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ABSTRACT Apparent alterations in DNA methylation
have been observed in many cancers, but whether such
alterations represent a persistent alteration in the normal
methylation process is not known. In this study, we report a
striking difference in the expression of exogenously intro-
duced retroviral genes in various colorectal cancer cell lines.
Extinguished expression was associated with DNA methyl-
ation and could be reversed by treatment with the demethyl-
ating agent S5-azacytidine. A striking correlation between
genetic instability and methylation capacity suggested that
methylation abnormalities may play a role in chromosome
segregation processes in cancer cells.

DNA methylation is one of the most intriguing chemical
phenomena affecting the genome. It is essential in pro-
karyotes, dispensable in lower eukaryotes such as Saccharo-
myces cerevisiae, yet present and presumably important in
mammals (1, 2). As gene expression is abnormal in cancer and
DNA methylation plays a role in controlling gene expression
(3), it was supposed that aberrant DNA methylation might be
responsible for expression differences (4). Accordingly, many
cancers were shown to have a global hypomethylation of DNA
compared with normal tissues (5-7). Treatment of cells or
animals with 5-azacytidine (5-aza-C), a demethylating agent
that irreversibly inactivates the methyltransferase (8-10), was
shown to be oncogenic in vitro and in vivo (11). Conversely,
other studies have shown that hypermethylation of specific
sequences is found in some tumors and can be associated with
the inactivation of tumor suppressor gene expression (12-14).
Mice genetically deficient in methyltransferase were found to
be resistant to colorectal tumorigenesis initiated by mutation
of the APC tumor suppressor gene, and treatment of these
mice with 5-aza-C enhanced the resistance (15).

One of the impediments to the interpretation of any of these
somewhat conflicting studies is the absence of knowledge
about DNA methylation in the precursor cells of the studied
cancers. Colorectal tumors, for example, arise from stem cells
that form only a minor component of the total epithelial
population. Comparison of DNA methylation patterns in
colorectal tumors to those of total colorectal epithelium may
therefore yield misleading results, as there is no guarantee that
the methylation pattern in the stem cells is identical to that of
their much more numerous progeny. Thus, statements about
“hypo” or “hyper” methylation must be viewed cautiously.
Moreover, the mechanisms responsible for the putative altered
methylation in tumors, and the time at which such aberrant
methylation occurs, are obscure. In particular, whether the
putative alteration in DNA methylation represents a historical
event that occurred during tumorigenesis rather than a per-
sistent defect in the process of methylation is unknown.
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In the present study, we have made some unexpected
observations which shed light on these issues. While studying
retrovirus-mediated gene expression, we noted a qualitative
difference among colorectal cancer cell lines which we later
tied to DNA methylation. Because all colorectal cancer cell
lines are presumably derived from the same stem cell precur-
sor, the methylation differences observed were likely to be
related to the tumorigenic process rather than to differences in
cellular origin. Moreover, because de novo methylation was
assessed, we could conclude that the differences represented
alterations that persisted throughout the lifetime of the tumor
cell. Furthermore, a striking correlation between genetic
instability and methylation capacity suggested that methylation
abnormalities might play a role in chromosomal segregation
processes in cancer.

MATERIALS AND METHODS

Cell Culture. Cells were cultured in McCoy’s SA medium
(modified) supplemented with 10% fetal bovine serum (Hy-
Clone), 100 units/ml penicillin, and 0.1 mg/ml streptomycin.
Monolayer cultures were grown at 37°C in a 5% CO; atmo-
sphere. The cell lines Caco2, Colo205, DLD1, HCT116, HT29,
LoVo, SW480, SW48, and SW837 were obtained from the
American Type Culture Collection (Rockville, MD), and RKO
was generously provided by M. Brattain (Baylor College of
Medicine, Houston, TX). The status of these lines with respect
to mismatch repair capacity has been analyzed previously
(16-21).

Vector Construction and Retrovirus Production. The hy-
gromycin-resistance gene (HygR) was PCR amplified from the
pCEP4 plasmid (CLONTECH) using the primers 5'-CGA
TCA AGC TTC CGT GTT TCA GTT AGC-3" and 5'-CAT
GCG ATA TCC ACC ATG AAA AAG CCT GAA CTC
AC-3' (DNAgency, Malvern, PA) at an annealing temperature
of 63°C. The PCR fragment was gel purified using a Spin-X
centrifugal filter (Costar), digested with HindIII and EcoRV,
and inserted into the HindIIl and Stul sites of the plasmid
pGal/Neo (a derivative of G1BgSVNa kindly provided by
Genetic Therapy Inc., Bethesda, MD) to yield plasmid pGal/
Hyg. Retroviral vector DNA was prepared by cesium chloride
banding and transfected into the ecotropic retrovirus packag-
ing cell line BOSC 23 (22). The virus supernatant was har-
vested 48 hr after transfection and used to infect the ampho-
tropic packaging line PA317 (23). Colonies were selected for
21 days with hygromycin C (Calbiochem). Stable producer
clones were cultivated, and virus supernatants were titered
(108 colony-forming units/ml) and used for infection.

Transfection and Virus Infection. Plasmid DNA was trans-
fected using Lipofectin (GIBCO/BRL), and colonies were
selected for 23 days with the neomycin analog G418 (GIBCO/
BRL). For virus infection, subconfluent cells were treated with
8 ng/ml Polybrene and infected with the retrovirus Gal/Neo
(derived from the retroviral construct G1BgSvNa, Genetic

Abbreviations: 5-aza-C, 5-azacytidine; B-gal, B-galactosidase; X-Gal,
5-bromo-4-chloro-3-indolyl B-D-galactopyranoside; LTR, long termi-
nal repeat, MMR, mismatch repair.
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Therapy, Bethesda, MD) or the retrovirus Gal/Hyg at a
multiplicity of <0.01. Clones containing retroviral integrations
were identified by selection with G418 or hygromycin, respec-
tively. After 3 weeks of selection, individual clones were
isolated by limiting dilution and assayed for B-galactosidase
(B-gal) expression in situ. Cells were fixed and stained with
5-bromo-4-chloro-3 indolyl-B-D-galactopyranoside (X-Gal;
Sigma). All infection and staining procedures were performed
in parallel on the various lines and repeated at least three
times.

Drug Treatment of Cells. Cells were grown in medium
containing different concentrations (5-20 uM) of 1-B-D-
arabinofuranosylcytosine or (1-10 uM) of 5-aza-C (Sigma) for
72 hr. Drug-treated cells for DNA and RNA isolation were
grown in selective media containing 5 uM 5-aza-C.

PCR and Transcription-Translation Reactions. Primer
pairs used for genomic amplifications of B-gal sequences were
5'-GGA TCC TAA TAC GAC TCA CTA TAG GGA GAC
CAC CAT GGT TAC GGA TTC GGA TCC-3' with 5'-CTG
TTTACCTTGTGG AGCG-3'and5'-GGATCCTAATAC
GACTCA CTATAG GGA GAC CAC CAT GGCTGT GCC
GAA ATG GTC C-3' with 5'-CCG GAG AAC CTG CGT
GC-3', yielding products 2030 bp and 1995 bp in length,
respectively. PCR products were used as templates in coupled
transcription—translation reactions (Promega). The resultant
33S-labeled proteins were separated by SDS/polyacrylamide
gel electrophoresis (Tris—glycine gel) as described by Powell ez
al. (24).

Southern Blot Analysis. DNA samples (5 ug) were sepa-
rated by electrophoresis on a 0.7% agarose gel and transferred
to a Zeta-Probe membrane (Bio-Rad). The blot was probed
with a gel-purified 3594-bp BamHI fragment of the B-gal gene
derived from the plasmid pCMVB (CLONTECH), labeled by
random priming with [32P]dCTP (25).

RNA Isolation and Northern Blot Analysis. Total RNA was
prepared by CsCl gradient ultracentrifugation of guanidine
isothiocyanate-lysed cells. Northern blot analysis was per-
formed as described (26), except that QuickHyb (Stratagene)
was used for hybridization. As a quantitation control, a gel-
purified 300-bp PstI/HindIII fragment of the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene derived from the
plasmid pHcGAP (ATCC) (27) was used for rehybridization
after stripping filters with 0.1X SSC/0.1% SDS at 100°C for 20
min.

Bisulfite Genomic Sequencing. Bisulfite treatment of
genomic DNA was performed as described by Frommer et al.
(28) and modified by Clark et al. (29). For PCR amplification
of the bisulfite-modified integrated viral 5’ long terminal
repeat (LTR), the primers 5'-GAA TAG AAA AGT TTA
GAT TAA GG-3' and 5'-CAA AAC TAA TTA ACT AAC
TAA TAC-3’ (DNAgency) were used, resulting in a 668-bp
product. The original sequences corresponding to these prim-
ers did not contain 5'-CpG-3’ dinucleotides. Amplified DNA
was gel purified and blunt-end-ligated into the EcoRV-
digested plasmid pZErO-1 (Invitrogen). After transformation,
individual colonies were picked, and genomic DNA was pre-
pared and sequenced using the internal primer 5'-CCC ART
AAT AAA TCA ATA ATC C-3'. The analysis was performed
on HCT116-1 cells before and after 5-aza-C treatment, and on
HT29-6 cells. At least 12 DNA clones, each of whose deoxy-
cytosines (when not in a CpG context) were completely
converted to uridines, were sequenced for each line.

RESULTS

Expression of Retroviral Sequences. Previous studies of
DNA methylation in cancer have largely evaluated sequences
already present in the genome of cancer cells. Because meth-
ylation is heritable, such studies cannot be used to determine
if the process of de novo methylation is abnormal at the time
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of testing. To develop an assay for this purpose, we chose to
examine sequences introduced into the cancer cell by retroviral
infection. Once integrated, such viral sequences can be meth-
ylated (30-32), and preliminary experiments in our laboratory
suggested that the expression of such sequences in human
cancer cell lines was variable, perhaps reflecting differences in
de novo methylation (unpublished data). The virus used for
these experiments contained the B-gal reporter driven by a
retroviral LTR and the G418 resistance gene (NeoR) under the
control of the simian virus 40 early promoter.

Ten colorectal cancer cell lines were infected at low multi-
plicity, and G418-resistant clones were selected and stained in
situ with X-Gal to evaluate the expression of B-gal. HCT116
and HT?29 cells exemplify the two distinct patterns of expres-
sion observed. Virtually all HT29 clones stained intensely with
X-Gal, indicating that the reporter was expressed in the
selected cells. In contrast, many HCT116 clones were not
stained at all, and even in those colonies which did exhibit
staining, only a small fraction of the cells in each clone was
stained (Fig. 1). This observation was repeated six times in the
two lines, with virtually identical results. All clones contained
the retroviral genome, including the Neo and B-gal sequences,
as indicated by the G418 resistance and confirmed by Southern
blots (see later).

Each of the ten lines studied showed one of these two easily
distinguishable patterns of B-gal expression (Table 1, top 10
lines). In five lines (HT29, SW480, SW837, Colo 205, and Caco
2), the great majority of cells resistant to G418 were stained.
In the other five lines (HCT116, LoVo, SW48, RKO, and
DLD1) most cells were unstained. A striking correlation was
noted between the propensity of the cells to express exogenous
sequences and their proficiency in mismatch repair. All five
non-expressing lines were mismatch repair (MMR) deficient,
while the five B-gal-expressing lines were normal in this regard.
Previous studies have demonstrated that LoVo has an inacti-
vating mutation of the mutS homolog AMSH2 (19, 21), DLD1
has an inactivating mutation of the AMSH2 partner GTBP (17),
SW48 and HCT116 have mutations of the mutL homolog
hMLH]I (16, 21), and RKO is defective in either AMLH]I or its

FiG. 1. Histochemical detection of B-gal expression. (4 and B) After
infection with the retrovirus Gal/Neo and selection with G418, cells were
stained in situ with X-Gal to confirm the expression of 8-gal. Whereas the
majority of cells from individual clones of cell line HCT116 was not
stained (A4), virtually all cells of HT29 stained intensely blue (B). (C and
D) Cells were stained in situ with X-Gal after retroviral infection with
Gal/Hyg and selection with hygromycin. Whereas virtually all HT29 cells
stained blue (D), the majority of cells from individual clones of
HCT116+ch3 were not stained (C). (All xX10.)
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Table 1. Expression of B-gal gene

Proc. Natl. Acad. Sci. USA 94 (1997) 2547

Expression, % of clones

Gene With With With With No. of
transfer 80-100% 50-80% 20-50% <20% clones MMR
agent Cell line blue cells blue cells blue cells blue cells evaluated status
Gal/Neo virus HT29 93 4 1 2 190 Proficient
SW480 91 7 0 2 122 Proficient
SW837 95 2 0 3 500 Proficient
Colo205 45 20 20 15 285 Proficient
Caco2 60 19 5 16 74 Proficient
HCT116 4 7 8 81 84 Deficient
LoVo 2 2 6 90 214 Deficient
Sw48 10 6 12 72 405 Deficient
RKO 10 8 12 70 318 Deficient
DLD1 26 20 20 34 328 Deficient
Gal/Neo plasmid HT29 12 7 8 73 464 Proficient
HCT116 0 0 1 99 254 Deficient
Gal/Hyg virus HT29 95 1 1 3 2602 Proficient
HCT116 13 13 27 47 557 Deficient
HCT116+ch3 11 11 20 58 670 Proficient

MMR-proficient and MMR-deficient cell lines were infected with the retrovirus Gal/Neo (lines 1-10) or were transfected with the plasmid used
for Gal/Neo virus production (lines 11 and 12) and were selected with G418. Alternatively, cell lines were infected with the retrovirus Gal/Hyg
(lines 13-15) and selected with hygromycin. Individual clones were stained with X-Gal to detect B-gal expression. For each clone the percentage

of cells expressing 3-gal (blue cells) was determined.

heterodimeric partner APMS2 (J. Drummond and P. Modrich,
personal communication).

To examine the time course of B-gal expression, HT29 and
HCT116 cells were examined at various intervals after retro-
viral infection. A similar number of cells in both lines (1.3—
1.6%) were stained 22 hr after infection, demonstrating similar
efficiencies of viral infection. Differences became apparent as
early as 2 days after infection, and they were magnified over the
time course of the experiment. After selection, virtually all
surviving HT29 cells expressed B-gal, while only 4-7% of
HCT116 cells expressed the gene (data not shown).

The decreased expression of the exogenously introduced
B-gal gene in MMR-deficient lines was not restricted to genes
introduced by retroviral transduction. It was also observed
after DNA transfection with the plasmid used for virus pro-
duction. Staining of transfected clones with X-Gal 3 weeks
after G418 selection demonstrated B-gal expression in only 1
of 254 HCT116 clones analyzed, while 27% of HT29 clones
contained a substantial number of blue cells (Table 1, lines 11
and 12).

Analysis of Retroviral Integrates. To test the possibility that
the differences in expression of the exogenously introduced
sequences between the MMR-proficient and -deficient cell
lines were related to mutational processes affected by mis-
match repair, we examined the organization and sequence of
the retroviral integrates. Upon Southern blotting, each of 8
clones analyzed from four MMR-deficient lines (nonexpres-
sors) and each of 14 clones from three MMR-proficient lines
(expressors) was found to contain only one or two $-gal gene
fragments, each of the intensity expected for single-copy genes.
The absence of expression was therefore not due to a gross
alteration of B-gal sequences in MMR-deficient cell lines.

The low fraction of B-galactosidase-expressing cells within
G418-resistant clones seemed inconsistent with inactivation by
point mutation. Even in MMR-deficient cells, inactivating
mutations occur at a rate of only 107* to 1073 per gene per
generation (18, 33, 34), while over 80% of the selected
MMR-deficient cells did not express B-gal (Table 1, top 10
lines). To formally exclude very high rates of mutation within
B-gal sequences, we searched for truncating mutations. The
B-gal genes in 13 clones from MMR-deficient cells were
amplified with PCR, then transcribed and translated in vitro.
Twelve of 13 clones generated polypeptides of the expected

full-length size. Only one clone, LoVo-1, exhibited a truncated
B-gal protein (data not shown). Interestingly, this clone exhib-
ited absolutely no X-Gal-staining cells, while in each of the
other 12 clones, a small fraction of cells exhibited such staining.
Thus, nonsense mutations of B-gal were not likely the reason
that some lines failed to express 3-gal, suggesting an epigenetic
basis.

Methylation and Transcription of B-gal Genes. To deter-
mine whether the integrated retroviral sequences were meth-
ylated differentially, Southern blots of Smal-digested genomic
DNA from the various clones were tested. Smal is a methyl-
ation-sensitive restriction endonuclease that does not cleave
DNA when the central cytosine of its recognition sequence,
5'-CCCGGG-3', is methylated (35). DNA was digested with
HindllII alone to reveal the restriction fragment containing the
B-gal gene, or with HindIII plus Smal to test methylation of
this fragment. Comparison of the intensity of the HindIII
fragment with that of the HindIIl/Smal fragment revealed
that few, if any, of the HT29-6 cells were methylated at the
Smal site. In contrast, the Smal digest of HCT116-1 DNA
revealed methylation of the Smal site, as demonstrated by its
partial resistance to the restriction endonuclease (Fig. 24).

Though methylation of the Smal site was different in
HCT116 cells than in the HT29 cells, the relatively low level of
Smal resistance did not seem to explain the dramatic differ-
ence in B-gal expression between these lines. However, as
observed in previous studies of rodent cells (36, 37), the Smal
site is only one of several potential methylation sites within the
viral 5'LTR. To get a more comprehensive view of the
methylation of sequences surrounding the Smal site, we se-
quenced genomic templates treated with bisulfite. The 214 bp
surrounding the Smal site contain 76% of the CpG dinucle-
otides in the 5'LTR, and we therefore concentrated on this
region. The bisulfite genomic sequencing technique allows
methylated cytosines to be distinguished through their resis-
tance to bisulfite-mediated deamination; unmethylated cy-
tosines are converted to uridine by bisulfite (28). There were
16 CpG sites within the 214 bp surrounding the Smal site. In
HT?29 cells, no methylation at any of these CpG sites was found.
In contrast, the 5'LTRs in HCT116 cells were associated with
an average of 2.33 methylated CpG sites (range 0-9 sites per
LTR; P < 0.025 by Student’s ¢ test). The distribution of
methylated CpG residues in the 12 genomic 5'LTR’s analyzed
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Fi6. 2. Methylation of B-gal gene after retroviral infection. (A4)
Analysis of 5’LTR promoter by methylation-sensitive restriction en-
zyme. DNA from untreated (—) or 5-aza-C-treated cells was digested
with HindIII alone (H) or with HindIII plus Smal (HS). The blotted
gel was probed with a [32P]dCTP-labeled fragment of the B-gal gene.
The HindlIII fragment containing B-gal sequences was 6.2 kb in clone
HT29-6 (lane 9), and Smal reduced this fragment to 5.35 kb (lane 10),
reflecting the invariant size separating the HindlIII and Smal sites in
the provirus Gal/Neo. The Smal digest of the HCT116 clones (lane 2
and 6) revealed two bands, indicating methylation of the Smal site in
these cells. Treatment of the HCT116 clones with 5-aza-C resulted in
the removal of methyl groups, so that only a 5.35-kb fragment was
detected after Smal plus HindIIl digestion (lanes 3 and 7). (B)
Transcription of B-gal gene. Total RNA of the clones HCT116-1,
HCT116-2, and HT29-6 was probed with a [3?P]dCTP-labeled frag-
ment of the B-gal gene. The level of expression of B-gal mRNA in
clones HCT116-1 and 2 was low (lanes 4 and 6) but increased
substantially after 5-aza-C treatment (lanes 3 and 5). The 5-aza-C
treatment had no effect on p-gal mRNA of clone HT29-6 (lanes 1 and
2). Rehybridization of the filter with a glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) probe confirmed that equal amounts of
RNA were loaded. (C) Scheme of retroviral vector Gal/Neo. The
Gal/Neo vector contains the -gal reporter driven by a retroviral LTR
and the G418-resistance gene (NeoR) under the control of the simian
virus 40 early promoter (SV40 e.p.). Positions of the two Smal and the
single HindIII restriction sites are indicated. The restriction sites
HindIIl and Stul were used for the construction of the provirus
Gal/Hyg.

is shown in Fig. 3B, and examples of the sequencing data are
in Fig. 34. As a technical control for the efficiency of bisulfite
treatment, it was noted that each of 52 deoxycytosines not in
CpG contexts was completely converted to uridines in all of the
HCT116 and HT29 clones evaluated.

Reversal of Methylation. The documentation of methylation
of 5'LTR sequences reveals a correlation with B-gal expression
that could not necessarily be regarded as causative. To obtain
functional evidence that differences in methylation were re-
sponsible for the expression differences, we treated cells with
5-aza-C. This compound inactivates methyltransferase activity,
reverses methylation, and restores retroviral expression in
retrovirally infected rodent cells (8-10, 38). In 8 of 9 nonex-
pressor clones tested, 5-aza-C significantly increased the frac-
tion of cells expressing B-gal in a dose-dependent manner (Fig.
44). In contrast, in three expressor clones, the high level of
B-gal expression was not affected by 5-aza-C (example in Fig.
4A4). The single nonexpressor clone in which 5-aza-C had no
effect was LoVo-1 (Fig. 44). As mentioned above, LoVo-1 had
a truncating mutation in the B-gal gene that should not be
reversible by drug treatment.

Proc. Natl. Acad. Sci. USA 94 (1997)
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Fic. 3. Bisulfite genomic sequencing of 5'LTR. Genomic DNAs of
infected cell lines were treated with bisulfite, converting deoxycytosine
but not 5-methylcytosine residues into uracil through deamination.
After treatment, the viral 5'LTR region was PCR-amplified, the PCR
products were cloned, and a 214-bp region surrounding the Smal site
(see Fig. 2C) was sequenced. (4) Examples of clones HCT116-1
(before and after 5-aza-C treatment) and HT29-6 are shown. Arrows
mark the locations of methylated CpG dinucleotides in HCT116-1.
(B) Distribution of methylated CpG dinucleotides within the 5'LTR
promotor of HCT116-1. The DNA sequence of the 214-bp region
surrounding the Smal site (underlined) is shown. Its 16 CpG dinucle-
otides are typed in boldface. The shaded area represents the region
that is shown on the sequencing gel in A. Each dot represents a
S-methylcytosine residue that was not converted into uracil in one of
the 12 cloned PCR products.

Treatment with 5-aza-C resulted in the removal of methyl
groups, so that only a 5.3-kb fragment was found after Smal
plus HindIII digestion in clone HCT116-1 (Fig. 2A4). Similar
degrees of methylation of the Smal site were observed in three
different HCT116 clones tested, all reversible with 5-aza-C. No
resistance to Smal, either before or after 5-aza-C treatment,
was observed in three HT29 clones similarly tested (example
in Fig. 2A4). This reduction in methylation was confirmed and
quantitated by bisulfite genomic sequencing. The average
number of methylated CpG dinucleotides was reduced by 84%
after 5-aza-C treatment of HCT116 cells (0.37 methylated CpG
sites per 5'LTR, range 0-3, P < 0.020 by Student’s ¢ test;
example in Fig. 34).

To determine whether the reversal of inactivation of B-gal
expression by 5-aza-C was permanent, we removed the drug
from the medium and measured B-gal expression at subse-
quent times. As shown in Fig. 4B, the clones reverted to the
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FiG.4. Reversal of B-gal inactivation by 5-aza-C. (4) Nine MMR-deficient clones (HCT116-1, HCT116-2, HCT116-3, HCT116-4, HCT116-5,
HCT116-6, RKO-1, DLD1-1, and LoVo-1) and the MMR-proficient clone HT29-6 were treated with different concentrations (0, 1, 2, 4, or 5
uM) of 5-aza-C for 72 hr and stained with X-Gal. In 8 of 9 MMR-deficient clones, 5-aza-C significantly increased the fraction of cells expressing
B-gal in a dose-dependent manner. The single MMR-deficient clone in which 5-aza-C had no effect was LoVo-1. LoVo-1 had a truncating mutation
in the B-gal gene (see text). (B) To determine whether the reversal of inactivation of 8-gal expression by 5-aza-C was permanent, the drug (5 uM)
was removed from the medium, and B-gal expression was measured at subsequent times. The clones reverted to the same basal level of B-gal

expression found before 5-aza-C treatment.

same basal level of B-gal expression found before 5-aza-C
treatment. To ensure that the reversion was not simply the
result of cellular toxicity due to 5-aza-C treatment, we treated
cells with another cytidine analog, the antimetabolite 1-B-D-
arabinofuranosylcytosine. This drug exhibited toxicity at 10
M as high as that observed with 6 uM 5-aza-C, but treatment
with 1-B-D-arabinofuranosylcytosine at concentrations of 5,
10, or 20 uM for 4 days did not increase the fraction of cells
expressing B-gal (data not shown).

Finally, to ensure that the drug affected expression at the
RNA level, we performed Northern blot analysis. The level of
expression of B-gal mRNA in each of three HCT116 clones
tested was low but increased substantially after 5-aza-C treat-
ment. The 5-aza-C treatment had no effect on -gal mRNA in
three HT29 clones tested (examples in Fig. 2B).

Methylation and Failure of MMR. The observations re-
corded above suggested that the absence of a MMR system
might in some way lead to the methylation of exogenously
introduced sequences. To test this hypothesis, we tested the
HCT116 derivative (HCT116+ch3) in which the MMR defi-
ciency had been corrected by transfer of a normal chromosome
3 containing the hMLH1 gene missing in HCT116 cells (39).
Western blot analysis showed, as expected, that the hMLH1
protein was expressed in the HCT116+ch3 cell line but missing
in HCT116 (data not shown). Because the transferred chro-
mosome 3 was tagged with a G418-resistance marker, the
retrovirus Gal/Neo (Fig. 2C) could not be used and a new
retroviral vector, Gal/Hyg, was constructed by replacing the
NeoR gene of Gal/Neo with a hygromycin-resistance gene
(HygR). The expression of B-gal in HT29 and HCT116 cells
after infection with this virus mimicked that resulting from
Gal/Neo infection (Fig. 1D and the last three lines of Table 1).
The pattern of B-gal expression in the HCT116+ch3 line was
very low, similar to the pattern obtained by infection of
HCT116 and the other MMR-deficient lines (Fig. 1C and

Table 1). These data demonstrate that de novo methylation of
exogenously introduced sequences in the MMR-deficient lines
is not due to the absence of MMR activity.

DISCUSSION

The methylation of exogenously introduced retroviral se-
quences is not a new observation (30-32, 36). The novelty of
the observations reported here lies in the differences in
methylation and expression of foreign genes in MMR-
proficient versus MMR-deficient cell lines. This observation
was completely unexpected and highly statistically significant
(P < 0.00001 by x?). Some previous studies have suggested that
methylation can be affected in various ways by DNA repair
abnormalities, though the results were somewhat contradic-
tory and no specific effect of MMR has been delineated (40,
41). Our experiments showed that MMR could not be directly
responsible for the methylation differences, as correction of
the MMR deficiency in HCT116 cells did not alter its ability
to methylate exogenously introduced sequences.

Previous studies showing that the methylation of specific
DNA sequences was different in tumor cells than in bulk
preparations of “normal cells” could be interpreted in many
ways. The tumor cells could have originated from stem cells
that had different patterns of methylation than the bulk of the
normal, differentiated cells used for comparison. Additionally,
the tumor cells could have passed through some bottleneck in
which methylation was altered, and this pattern could then
have been transmitted to daughter cells through normal main-
tenance methylation. In contrast, the fact that methylation of
exogenous sequences in colorectal cancer lines differed dra-
matically among the cell lines we tested shows that methylation
abnormalities are not just historical events, but represent
continuing physiologic differences that persist throughout the
lifetime of the tumor cells.
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Which of the two methylation patterns observed here rep-
resents the “normal” type likely to be found in nonneoplastic
stem cell precursors? Though this question cannot be answered
definitively at present, we feel it is likely that the methylation
competence of the MMR-deficient tumor cells represents the
physiologically normal state. This judgment is based on prior
observations demonstrating that retroviral gene expression is
often extinguished over time in normal tissues and that this
extinction is associated with a methylation of the retroviral
LTR similar to that described here (30, 31, 36, 38). According
to this hypothesis, the MMR-deficient lines are methylation
proficient (MMR ™, MET™), while the MMR-proficient lines
are methylation deficient (MMR™, MET").

What is the basis upon which cells with a MMR*, MET~
phenotype are selected during tumorigenesis? We propose the
following speculative explanation. It has long been suspected
that some sort of genetic instability is necessary for a tumor to
accumulate the numerous genetic alterations that accompany
its development (42-44). There appear to exist two pathways
of genetic instability in colorectal cancer. The first is found in
about 15% of colorectal tumors and involves point mutations,
microdeletions, and microinsertions associated with MMR
deficiency (45, 46). The second is found in MMR-proficient
cells and involves gains and losses of whole chromosomes (47).
We suggest that methylation abnormalities are intrinsically and
directly involved in the generation of the second type of
instability, thus allowing for the selection of MET ™ cells during
the clonal evolution of tumors. This hypothesis is supported by
the observation that demethylation is associated with chro-
mosomal aberrations, including mitotic dysfunction and trans-
location (48, 49), and is consistent with the innovative hypoth-
esis relating methylation and aneuploidy recently put forward
by Thomas (50).
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