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Abstract

Hereditary nonpolyposis colorectal cancer is a cancer susceptibility
syndromethathasbeenfoundtobecausedbymutationsIn anyofseveral
genesinvolvedin DNA mismatchrepair, including1ZMSH2,hMLH1, or
hPMS2. Recent reports have suggested that ISMSH2and hMLHJ have a
role in the regulation of the cell cycle.To determineIf thesegenesare cell
cycleregulated,weexaminedtheir mRNA and proteinlevelsthroughout
thecellcyclein IMR-90 normalhumanlungfibroblasts.We demonstrate
that the levelsof hMSH2 mRNA and proteindo notchangeappreciably
throughoutthe cellcycle.AlthoughhMLH1 mRNA levelsremainedcon
stant, there was a modest (approximately 50%) increase in its protein
levelsduringlateG1andS phase.The levelsof hPMS2mRNA fluctuated
(decreasing50% in G1and increasing50% in S phase),whereashPMS2
proteinlevelsincreased50% in late G1 and S phase.Our data Indicate
that, at leastin normalcells,the machineryresponsiblefor thedetection
andrepairof mismatchedDNA basesispresentthroughoutthecellcycle.

Introduction

HNPCC3 is a familial cancer syndrome accounting for approximately
1â€”5%of the overall coloncancerincidencein the Westernworld (1).
Defects in the hMSH2, hMLHJ, and hPMS2 genes, which are involved in
MMR, have been found to co-segregate with the disease (2â€”6).These
genes are homologues of members of the MutHLS DNA repair pathway
in bacteria, primarily responsible for correcting mismatched DNA base
pairs that arise as a result of misincorporation errors during DNA repli
cation (7). hMSH2 encodes the human homologue of the bacterial MutS
protein, which is responsible for recognizing mispaired bases in DNA (8).
It was found mutated in 31% of48 HNPCC kindreds examined (9). Two
additional MutS homologues, hMSH3 and hMSH6 (GTBP/p160), have
been identified (10), which appear to interact with hMSH2 and alter its
binding specificity for single base pair and insertion/deletion mis
matches. (I I). The hMLHI gene encodes the homologue of the MutL
protein, accounting for 33% of HNPCC (9). The function of hMLHI is
not yet known, although it is likely to interact with hMSH2 (12). !ZPMS2,
which appears to be mutated in only 4% of these HNPCC kindreds (9),
also encodes a homologue of MutL and is thought to interact with
hMLH1 (12).

It has recently been suggested that the MMR system influences the
cell cycle (13â€”15).The human colon tumor cell line HCT1 16 has no
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normal hMLHJ gene product. When a normal copy of hMLHJ on
chromosome 3 was introduced via microcell chromosome transfer
into HCT1 16, an enhanced G2 arrest was noted upon exposure to
6-thioguanine, a DNA base analogue that mimics a mismatch upon
incorporation into DNA. In addition, we recently demonstrated that
hMLH1 plays a regulatory role in the G2-M arrest following treatment
with ionizing radiation.4 Furthermore, both the human colon adeno
carcinoma cell line LoVo and the human ovarian tumor cell line 2774,
which are deficient in wild-type hMSH2, exhibited an attenuated G2
arrest following treatment with the DNA alkylating agent N-methyl
N'-nitro-N-nitrosoguanidine compared to the human colon adenocar
cinoma line SW480, which contains wild-type hMSH2 and hMLHI
(15). Finally, in yeast, both MSH2 and MLHI were found to interact
with proliferating cell nuclear antigen, a multifunctional protein in
volved in the cell cycle which interacts with DNA polymerases 5 and
C as well as cyclin/cyclin-dependent kinase complexes (16). In this

study, we wished to determine if hMSH2, hMLHI, and hPMS2
mRNA and protein levels were regulated throughout the cell cycle.

MaterialsandMethods

Cell Culture and Synchrony.IMR-90 fibroblasts(derivedfromnormal
human fetal lung) were obtained from the American Type Culture Collection
(Rockville, MD) and maintained in DMEM (Life Technologies, Inc., Gaith
ersburg, MD) supplemented with 10% FBS (Hyclone, Logan, UT), 100
units/ml penicillin, and 100 p.g/ml streptomycin and grown in a 90% air-lO%

CO2 atmosphere at 37Â°C.Cells were synchronized using common methods
(I 7, 18), and cultures were grown no more than six passages when used.
IMR-90 cells were allowed to grow to confluence and then maintained for
approximately 60 h in DMEM with 0.1% FBS to enhance G0 arrest. To induce
proliferation, cell monolayers were dissociated (using 0.05% trypsin with 0.53

mM EDTA), and cells were replated at a 1:3 dilution in DMEM containing 20%

FBS supplemented with additional vitamins and essential and nonessential
amino acids (to twice their original concentrations).

Cell Cycle Analyses.Flow cytometricanalyseswere performedusing
common techniques (19). After trypsinization, cells were washed in PBS, fixed
in 70% ethanol, and then stained in PBS containing 1% NP-40, I mg/mI RNase
A, and 0.1 mg/mI propidium iodide for at least 30 mm. Stained nuclei were
analyzed for DNA-propidium iodide fluorescence using a Becton Dickinson
FACScan (San Jose, CA) at a laser setting of 15.2 mW and an excitation
wavelength of 488 nm. Data were analyzed using ModFit LT, version 1.01
(Verity Software House, Topsham, ME).

RNA Isolation and Slot-Blotting. Total RNA waspurifiedusingRNAzoI
B (Tel-Test, Fnendswood, TX) following the manufacturer's instructions.Two
@xgof total RNA were transferred to a Zeta-Probe membrane (Bio-Rad,

Richmond, CA) using the Minifold II slot-blot system (Schleicher & Schuell,
Keene,NH) andprobedwith theappropriaterandomlyprimedcDNA follow
ing the manufacturer's instructions (Boehringer Mannheim, Indianapolis, IN).

36B4 (human acidic ribophosphoprotein P0) was acquired from Dr. Pierre
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treatment procedure for normal cells (17, 18). IMR-90 cells, which
were derived from normal human fetal lung, were chosen instead of
colorectal cancer cells because tumor cells often show cell cycle
dysregulation (22). Samples were taken at regular intervals and ana
lyzed by flow cytometry (Fig. 1). Initially, 76% of the cells were in
G0-G0. At 28 h, 60% of IMR-90 cells were in 5, and a subsequent 02

peak was seen at 35 to 40 h (approximately 35%). The 31-h time point
represents an 8-fold enrichment of IMR-90 cells in S phase cells
compared to time zero, confluent cultures.

Drug treatments are often used to synchronize cells (23); however,
treatment with drugs may additionally result in DNA damage. We
were concerned about using agents that might introduce DNA damage
because the cell cycle regulation of DNA repair genes was being
examined. For example, hydroxyurea, which disturbs the deoxynucle
otide triphosphate pool and thus inhibits DNA synthesis, has been
reported to increase the frequency of chromosomal aberrations (24).
Thymidine, which inhibits DNA synthesis and thus cell cycle pro
gression when present at high concentrations, also may induce chro
mosomal aberrations (25). Aphidicolin, an inhibitor of DNA polym
erase a which causes cells to accumulate at the 01 -5 border, even
when used at low doses, also damages DNA (26). Thus, we opted for
the more physiological mechanism of growth arrest and cell syn
chrony that is inherent in confluent IMR-90 cells.

Total RNA was isolated at selected time points during the synchro
nization of IMR-90 cells described above (Fig. 2). mRNA levels were
normalized to 36B4 mRNA levels to correct for loading variations;
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Chambon (INSERM, Strasbourg Cedex, Paris) (20). Human MSH2, MLHI,
and PMS2 cDNAs have been described (2, 4, 6). RNA levels were quantified
using the ImageQuant software, version 3.3, of the Molecular Dynamics
Phosphorlmager (Sunnyvale, CA).

Preparation of Crude Cell Lysates and Western Analyses. Cells were
scraped into ice cold PBS, pelleted by centrifugation, resuspended in five
volumes of ice-cold suspension buffer [100 mMNaC1, 10 mMTns (pH 7.6), 1
mMEDTA, 1 lLg/mlaprotinin,and 100p.g/mlphenylmethylsulfonylfluoride]
followed by five volumes ofgel-loading buffer [100 nmi Tris (pH 6.8), 200mM

DTT, 4% SDS, and 20% glycerol], and placed in a boiling water bath for 10
mm (21). Thirty p.g of each extract were separated on 8% SDS-PAGE gels
using the Mini-PROTEAN II electrophoresis system (Bio-Rad) and transferred
overnight at 40 V onto polyvinylidene difluoride membranes (Immobilon-P;

Millipore, Danvers, PA) in transfer buffer (25 mai Tris base, 192 nmi glycine,
and 15% methanol) using the Mini Trans-Blot electrophoretic transfer cell
(Bio-Rad) following the manufacturer's instructions. Blots were blocked for at
least 1 h in PBST (PBS with 0.05% Tween 20) containing 10% nonfat dry
milk. They were then incubated with a primary antibody at a dilution of 1:2500
(for anti-hMSH2, hMLHI, topoisomerase ha, or a-tubulin) or 1:500 (for
anti-hPMS2) at room temperature in PBST for 1.5 h and then washed three
times (10 mm each) in a large volumeof PBST. PolyclonalhMSH2and
monoclonal hMLH1 and hPMS2 antibodies were generated by Oncogene
Science (Cambridge, MA) using overproduced and purified proteins and
characterized for specificity in total cell extracts. Polyclonal topoisomerase Ha
antibody was obtained from Genosys Biotechnologies (The Woodlands, TX),
and monoclonal a-tubulin antibody was acquired from Oncogene Science.
Blots were then incubated in PBST for 1 h with a 1:7500 dilution of a
horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotech
nology, Santa Cruz, CA), either anti-mouse IgG (for anti-hMLH1, hPMS2, or

a-tubulin) or anti-rabbit IgG (for anti-bMSH2 or topoisomerase 1hz), and

washed as above. Bound antibodies were detected using the SuperSignal
chemiluminescence substrate (Pierce, Rockford, IL) on Fuji RX medical X-ray
film (Fuji Photo Film, Tokyo, Japan). Quantitation was performed using the
Molecular Analyst image analysis software (version 1.3) of the Gel Doc 1000
geldocumentationsystem(Bio-Rad).Thevaluesgiveninthetextrepresentthe
means and SEs of the levels of the indicated proteins (after correcting for
loadingvariationsagainsta-tubulin levels)from at least two independently
done Western blots.

Results and Discussion
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Fig. 2. Relative mRNA levels of hMSH2 (0). hMLH1 (â€¢),and hPMS2 (ii) after

subconfluentreleaseofIMR-90 cells into mediumcontaininghigh serum.Data are the means
from Phosphorlmager scans of slot blots done in duplicate. All levels were conected for
loading variationsagainst the levels of constitutivelyexpressed 36B4 mRNA. Bars. SE

Early passage IMR-90 cells were growth-arrested both by allowing
them to reach confluence and then by growing them for 60 h in
medium containing low serum. The cells were then induced to reenter
the cell cycle by replating them at low density into medium containing
a high concentration of serum. This is a typical synchronization
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Fig. 1. Percentage of IMR-90 cells in each phase of the cell cycle following subcon

fluent release into medium containing a high concentration of serum. The symbols denote
cells in G0-G1(U), S (0), and G2-M (A) phases.
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this transcript is known not to be regulated by cell growth or DNA
damage (27). The levels of hMSH2 and hMLH1 did not change
significantly throughout the cell cycle. However, hPMS2 mRNA
levels dropped approximately 50% in mid- to late-G1 and rose 50% in
S and 25% in G2-M relative to 00-01 levels. It should be noted that
hPMS2 mRNA levels were very low and were difficult to detect in
normal cells by Northern blot hybridization analyses.

Whole-cell extracts were also examined for alterations in MMR pro
tein expression (Fig. 3). As a positive control for cell cycle synchroni
zation, we examined the levels of topoisomerase Ila, a protein expressed
only during S and G2 phases of the cell cycle and which is required for
DNA replication and chromosome disjunction at mitosis due to its ability
to alter DNA supercoiling (28). Topoisomerase Ha protein levels began
to rise in S phase at 25 h as expected (28). hMSH2 protein remained at
constant, high levels throughout the experiment. hMLHI protein levels
were also high and expressed in all phases of the cell cycle, but there
appearedtobeamodestincreaseinlateG1 andinSphase;hMLH1
protein levels increased 43 Â±4% at 15 h, 63 Â±2% at 20 h, and 37 Â±1%
at 25 h. hPMS2 was expressed at very low levels, consistent with the low
level of hPMS2 mRNA. It also increased late G@and in S phase; hPMS2
protein levels rose 33 Â±14% at 15 h, 54 Â±9% at 20 h, 66 Â±8% at 25 h,
and 29 Â±0% at 31 h. The levels of a-tubulin served as a gel loading
control. These data strongly suggest that hMSH2, hMLH1, and hPMS2
are not strongly cell cycle regulated.

MMRFunctionsasaMutation-AvoidanceSystem.Mismatches
can arise in DNA by DNA polymerase replication errors, as well as
through direct physical damage to nucleotides (29). Our data using
synchronized, normal IMR-90 fibroblasts indicate that the levels of
MMR proteins remained relatively constant throughout the cell cycle.
We conclude that, in general, MMR proteins have an important,
constitutive role in protecting the cell from the effects of replication
misincorporation and perhaps DNA damage. We are currently exam
ining the cell cycle regulation of these MMR proteins in various colon
carcinoma and other tumor cells to investigate whether MMR tran
script and protein expression is dysregulated in neoplastic or preneo
plastic cells compared to normal cells.
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Fig. 3. Western analyses of IMR-9O whole-cell extracts after release into medium
containing high serum. Shown are topoisomerase Ila (170 kDa), hMSH2 (100 kDa),
hMLHI (83 kDa), hPMS2 (115 kDa), and a-tubulin (55 kDa). The arrow denotes the
hPMS2proteinband.
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