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Abstract

Purpose 1In the treatment of head and neck malignancy,
cisplatin and 5-FU have been used the most as chemothera-
peutic agents. The difference in efficacies of these is unclear
and controversial. To investigate more effective schedule,
we analyzed the cytotoxicity in different treatment
sequence with two agents in vitro and the mechanism for
different effectiveness.

Methods UM-SCC-23 and UM-SCC-81B, head and neck
squamous cell carcinoma cell lines, were analyzed for cel-
lular killing in alternative sequence treatment with cisplatin
and 5-FU. The treatment schedule was designed based on
the clinical regimen. To determine the mechanism for the
difference of cytotoxicity with each schedule, cell cycle dis-
tributions of both cells after 5-FU treatment with various
durations were analyzed by flow-cytometry and immuno-
staining with anti-PCNA and anti-BrdU.
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Results  5-FU pretreatment followed by cisplatin treat-
ment showed higher cell killing in both types of cells than
the reverse treatment schedule. In the cell cycle analysis
and immunostaining after the treatment of 5-FU, the rate of
PCNA-positive cells was increased from 24 to 144 h in
both cells. The rate of BrdU-positive cells of UM-SCC-81B
in flow-cytometry was also increased, while that of UM-
SCC-23 was gradually decreased. These data suggested that
the cells treated with 5-FU for more than 144 h were still in
the S-phase with or without DNA synthesis.

Conclusions In head and neck carcinoma cells, we
showed 5-FU pretreatment enhanced cisplatin cytotoxicity.
The result of cell cycle analysis and immunostaining
showed S-phase arrest by treatment of prolonged 5-FU
treatment. The very long arrest in S-phase might be a mech-
anism to enhance cisplatin cytotoxicity by 5-FU pretreat-
ment. We thus suggest pretreatment with 5-FU to enhance
the effectiveness of cisplatin-based chemotherapy.

Keywords HNSCC - Chemotherapy - Cisplatin -
5-FU - Cell cycle

Introduction

Cisplatin and 5-fluorouracil (5-FU) have been widely used
in the treatment of human cancer. In combination with vari-
ous other chemotherapeutic agents, 5-FU also improves
response rates and survival in breast, colorectal and head
and neck cancers [1]. In head and neck cancer chemother-
apy, mainly regimens with a combination of 5-FU and plat-
inum agent have been used [2]. Recently, the efficacy of a
new chemotherapeutic regimen, which adds docetaxel to
the combination of cisplatin and 5-FU, is under clinical
study [3].
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5-FU is an analogue of uracil and rapidly enters in to
cells using the same facilitated transport mechanism as ura-
cil. Then, it is converted intracellularly to several active
metabolites. A major mechanism of 5-FU cytotoxicity is
thought to be the inhibition of thymidylate synthase (TS) by
FdUMP, although the exact molecular mechanisms of TS
inhibition are still unclear. Inhibition of TS causes deple-
tion of dTMP resulting in subsequent depletion of dTTP,
which induces perturbations in the levels of the other deox-
ynucleotide levels (dATP, dGTP and dCTP) through vari-
ous feedback mechanisms. Deoxynucleotide pool
imbalances (in particular, the dATP/dTTP ratio) might also
inhibit DNA synthesis and repair [1, 4].

The cellular target of cisplatin is generally acknowl-
edged to be DNA. Once cisplatin is transported into cells, it
binds to DNA, inducing various types of inter- and intra-
strand cross-links. Cisplatin-damaged DNA causes cell-
cycle perturbation such as arrest in the G2-phase and in the
absence of adequate repair, the cells eventually undergo an
abortive attempt at mitosis that results in cell death via an
apoptotic mechanism [5].

In previous studies, the cytotoxicity and efficacy of the
chemotherapeutic regimen with a combination of cisplatin
and 5-FU were reported using experimental and clinical
approaches. Although, a few analyses of the treatment
sequence of these two agents were reported, they were lim-
ited to shorter durations of 5-FU and cisplatin treatment, or
to treatment only with cisplatin-resistant cells [6—10].

To find a more effective treatment sequence of the two
agents, we designed an alternative model of 5-FU and cis-
platin for the treatment of head and neck squamous cell car-
cinoma (HNSCC) cells in vitro, based on a clinical
treatment regimen for HNSCC. As a result, we found
higher cytotoxicity in a schedule in which 5-FU was first
given, followed by cisplatin, rather than the reverse. We
also performed cell cycle analysis after exposure to 5-FU
for various durations and showed S-phase accumulation of
these cells. These results suggested that 5-FU pretreatment
enhanced the cytotoxicity of the subsequent cisplatin treat-
ment.

Fig. 1 Sensitivities of HNSCC

Materials and methods
Cells and cell culture

The UM-SCC-23 and UM-SCC-81B cells (HNSCC cell
lines) were kindly donated by Dr. Thomas E. Carey, Labo-
ratory of Head and Neck Cancer Biology at the University
of Michigan. This cell line was maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, MO, USA)
supplemented with 10% fetal bovine serum (FBS; Invitro-
gen, CA, USA) in a humidified atmosphere of 5% CO, at
37°C.

Colony formation assay

The appropriate amount of cells were inoculated in a 6 cm
dish, treated with each concentration of cisplatin for 24 h or
5-FU for 6 days, then incubated for approximately 7-
14 days and stained with crystal violet. Colonies containing
more than 50 cells were scored. On the basis of these
results, we then determined the dose of each drug in the fol-
lowing experiments. UM-SCC-23 and UM-SCC-81B cells
were treated according to the following two schedules
(Fig. 1). Schedule A: 5.0 x 10*-1.0 x 10° cells were inoc-
ulated in 10 cm dishes and next day 5-FU was added and
cultured. On day 3, the culture medium was changed to a
fresh one with 5-FU. After 6 days of culture, the cells were
washed twice with PBS and then 2.0 x 10>-1.0 x 10° cells
were placed in 6 cm dishes. After incubation overnight,
cells were incubated with cisplatin for 24 h. Schedule B:
1.0 x 10*-1.0 x 10° cells were inoculated into 6 cm dishes
and incubated overnight, cisplatin was added for 24 h, and
then cells were washed twice with PBS and cultured again
with 5-FU for another 6 days. The culture medium with
5-FU was refreshed on day 4. When further culture was
required, medium was changed to a fresh one without
agents, after washing twice with PBS and incubation was
continued. The colony was stained and scored as described
above. In addition, to distinguish the two schedules, control
schedule was the same but without cisplatin.

cells UM-SCC-23 and A
UM-SCC-81B to 5-FU or
cisplatin. Both cell lines were 0.1

B 1.\\
0.1

treated with increasing
concentrations of a 5-FU for
144 h and b cisplatin for 24 h. 0.01

Cytotoxicity analysis was
performed by colony formation

-o0-UM-SCC-23

| —o-UM-SCC-23

assay. Each data point is the 0.001 | —-e-UM-SCC-81B 0.001 —o-UM-SCC-81B

mean of three independent

experiments. Vertical bars 0.0001 0.0001

standard deviations 0 0.5 1 15 2 0 0.5 1 1.5 2

5-FU (ug/ml)
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Cell cycle analysis using flow cytometry

Cell cycle distribution of both cells after 5-FU or cisplatin
treatment was determined by two-parameter flow cytomet-
rical analysis: PI (DNA content) and BrdU uptake [11].
After 5-FU or cisplatin treatment for various durations,
cells were labeled with 20 uM BrdU for 30 min and har-
vested. Then, following the manufacturer’s protocol, nuclei
were isolated and treated with 2 N HCI. Nuclei in 50 pl of
PBS-TB (10% PBS containing Tween 20 and BSA) were
treated with anti-BrdU antibody (Becton Dickinson, San
Jose, CA, USA) followed by Alexa fluor 488 goat anti-
mouse antibody (Molecular Probes, Eugene, OR, USA).
Nuclei were counterstained with 50 pg/ml PI, filtered
through Cell-Strainer (Becton Dickinson) and then ana-
lyzed with a FACScan cytometer (Becton Dickinson) using
Cell Quest software.

Detection of PCNA and BrdU incorporation
by immunofluorescence microscopy

Approximately 1.0 x 10° cells were grown on coverslips in
6 cm dishes. Cells were incubated with 5-FU for 24-144 h.
At the indicated time, BrdU was added in culture medium
to a final concentration of 20 pM and incubated for 30 min.
After treatment, the slides were fixed with 2% paraformal-
dehyde and washed twice with PBS. Slides were incubated
with 100% methanol at —20°C for 5 min, and washed twice
with PBS. For anti-BrdU antibody staining, the slides were
incubated with 4 N HCI at room temperature for 30 min.
After washing twice with PBS, the slides were incubated
with anti-BrdU or anti-PCNA antibody (Becton Dickinson)
and then secondary antibody. More than 1,000 cells were
scored for positive and negative nuclei. For each incubation
time, percentages of positive cells were determined.

Statistical analysis

Statistical analysis was performed using the JMP software
(version 6.0, SAS Institute Inc., NC, USA). The differences
were considered statistically significant when the p < 0.05.

Results
Cytotoxicity of cisplatin or 5-FU

The respective sensitivities of the UM-SCC-23 and UM-
SCC-81B cells to cisplatin and 5-FU toxicity were deter-
mined by colony formation assay (Fig. 1). With 24 h cis-
platin treatment, UM-SCC-23 cells were approximately
twofold more sensitive than UM-SCC-81B cells. In con-
trast, UM-SCC-81B cells were approximately twofold

more sensitive than UM-SCC-23 cells to the 6 days treat-
ment with 5-FU (Fig. 2).

Cytotoxicity of cisplatin and 5-FU with alternate treatment
schedule

The respective cellular sensitivities of UM-SCC-23 cells
and UM-SCC-81B cells to combination treatment with
cisplatin and 5-FU according to the alternative schedule
are shown in Fig. 3. Treatment doses were determined by
the sensitivity of both cells to cisplatin and 5-FU (Fig. 1).
We used doses of cisplatin, which give a survival rate of
0.1, namely 1.0 pg/ml for UM-SCC-23 cells and 2.0 pg/
ml for UM-SCC-81B cells. A dose of 5-FU ranged from
0.2 to 1.0 pg/ml for UM-SCC-23 cells, and from 0.1 to
0.4 pg/ml for UM-SCC-81B cells. The treatment sched-
ule with combined cisplatin and 5-FU was designed with
reference to the protocol for clinical treatment of head
and neck cancer. Schedule A with 5-FU treatment fol-
lowed by cisplatin, showed significant higher cell killing
of both cells than schedule B with the reverse treatment
(UM-SCC-23, p=0.0013; UM-SCC-81B, p <0.0001),
and the difference in cytotoxicity between these two
schedules increased in proportion to the 5-FU concentra-
tion. The cytotoxic effects of control experiments with
5-FU alone, showed no difference in both schedules for
both cells.

Cell cycle distribution after treatment by 5-FU or cisplatin

To ascertain the mechanism of sensitization to cisplatin
by 5-FU pretreatment, we analyzed the cell cycle distribu-
tion after 5-FU or cisplatin treatment of both cells. The
concentration of 5-FU was fixed at 1.0 pg/ml for UM-
SCC-23 cells and 0.4 pg/ml for UM-SCC-81B cells. For
cisplatin, it was 1.0 pg/ml for UM-SCC-23 cells and

Schedule A

Cisplatin

5-FU for 144h h for 24 h

|
T
5-FU replaced

Cultured in 10-cm dishes Transferred to 6-cm dishes

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Schedule B

Cisplatin
for24 h

5-FU for 144h h
i
5-FU replaced

Cultured in 6-cm dishes

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Fig. 2 Schedules for 5-FU and cisplatin treatment in this study. Alter-
native 5-FU and cisplatin treatment schedule models (Schedule A and
B) were modifications of clinical treatment schedules
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Fig. 3 Sensitivities of HNSCC Al
cells to alternative schedules

of 5-FU and cisplatin treatment.

a UM-SCC-23 cells and b 0.1
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—o— Schedule A (without cisplatin)
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-0 Schedule A
-0—- Schedule A (without cisplatin)
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2.0 pg/ml for UM-SCC-81B cells. These doses exhibited
the largest difference in cytotoxicity between A and B
treatment schedules. At the indicated time, BrdU was
incorporated and analyzed by flow cytometry (Fig. 4).
After treatment with 5-FU, S-phase cells of UM-SCC-23

-0 Schedule B (without cisplatin)

were increased and the rate of S-phase peak was more
than 80% at 24 h and then it gradually decreased till 144 h
UM-SCC-23. In the dot-plot profiles of flow cytometry
analysis of UM-SCC-23 cells, 2-10% of cells were dis-
tributed between 2N and 4N of DNA content at 72 and

Fig. 4 Cellcycle distribution of _ SCC-81B
HNSCC cells after 5-FU treat- A SCC-23 B
control 5-FU control 5-FU

ment for various durations. The
a UM-SCC-23 cells and b
UM-SCC-81B cells were

analyzed using a flow cytometer | .
after 12-144 h 5-FU treatment 19h '™
24h |
agh '
72h 4.LL
144h
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Table 1 S-phase distribution in HNSCC cells after 5-FU treatment for various durations

Duration S-phase accumulation (%)
of treatment
(h) 5-FU Control

Early Middle Late Total Others” Early Middle Late Total
UM-SCC-23
12 29.63 £3.53 20.81 £1.07 18.56+3.85 67.82+0.99 - 29.44 £538 17.29£7.14 13.19+0.09 58.80+ 11.46
24 37.89 £11.22 3501 £591 1576 £5.67 87.05+0.28 - 2270 £5.12 2124 £1.27 21.73+£253 64.19 £0.56
48 35.76 £0.39 22854256 1457+0.71 73.17+5.11 - 2490 £1.97 18.62£1.73 1554 +093 58.58 +1.27
72 26.00 £0.53 2339+2.14 17.80+0.62 66.75+1.68 2.39+0.35 23.21+3.07 19.59£2.58 1434+ 141 56.40=£0.82
144 1582 £7.13 1882+0.72 9.89+261 44.09+9.78 926+5.76 1946+ 1.13 13.86 £3.30 11.72 £ 1.46 4431 £3.52
UM-SCC-81B
12 2395 £3.13 1923+ 156 17.43+3.44 59.63 £ 0.59 18.74 £4.47 1784 £048 1653 +4.13 53.69 + 0.48
24 2235+£197 21.48+393 20.29+390 63.79 +2.81 1841 £1.38 17.00£0.66 17324530 52.27+5.84
48 3148 £11.08 2695+ 1.00 15.21+4.60 73.01+3.61 19.03 £ 1.74 1886 £4.72 1624 +£2.14 53.40+4091
72 3454 £238 2685+530 1478342 76.43 £7.98 1798 £1.87 16.84 £0.28 16.09 £2.57 56.60 & 4.41
144 26.51 £2.62 28.79+549 1748+261 73.14+1.03 19.50 £ 0.06 16.16 £4.02 12.60 +4.13 48.22 +0.86

The UM-SCC-23 cells (A) and UM-SCC-81B cells (B) were analyzed by two parameters BrdU uptake and DNA content, and BrdU-positive cells

were divided into early-, middle-, and late-S-phases by DNA content

* Cells distributed between 2 and 4N of DNA content but BrdU-negative

144 h, respectively, but negative for BrdU staining
(Table 1). Also, S-phase cells of UM-SCC-81B were
increased gradually from 24 to 72 h and the highest rate of
S-phase peak was approximately 80%. It decreased at
144 h to the same rate of 48 h (Table 1). This suggests
that the cell cycle progression after prolonged treatment
with 5-FU may be delayed at S-phase due to difficulty of
DNA synthesis.

After cisplatin treatment for 24 h, UM-SCC-23 cells
accumulated to G1- and early S-phase cells (Table 2),
while UM-SCC-81B cells accumulated to early or mid-
dle S-phase (Table 2). Furthermore, after cisplatin treat-
ment even for 48 h, cell-cycle distributions were similar
to those after 24 h treatment in both cells. These results
suggest that DNA damage of cisplatin induced G1- or
early/middle S-phase. It is estimated that progression of

Fig. 5 Cell cycle distribution of A
HNSCC cells after cisplatin
treatment for 24 and 48 h. control

SCC-23

DNA synthesis is inhibited while cells are repairing
DNA damage.

Expression of PCNA protein and BrdU uptake
after 5-FU treatment

To characterize the cells with DNA content between 2 and
4 N at 144 h after 5-FU treatment, we performed immuno-
staining with anti-PCNA-antibody and anti-BrdU-antibody
after treatment with 1.0 pg/ml 5-FU for UM-SCC-23 cells
and 0.4 pg/ml 5-FU for UM-SCC-81B cells, followed by
BrdU incorporation. The ratio of positive cells at each time
of 5-FU treatment was shown in Fig. 6. The frequencies of
BrdU-positive cells were consistent with those in flow
cytometry. However, the PCNA-positive cells still main-
tained high number after 72 h till 144 h in UM-SCC-23

B SCC-81B

cisplatin control cisplatin

a UM-SCC-23 cells and By d
b UM-SCC-81B cells were ]

analyzed using a flow cytometer
after 24 or 48 h cisplatin
treatment

24h

24h

W e

agh '
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Table 2 S-phase distribution of HNSCC cells after cisplatin treatment for 24 h or 48 h

Duration of S-phase accumulation (%)

treatment (h)

Cisplatin Control

Early Middle Late Total Early Middle Late Total
UM-SCC-23
24 4370 £2.33 1573 +£297 10024+ 0.81 6942 +445 22704512 21.24+1.27 21.73+2.53 64.19+0.56
48 3751 £092 10.99 +0.89 534+£0.70 5279+£390 2490+1.97 18.62+1.73 1554+093 58.58+1.27
UM-SCC-81B
24 42.62 +3.55 32.69 £ 2.06 9.65+0.69 84.71 £0.68 18.41 +1.38 17.00£0.66 17.32+530 52.27+5.84
48 47.60 £0.69 23.54+038 11.84+0.57 79.06£0.26 19.03+1.74 18.86+4.72 1624 +2.14 53.40+491

The UM-SCC-23 cells (A) and UM-SCC-81B cells (B) were analyzed by two parameters BrdU uptake and DNA content, and BrdU-positive cells

were divided into early-, middle-, and late-S-phases by DNA content

Fig. 6 Immunocytochemistry A
with anti-BrdU or anti-PCNA
antibody of HNSCC cells after
5-FU treatment. a The
UM-SCC-23 and UM-SCC-81B
cells were immunostained with
anti-BrdU or anti-PCNA
antibody after 5-FU treatment.
Durations of 5-FU treatment
were 72 and 144 h, respectively.
More than 1,000 cells were
scored, and the positive rate was
determined in b UM-SCC-23
and ¢ UM-SCC-81B

control

72h

144h

SCC-23

SCC-81B

B 100
80
60
<
T 40 40
UM-SCC-23 UM-SCC-81B
20 —O- BrdU 20 -O- BrdU
- PCNA - PCNA
0 0
control 72 hr 144hr control 72 hr 144 hr
cells. Also, in UM-SCC-81B cells, the frequency of both  Discussion
BrdU- and PCNA- positive cells after 72 and 144 h
remained at high rate. This result showed that the frequency =~ Although the chemotherapeutic regimen combining

of the cells in S-phase increased depending on the duration
of 5-FU treatment, although some of them might be in
S-phase without DNA synthesis because of too long arrest.
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sequence and route of treatment [2]. For an effective treat-
ment method, we have investigated the sequence in treat-
ment with the two agents and analyzed their cytotoxicity
using alternative treatment schedules.

In previous studies, the treatment sequence with 5-FU
pretreatment before cisplatin showed an increased cytotox-
ity to human cancer cells in vitro. However, these studies
were limited to shorter duration of 5-FU and cisplatin treat-
ment and involved only cisplatin-resistant cell lines.
Another study analyzed the effective point of cisplatin
administration during 5-FU treatment, but did not compare
the effects of sequential treatment with the two agents [6, 7,
9, 10]. Furthermore, one of these studies with cisplatin-
resistant cells concluded that since the intracellular gluta-
thione level was reduced by 5-FU treatment, the repair of
the platinum-DNA adduct by the following cisplatin treat-
ment was inhibited [6]. Another report indicated that the
cellular glutathione level was not decreased after 5-FU
treatment [10]. Therefore, the mechanism of increased cis-
platin sensitization by 5-FU pretreatment is still unclear. In
the present study, we analyzed the cell cycle distribution
after treatment of two squamous cell cartinoma cell lines
with 5-FU. These results suggest that some cells in S-phase
were without DNA synthesis after prolonged 5-FU treat-
ment (Table 1). To confirm this hypothesis, we performed
immunostaining with anti-PCNA antibody and anti-BrdU
antibody. The BrdU and PCNA positive rates of 72 h
treated cells were increased compared to control cells with-
out treatment. After 144 h treatment, the BrdU-positive rate
was decreased, but the PCNA positive rate was still
increased in UM-SCC-23 cells (Fig. 6b). In UM-SCC-81B
cells, both of BrdU- and PCNA-positive rates were
increased after 72 and 144 h treatment (Fig. 6¢). This result
showed that the BrdU uptake of the cells, which were
treated with 5-FU for 144 h in UM-SCC-23 cells, was
decreased; yet, these cells were still in the DNA synthesis-
phase. Besides, in UM-SCC-81B, the cells were accumu-
lated in the DNA synthesis phase after 144 h treatment of
5-FU. Previous studies had reported that the cancer cells
were accumulated in S-phase or made S-phase progression
slowly after 5-FU treatment [12—15]. Thymidylate synthase
(TS) inhibition reportedly depleted dTTP, thereby causing a
dNTP imbalance [4, 16, 17], a major cytotoxic effect of 5-
FU. After 5-FU treatment cells accumulate in S-phase and
progresses slowly because of the dNTP imbalance. This
mechanism has similarities with the results of the present
study. In the dNTP imbalance following 5-FU treatment,
DNA synthesis and also repair of platinum-DNA adduct by
cisplatin might be severely affected. Thus, it was hypothe-
sized that 5-FU treated cells which progress to the S-phase
with marked dNTP imbalances would be less capable of
repairing DNA damage [4]. Besides, the cell cycle analysis
after cisplatin treatment, G1- or early and middle S-phase

arrest resulted (Table 2). We considered that this G1 or
early/middle S-phase arrest was caused by stopping the
progress of DNA synthesis to repair cisplatin-induced DNA
damage. When the dNTP imbalance was caused by 5-FU
treatment after cisplatin pretreatment, the synergistic effect
of 5-FU might be low at the status of inhibited DNA syn-
thesis. Moreover, since at that time the DNA repair of cis-
platin-induced DNA damage might have almost completed,
the 5-FU-induced dNTP imbalance might be too late to
inhibit the repair of it.

We concluded that this is one of the mechanisms by
which prior 5-FU treatment followed by cisplatin demon-
strates a higher cytotoxicity than the reverse sequential
treatment. These results indicate that prior 5-FU treatment
must well clinically enhance the subsequent cisplatin treat-
ment, underscoring the more effective treatment sequence
of 5-FU and cisplatin-based chemotherapy.
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