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A B S T R A C T

Objectives: Docetaxel has recently taken part in new chemotherapy regimens with promis-

ing activity especially in the first line therapy (induction chemotherapy) of head and neck

cancer (SCCHN). Nevertheless a major problem concerning the response of SCCHN to che-

motherapy is the high percentage of resting cells (G0-phase cells) being resistant to chemo-

therapy. To overcome this phenomenon we have investigated the capacity of several

cytokines to switch on cells into division cycle and progress to the chemosensitive phases

(S, M-phase).

Methods: Il-6, Serotonin, G-CSF and EGF were used to stimulate G0-phase squamous cell

cancer cells (Detroit 562, A431, UM-SCC 10B) for reentry in the cell cycle to enhance the

response to docetaxel. The proportion of G0-phase cells was detected through multicolor

FACS analysis and Ki67 staining.

Results: Cell cycle reentering was most effective after combination treatment with Seroto-

nin + EGF. The proportion of G0 phase cells was significantly reduced after stimulation with

Serotonin + EGF (p < 0.05). Corresponding to cell cycle reentry the cytotoxic effect of docet-

axel was significantly (p < 0.04) enhanced in the prestimulated cells compared to the con-

trol (docetaxel monotreatment).

Conclusions: Our investigations demonstrate for the first time that sensitizing G0 phase

squamous cell carcinoma cells for docetaxel treatment is possible by prestimulation with

target cytokines. Considering that up to 95% of tumor cells are in the resting (G0) phase

of the cell cycle at the initiation of chemotherapy, prestimulation with EGF and serotonin

could contribute to a synchronization of cancer cells. This would clearly enhance the cyto-

toxic effect.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction squamous cell carcinoma following treatment with docetaxel,
Docetaxel has been assigned to the treatment of head and neck

cancer in recent years.1,2 Induction chemotherapy in the treat-

ment of advanced head and neck cancer has been resumed

since taxanes were added to cisplatin-based regimens. Several

studies demonstrated high response rates of head and neck
er Ltd. All rights reserved
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cisplatin and 5-FU even during radiation.3–17 However, despite

complete remission rates after therapy, few patients suffer

from recurrences during a follow up period of 2 years.18

Overexpression of the epidermal growth factor receptor

(EGFR) is associated with poor prognosis.19–22 This may be

due either to the enhancement of cell proliferation or the
.
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activation of resting (G0) cells. We assume that these cells

were less vulnerable to injury by radiation and/or chemo-

therapy. It has recently been demonstrated that unrespon-

siveness of leukemic cells to both chemotherapy and

immunotherapy could be due to residence in resting G0

phase of the cell cycle.23 Recruitment of leukemic cells from

dormant G0 phase into activated phases of the cycle by acti-

vation or induction of proliferation restored their

sensitivity.24

Squamous cell carcinoma cells passing through the cell cy-

cle depend on growth factor receptor signals (i.e. EGFR,

GCSFR, etc.). Among others, IL-6, Serotonin, EGF and GCSF

are proteins able to stimulate cytokine and growth receptors

resulting in cell cycle progression. These proteins have been

demonstrated to activate STAT3 dependent signal transduc-

tion pathways, which provoke enhanced transcription in the

nucleus.25–30 We therefore tested these proteins in vitro for

their potential to recruit G0 cells into activated phases of

the cell cycle in order to restore their vulnerability to chemo-

therapy. The most active combination (IL6 and EGF) was then

used to stimulate squamous cell carcinoma cells before treat-

ment with docetaxel.

2. Methods

2.1. Cell cultures

Three different SCCHN cell lines were used in this investiga-

tion. Detroit 562 (pharyngeal squamous cell carcinoma) and

A431 (vulvar squamous cell carcinoma) were obtained from

ATCC (American Type Culture collection). Thomas Carey, Uni-

versity of Michigan, has kindly provided UM-SCC 10B (laryn-

geal carcinoma). All cell lines were tested for overexpression

of EGFR.

2.2. Fluorescence Activated Cell Sorter (FACS) analysis

A detergent and proteolytic enzyme-based technique was

used for nuclear isolation and DNA content analysis of cells

in different phases of cell cycle. Cells were harvested after

treatment with serotonin, EGF, GM-CSF and IL-6 and pro-

cessed for propidium iodide staining using a Cycle TESTTM

Reagent Kit (Becton Dickinson, San Jose, CA). The cellular

DNA content was analyzed by the Becton-Dickinson

FACScanTM flow cytometer. At least 10,000 cells per sample

were analyzed in the gated regions. The ranges for G0/G1, S,

G2/M, and sub-G1 phase (apoptotic) cells were established

based upon their corresponding DNA contents of the histo-

grams. Results were analyzed and expressed as percentages

of the total gated cells using the Modfit LTTM Software (Becton

Dickinson).

2.3. Western Blot Analysis

Whole cell extracts (50 lg/lane) were electrophoresed through

8% sodium dodecyl sulfate (SDS)–polyacrylamide gel and were

transferred onto a Hybond-C-super nitrocellulose membrane

(Amersham, Buckinghamshire, UK). Prestained molecular

weight markers (Life Technologies, Inc. Gaithersburg, MD)

were included. Membranes were blocked for 30 min in Tris-
buffered saline (TBS, pH 7.5) with 0.5% Tween-20 (TBST) and

5% nonfat dry milk. After blocking, membranes were incu-

bated for 60 min with a Stat-3 and AKT as well as with phos-

phorylation specific p-Stat-3 and p-AKT mouse monoclonal

antibody (Cell Signaling). After incubation with horseradish

peroxidase–conjugated secondary antibody, the membranes

were scored by using the enhanced chemiluminescence

(ECL) detection system (Amersham).

2.4. Ki 67 staining

Cells from each treatment group have been transferred from

culture medium to glass slides and prepared for staining

with Ki-67 monoclonal antibody (1:20 dilution; Dako). The

slides were subsequently incubated with biotinylated goat

antirabbit/antimouse IgG for 20 min (Dako LSAB2 System)

and then with streptavidin horseradish peroxidase for 20

min. For immunostaining, the slides were incubated in

3,30-diaminobenzidine (Dako) solution containing 0.06

mmol/L 3,30-diaminobenzidine and 2 mmol/L hydrogen per-

oxide in 0.05% PBS (pH 7.6) for 5 min. After chromogen

development, the slides were washed, dehydrated with alco-

hol and xylene, and mounted with coverslips with Permount

mounting medium (Proscitech, Kirwan, Australia). Ki 67 neg-

ative cells, which represent the G0 phase cells, were

counted three times on three different vertical lanes of

the glass slide.

2.5. Controls

The control group of each cell line (Detroit 562, A431, UM-SCC

10B) was not treated during the observation period, during

which the cell culture medium (Dulbeccos modified eagle

medium, DMEM + 10% FCS) was changed daily. For estimating

the effect of cytokine stimulation the prestimulated docetaxel

group was compared with the docetaxel monotreatment

group after stimulation (serotonin + EGF).

3. Results

3.1. Stimulation of SCCHN cells with cytokines

Detroit 562 cells were incubated with combinations of IL-6,

Serotonin, EGF and GCSF (2 cytokines per group). As

displayed in Fig. 1, the combination of 1lg/ll EGF and 1

mM/ml Serotonin yielded the highest transition rate of cells

from the G0 into the G2/M phase. Compared to the control,

cells of the G0 and G1 phase were reduced up to 10%

transferring them mainly in the G2-M phase (+10%). Similar

results were obtained with other cell lines (data not

shown).

3.2. Cell cycle transition of SCCHN cells through
EGF/serotonin incubation

Detroit 562 cells were incubated with increasing concentra-

tions of Serotonin and EGF. As revealed by FACS analysis,

coincubation of cancer cells with EGF and Serotonin increased

the percentage of cells in the G2/M phase by corresponding

reduction in the percentage of G0/G1 phase cells at the same



Fig. 1 – Detroit 562 cells were incubated with Interleukin 6, Epidermal growth factor, granulocyte colony stimulating factor

and serotonin (concentrations displayed) for 24 h. After that, cells were analyzed for cell cycle distribution using flow

cytometry. The combination of 1 lg/ll EGF and 1 mM/ml Serotonin revealed to be the treatment with highest efficacy

concerning cell cycle transition. Compared to the control, cells of the G0 and G1 phase were reduced up to 10% and transferred

to the G2-M phase (+10%) [p < 0.05]. The figure displays the mean value of proportions ±S.E.

1504 E U R O P E A N J O U R N A L O F C A N C E R 4 3 ( 2 0 0 7 ) 1 5 0 2 – 1 5 0 7
time (Fig. 2). The number of cells in S-phase did not change.

As displayed in Fig. 2, this effect seems to be dose dependent.

Similar results were obtained other cell lines (data not

shown).

3.3. Serotonin/EGF stimulation enhances treatment
efficacy of docetaxel

10,000 cells from A431, Detroit 562 and UMSCC 10B cell cul-

tures were treated with 100 nM/l docetaxel with or without

prestimulation by 10 mmol/ml Serotonin and 1 lg/ll EGF.

After 7 days this treatment was repeated. The total amount

of A431, Detroit 562 and UM-SCC 10B cells were significantly

reduced in the prestimuled group compared to the control

and CTX (docetaxel without stimulation) group (p < 0.04).

While this effect has been comparable over all investigated
Fig. 2 – Detroit 562 cells have been incubated with epidermal gr

(see graph) for 24 h. After that, cells were analyzed for cell cycle d

the proportion of cells in the G2/M phase of the cell cycle corresp

cells in S-phase did not change. The effect was concentration d

proportions ±S.E.
cell lines, enhancement of proliferation in the stimulation

group did vary among the cell type (Fig. 3a–c).

4. Discussion

Local recurrence of disease is the major problem in patients

with head and neck cancer. Around 60% of stage III and IV pa-

tients suffer from recurrent tumors during 36 months after

primary treatment.31 Overall prognosis depends strictly on

disease free survival. The goal of modern cancer treatment

should therefore be the prolongation of disease free survival.

Docetaxel has been assigned to the treatment of head and

neck cancer in recent years.1,2 Induction chemotherapy in

the treatment of advanced head and neck cancer has been

resumed since taxanes were added to cisplatin-based regi-

mens. Several studies demonstrated high response rates of
owth factor and serotonin at different concentrations

istribution using flow cytometry. The stimulation increased

onding with a decrease of G0/G1 phase cells. The number of

ependent (p < 0.05). The figure displays the mean value of



Fig. 3 – (a–c) The figure shows the total cell amount of the

untreated control group (control), serotonin + EGF-

prestimulated docetaxel group (stimulated ctx), docetaxel

monotreatment group (ctx) and stimulation group

(stimulation). 10 mmol/ml Serotonin and 1 lg/ll EGF were

coincubated with 10000 Detroit 562 (Fig. 3a; A431: Fig. 3b;

UM-SCC 10 B: Fig. 3c) cells for 24h and 100 nM/l docetaxel

(ctx), respectively. After 7 days this treatment has been

repeated. After treatment with 100 nM/l docetaxel the

prestimulation group (stimulated ctx) showed a significant

reduced amount of total cell count in all cell lines (Fig. 3 a–c)

(p < 0.04). The amount of stimulated (without ctx) cancer

cells compared to the control was higher in UM-SCC 10B and

A431 cells than in Detroit 562 cells. The figure displays the

mean value of total cell count ±S.E.
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head and neck squamous cell carcinoma following treatment

with docetaxel, cisplatin and 5-FU even during radiation.3–17

However, despite complete remission rates after therapy,
few patients suffer from recurrences during a follow up

period of 2 years.18

In general, recurrence of disease may be due to either the

generation of new cancer cells or activation of resting cells.

Activation of resting cells indicates insufficient primary treat-

ment. We assume that these cells were not vulnerable to radi-

ation and/or chemotherapy.

It has recently been demonstrated that unresponsiveness

of leukemic cells to both chemotherapy and immunotherapy

could be due to residence in the resting G0 phase of the cell

cycle.23,24 Recruitment of leukemic cells from resting G0

phase into activated phases of the cycle by activation or

induction of proliferation restored their sensitivity.

A few studies deal with arresting tumor cells in the G0

phase.32–41 However, those cells remain in the tissue and

may be activated after a while. It has been described, that

the proportion of G0-phase cells during induction chemother-

apy of acute myeloid leukemia predicts response to

treatment.42 Therefore reduction of the G0 fraction of a tumor

may enhance treatment efficacy. Reentry of G0 cells into the

cell cycle is associated with the expression of proliferation-

associated antigens43 It is known that squamous cell

carcinoma cells need signals from growth factor receptors to

proliferate.20 We therefore investigated, whether growth fac-

tor receptor stimulating proteins were able to provoke a cell

cycle transition of squamous cell carcinoma cells (Fig. 1).

The combination of highest efficacy has been Serotonin + EGF.

This combination has then been used to prestimulate cancer

cells for chemotherapy with docetaxel. As shown in Fig. 2,

G0 phase cells have been significantly reduced after Seroto-

nin/EGF coincubation. Correspondent to this observation the

cytotoxic effect of docetaxel against Detroit 562, A431 and

UM-SCC 10B cells was enhanced affecting prestimulation with

serotonin/EGF.

Our investigations demonstrate for the first time that

sensitizing G0 phase squamous cell carcinoma cells for

chemotherapy is possible by prestimulation with target

cytokines. Considering that up to 95% of tumor cells are in

the resting (G0) phase of the cell cycle at the initiation of

chemotherapy, prestimulation with EGF and serotonin could

contribute to a synchronization of cancer cells. This would

clearly enhance the cytotoxic effect of docetaxel.
R E F E R E N C E S
1. Devriendt D, Klastersky J. New cytostatic agents for the
treatment of head and neck cancer. Acta Otorhinolaryngol Belg
1997;51(2):61–8.

2. Schoffski P, Weihkopf T, Ganser A. Advanced head and neck
cancer and clinical experience of an effective new agent:
docetaxel. Anticancer Res 1998;18(6B):4751–6.

3. Janinis J et al. Combination chemotherapy with docetaxel,
cisplatin, and 5-fluorouracil in previously treated patients
with advanced/recurrent head and neck cancer: a phase II
feasibility study. Am J Clin Oncol 2000;23(2):128–31.

4. Janinis J et al. Sequential chemoradiotherapy with
docetaxel, cisplatin, and 5-fluorouracil in patients with
locally advanced head and neck cancer. Am J Clin Oncol
2001;24(3):227–31.



1506 E U R O P E A N J O U R N A L O F C A N C E R 4 3 ( 2 0 0 7 ) 1 5 0 2 – 1 5 0 7
5. Posner MR et al. Multicenter phase I-II trial of docetaxel,
cisplatin, and fluorouracil induction chemotherapy for
patients with locally advanced squamous cell cancer of the
head and neck. J Clin Oncol 2001;19(4):1096–104.

6. Colevas AD et al. Phase I/II trial of outpatient docetaxel,
cisplatin, 5-fluorouracil, leucovorin (opTPFL) as induction for
squamous cell carcinoma of the head and neck (SCCHN). Am J
Clin Oncol 2002;25(2):153–9.

7. Tishler RB et al. A Phase I/II trial of concurrent docetaxel and
radiation after induction chemotherapy in patients with poor
prognosis squamous cell carcinoma of the head and neck.
Cancer 2002;95(7):1472–81.

8. Haddad R et al. Docetaxel, cisplatin, and 5-fluorouracil-
based induction chemotherapy in patients with locally
advanced squamous cell carcinoma of the head and neck:
the Dana Farber Cancer Institute experience. Cancer
2003;97(2):412–8.

9. Haddad R et al. Docetaxel, cisplatin, 5-fluorouracil (TPF)-
based induction chemotherapy for head and neck cancer and
the case for sequential, combined-modality treatment.
Oncologist 2003;8(1):35–44.

10. Posner MR, Lefebvre JL. Docetaxel induction therapy in locally
advanced squamous cell carcinoma of the head and neck. Br J
Cancer 2003;88(1):11–7.

11. Watanabe A, Taniguchi M, Sasaki S. Induction
chemotherapy with docetaxel, cisplatin, fluorouracil and
l-leucovorin for locally advanced head and neck cancers: a
modified regimen for Japanese patients. Anticancer Drugs
2003;14(10):801–7.

12. Ghi MG et al. Neoadjuvant docetaxel, cisplatin,
5-fluorouracil before concurrent chemoradiotherapy in
locally advanced squamous cell carcinoma of the head
and neck versus concomitant chemoradiotherapy: a
phase II feasibility study. Int J Radiat Oncol Biol Phys
2004;59(2):481–7.

13. Katori H et al. Phase I trial of concurrent chemoradiotherapy
with docetaxel, cisplatin and 5-fluorouracil (TPF) in patients
with locally advanced squamous cell carcinoma of the head
and neck (SCCHN). Br J Cancer 2004;90(2):348–52.

14. Shibuya Y et al. Induction chemotherapy with docetaxel,
cisplatin and 5-fluorouracil for tongue cancer. Kobe J Med Sci
2004;50(1–2):1–7.

15. Tsukuda M et al. Phase I trial of combined chemotherapy
with docetaxel, cisplatin, and 5-fluorouracil for patients with
locally advanced squamous cell carcinoma of the head and
neck. Int J Clin Oncol 2004;9(3):161–6.

16. Katori H et al. [Combined chemotherapy with docetaxel,
cisplatin and 5-fluorouracil (TPF), and radiotherapy in
patients with locally advanced squamous cell carcinoma of
the head and neck (SCCHN)]. Nippon Jibiinkoka Gakkai Kaiho
2005;108(2):157–63.

17. Knecht R et al. EGFR-antibody-supplemented TPF
chemotherapy. Preclinical investigations to a novel approach
for head and neck cancer induction treatment. Adv
Otorhinolaryngol 2005;62:81–91.

18. Fu KK et al. A Radiation Therapy Oncology Group (RTOG)
phase III randomized study to compare hyperfractionation
and two variants of accelerated fractionation to standard
fractionation radiotherapy for head and neck squamous cell
carcinomas: first report of RTOG 9003. Int J Radiat Oncol Biol
Phys 2000;48(1):7–16.

19. Hitt R et al. Prognostic value of the epidermal growth factor
receptor (EGRF) and p53 in advanced head and neck
squamous cell carcinoma patients treated with induction
chemotherapy. Eur J Cancer 2005;41(3):453–60.

20. Rubin Grandis J et al. Levels of TGF-alpha and EGFR protein in
head and neck squamous cell carcinoma and patient survival.
J Natl Cancer Inst 1998;90(11):824–32.
21. Grandis JR et al. Downmodulation of TGF-alpha protein
expression with antisense oligonucleotides inhibits
proliferation of head and neck squamous carcinoma but not
normal mucosal epithelial cells. J Cell Biochem
1998;69(1):55–62.

22. Maurizi M et al. Prognostic significance of epidermal growth
factor receptor in laryngeal squamous cell carcinoma. Br J
Cancer 1996;74(8):1253–7.

23. Jedema I et al. Acute myeloid leukemia cells in G0 phase of the
cell cycle that are unresponsive to conventional chemotherapy
are sensitive to treatment with granulocyte-macrophage
colony-stimulating factor/diphtheria toxin fusion proteins.
Exp Hematol 2004;32(2):188–94.

24. Jedema I et al. Recruitment of leukemic cells from G0
phase of the cell cycle by interferons results in conversion
of resistance to daunorubicin. Leukemia
2003;17(10):2049–51.

25. Banes AK et al. Activation of the JAK/STAT pathway in
vascular smooth muscle by serotonin. Am J Physiol Cell Physiol
2005;288(4):C805–12.

26. To KF et al. Constitutional activation of IL-6-mediated JAK/
STAT pathway through hypermethylation of SOCS-1 in
human gastric cancer cell line. Br J Cancer
2004;91(7):1335–41.

27. Song L et al. IL-6 inhibits apoptosis of human myeloma cell
line XG-7 through activation of JAK/STAT pathway and
up-regulation of Mcl-1. Ai Zheng 2002;21(2):113–6.

28. McLemore ML et al. STAT-3 activation is required for normal
G-CSF-dependent proliferation and granulocytic
differentiation. Immunity 2001;14(2):193–204.

29. Berclaz G et al. EGFR dependent expression of STAT3
(but not STAT1) in breast cancer. Int J Oncol
2001;19(6):1155–60.

30. Da Silva N et al. G-CSF activates STAT pathways in Kasumi-1
myeloid leukemic cells with the t(8; 21) translocation: basis
for potential therapeutic efficacy. Cytokines Cell Mol Ther
1997;3(2):75–80.

31. Shah JP et al. Carcinoma of the hypopharynx. Am J Surg
1976;132(4):439–43.

32. Wang SW et al. YC-1 [3-(5 0-Hydroxymethyl-2 0-furyl)-1-benzyl
Indazole] exhibits a novel antiproliferative effect and arrests
the cell cycle in G0-G1 in human hepatocellular carcinoma
cells. J Pharmacol Exp Ther 2005;312(3):917–25.

33. Hashimoto T et al. Caffeine inhibits cell proliferation by
G0/G1 phase arrest in JB6 cells. Cancer Res
2004;64(9):3344–9.

34. Polek TC et al. p53 Is required for 1,25-dihydroxyvitamin
D3-induced G0 arrest but is not required for G1
accumulation or apoptosis of LNCaP prostate cancer cells.
Endocrinology 2003;144(1):50–60.

35. Liu JD et al. Molecular mechanisms of G0/G1 cell-cycle arrest
and apoptosis induced by terfenadine in human cancer cells.
Mol Carcinog 2003;37(1):39–50.

36. Denkert C et al. Induction of G0/G1 cell cycle arrest in ovarian
carcinoma cells by the anti-inflammatory drug NS-398, but
not by COX-2-specific RNA interference. Oncogene
2003;22(54):8653–61.

37. Clark SS et al. Antileukemia activity of perillyl alcohol
(POH): uncoupling apoptosis from G0/G1 arrest suggests
that the primary effect of POH on Bcr/Abl-transformed
cells is to induce growth arrest. Leukemia
2002;16(2):213–22.

38. Russo P et al. RPR-115135, a new non peptidomimetic
farnesyltransferase inhibitor, induces G0/G1 arrest only in
serum starved cells. Int J Oncol 2001;18(4):855–62.

39. Kuroki J et al. Cell-permeable ceramide inhibits the
growth of B lymphoma Raji cells lacking TNF-alpha-
receptors by inducing G0/G1 arrest but not apoptosis: a



E U R O P E A N J O U R N A L O F C A N C E R 4 3 ( 2 0 0 7 ) 1 5 0 2 – 1 5 0 7 1507
new model for dissecting cell-cycle arrest and apoptosis.
Leukemia 1996;10(12):1950–8.

40. Mullen P, Scott WN, Miller WR. Growth inhibition observed
following administration of an LHRH agonist to a clonal variant
of the MCF-7 breast cancer cell line is accompanied by an
accumulation of cells in the G0/G1 phase of the cell cycle. Br J
Cancer 1991;63(6):930–2.

41. Sutherland RL et al. Tamoxifen induces accumulation of
MCF 7 human mammary carcinoma cells in the G0/G1
phase of the cell cycle. Eur J Cancer Clin Oncol
1983;19(5):615–21.

42. Kamikubo KH et al. Low proportion of G0-phase cells during
induction chemotherapy correlates with subsequent
remission in acute myeloid leukemia. Int J Hematol
2000;71(3):249–55.

43. Bolton WE et al. Expression of proliferation-associated
antigens (PCNA, p120, p145) during the reentry of G0 cells into
the cell cycle. Cytometry 1994;17(1):66–74.


	Enhancement of docetaxel efficacy in head and neck cancer treatment by G0 cell stimulation
	Introduction
	Methods
	Cell cultures
	Fluorescence Activated Cell Sorter (FACS) analysis
	Western Blot Analysis
	Ki 67 staining
	Controls

	Results
	Stimulation of SCCHN cells with cytokines
	Cell cycle transition of SCCHN cells throughEGF/serotonin incubation
	Serotonin/EGF stimulation enhances treatmentefficacy of docetaxel

	Discussion
	References


