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DNA damage signaling in response to S-fluorouracil
in three colorectal cancer cell lines with different
mismatch repair and TP53 status
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Abstract. We studied patterns of DNA damage signaling and
cell cycle response to clinically-relevant (bolus) and high doses
of 5-fluorouracil (5-FU) in three colorectal cancer cell lines
with differing MMR and TP53 status in an attempt to better
understand how 5-FU exerts its cytotoxicity. The ATM/CHEK?2/
CHEKI signaling pathway was not activated in response to
bolus 5-FU in the MMR-deficient cell lines HCT116 (TP53-
proficient or TP53-depleted) and HCT15 (TP53-deficient),
consistent with negligible/reparable DNA damage and no cell
death. The pattern of DNA damage checkpoint activation in
bolus 5-FU-treated HT29 (TP53-deficient/MMR-proficient)
cultures suggested SSB formation (CHEK1 activation) followed
by DSB formation (CHEK2 activation and increased phospho-
H2AX levels), but no cell death suggested that DNA repair
capacity was not overwhelmed. High-dose 5-FU treatment led
to activation of ATM/CHEK2/TP53 (not CHEK1) in TP53-
proficient and TP53-depleted HCT116 (later CHEK?2 activation
relative to TP53-proficient) cultures; HCT15 cultures had ATM
activation only. These data and increased phospho-H2AX levels
indicated DSB formation; apoptosis was induced in both cell
lines indicating irreparable DNA damage. TP53-depleted
HCT116 cultures also had DSBs after high-dose 5-FU treatment
but experienced a (transient) G,/S cell cycle arrest that protected
them from apoptosis. TP53 phosphorylation at Ser20/33/37
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was seen in TP53-proficient HCT116 cultures regardless of
5-FU concentration at =4 h following treatment, indicating
TP53 stabilization/transcriptional activation. Overall, activation
of ATM, CHEKI1 and/or CHEK?2 and phospho-H2AX levels
reflected the nature of 5-FU-induced DNA damage and indi-
cated when DNA damage was significant (5-FU-dose-dependent).
DNA repair and cell cycle responses to 5-FU-induced DNA
damage were distinctly affected by MMR and TP53 (role in
BER/NER) functionalities, but MMR deficiency especially
seemed to confer less overall sensitivity to 5-FU.

Introduction

The nucleoside analogue 5-fluorouracil (5-FU) remains the
gold standard as first-line treatment for colorectal, breast and
other cancer types (1). The mechanisms of 5-FU cellular toxicity
remain poorly understood despite a relatively good under-
standing of the enzymatic conversion and metabolic fates of
5-FU in vivo (2). The mechanism of 5-FU action involves the
inhibition of thymidylate synthase (TS) by fluorodeoxyuridine
monophosphate (FAUMP), a metabolic derivative of 5-FU. TS
inhibition results in the depletion of intracellular pools of
deoxythmidine mono- and triphosphate ({TMP and dTTP)
and increases in the relative levels of the normal precursor
dUMP and its anabolic derivative, dUTP (1). These nucleotide
pool perturbations may result in replication fork stalling and
increased misincorporation of dUTP rather than dTTP.
FdUMP is also converted into fluorodeoxyuridine triphosphate
(FAUTP) which itself is a substrate for DNA polymerases and
readily misincorporated into DNA (2).

Increased understanding of the precise nature of the DNA
damage induced by 5-FU and the cellular responses to this
damage may contribute to a better understanding of 5-FU
cytotoxicity. This would be useful for optimization of its clinical
effect, since only a small percentage of tumors respond to
5-FU (1). 5-FU-induced DNA damage may arise via the
collapse of stalled replication forks leading to single-strand
breaks (SSBs) and/or double-strand breaks (DSBs) or other
abnormal structures. Excision of misincorporated (potentially
mutagenic and miscoding) FAUTP or dUTP from DNA by base
excision repair (BER) and possibly mismatch repair (MMR)
may also create DSBs if multiple, closely spaced lesions are
processed simultaneously (3,4). Additional misincorporation of
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FAUTP or dUTP under conditions of dTTP pool depletion
will result in multiple and futile repair cycles and can
contribute to a compromise of DNA repair.

DNA damage activates DNA damage checkpoint pathways
(5,6), one mediated by ATM through CHEK?2 in response to
DSBs (7,8) and the other mediated by ATR through CHEK1
in response to bulky DNA lesions and replication fork collapse
during S phase (9) as well as SSBs (6,10). The MRN complex
(comprised of MREI11, RAD50 and NBSI subunits) recognizes
DSBs and this transient interaction is sufficient enough to
recruit ATM (5). ATM, ATR or DNA-PK can activate the
effector protein TP53 which plays a major role in DNA damage
response (6,11,12). Phosphorylation of serine residues 15, 20,
37 and Thrl8 stabilizes TP53 by disrupting the interaction
between TP53 and MDM2 (13,14). ATM mainly phospho-
rylates the Serl5 residue in response to ionizing radiation or
chemotherapeutic agents (15,16) whereas ATR phosphorylates
both Serl5 and Ser37 residues when cells are treated with UV
and inhibitors of synthesis (17,18).

We investigated patterns of DNA damage signaling and
cell cycle effects in response to clinically-relevant bolus and
high-dose 5-FU treatments in three human colorectal cancer
cell lines with differing mismatch repair (MMR) and TP53
status. MMR deficiency can compromise the cellular response
to 5-FU and other chemotherapeutic agents (19) as shown in a
previous study (19), whereas restoration of the MMR gene
hMLHI in the MMR-deficient HCT116 colon cancer cell
line restored 5-FU sensitivity (20). DNA damage checkpoint
activation and cell cycle progression patterns were specifically
studied in MMR-deficient/TP53-proficient, MMR-deficient/
TP53-deficient and MMR-proficient/TP53-deficient cell lines
(HCT116, HCT15 and HT29, respectively). Our data provide
new insights into the nature of DNA damage induced by 5-FU
and may contribute to a better understanding of 5-FU
cytotoxicity.

Materials and methods

Cell lines, culture conditions and transfection with siRNAs.
The following human colorectal cancer cell lines were used:
human colon cancer cell line HCT116 [wild-type TP53 gene;
MMR-deficient due to lack of the AMLHI (20-22) and hMSH3
(23) genes, American Type Culture Collection No. CCL-247];
the colorectal cancer cell line HT29 [mutated 7P53 gene at
codon 273 (24); MMR-proficient (25), American Type Culture
Collection No. HTB-38]; and the human colon cancer cell line
HCT15 [mutated TP53 gene; mutated CHEK2 gene; MMR
deficient due to lack of FMSH6 gene (21,26-28), American Type
Culture Collection No. CCL-225]. All cell lines were cultured
in RPMI media supplemented with 10% heat-inactivated fetal
bovine serum, 2 mM L-glutamine and 0.05 mg/ml Gentamicine
in a humidified incubator at 37°C with 95% O, and 5% CO,.
Transfections of the HCT116 cell line with specific sSiRNAs
against TP53 (Dharmacon Inc., Lafayette, CO) and control
siRNAs were performed as described previously (29). The
human colon cancer cell line HCT116 was transfected with
30 nM siTP53, a siRNA specific for TP53 (Dharmacon Inc.)
using Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany).
Control cultures were transfected with a non-specific siRNA,
30 nM siControl (Dharmacon Inc.). After transfection at 37°C
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for 1 h, the media were aspirated off and RPMI media supple-
mented with 2 mM L-glutamine, 0.05 mg/ml Gentamicine
and 20% heat-inactivated fetal bovine serum was added. To
assess transfection efficiencies, cells were co-transfected with
a fluorescein isothiocyanate (FITC)-labeled Block-it oligo
(Invitrogen, Karlsruhe, Germany); as in our previous study
(29), transfection efficiencies were circa 50%.

Drug treatment and viability assays. 5-FU (Calbiochem, Merck
Chemicals, Nottingham, UK) was prepared as a 10 mM stock
solution in distilled H,O. The stock solution was diluted in
RPMI media to 500 uM before use in the experiments. A
single 5-FU bolus dose (500 pM) was used to treat HCT116,
HCTI15 and HT?29 cultures (30,31). Stepwise dilutions of
medium after 5-FU addition were timed to approximate clinical
clearance kinetics over a 24-h period, i.e., the initial 5-FU
concentration of 500 uM was diluted to 250, 100, 20, 2 and
finally to 0.5 uM (effective dose). This in vitro protocol
provided a drug concentration profile similar to that obtained
in patients after a 600-mg/m? bolus dose of 5-FU (31). HCT116
(TP53-proficient and TP53-depleted) and HCT15 cultures
were also treated with a continuous high-dose of 5-FU
(380 uM) for purposes of comparison. This concentration has
previously been shown to result in alterations in cell cycle
progression and in considerable apoptosis induction (29)
compared to bolus 5-FU treatment. Control cultures received
no treatment of any kind. Cell cultures were harvested by
trypsinization at 0, 0.5, 1, 2, 4, 6, 8, 12, 24 and 48 h (HT29
and HCT15 cultures) after drug addition for further analyses.
Viability and total cell numbers were assessed using standard
trypan blue viability assays. Data presented are the results of
at least two replicate experiments.

Cell cycle analyses. Harvested cells were fixed in 80% methanol
and stored at -20°C until analysis. Methanol-fixed cell suspen-
sions of isolated nuclei were stained with propidium iodide
(PI) using Vindelov's procedure (32). Cell cycle analyses and
doublet discriminations were performed using a FACSCalibur
laser flow cytometer (BD Biosciences, Palo Alto, CA) as
previously described (29). Percentages of cells in the G, S and
G,/M phases of the cell cycle were estimated using WinCycle
software (Phoenix Flow Systems, San Diego, CA).

Western blot analyses. Harvested monolayer cells were pooled
with floating cells and boiled for 5-10 min in standard Laemmli
buffer. Protein concentrations were determined using the
Bradford assay (Bio-Rad Laboratories, Hercules, CA). Protein
(10 or 15 ug) per lane (5 ug of protein molecular weight stan-
dards) were loaded and runon 5, 7.5 or 12% SDS-polyacrylamide
gels. Separated proteins were transferred to PVDF membranes
(Criterion, Bio-Rad Laboratories). Non-specific binding was
blocked using 5% non-fat milk for 1 h at room temperature, and
then the membranes were incubated with the primary mouse
or rabbit antibodies overnight at 4°C. The following primary
antibodies were used: mouse monoclonals TP53 (Ab-2) and
CDKNIA (Calbiochem, Cambridge, MA); rabbit polyclonals
phospho-TP53 (Serl5), phospho-TP53 (Ser33), phospho-TP53
(Ser37), cleaved PARP, CHEK1, phospho-CHEKI1 (Ser317),
phospho-CHEKI1 (Ser345), CHEK?2, phospho-CHEK?2
(Thr68), phospho-CHEK?2 (Thr387), phospho-ATM (Ser1981)
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Figure 1. Total cell counts and mitotic activity in bolus 5-FU-treated HCT116, HCT15 and HT29 cultures. Total cell counts for HCT116 (A), HCT15 (C) and
HT29 (E) cultures were measured using standard trypan blue viability assays. Data (means + SEM) are from two replicate experiments. The Western blots for
phospho-H3 (Serl0) (biomarker of mitotic activity) are shown for bolus 5-FU-treated TP53-depleted (siTP53-transfected) and TP53-proficient (siControl-
transfected) HCT116 cultures (B), bolus 5-FU-treated HCT15 cultures (D) and bolus 5-FU-treated HT29 cultures (F).

(10H11.E12), MREI11 rabbit monoclonal (31H4), NBS1 (p95),
RADS50 (Cell Signaling Technology, Danvers, MA); mouse
monoclonals H2AX (Ser139) and ATM, rabbit polyclonal
phospho-H3 (Serl10) (Upstate, Lake Placid, USA); rabbit
polyclonal phospho-TP53 (Ser20) (R&D Systems, MN, USA);
mouse monoclonal UDG (k1C12) (Santa Cruz Biotechnology,
Santa Cruz, CA). All antibodies were used at working concen-
trations of 1-2 ug/ml. Blots were incubated with biotinylated
goat anti-rabbit IgG or biotinylated horse anti-mouse IgG for
1 h followed by incubation with a streptavidin-biotinylated-
alkaline phosphatase complex for 1 h and colorimetric
development. Protein levels were quantified using UnScanit

gel software version 5.1 for Windows (Silk Scientific Inc.,
Orem, UT). Equal protein loading was confirmed by a mouse
monoclonal actin (C-2) antibody (Santa Cruz Biotechnology).

Statistical analyses. Statistical analyses and plots were gener-
ated using GraphPad Prism 4.0 software (GraphPad Software,
Inc., San Diego, CA).

Results

We assessed cell growth, patterns of DNA damage response and
cell cycle progression in response to bolus and continuous high-
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Figure 2. Total cell counts and mitotic activity in high-dose 5-FU-treated HCT116 and HCT15 cultures. Total cell counts for HCT116 (A) and HCT15 (C)
cultures were measured using standard trypan blue viability assays. Data (means + SEM) are from two replicate experiments. The Western blots for
phospho-H3 (Serl0) are shown for high-dose 5-FU-treated TP53-depleted- and TP53-proficient HCT116 cultures (B) and high-dose 5-FU-treated HCT15

cultures (D).

dose 5-FU in different TP53 and MMR proficiency settings
corresponding to the following cell lines: i) MMR-deficient,
TP53-proficient (HCT116 cell line); ii) MMR-deficient,
TP53-deficient (HCT15 cell line and HCT116 cell line trans-
iently depleted for TP53 via RNA interference); and iii)
MMR-proficient, TP53-deficient (HT29 cell line).

Cell growth after 5-FU treatment (bolus and high-dose).
TP53-proficient and TP53-depleted HCT116 cultures treated
with bolus 5-FU had similar total cell counts and levels of
phospho-H3 (Serl0) (a marker of mitotic activity) prior to
12 h compared to their respective untreated controls (Fig. 1A,
B). By 24 h however, only the drug-treated TP53-proficient
cultures had (moderately) decreased mitotic activity as indi-
cated by reduced phospho-H3 (Serl0) levels (Fig. 1B). Growth
inhibition was evident after 12 h in bolus 5-FU-treated HCT15
cultures (Fig. 1C), consistent with decreased phospho-H3
(Ser10) levels (Fig. 1D); they began to proliferate again between
24 and 48 h but still demonstrated noticeable differences in
growth at 48 h compared to control cultures, consistent with
decreased levels of phospho-H3 (Fig. 1C, D). Growth inhibition
was evident between 4 and 8 h in bolus 5-FU treated HT29

cultures (Fig. 1E) and persisted throughout the experimental
time period; phospho-H3 (Serl0) levels in these cultures were
considerably reduced at 24 and 48 h, indicative of reduced
mitotic activity (Fig. 1F).

TP53-proficient and TP53-depleted HCT116 cultures
treated with a high-dose of 5-FU showed growth inhibi-
tion between 4 and 8 h that persisted at 24 h consistent
with decreasing phospho-H3 (Ser10) levels over the 24-h
period (Fig. 2A, B). TP53-proficient cultures treated with
continuous high-dose 5-FU tended to have stronger growth
inhibition and lower phospho-H3 (Serl0) levels compared to
correspondingly-treated TP53-depleted cultures. In HCT15
cultures exposed to high-dose 5-FU, growth inhibition was
evident at 12 h, consistent with decreased phospho-H3 (Ser10)
levels; this persisted throughout the experimental time course
(Fig. 2C, D).

Patterns of DNA damage response and cell cycle progression
after 5-FU treatment (bolus and high-dose)

HCTI16 cell line (MMR-deficient/TP53-proficient). ATM
(Ser1981), CHEK?2 (Thr68/387) and CHEKI1 (Ser317/345)
were not activated in bolus 5-FU-treated TP53-proficient or
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Figure 3. Activation of DNA damage checkpoint proteins and cell cycle
progression in bolus 5-FU-treated HCT116 cultures. (A) Western blot showing
levels of DNA damage checkpoint activation proteins for untreated and bolus
5-FU-treated TP53-depleted (siTP53-transfected) and TP53-proficient
(siControl-transfected) HCT116 cultures for the indicated times. Actin was
used as a loading control. (B) Cell cycle progression for the same cultures.

TP53-depleted (via RNA interference) HCT116 cultures at
any time-point, and no TP53 activation (at Serl15/20/33/37)
was seen prior to 4 h (data not shown). TP53 activation
(Ser20/33/37) and CDKNI1A induction became evident in
bolus 5-FU-treated TP53-proficient cultures at about 4 h, but
not in TP53-depleted cultures at any time-point (Fig. 3A).
CHEKI1 and CHEK?2 were constitutively expressed in bolus
5-FU-treated TP53-proficient and TP53-depleted cultures.
Phospho-H2AX (Ser139) levels were not altered in response
to bolus 5-FU treatment in TP53-proficient or TP53-depleted
HCT116 cultures at any time-point (Fig. 3A). Constitutive
levels of MREI11, NBS1, RAD50, UDG and cleaved PARP
were not altered at any time-point in bolus 5-FU-treated TP53-
proficient or TP53-depleted HCT116 cultures (data not
shown). There were no significant alterations in cell cycle
progression in bolus 5-FU-treated TP53-depleted cultures
during the 24-h time period relative to bolus 5-FU-treated
TP53-proficient cultures that had slightly larger G, and smaller
G, phase fractions by 24 h (Fig. 3B).
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Figure 4. Activation of DNA damage checkpoint proteins and cell cycle
progression in high-dose 5-FU-treated HCT116 cultures. (A) Western blot
showing levels of DNA damage checkpoint activation proteins for untreated
and high-dose 5-FU-treated TP53-depleted and TP53-proficient HCT116
cultures for the indicated times. Actin was used as a loading control. (B) Cell
cycle progression for the same cultures.

Strong ATM activation in response to continuous high-dose
5-FU treatment was seen in TP53-depleted HCT116 cultures
from 6 h and in TP53-proficient HCT116 cultures from 12 h
(Fig. 4A). CHEK?2 (Thr68) activation was seen in both drug-
treated TP53-proficient and TP53-depleted HCT116 cultures
at 12 h, but was first seen in TP53-proficient cultures at 6 h
(Fig. 4A). CHEK1 activation was not seen at any time-point; the
constitutive levels of CHEK1, CHEK2, NBS1, RAD50, MRE11
and UDG were not altered as a result of high-dose 5-FU in
either TP53-proficient or TP53-depleted HCT116 cultures
relative to respective untreated controls (data not shown).
Phospho-H2AX (Ser139) levels in drug-treated TP53-proficient
and TP53-depleted HCT116 cultures were strongly increased
at 24 h, but the TP53-proficient cultures had larger increases
in the levels of this protein already at 12 h compared to TP53-
depleted cultures (Fig. 4A). TP53 was strongly phosphorylated
at Ser20/33/37 in TP53-proficient HCT116 cultures from 4 h
(Fig. 4A) and CDKNI1A induction was seen between 6 and
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Figure 5. Activation of DNA damage checkpoint proteins and cell cycle
progression in bolus 5-FU-treated HCT15 cultures. (A) Western blot showing
levels of DNA damage checkpoint activation proteins for untreated and bolus
5-FU-treated HCT15 cultures for the indicated times. Actin was used as a
loading control. (B) Cell cycle progression for the same cultures.

24 h (data not shown) but not at earlier time-points. TP53 acti-
vation and CDKNIA induction in drug-treated TP53-depleted
cultures was negligible (the low levels of TP53 and corre-
sponding observed activation in these cultures was due to the
presence of untransfected cells that responded to high-dose
5-FU). The highest levels of cleaved PARP were observed in
drug-treated TP53-proficient HCT116 cultures at 24 h relative
to high-dose 5-FU-treated TP53-depleted HCT116 cultures and
untreated controls (data not shown), consistent with our earlier
findings (29). Different patterns of cell cycle progression were
seen in TP53-proficient and TP53-depleted HCT116 cultures
following 24-h exposure to high-dose 5-FU. TP53-proficient
HCT116 cultures had large S phase arrests at 24 h, whereas
TP53-depleted HCT116 cultures had larger G, fractions and
smaller S phase fractions at 24 h (Fig. 4B) consistent with our
earlier study (29).

HCTI5 cell line (MMR-deficient/TP53-deficient). Activation of
ATM, CHEK?2 or CHEKI in response to bolus 5-FU was not

ADAMSEN et al: DNA DAMAGE RESPONSE TO 5-FLUOROURACIL IN COLORECTAL CANCER CELL LINES

A High-dose 5-FU treated HCT15 cultures

8hr 12hr 24 hr 48hr
SFU S ST S

poghosonserss [N I S S
e -
ol Rod K1 R0 |
Ao misewn N

B High-dose 5-FU treated HCT15 cultures

phospho-TP53 (Ser20)

phospho-TP53 (Ser33)

phospho-TP53 (Ser37)

G
=T
. G/M
r 6hr I[12nr [22ne] [48 ]
110 i
100 !
< |
& g i
S 70 |
w 1
= 60 !
S |
T l
= 2 i
10 i
H
S PSS PSP ,p NI @
P AL ES S EE 0
& e o

Figure 6. Activation of DNA damage checkpoint proteins and cell cycle
progression high-dose 5-FU-treated HCT15 cultures. (A) Western blot
showing levels of DNA damage checkpoint activation proteins for untreated
and high-dose 5-FU-treated HCT15 cultures for the indicated times. Actin was
used as a loading control. (B) Cell cycle progression for the same cultures.

seen (data not shown), and phospho-H2AX (Ser139) levels were
unchanged compared to untreated control levels (Fig. 5SA). No
induction of CDKNIA was detected in HCT15 cultures treated
with bolus 5-FU (data not shown), consistent with the HCT15
cell line having non-functional TP53. TP53 was strongly
phosphorylated at Ser20 and moderately phosphorylated at
Ser33 (but not at Ser37) from 8 h and onward (Fig. 5A) but not
at earlier time-points (data not shown). Larger S phase frac-
tions and smaller G, fractions were seen at 24 h compared to
untreated controls (Fig. 5B) consistent with growth inhibition.
However, by 48 h, the sizes of S phase fractions in treated
cultures were very similar to those seen in untreated control
cultures, G, fractions had increased (Fig. 5B), and total cell
counts had also increased (Fig. 1C), indicating that proliferation
had resumed. Similar cleaved PARP levels in drug-treated and
control cultures indicated negligible cell death (data not shown)
which also suggests that DNA damage was negligible or easily
reparable in these bolus 5-FU-treated cultures.
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Figure 7. Activation of DNA damage checkpoint proteins and cell cycle
progression in bolus 5-FU-treated HT29 cultures. (A) Western blot showing
levels of DNA damage checkpoint activation proteins for untreated and bolus
5-FU-treated HT29 cultures for the indicated times. Actin was used as a
loading control for the indicated times. (B) Cell cycle progression for the same
cultures.

HCT15 cultures treated with a continuous high-dose of
5-FU showed activation of ATM at 24 h but not at other
time-points and no activation of CHEK2 or CHEKI1 (data not
shown). The highest levels of phospho-H2AX (Ser139) were
observed at 48 h (Fig. 6A). TP53 phosphorylation was stron-
gest at Ser20 and was detectable at 8 h (Fig. 6A). CDKNI1A
was not induced at any time-point consistent with this cell
line having non-functional TP53. Cleaved PARP levels were
strongly increased at 48 h, indicative of cell death (data not
shown). A large population of S phase-arrested cells was seen
at 48 h (Fig. 6B), consistent with growth inhibition (Fig. 2C, D).
The sizes of G,/M fractions continued to decrease during the
experimental time period, suggesting that cells in G,/M phase
underwent cell death.

679

HT29 cell line (MMR-proficient/TP53-deficient). The HT29
cell line expresses high levels of (mutated and non-functional)
TP53 and lacks CDKN1A (Fig. 7A). Prior to 6 h, activation
of ATM, CHEK?2 or CHEKI in response to bolus 5-FU was
not seen, and phospho-H2AX (Ser139) levels were unchanged
relative to untreated control levels (data not shown). ATM
activation was first detected at 6 h and was strongest at 48 h
(Fig. 7A), whereas activation of CHEK?2 (Thr68) was first
detected at 24 and 48 h (Fig. 7A). The DNA damage response
to bolus 5-FU in these cultures was thus a late response. Weak
CHEKI activation at Ser317 was seen at 12 and 48 h but was
strongest at 24 h. The highest levels of phospho-H2AX (Ser139)
in drug-treated HT29 cultures were seen at 48 h (Fig. 7A).
CHEKI1 and CHEK?2 expressions were constitutive at all time-
points (data not shown). TP53 phosphorylation at Ser 37 (but not
at Ser15/20/33) was seen at 24 and 48 h. Cleaved PARP levels
in untreated and drug-treated cultures were similar throughout
the experimental time period (Fig. 7A) indicating lack of
apoptosis induction; constitutive levels of MREI11, NBS1, ATM
and RADS50 were also unchanged relative to untreated controls
(data not shown). Dramatic increases in the sizes of S phase
fractions over the course of the experimental time period were
seen in drug-treated cultures relative to untreated controls,
reflecting an S phase cell cycle arrest that persisted at 48 h
(Fig. 7B), consistent with persistent growth inhibition (Fig. 1E, F).
Table I summarizes the data for DNA damage signaling and
cell cycle responses in colorectal cancer cell lines treated with
bolus and/or high-dose 5-FU.

Discussion

DNA damage signaling and cell cycle responses to clinically-
relevant and non-clinically-relevant 5-FU treatment were
investigated in three different MMR/TP53 settings: MMR-
deficient/TP53-proficient (HCT116 cell line); MMR-deficient/
TP53-deficient (HCT15 cell line as well as the HCT116 cell
line transiently depleted for TP53); and MMR-proficient/
TP53-deficient (HT29 cell line). Clinically-relevant bolus
5-FU treatment did not lead to SSB or DSB formation in either
MMR-deficient cell line (regardless of TP53 proficiency)
as indicated by lack of activation of the ATM/CHEK?2/
CHEKI1 signaling pathway at any experimental time-point.
An interesting question is whether MMR-deficient cell lines
are completely lacking MMR activity. A recent report has
shown that loss of htMLHI or hMSH2 leads to complete
loss of MMR activity (33). The HCT15 cell line is AMSH6
deficient, whereas the HCT116 cell line is deficient both for
hMLHI and hMSH3, suggesting that the HCT116 cell line is
completely MMR-deficient compared to HCT15. Thus, MMR
as a repair mechanism for excision of misincorporated FAUTP
or dUTP from DNA was most likely lacking in the HCT116
cell line and compromised but not completely lacking in the
HCT15 cell line. However, both BER and/or NER enzymes
could repair this type of DNA damage; a role for TP53 in
both BER and NER has previously been reported (34-36).
Since the HCT116 cell line is TP53-proficient, it is suggested
that BER and/or NER are functional in this cell line and
could remove misincorporated FAUTP or dUTP from DNA.
BER (and NER) would most likely be compromised in the
TP53-deficient HCT15 and HT29 cell lines and the TP53-
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Table I. DNA damage signaling and cell cycle responses in colorectal cancer cell lines treated with bolus and/or high-dose 5-FU.

Bolus 5-FU High-dose 5-FU
Cellular phenotype HCT116 HCT116
(during 24-48 h*) HCT116° (TP53-depleted) HCT15° HT29° HCT116  (TP53-depleted) = HCTIS5
Complete growth inhibition No No No Yes Yes Yes Yes
(by 24 h) (by 24 h) (by 24 h) (by 24 h)

Cell cycle arrest (% cells + SD) No No S phase S phase S phase G,/S transition S phase

(59+3) (85) (7945) (54+4) (70+4)
ATM phosphorylation (Ser1981) Absent Absent Absent Present Present Present Present
CHEKI1 phosphorylation (Ser317)  Absent Absent Absent Present Absent Absent Absent
CHEK?2 phosphorylation (Thr68) Absent Absent Absent Present Present Present Absent
TP53 phosphorylation (Ser15) Absent Absent ND* Absent Absent Absent ND
TP53 phosphorylation (Ser20) Present Absent Present Absent Present Absent Present
TP53 phosphorylation (Ser33) Present Absent Present Absent Present Absent Present
TP53 phosphorylation (Ser37) Present Absent Absent Present Present Absent Present
TP53 Present Absent ND Absent Present Absent ND
CDKNIA Present Absent Absent Absent Present Absent Absent
H2AX phosphorylation (Ser139)  No change No change No change Increased at Increased at Increased at Increased at

24and48h 12and24h 12and 24 h 24 and 48 h

Apoptosis (increase in cleaved No change No change No change No change 3.7-fold No change 1.7-fold
PARP levels) increase? increase®

*HCT116 cultures, for 24 h; HT29 and HCT15 cultures, for 48 h; all phenotypes relative to untreated controls at same time-points. "[HCT116, TP53-proficient and
MMR-deficient; HCT15, TP53-deficient and MMR-deficient; HT29, TP53-deficient and MMR-proficient. °ND, not determined. ‘Relative increases in cleaved
PARP levels in drug-treated TP53-proficient HCT116 cultures at 24 h compared to untreated controls. ‘Relative increases in cleaved PARP levels in drug-treated

HCT1S5 cultures at 48 h compared to untreated controls.

depleted HCT116 cell line. TP53 was phosphorylated at Ser
20/33/37 at =4 h in bolus-treated TP53-proficient HCT116
cultures, consistent with stabilization of TP53/inhibition of the
TP53-MDM2 complex leading to its transcriptional activation
(37). It is suggested that BER (or NER) is sufficient to deal
with the bolus-5-FU-induced DNA damage (FAUTP/dUTP
misincorporation) in the absence of functional MMR in the
TP53-proficient HCT116 cell line, whereas some amount of
MMR activity is sufficient to deal with bolus-5-FU-induced
DNA damage in the TP53-deficient HCT15 cell line in which
BER and NER activity are likely compromised. If there is
no MMR activity at all in the HCT15 cell line then it is not
clear how it dealt with bolus 5-FU-induced DNA damage in
the present study considering that it is also TP53-deficient.
Our DNA damage response data are consistent with negli-
gible apoptosis in bolus 5-FU-treated HCT116 and HCT15
cultures regardless of MMR or TP53 status, suggesting that
DNA repair capacity was not overwhelmed by high levels
of irreparable damage. An interesting question is how TP53
is activated in the absence of activated CHEK1 or CHEK?2.
Potential activators include BER-associated APEX1 (also
known as REF-1) (38,39), p38 kinase (40), ATR or DNA-PK
(18.,41,42), but this remains unclear since we have not inves-
tigated expression of these proteins. Clinically-relevant
bolus 5-FU treatment led to SSB and DSB formation in the
MMR-proficient/TP53-deficient HT29 cultures as indicated
by activation of ATM, CHEKI1 and subsequently CHEK?2.
This was a late response (=4 h after treatment), suggesting

that MMR activity was initially able to deal with FAUTP
and dUTP misincorporation in a BER/NER-compromised
setting, but that over time MMR was overwhelmed which led
to stalled replication fork collapse and SSBs (that could not be
repaired due to compromised BER) and subsequently DSBs.
This is supported by our data showing that in response to
bolus 5-FU treatment CHEK1 activation was observed from
12 h onward (SSB formation), concomitant with (presumed)
CHEKI1-mediated S phase arrests protective against apop-
tosis (43), whereas CHEK?2 activation, similarly to elevated
phospho-H2AX, appeared at 24 h. Phosphorylation of H2AX
is a marker of DSBs (damage-induced DSBs or DSBs caused
by apoptosis) (44,45). As there was little to no apoptosis in
these cultures at this time-point, the elevated phospho-H2AX
levels reflect 5-FU-induced DSBs and not DSBs resulting
from apoptosis. Negligible apoptosis also indicates that DNA
repair activity was not overwhelmed. Our findings are novel
as they demonstrate that treatment of HT29 cultures with a
clinically-relevant bolus 5-FU dose results in the activation
of different DNA damage checkpoint proteins reflecting the
(sequential) formation of stalled replication forks, SSBs and
DSBs. Our findings also indicate that MMR activity alone
was not sufficient (BER activity was probably necessary) to
deal with SSB damage (resulting from collapse of stalled
replication forks) in the HT29 cell line.

High-dose 5-FU treatment led to the formation of DSBs
in both the TP53-proficient and TP53-depleted HCT116
cultures as indicated by activation of the ATM-CHEK2-TP53
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signaling pathway (strongest activation seen at 12 and 24 h).
CHEKI1 activation was not seen at any time-point. CHEK?2
activation occurred later in TP53-depleted HCT116 cultures
than in TP53-proficient cultures, suggesting that DNA damage
sensing was delayed in the TP53-depleted cultures. TP53 acti-
vation at Ser20/33/37 was seen in drug-treated TP53-proficient
HCT116 cultures, suggesting BER and NER activity. These
cultures (but not the TP53-depleted cultures which arrested
at the G,/S border) arrested in S phase at 24 h and had high
levels of apoptosis and phospho-H2AX, consistent with our
previous study and other studies (29,41,42,46-48). ATM was
activated in response to continuous high-dose 5-FU in HCT15
cultures indicating DSB formation, but CHEK?2 activation at
Thr68 was not observed, consistent with the fact that this cell
line carries the R145W mutation (on one allele of) the CHEK?2
gene (26), resulting in a destabilized CHEK?2 protein that
cannot be phosphorylated by ATM at Thr68 (49). CHEK1 was
not activated in response to either low or high doses of 5-FU,
suggesting that SSBs were not formed in this cell line. An
S phase arrest concomitant with increased levels of phospho-
H2AX and high levels of (TP53-independent) apoptosis was
seen in these cultures at 48 h, indicative of a high number of
DSBs that overwhelmed DNA repair capacity.

Overall, patterns of DNA damage signaling, i.e., activation
of ATM, CHEK1 and/or CHEK?2 reflected the formation of
SSBs and/or DSBs in response to 5-FU and indicated when
DNA damage had become significant (5-FU-dose-dependent).
TP53 stabilization indicated its transcriptional activation and
potential association with BER (and/or NER) repair pathways.
Cellular responses to 5-FU-induced DNA damage were affected
by both MMR and TP53 status, but MMR deficiency especially
seemed to confer less sensitivity to 5-FU. Decreased cytotoxicity
in MMR-deficient cells after various drug treatments is thought
to reflect a tolerance to DNA damage, implying a significant
role for MMR deficiency in the cellular response to 5-FU
(19,20). Identification of the genotypes/phenotypes involved in
MMR-deficiency in colorectal tumors would have important
clinical implications for tumor drug response.
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