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4-hexylresorcinol stimulates the differentiation of SCC-9
cells through the suppression of E2F2, E2F3 and Sp3
expression and the promotion of Sp1 expression
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Abstract. The dormancy-inducing factors of bacteria inhibit
tumor cell growth. In the present study, we evaluated the anti-
tumor effects of the dormancy-inducing factor 4-hexylresorcinol
(4-HR) using real-time cell electronic sensing (RT-CES) in
SCC-9 cells (tongue squamous cell carcinoma cells). Treatment
with 4-HR suppressed the growth of SCC-9 cells in a dose-
dependent manner. We used a DNA microarray to identify
genes that showed a significant change in expression upon
4-HR administration in SCC-9 cells. Among the differentially
expressed genes, the protein expression of several cell prolifera-
tion related factors, including E2F1, E2F2, E2F3, E2F4, E2F5,
E2F6, Spl and Sp3, were determined by western blot analyses.
Treatment with 4-HR strongly suppressed E2F2 and slightly
suppressed E2F3 but did not change the expression of E2F1,
E2F4, E2F5 and E2F6 relative to no treatment. Furthermore,
4-HR increased Spl expression in a dose-dependent manner
and decreased Sp3 expression. Therefore, the ratio of Spl to Sp3,
an important driving force of epithelial cell differentiation, was
drastically increased. Consistent with this observation, 4-HR
increased the expression of the epithelial cell differentiation
markers involucrin and keratin 10. Together, our results indicate
that 4-HR induces the differentiation of SCC-9 via the modula-
tion of the E2F-mediated signaling pathway.
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Introduction

The signaling pathways related to cell differentiation and senes-
cence do not function properly in malignant tumor cells. As a
result, tumor cells exhibit uncontrolled and invasive growth.
Differentiation therapy is one emerging technique for the treat-
ment of malignant cancer (1). Tumor cells originate from normal
cells and many different carcinogenic stimuli can contribute to
the development of cancer. Several key genes responsible for
regulating apoptosis or senescence may undergo loss of function
mutations in various tumors, particularly oral squamous cell
carcinoma (OSCC) (2). The main objectives of differentiation
therapy may be achieved by the bypassing the mutated pathway,
thus tipping the balance from carcinogenesis to terminal differ-
entiation, or rescuing the senescence machinery.

E2F overexpression in squamous cell carcinoma cells results
in aberrant proliferation and the suppression of the squamous
differentiation program (3.4). E2F transcription factors promote
the expression of genes related to DNA synthesis and cell cycle
progression, resulting in cell proliferation (5,6). An increase in
E2F activity is often associated with inappropriate cell prolif-
eration and/or apoptosis (7), whereas a decrease in E2F activity
is generally associated with a reduction in the proliferation
capacity of cells (8). The deregulation of E2F activity contributes
to carcinogenesis (9). E2Fs are involved in the differentiation
of many cell types, such as myocytes (10), megakaryocytes
(11), and adipocytes (12). The specific factor (Sp)l to Sp3 ratio
has been recognized as an important driving force of epithelial
cell differentiation (1). Dysregulation of the expression of these
factors or the change of the relative Spl and Sp3 expression
levels result in dysregulated cell proliferation and differentiation
(1). The direct downregulation of E2F and upregulation of Spl
increases the expression of differentiation specific markers such
as transglutaminase-1 and involucrin (1). Therefore, the expres-
sion of E2F factors and the ratio of Spl to Sp3 expression are
important parameters determining the epithelial cell prolifera-
tion and differentiation.

The non-isoprenoid lipid is found in a wide range of plant
and bacterial species. These lipids exert non-specific antioxidant
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and antimutagenic effects, and can regulate cell proliferation
(13). Chemical analogs of these lipids have exhibited anticancer
effects in animal models of colon (14), lung (15), and pancreatic
tumors (16). 4-hexylresorcinol (4-HR) is also non-isoprenoid
lipid. According to recent reports, 4-HR inhibits the transgluta-
minase-2 and NF-xB pathways (17,18), and 4-HR also shows a
synergistic effect with cisplatin in KB cells (17,18). Interestingly,
the cancer cells that survived 4-HR administration were less
active and morphologically differentiated than the active
proliferating control (data not shown). These findings suggest
the possibility that 4-HR may induce differentiation in tumor
cells. We hypothesize that 4-HR induces the differentiation of
tumor cells through the control of cell cycle-related genes like
E2F transcription factors.

The objectives of this study were: i) to evaluate of the effect
of 4-HR on E2F signaling pathway on OSCC cells, and ii) to
evaluate the level of expression of differentiation markers in
OSCC cells after the administration of 4-HR.

Materials and methods

Cell culture. Cell line SCC-9 cells (human tongue carcinoma;
ATCC; Manassas, VA, USA) were maintained in monolayer
cultures in DMEM (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum containing L-glutamine,
vitamins (Life Technologies, Inc., Grand Island, NY, USA), and
penicillin-streptomycin (Flow Laboratories, Rockville, MD,
USA). The cells were incubated in a mixture of 5% CO, and
95% air at 37°C. The cultures were maintained for no longer than
12 weeks after recovery from frozen stocks.

Real-time cell electronic sensing (RT-CES). RT-CES is a
measurement of impedance in a gold-plated culture dish.
Because the cellular membrane is composed of lipid bilayer,
increased cellular growth increases the impedance. The label-
free detection of cell growth via RT-CES was conducted using
an XCELLigence® system (Roche Applied Science, Penzberg,
Germany) and special gold-plated 96-well culture dishes
in which the SCC-9 cells were grown. 4-HR was added at a
concentration of 1,5 or 10 yg/ml to each well 20 h following the
initial seeding. No 4-HR was added in the control wells. The
cell index values derived from the measured impedance were
determined every hour for 4 days.

Western blot analysis. Whole cells were lysed in ProteoJET™
Mammalian Cell Lysis Reagent (Thermo Scientific, Waltham,
MA, USA) containing protease inhibitor cocktail (Sigma-
Aldrich Inc., St. Louis, MO, USA). Proteins were separated
on 10% SDS-polyacrylamide gels and transferred to PVDF
membranes. Blots were blocked with 5% skim milk powder in
Tris-buffered saline (20 mM Tris-HCI, 137 mM NaCl, pH 7.6)
containing 0.1% Tween-20 (TBS-T buffer) for 1 h at room
temperature (RT). Western blot analyses were performed with
anti-E2F1 (Abcam Inc. Cambridge, MA, USA), anti-E2F2
(Abcam Inc.), anti-E2F3 (Abcam Inc.), anti-E2F4 (Abcam
Inc.), anti-E2F5 (Abcam Inc.), anti-E2F6 (Abcam Inc.), anti-
Spl (Abcam Inc.), anti-Sp3 (Abcam Inc.), anti-keratin 10 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-involucrin
(SantaCruz Biotechnology), and anti-f3-actin (Sigma-Aldrich
Inc.) antibodies. Primary antibodies were added to the TBS-T

KIM et al: 4-HR STIMULATES TUMOR DIFFERENTIATION

Cell Index
-
\i
Y

o T Tm e e Twm e
Time (in hours)

Figure 1. RT-CES-monitored cell growth (red, untreated control; green,
1 ug/ml 4-HR; blue, 5 ug/ml 4-HR; yellow, 10 ug/ml 4-HR). The arrow at
~32 h indicates the application of 4-HR to the cultured cells. Treatment with
4-HR inhibited the growth of SCC-9 in a dose-dependent manner.

buffer at a 1:1000 dilution and incubated for 90 min at RT
prior to incubation with HRP-conjugated secondary antibodies
(1:5000 dilution; Santa Cruz Biotechnology) for 1 h at room
temperature. The proteins were detected using a chemilumi-
nescence detection system (Bio-Rad, Hercules, CA, USA). The
relative expression ratio of Spl to Sp3 was determined using
Image Lab software (Bio-Rad).

DNA microarray analysis, quantitative reverse transcription
polymerase chain reaction (Q-PCR), and fluorescent immu-
nocytochemistry. DNA microarray analysis was performed
by Genomic Tree Co. (Daejeon, Korea) using Agilent human
whole-genome 4x44K chips (Santa Clara, CA). DNA micro-
array analysis was conducted using a previously published
method (19). SCC-9 cells were treated with or without 4-HR
(10 ug/ml) for 12 h, and total RNA was then extracted from the
cells using TRI Reagent® as recommended by the manufacturer
(Molecular Research Center Inc., Cincinnati, OH).

Keratin 10 and involucrin antibodies were purchased
from Santa Cruz Biotechnology for fluorescence immuno-
cytochemistry analysis. Fluorescence immunocytochemistry
was conducted using a previously published method (17).
4'6-diamidino-2-phenylindole (DAPI) was used to stain nuclei.

For the Q-PCR analysis, SCC-9 cells were treated for 12 h
with 0, 1, 5 or 10 ug/ml 4-HR. Total RNA (1 xg) was used as
template for first-strand DNA synthesis using the ImProm-II
Reverse Transcription System (Promega, Madison, W1, USA).
The RT-PCR protocol and primers used to amplify involucrin
and keratin 10 were published previously (20,21).

Results

4-HR decreased E2F2, E2F 3, and Sp3 expression and increased
Spl expression. In previous studies, we found that 4-HR has anti-
tumor effects on several cancer cell lines (17,18). In this study,
the anti-proliferative effect of 4-HR on SCC-9 cells observed
in continuous RT-CES-based assays (Fig. 1). The growth of the
SCC-9 cells slowed following the addition of 4-HR. The addi-
tion of 10 pug/ml 4-HR induced a prominent inhibitory effect,
as determined by the observed decline in the growth curve
(yellow) (Fig. 1). The 4-HR induced growth inhibition was dose-
dependent.

To identify the target genes of 4-HR, a DNA microarray
comparing 4-HR treated and untreated cells was performed, and
differentially expressed genes were selected for further analysis
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Table I. The results of DNA microarray.*

TITLE GenBank Fold-ratio
E2F2 NM_004091 0.428
E2F3 NM_001949 0.507
Spl NM_138473 1.498
Sp3 BX648857 0.464
Involucrin NM_005547 3.176
Keratin 10 NM_000421 3213
Keratin 13 NM_002274 2718
Keratin 14 NM_000526 2.823
Keratin 16 NM_005557 2.635
Keratin 17 NM_000422 2951
Keratin 18 NM_000224 2.806
Keratin 19 NM_002276 2.841

*To identify the target genes of 4-HR, a DNA microarray comparing
4-HR treated and untreated cells was performed.
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Figure 2. Western blot analyses of E2F family proteins. Western blot analyses
of whole cell lysates showed that E2F2 and E2F3 protein expression signifi-
cantly decreased with 4-HR treatment.

(Table I). As shown in Fig. 1 and Table I, 4-HR decreased the
levels of E2F2 and E2F3 expression. As 4-HR concentrations
increased from 1 to 10 ug/ml, E2F2 expression was decreased
(Fig. 2). The level of E2F3 expression was also decreased in
4-HR treated cells compared to the untreated control (Fig. 2).
There was no significant difference in the expression of any
other E2F transcription factors; E2F1, E2F4, E2F5, and E2F6
expression were all similar in the 4-HR treated cells and the
untreated control cells.

With respect to Sp transcription factors, Spl expression was
increased by 4-HR treatment (Fig. 3A). However, Sp3 expression
was decreased. DNA microarray analysis also demonstrated a
decreased in the level of Sp3 expression (Table I). As a result,
the Sp1/Sp3 ratio was increased upon 4-HR treatment in a dose-
dependent manner. The Sp1/Sp3 ratios were 0.88, 1.72,2.70 and
19.95 in the untreated control and in cells treated with 1, 5 and
10 pg/ml 4-HR, respectively (Fig. 3B). These results indicate
that 4-HR regulates E2F2 and E2F3 expression and the Sp1/Sp3
expression ratio in SCC-9 cells.
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Figure 3. (A) Western blot analyses of Spl and Sp3. Western blot analysis for
nuclear extraction showed that Sp3 expression significantly decreased upon
4-HR treatment, while Spl expression increased. (B) The relative expression
ratio of Spl to Sp3. The Sp1/Sp3 ratios were 0.88, 1.72,2.70 and 19.95 in cells
treated with 0, 1,5 and 10 ug/ml 4-HR, respectively.
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Figure 4. The expression of epithelial cell differentiation markers (keratin 10
and involucrin), selected by DNA microarray analysis, was confirmed by quan-
titative RT-PCR and Western blot analysis. (A) Quantitative RT-PCR analysis
demonstrated that the relative mRNA levels of keratin 10 and involucrin were
considerably higher in the 4-HR-treated group (10 pg/ml) compared with the
control. Each value was normalized to GAPDH. (B) Keratin 10 and involucrin
protein levels increased according to the concentrations of 4-HR. The level of
B-actin was shown as a loading control.

4-HRaccelerates SCC-9 cell differentiation. We also investigated
genes that were involved in the epithelial cell differentiation, as
identified by DNA microarray analyses. DNA microarray anal-
ysis revealed that keratins and involucrin exhibited significantly
higher expression at 12 h after 10 zg/ml of 4-HR administration
(Table I). The increased expression of keratin 10 and involucrin
mRNA was confirmed by RT-PCR (Fig. 4A). Increased expres-
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Figure 5. Fluorescent immunocytochemical analyses of the expression of
keratin 10. The level of keratin 10 expression was higher in cells treated with
4-HR than in untreated controls (bars, 20 ym).
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Figure 6. Fluorescent immunocytochemical analyses of the expression of invo-
lucrin. The level of involucrin expression was higher in cells treated with 4-HR
than in untreated controls (bars, 20 gm).

sion of the keratin 10 and involucrin proteins was confirmed
by western blot analysis (Fig. 4B) and immunocytochemistry
(Figs. 5 and 6). These results indicate that 4-HR stimulates the
expression of differentiation marker genes in SCC-9 cells.

Discussion

In this study, we demonstrated that 4-HR suppressed growth
(Fig. 1) and stimulated the expression of differentiation marker
genes in SCC-9 cells (Fig. 4). The 4-HR-induced SCC-9 cell
differentiation was mediated by the E2F signaling pathway.
E2F2,E2F3, and Sp3 were suppressed by 4-HR (Figs. 2 and 3).
The level of Spl expression was increased by 4-HR treatment
(Fig. 3). Indeed, 4-HR increased the expression of the epithelial
cell differentiation markers keratin 10 and involucrin. Taken
together, these data show that 4-HR induced SCC-9 cell differ-
entiation through the downregulation of E2F2 and upregulation
of Sp1/Sp3 ratio.

Senescence is defined as a permanent cell cycle arrest
induced by oncogene expression and it is an effective anti-cancer
mechanism in vivo (22-24). Therefore, treatments aiming to
inhibit the uncontrolled growth of cancer cells while simulta-
neously restoring their normal differentiation program would
be invaluable (1). To develop such ‘differentiation therapies’, it
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is important to find candidate drugs that can control the E2F
signaling pathway.

Squamous epithelial cell differentiation is controlled by
Spl and E2F (25). Spl can act as a differentiation activator
and its activity is regulated by E2F (1). E2F1, E2F2, and E2F3
are expressed highly in human osteosarcoma cells, and a large
number of genes with known role in development and differentia-
tion are consequently deregulated (26). However, the inhibition
of E2F alone or the introduction of Spl alone is not sufficient to
reinstate squamous differentiation (1). In the present study, 4-HR
was able to suppress E2F2 and E2F3 expression (Fig. 2). At the
same time, Spl expression was increased, and Sp3 expression
was decreased (Fig. 3A). The Spl to Sp3 ratio is important in the
regulation of cell differentiation, and the increase in this ratio
observed upon 4-HR treatment (Fig. 3) is consistent with the
activation of tumor cell differentiation (1).

In keratinocytes, E2F inhibition is a prerequisite for
differentiation, and E2Fs 1-5 are all able to suppress differentia-
tion-specific markers (3,4). E2F suppresses multiple markers of
squamous cell differentiation (3,27). E2F is also able to suppress
the differentiation induced by multiple stimuli (3,27). Thus, E2F
has the capacity to act as an important regulator of squamous
cell differentiation. In this study, the increased expression of
differentiation markers such as keratin 10 and involucrin was
due in part to the combination of the inhibition of E2F2 and
E2F3 and the upregulation of the Sp1/Sp3 ratio by 4-HR (Fig. 4).
However, these observations were made at the cellular level, and
it will be important to validate these results in vivo. To this end,
systemic administration of 4-HR in xenografted mice has been
performed, and the expression of differentiation markers in the
xenografted tumor mass is currently under investigation (data
not shown).

In conclusion, 4-HR stimulated the differentiation of SCC-9
cells, potentially through the suppression of the E2F signaling
pathway.
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