfectants
being cultured for at least 1 to 2 weeks (27). Third, to further
increase sensitivity, a DNA-damaging agent (cisplatin) was
also included. Fourth, since EMT-6/P monolayers proliferate
faster than spheroids (13), a short time had to be chosen to
minimize the possible artifact of DNA mutations in monolayer
cultures being a consequence of a higher rate of DNA repli-
cation than in spheroids. Finally, since cisplatin-induced cell
death (which could complicate the interpretation of the re-
sults) is typically observed after 3 to 4 days in EMT-6 cells, the
assay was carried out for 3 days.

Given the above limitations, it is remarkable that after 3 days
in culture a 1.5-fold difference in beta-galactosidase activity
was noted between cisplatin-treated EMT-6/P spheroids and
monolayers (Fig. 10). A similar result, discussed below, was
recently observed by Mihaylova et al. (23) in EMT-6 mono-
layer cells grown under hypoxia for 2 days. The change we
observed (Fig. 10) is unlikely to be merely a consequence of
drug treatment, since an increase in DNA mismatch repair in
spheroids was also observed in the absence of cisplatin treat-
ment (Fig. 10). A direct comparison (between drug-treated
and non-drug-treated cells) is complicated by the higher com-
paction in spheroids that results from exposure to alkylating
agents, which is associated with higher levels of drug resistance
(10, 18) (data not shown) and lower levels of PMS2. It is
probable that the observed decrease in DNA mismatch repair
in spheroids is an underestimate, as a consequence of reduced
cell cycle kinetics in EMT6 spheroids compared to monolayers
(17, 33). Nor can we exclude the possibility that the reduced
growth fraction in spheroids (compared to monolayers) di-
rectly affects PMS2 expression. Nevertheless, our results indi-
cate that a contributing factor in increased resistance to alky-
lating agents in tumor spheroids (compared to monolayers) is
a decrease in the level of DNA mismatch repair. Our result
stands in contrast to other types of DNA repair enzymes whose
activity is frequently increased in tumor cells selected for re-
sistance to DNA-damaging agents, e.g., enzymes involved in
nucleotide excision repair (42).
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We have attempted to express PMS2 de novo in EMT-6 cells
as a means of overexpressing PMS2 in spheroids and also tried
RNA interference oligonucleotides to down-regulate PMS2 in
monolayers. We were, however, unable to obtain high expres-
sion of PMS2 by transfection, and RNA interference experi-
ments in EMT-6 proved futile in our hands. In cases where
RNA interference oligonucleotides caused down-regulation of
PMS2, the effect was not readily reproducible, or the condi-
tions employed (e.g., increasing the concentration of interfer-
ing oligonucleotides) resulted in the marked down-regulation
of nonspecific genes (e.g., GAPDH) (unpublished observa-
tion). We therefore sought to inhibit PMS2 function in EMT-
6/DDP monolayers using a dominant negative PMS2 approach
(27). Transfection of PMS2-134 into EMT-6/DDP cells re-
sulted in increased resistance to cisplatin compared to controls,
which was also observed in Chinese hamster ovary cells trans-
fected with the dominant negative PMS2. Our results therefore
suggest that both loss (as observed with PMS2 knockout cells)
and inhibition (using a dominant negative approach) of PMS2
result in increased resistance to cisplatin.

The PMS2 protein has been shown to be down-regulated in
a number of tumors in vivo and in drug-resistant variants of
ovarian cancer cell lines (5). We have also shown that the
PMS2 protein is down-regulated in three of four EMT-6 drug-
resistant variants compared to the parental EMT-6 tumor.
Using MEFs derived from wild-type and PMS2 knockout mice
(31), we have shown that loss of PMS2 leads to increased
resistance to cisplatin by in vitro colony formation assays (Fig.
9) (Michael Liskay, personal communication). These results
are in agreement with those of Fritzell et al. (9), who similarly
showed increased resistance to gamma irradiation in PMS2-
deficient cells compared to the wild type. Taken together, our
results suggest that a down-regulation in PMS2 is associated
with a decrease in DNA mismatch repair activity, which can
contribute to increased resistance to DNA-damaging drugs
and, furthermore, that this change and relationship are of
particular importance in multicellular resistance to such
agents.

It is of interest that no difference in PMS2 levels could be
detected, by Northern blotting, between EMT-6/P and drug-
resistant variants when these were analyzed as monolayers.
This is consistent with our previous observations of little or no
difference in drug resistance between these cell line variants
when grown under these conditions (18). Furthermore, it is
highly unlikely that down-regulation of PMS2 can explain part
of the drug resistance mechanisms in all tumor spheroid mod-
els. For example, the EMT-6 variant resistant to carboplatin
does not show down-regulation in PMS2 in vivo compared to
the parental tumor (Fig. 7). This variant cell line may down-
regulate other genes involved in DNA mismatch repair mech-
anisms (such as the PMS2-associating protein MLH1) when
grown in vivo (or as spheroids) or by an entirely different
mechanism (e.g., resistance to apoptosis). We have not yet
established whether other mismatch repair proteins are in-
volved in multicellular drug resistance, although we have be-
gun to analyze MLH1 levels in murine and human spheroids.
Our preliminary analysis found that although MLH1 is down-
regulated in some cell lines (e.g., EMT-6/Thio and the
MDA435 human breast cancer cell line), we cannot correlate
these changes with the down-regulation of PMS2. With regard

to MLH1, changes in the levels of this protein may be a con-
sequence of promoter methylation (a process which is not
reported to regulate PMS2 expression). Recently, Mihaylova
et al. (23) reported the down-regulation of MLH1, and PMS2,
in the same cell line system we used (EMT-6) when the cells
were grown as monolayers under hypoxic conditions. Although
their results are strikingly similar to ours (e.g., with respect to
decreased levels of DNA mismatch repair function in EMT-6
cells that down-regulate PMS2), they reported PMS2 mRNA
to be unchanged in EMT-6 cells grown under hypoxic condi-
tions. This is in sharp contrast to our observation that in sphe-
roids PMS2 mRNA is down-regulated (compared to monolay-
ers). Mihaylova et al. suggest that under hypoxia MLH1
protein is down-regulated and that in turn leads to decreased
stability of the PMS2 protein. Regardless of the mechanism
involved, our results and those of Mihaylova et al. suggest that
tumors can down-regulate DNA mismatch repair in response
to environmental factors (e.g., hypoxic conditions or increased
cell-cell adhesion), which results in increased resistance to
alkylating agents.

Resistance to DNA-damaging drugs through changes in
DNA mismatch repair has typically been described and
thought of as a consequence of an irreversible loss of or mu-
tation in one or more DNA mismatch repair genes (27, 42).
Our results, however, suggest that modest changes in these
repair processes may occur as a consequence of deregulation
(e.g., down-regulation of PMS2) of associated proteins, pre-
sumably by cell-cell adhesion mechanisms and/or tumor micro-
environmental factors. Furthermore, the extent of these re-
versible changes can be selected in vivo by exposing tumors to
alkylating agents (three of four EMT-6 drug resistant variants,
compared to parent EMT-6, showed greater down-regulation
of PMS2 both in vivo as solid tumors and in vitro as tumor
spheroids). Therefore, the inhibition of this selectable (but
reversible) phenotype, for example, using antiadhesives such as
hyaluronidase (35) or anti-E-cadherin antibodies (12), is a new
rationale for the development of chemosensitizers for the
treatment of solid tumors.

In summary, using the EMT-6 mouse tumor model and DD,
we have identified eight cDNAs whose expression correlates
positively or inversely with tumor spheroid formation. To the
best of our knowledge, this is the first attempt to systematically
identify novel genetic changes associated with tumor spheroid
formation, in particular with respect to multicellular drug re-
sistance. The identified genes suggest a possible role of mito-
chondrial metabolism and a homologue of the yeast suppressor
of I
B-mediated growth inhibition. Perhaps most interestingly,
PMS2 was found to be down-regulated in spheroids compared
to monolayers and in three of four EMT-6 selected drug-
resistant variants compared to the parental tumor. Analysis of
PMS2-deficient fibroblasts treated with cisplatin provided fur-
ther evidence for the role of this gene in sensitivity to alkylating
agents, and a decrease in DNA mismatch repair was observed
in spheroid compared to monolayer cultures. The effect of
cell-cell adhesion on the expression of mismatch repair genes
and, in turn, their contribution to resistance to chemothera-
peutic drugs provide an additional contributing factor in a
“reversible” form of drug resistance observed in spheroids and
in vivo. Further studies of the genetic changes observed in this
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study should also lead to a better understanding of other mech-
anisms involved in multicellular tumor drug resistance.
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