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Molecular pathway for thymoquinone-induced cell-cycle
arrest and apoptosis in neoplastic keratinocytes
Hala U. Gali-Muhtasiba, Wassim G. Abou Kheira, Lynn A. Kheira,
Nadine Darwichea and Peter A. Crooksb

Thymoquinone (TQ), the most abundant constituent

in black seed, was shown to possess potent

chemopreventive activities against DMBA-initiated

TPA-promoted skin tumors in mice. Despite the potential

interest in TQ as a skin antineoplastic agent, its mechanism

of action has not been examined yet. Using primary mouse

keratinocytes, papilloma (SP-1) and spindle (I7) carcinoma

cells, we studied the cellular and molecular events involved

in TQ’s antineoplastic activity. We show that non-cytotoxic

concentrations of TQ reduce the proliferation of neoplastic

keratinocytes by 50%. The sensitivity of cells to TQ

treatment appears to be stage dependent such that

papilloma cells are twice as sensitive to the growth

inhibitory effects of TQ as the spindle cancer cells. TQ

treatment of SP-1 cells induced G0/G1 cell-cycle arrest,

which correlated with sharp increases in the expression of

the cyclin-dependent kinase inhibitor p16 and a decrease

in cyclin D1 protein expression. TQ-induced growth

inhibition in I7 cells by inducing G2/M cell-cycle arrest,

which was associated with an increase in the expression of

the tumor suppressor protein p53 and a decrease in cyclin

B1 protein. At longer times of incubation, TQ induced

apoptosis in both cell lines by remarkably increasing the

ratio of Bax/Bcl-2 protein expression and decreasing

Bcl-xL protein. The apoptotic effects of TQ were more

pronounced in SP-1 than in I7 cells. Collectively,

these findings support a potential role for TQ as a

chemopreventive agent, particularly at the early stages

of skin tumorigenesis. Anti-Cancer Drugs 15:389–399
�c 2004 Lippincott Williams & Wilkins.
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Introduction
Skin cancer is the most common form of cancer in the

US, more common than all other cancers combined [1].

The two most common types of human skin cancers are

basal and squamous cell carcinomas, which are grouped

together as non-melanoma skin cancer (NMSC). The

incidence of NMSCs was estimated at 1.3 million cases

for the year 2000 and is on the rise. Continued increases

in NMSC incidence rates are expected as the population

ages and larger amounts of ultraviolet radiation reach the

Earth’s surface due to depletion of the ozone layer [2].

Therefore, the development of new drugs with potential

to provide more selective treatments is a topic of intense

investigation.

Herbal therapies are commonly used for the prevention

and treatment of cancer despite little understanding

about their molecular and cellular basis of action. Black

seed (Nigella sativa) is an annual herb of the Ranuncula-

ceae family which grows in countries bordering the

Mediterranean Sea, Pakistan and India. This plant has

been used in traditional medicine by Asian and Far

Eastern countries as a spice and food preservative, and a

protective and health remedy in traditional folk medicine

for the treatment of numerous disorders [3]. The seeds of

this plant are very rich and diverse in chemical

composition. Among the chemical components of black

seed, thymoquinone (TQ) is the most abundant active

principle and the most extensively investigated. The

preparations from this plant have been demonstrated to

have significant antineoplastic activity against various

tumor cells in vitro [4,5]. TQ’s antineoplastic activities

were demonstrated against human pancreatic adenocar-

cinoma, uterine sarcoma, Ehrlich ascites carcinoma and

Dalton’s ascites lymphoma, while exerting minimal

cytotoxicity to normal lymphocytes [6]. Several studies

have shown that TQ retards the carcinogenic process in

animals. TQ was shown to inhibit tumor formation in

DMBA-initiated TPA-promoted mouse skin [4]. A dose of

100mg/kg body weight of N. sativa extract delayed the

onset of papilloma formation and reduced the mean

number of papillomas per mouse [4–6]. The protective

actions of TQ have been suggested to be through its

antioxidant and anti-inflammatory activities [7]. Despite
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TQ’s interesting potential as an antineoplastic agent, the

cellular and molecular events involved in its action have

not been examined yet.

The tumor suppressor p53 is the most commonly

mutated gene in human cancers [8]. Cells can respond

to the activation of the tumor suppressor protein p53 by

undergoing cell-cycle arrest or apoptosis [9]. Active p53 is

able to stimulate the transcription of a variety of genes

including p21WAF1, which is a universal inhibitor of the

cyclin-dependent kinases (CDK) [10,11]. p21WAF over-

expression is thought to be a major mediator of p53-

dependent G1 arrest, is required to arrest cells at the G1

and G2 checkpoints of the cell cycle after DNA damage

[12,13], and is associated with a reduction of cyclin B1

expression [14]. In contrast to p21WAF1, the overexpres-

sion of Bcl-2 protein has been shown to inhibit p53-

mediated apoptosis as well as p53-mediated transcrip-

tional activation [15]. In addition, p16INK4a, a recognized

tumor suppressor, induces G1 cell-cycle arrest by binding

to CDK4, and inhibiting its ability to interact with cyclin

D and stimulate passage through the G1 phase of the cell

cycle. In this study we show that treatment of neoplastic

keratinocytes with TQ remarkably inhibits their prolif-

eration at concentrations non-cytotoxic to primary mouse

keratinocytes. Interestingly, the SP-1 papilloma cell line

was more sensitive to the growth inhibitory effects of TQ,

suggesting that the sensitivity to TQ treatment is

dependent on the stage of tumorigenesis. Cell growth

inhibition achieved by TQ treatment was correlated with

G1 and G2 phase arrest of the cell cycle followed by

apoptosis. These findings support a potential role for TQ

as a skin antineoplastic agent, especially at the early

tumorigenesis stages.

Materials and methods
Media and chemicals

Eagle’s minimum essential Eagle medium (EMEM) was

obtained from Biowhittaker (Walkersville, MD). Fetal

bovine serum (FBS), dialyzed FBS, L-glutamine, peni-

cillin/streptomycin, 10� trypsin–EDTA, 0.25� trypsin–

EDTA, Dulbecco’s phosphate-buffered saline (PBS) and

dispase were obtained from Gibco/BRL Life Technologies

Minneapolis, MN). Propidium iodide and Prolong Anti-

fade were purchased from Molecular Probes (Eugene,

OR). Trypan blue and RNase A were obtained from Sigma

(St Louis, MO). The DC Protein Assay was obtained

from Bio-Rad (Hercules, CA). The luminescent kit as

well as the p21((C-19)-G) antibody, actin (I-19) anti-

body, cyclin B1 (H-433), anti-mouse IgG–horseradish

peroxidase (HRP), anti-rabbit IgG–HRP and anti-goat

IgG–HRP secondary antibodies were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA). The Bax,

Bcl-xL (2H12), Bcl-2 (N-19), p53 (DO12), p16 (M-156)

and cyclin D (M-20) antibodies were purchased from

Biosource (Irvine, CA). A purified preparation of TQ

(>99% pure) was kindly provided by Dr Peter Crooks

(Lexington, KY).

Cell culture and treatment

SP-1 and I7 cells were kindly provided by Dr S. H. Yuspa

(NIH, Bethesda, MD). Mouse papilloma SP-1 cells and

primary mouse keratinocytes (PMK) were cultured in

EMEM supplemented with 8% dialyzed FBS, 2mM L-

glutamine, 100U/ml penicillin and 100 mg/ml streptomy-

cin. I7 cells were cultured in EMEM medium supple-

mented with 8% FBS. Cells were grown in a humidified

incubator (95% air/5% CO2) and media was replenished

every 2 days. PMK were prepared by sacrificing 1-day-old

BALB/c mice on ice for 45min. Mouse skin was washed

twice with betadine and distilled water, and the

epidermis was separated from the dermis by an overnight

incubation at 41C in serum-free medium containing

0.25% dispase. Following trypsinization (0.25� trypsin–

EDTA, 371C for 15min), the cell suspension was filtered

using cell strainers and cells were plated in their

respective medium at a density of two-mouse equivalents

per 100-mm tissue culture dish. For all experiments, cells

were treated with TQ at 40–50% confluency with defined

concentrations of TQ dissolved in methanol. The

methanol concentration in treated and control wells did

not exceed 0.1%/well.

Cell proliferation and viability assays

Cell proliferation and cytotoxicity were determined using

the CellTiter 96 Non-Radioactive Cell Proliferation Assay

and the CytoTox 96 Non-Radioactive Cytotoxicity Assay

(both kits from Promega, Madison, WI) according to the

manufacturer’s suggestions. The proliferation assay is an

MTT-based method which measures the ability of

metabolically active cells to convert tetrazolium salt into

a cleavage product and its absorbance is recorded at

570 nm. The CytoTox 96 assay quantitatively measures

the lactate dehydrogenase (LDH), a stable cytosolic

enzyme that is released upon cell lysis [16]. Released

LDH in culture supernatants is measured with a coupled

enzymatic assay which results in the conversion of a

tetrazolium salt into a red formazan product, the

absorbance of which is recorded at 490 nm.

Flow cytometric analysis of DNA content

Cells were seeded in 100-mm dishes at a density of 7.5�
105 cells/well. They were incubated and allowed to grow

to 40–50% confluence after which they were treated with

concentrations of TQ and incubated for further a 24 or

48 h. They were then harvested by trypsin release,

washed twice with PBS, permeabilized with 70% ethanol,

treated with 1% RNase and finally stained with

propidium iodide (100 mg/ml final concentration). Dis-

tribution of cell-cycle phases with different DNA

contents was determined using a FACScan flow cyt-

ometer (Becton Dickinson, San Jose, CA). Cells that

were less intensely stained than G1 cells (sub-G1 cells) in
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flow cytometric histograms were considered apoptotic

cells. Analysis of cell-cycle distribution and the percen-

tage of cells in the G1, S and G2/M phases of the cell cycle

were determined using CellQuest.

Apoptosis: TUNEL assay

Apoptosis was scored either by assessing the fraction of

cells with a sub-G0/G1 DNA content by flow cytometry

(see above) or by estimating the extent of DNA

fragmentation by the TUNEL assay. Briefly, cells were

plated on autoclaved glass coverslips in six-well culture

plates and treated with TQ or PFT-a as described earlier.

The medium was then aspirated and cells were washed

twice with warm PBS. Cellular DNA was stained with the

In situ Cell Death Detection kit (Roche Diagnostics,

Mannheim, Germany) and the assay performed according

to the recommendations of the manufacturer (Boehrin-

ger, Mannheim, Germany). A positive control of DNase

treatment was included in the assay. Cytospin prepara-

tions were fixed and labeled, and four independent�100

fields containing a minimum of 300 cells on each of three

replicate slides were evaluated for nuclear labeling by

fluorescence microscopy (Axiovert 200; Zeiss, Interme-

dic, Gottingen, Germany) for each treatment. Nuclear

chromatin condensation was observed under fluorescence

microscopy (LSM 410; Zeiss).

RNase protection assay

The RiboQuant Multiprobe protection assay system

(PharMingen, San Diego, CA) is a highly sensitive and

specific method for simultaneous detection and quanti-

fication of multiple mRNA species. Mouse apoptosis

template probe sets are available to detect levels of Bcl-2,

Bax, Bcl-x, Bcl-w, L32 and GAPDH. After isolating RNA

from the tissues of interest, the antisense RNA probe was

hybridized in excess to target RNA in solution. Free probe

and non-hybridized single-stranded RNA were digested

with RNases. 32P-labeled antisense RNA was transcribed

using T7 RNA polymerase (PharMingen) and

[a-32P]UTP (Amersham Life Science, Piscataway, NJ).

The reaction was terminated after 1 h at room tempera-

ture by the addition of DNase. Total RNA was extracted

from tissue using TRIzol (Gibco Life Technologies,

Carlsbad, CA). Total RNA (15–20 mg) was hybridized

with the 32P-labeled RNA probes that were transcribed

from the customized multiprobes (DNA templates) at

561C overnight, followed by digestion with RNase A for

45min at 301C which is then terminated by addition of

proteinase K. Single-stranded and unhybridized excess

mRNA was digested by RNase A. The protected double-

stranded RNA pellets were dried and resuspended in 5 ml
of 1� loading buffer (PharMingen) and electrophoreti-

cally resolved on 5% polyacrylamide–8M urea gel. The

polyacrylamide–urea gel was dried on blotting paper for

1 h at 801C. The labeled probes then were quantified by

autoradiography. Yeast tRNA was used as a negative

control.

Radioanalytic imaging

For comparative analysis, we quantified mRNA levels as a

percentage of the ribosomal protein L32mRNA level.

Radioactivity of each band in the sample was quantified,

standardized and compared with the level of L32

detected in that sample. Radioactivity of each template

was quantified directly from the gel by a radioanalytic

imaging system (UVP Digidoc-it; UVP, Upland, CA). Net

counts were obtained from each template (band)

including L32 and the results were expressed as

percentage of control cells for each group after normal-

ization to L32.

Protein extraction and Western blot analysis

Cellular proteins were extracted from cells in buffer

containing 50mM Tris–HCl, pH 7.5, 150mM NaCl, 1%

Nonidet P-40, 0.5% sodium deoxycholate, 4% protease

inhibitors and 1% phosphatase inhibitors. The cell lysate

was rotated at 41C for 30min, centrifuged at 10 000 r.p.m.

for 10min and the precipitates discarded. Protein

concentrations were determined by the DC Bio-Rad

protein assay kit using bovine serum albumin as a

standard. Cellular protein (25 mg) was loaded onto 10%

SDS–polyacrylamide gels. The proteins were then

transferred to a PVDF membrane (NEN Life Sciences

Products, Boston, MA) which was then incubated with

primary antibody. HRP-conjugated goat anti-rabbit or goat

anti-mouse IgGs were used as secondary antibodies as

appropriate. The immunoreactive bands were visualized

on X-ray film (Hyperfilm ECL) using a chemilumines-

cent substrate (Amersham). The b-actin antibody

(HHF35) was used to ensure equal protein loading.

Results
Effects of TQ on growth of primary and neoplastic

keratinocytes

We determined whether TQ is toxic to PMK cells

following treatment with graded concentrations of TQ

(20–100 mM) for 12 h (Fig. 1). Cell growth and survival

was not affected by treatment of PMK with concentra-

tions up to 80 mM TQ. Higher concentrations of 100 mM
TQ reduced the viability of PMK by 60% at 12 h

compared to control cells. Next, we determined whether

TQ affects the growth of neoplastic keratinocytes at

progressive stages of tumorigenesis. We used a murine in
vitro model of skin carcinogenesis which consists of

papilloma and spindle cell lines. We chose a well-

characterized SP-1 cell line that produces benign

papillomas when grafted onto the dorsum of immune-

deficient mice [17]. We also chose an advanced I7 spindle

cell line derived from keratinocytes transduced with v-

rasHa and v-fos oncogenes grafted to nude mice [18]. The

effects of TQ on neoplastic keratinocytes were studied by

determining whether TQ at various concentrations is: (i)

cytotoxic to SP-1 and I7 cells for up to 1 day post-TQ

treatment, (ii) suppresses the proliferation of neoplastic

cells for up to 2 days post-treatment, and (iii) causes
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visible morphological changes in SP-1 and I7 cells.

Towards this end, cells were treated with TQ and cellular

toxicity was determined using the CytoTox 96 assay. We

noted that the more aggressive I7 spindle cells were less

sensitive to the toxic effects of TQ (Fig. 1). No signs of

toxicity to I7 cells were observed at doses of up to 80 mM
TQ, while concentrations of 30 mM reduced SP-1 cell

viability by almost 40% (Fig. 1). Similarly, I7 cells were

more resistant than SP-1 cells to the growth suppressive

effects of TQ (Fig. 2). TQ remarkably inhibited the

proliferation of SP-1 papilloma cells in a dose- and time-

dependent manner (Fig. 2) with IC50 (50% inhibitory

concentrations) values of 55, 45, 30 and 20 after 6, 12, 24

and 48 h, respectively. The 50% inhibitory concentrations

of TQ were used to determine the time-course effects of

TQ on cell morphology. These concentrations were

30 mM for SP-1 cells and 60 mM for I7 cells. Treatment

of SP-1 cells with 30 mMTQ induced visible alterations in

the cell morphology as early as 4 h post-treatment. A clear

loss of basal-like appearance and the impaired ability of

SP-1 cells to become confluent were noted (Fig. 3).

Treatment of I7 cells with 60 mM of TQ also resulted in

significant alterations in cell morphology as early as 8 h

post-treatment (Fig. 3). Furthermore, the growth of these

cells decreased with time as cells were less confluent

than methanol-treated control cells.

Effect of TQ on cell-cycle distribution of neoplastic

keratinocytes

To dissect the mechanism for the anti-proliferative

effects of TQ, we determined whether the growth

inhibitory effects of TQ are associated with specific

changes in cell-cycle progression. Neoplastic keratino-

Fig. 1
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TQ treatment causes a dose- and time-dependent decrease in the
viability of SP-1 and I7 cells, but not PMKs. Cells were plated in 96-well
plates at a density of 0.75�105 cells/ml. At 40–60% confluency, cells
were treated with less than 0.1% methanol or TQ for up to 24 h. The
plots indicate viability of control and TQ-treated cells over a period of
24h. Viability was assessed as described in Materials and methods.
Results are expressed as percentage of methanol-treated cells for each
group. The values depict an average ( ±SD) of quadruplicate
measurements. Results are representative of at least two independent
experiments.
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TQ treatment causes a dose- and time-dependent growth suppression
in I7 and SP-1 cells. Cells were plated in 96-well plates at a density of
0.75�105 cells/ml. At 40–60% confluency, cells were treated with
less than 0.1% methanol or TQ for up to 24 h. The graphs indicate
viability of control and TQ-treated cells over a period of 48 h. Growth
was assessed as described in Materials and methods. Results are
expressed as percentage of methanol-treated cells for each group. The
values depict an average ( ±SD) of quadruplicate measurements.
Results are representative of at least two independent experiments.
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Fig. 3
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TQ treatment alters the morphology of SP-1 and I7 cells. Cells were plated in 100-mm culture dishes at a density of 2�105 cells/ml. At 40–60%
confluency, cells were treated with less than 0.1% methanol, 30 mM TQ for SP-1 cells and 60 mM TQ for I7 cells for various time points.

Fig. 4
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Percentage of pre-G1 cells after treatment with 30 or 60mM of TQ in SP-1 (A) and I7 (B) cells, respectively. DNA was stained with propidium iodide
and DNA content was then quantified by flow cytometry. The distribution of cells in the pre-G1 phase of the cell cycle was determined using the
CellQuest histogram analysis program. Results are representatives of two independent experiments.

Table 1 Cell-cycle distribution in SP-1 and 17 cells following TQ treatment for 12, 24 and 48h

SP-1 cells 12 h 24 h

C 30mM C 30mM

G0/G1 50.2 57.4 50.8 61.3
S 15.6 8.1 14.2 8.2
G2M 34.0 34.1 34.8 29.9

I7 cells 12 h 24 h

C 20 mM 60mM 100 mM C 20 mM 60mM 100 mM

G0G1 44.7 48.4 33.3 34.3 44.3 42.4 34.6 34.4
S 17.4 13.2 12.5 14.9 14.8 17.1 8.4 10.4
G2M 32.3 35.2 45.0 44.2 36.1 36.3 46.1 46.8

SP-1 cells were treated with 30 mM TQ and I7 cells were treated with 20, 60, or 100 mM TQ for 12, 24 and 48 h and stained with propidium iodide. DNA content was
then quantified by flow cytometry. The distribution of cells in the various phases of the cell cycle was determined using the CellQuest histogram analysis program. Results
are representatives of two independent experiments.
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cytes were treated with TQ for 12–48 h and harvested for

flow cytometric analysis of DNA content by propidium

iodide staining. For SP-1 cells, we used IC50 concentra-

tions (30 mM) achieved at 24 h following TQ treatment to

investigate whether the inhibition of cell proliferation by

TQ was due to cell-cycle arrest and/or apoptosis. For the

more resistant I7 cells, a range of TQ concentrations (20,

60 and 100 mM) were investigated. As summarized in

Table 1, TQ treatment of SP-1 cells with 30 mM caused

an increase, within 12 h, in the number of cells in the G1

phase of the cell cycle, providing evidence of G1 arrest. At

24 h post-treatment, the G1 population increased from

50% in the control to 61% in SP-1 cells treated with TQ

with a concomitant decrease in the percentage of S phase

cells (Table 1). At longer incubation times of 48 h, the

accumulation of a pre-G1 peak of hypodiploid cells to the

left of the G1 peak was evident (Fig. 4). Upon treatment

of I7 cells with 60 mM TQ, a 28% increase in the

percentage of cells in G2/M phase was noted at 24 h post-

treatment (Table 1). These results indicate that at short

incubation times, TQ is involved in G1/S-phase arrest in

SP-1 cells and G2/M arrest in I7 cells; however, at long

incubation times TQ induces apoptosis in both cell lines

(Fig. 4).

To understand and confirm the nature of cell death, we

utilized the TUNEL assay method in which FITC-

conjugated dUTP was incorporated into the DNA strand

Fig. 5
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(B)

TQ treatment induces apoptosis in SP-1 (A) and I7 cells (B). Cells were grown on eight-well glass chambers (105 cells /ml) and treated with 30mM
TQ (SP-1), 60 mM TQ (I7) or methanol when 40–60% confluent. After 12, 24 or 48 h, cells were stained and mounted in Antifade as described in
Materials and methods.
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breaks due to apoptosis by terminal deoxynucleotidyl

transferase. Our data revealed that, in comparison with

control untreated cells, TQ-treated cells underwent an

appreciable amount of apoptosis (Fig. 5). These findings

confirmed that TQ-induced increases in the pre-G1

fraction are due to apoptosis. The first apoptotic cells

appeared 12 h after treatment with TQ. The proportion

of apoptotic neoplastic keratinocytes increased in a time-

dependent manner.

TQ modulation of key cell-cycle regulators

To further characterize the molecular basis of TQ-

induced cellular effects, we investigated whether changes

in the expression of key cell-cycle mediators accompany

cell-cycle arrest induced by TQ. Since we observed G1

phase arrest in TQ-treated SP-1 cells, we investigated the

effects of TQ on the expression of p16 and p21 CDK

inhibitors that are known to bind and antagonize cyclin/

CDK complexes to halt G1–S phase cell-cycle progres-

sion. In TQ-treated SP-1 cells, we also investigated the

ability of this compound to modulate cyclin D and p53

protein levels. While cyclin D associates with CDK4 and

CDK6 to form holoenzyme complexes that phosphorylate

pRB and ensure G1–S transition, p53 is a tumor

suppressor protein that is known to play a major role in

cell-cycle arrest and apoptosis. Although the expression of

p53 and p21 proteins was not significantly altered upon

treatment of SP-1 cells with TQ, we observed a dramatic

increase in p16 protein levels (Fig. 6). Whereas basal

levels of p16 proteins were undetectable in SP-1 cells, the

levels sharply increased at 2 h post-TQ treatment, and

the increase was sustained for up to 24 h and returned to

basal undetectable levels at 48 h. In addition, the

expression of cyclin D1 proteins decreased 12 h post-TQ

treatment (Fig. 6), while no major change in transcript

levels was detected (data not shown), suggesting that the

regulation is either at the translational or post-transla-

tional level. For I7 cells, we determined the effect of TQ

on key cell-cycle modulators required for G2/M transition

such as cyclin B, p53 and p21. Interestingly, TQ-induced

G2/M arrest in I7 cells was associated with an increase in

p53 protein at 4 h and a decrease in cyclin B protein at 8 h

post-TQ treatment. There were no changes in the levels

of p21 protein (Fig. 6).

TQ modulation of key apoptotic regulators

TQ treatment induced apoptosis in both cell lines was

associated with the modulation of proapoptotic (Bax, Bak

Fig. 6

TQ treatment of SP-1 (A) or I7 (B) neoplastic keratinocytes results in differential expression of cell-cycle regulators. Cells were plated in 100-mm
dishes at a density of 2� 105 cells/ml and treated with less than 0.1% methanol, 30 mM TQ (SP-1) or 60 mM TQ (I7). Total SDS protein lysates were
extracted from untreated control and TQ treated cells for 2, 4, 8, 12, 24 and 48 h. All blots were reprobed with b-actin to ensure equal protein
loading.
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and Bad) and antiapoptotic (Bcl-2, Bcl-xL/S and Bcl-w)

protein (Fig. 7) and transcript (Fig. 8) levels. Bax,

Bcl-2 and Bcl-xL/S are known to act on the mitochondria

to regulate membrane permeability. The upregulation

of Bax alters the ratio of the proapoptotic to antiapoptotic

proteins in the cell leading to the release of cytochrome

c to promote cell death. Interestingly, treatment of

SP-1 cells with TQ resulted in a sharp increase in Bax

protein levels as early as 2 h post-treatment (Fig. 7).

However, no major change in Bax mRNA expression

was detected in TQ-treated SP-1 cells (Fig. 8). The

increase in Bax protein expression in I7 cells occurred

at later times (24 h) following TQ treatment (Fig. 7).

The levels of the antiapoptotic proteins Bcl-2 and

Bcl-xL/S decreased in both cell lines (Fig. 8). In SP-1

cells, a sharp decrease in the transcript levels of

antiapoptotic Bcl-xL/S and Bcl-w occurred at 12 h post-

TQ treatment and the decrease was sustained for up to

48 h (Fig. 8).

Discussion
A wide range of naturally occurring agents have been

identified as skin cancer chemopreventive agents [19,20].

An ideal agent is one that exerts cancer preventive effects

with minimal or no toxicity and has a defined mechanism

of action [19–21]. One such compound that we have

previously investigated in our laboratories and found to

inhibit the growth of colon cancer cells is TQ from black

seed [22]. Despite the fact that TQ’s antitumor activity

has been well documented in various models, its

mechanism of action is still unknown. Thus, we

investigated TQ’s effects in an in vitro skin model, i.e.

the mouse papilloma SP-1 and spindle I7 cell lines, as

well as normal counterpart cells, PMK, with the aim of

Fig. 7

TQ treatment of SP-1 (A) or I7 (B) neoplastic keratinocytes results in differential expression of apoptosis markers. Cells were plated in 100-mm
dishes at a density of 2�105 cells/ml and treated with less than 0.1% methanol or TQ. Total SDS protein lysates were extracted from untreated
control and TQ-treated cells for 2, 4, 8, 12, 24 and 48 h. All blots were reprobed with b-actin to ensure equal protein loading.
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deciphering its antiproliferative mechanism of action at

the cellular and molecular levels. Here we show that TQ

inhibits the growth of neoplastic keratinocytes, induces

cell-cycle arrest and apoptosis at non-cytotoxic concen-

trations.

SP-1 cells were more sensitive to the growth inhibitory

effects of TQ than I7 cells. Growth inhibition in SP-1

cells was evident at half the concentrations of TQ and at

shorter drug incubation times compared to I7 cells. This

suggests that TQ treatment may be more effective when

used at early stages of skin tumorigenesis. At late stages

of skin carcinogenesis, cells may acquire mutations that

lead to their greater resistance to TQ treatment. This is

in accordance with other studies that have investigated

natural compound effects and shown that cancer cells at

advanced carcinogenic stages exhibit greater resistance to

treatment [23,24].

The differential sensitivity of SP-1 and I7 cells to the

growth inhibitory effects of TQ prompted us to

investigate whether this is associated with differences

on components of signaling pathways. Our flow cytometry

results revealed that TQ treatment induces arrest at

different phases of the cell cycle in the two cell lines.

While short incubation times of TQ induced G1 arrest in

SP-1 cells, we observed G2/M arrest in I7 cells. At longer

incubation times and at higher doses, TQ induced

apoptosis in the two cell lines. Thus, it is likely that

TQ induces apoptosis in SP-1 cells by causing G1 arrest

and in I7 cells by causing G2/M arrest. These effects

correlated well with TQ’s ability to differentially

modulate the expression of components of signaling

pathways involved in cell-cycle arrest and apoptosis.

While TQ treatment tremendously induced p16 protein

expression and inhibited cyclin D1 expression in SP-1

cells, it increased p53 protein expression and inhibited

cyclin B1 protein levels in I7 cells.

The ability of TQ to remarkably increase p16 levels in SP-

1 cells is very promising since the latter is a CDKI which

is known to bind to CDK4/6 preventing its association

with cyclin D, a requirement for G1–S phase transition

[25]. In addition, there is compelling evidence that the

loss of p16 function occurs frequently in human cancers

[25]. Thus, if TQ is capable of restoring p16 function in

SP-1 papilloma cells, it is likely that it will play a role in

the treatment of skin cancers at early stages of

tumorigenesis. This is in agreement with others’ findings

showing that modulation of p16 expression increases the

sensitivity of tumors to chemotherapeutic drugs [26].

The inhibition of cyclin D expression by TQ is also

interesting since many anticancer drugs act by modulat-

ing this protein [27].

In I7 cells, TQ modulated the level of cyclin B1 and p53

proteins, both of which are key regulators in the G2 phase

of the cell cycle. The tumor suppressor protein p53 is a

critical component of the cellular mechanisms that

respond to genotoxic stress to maintain the genomic

integrity of the cell [9,28]. Recent studies have shown

that the activation of p53 protein (post-translational

modification) is necessary to induce G2 arrest following

DNA damage, since tumor cells lacking this protein enter

into mitosis with accelerated kinetics [9,29,30]. The

mechanism of p53-dependent G2 arrest involves an initial

inhibition of cyclin B1/CDK1 activity by p21 protein, and

the subsequent reduction of cyclin B1 and CDK1 protein

levels [30,31]. The reduced expression of cyclin B1/

CDK1 is mediated in part by p53-dependent repression

of the cyclin B1 and CDK1 promoters [30,32]. Many

anticancer drugs currently used in the clinic exert their

effects on p53 and cyclin B levels [33–37].

Fig. 8
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TQ treatment of SP-1 (A) or I7 (B) neoplastic keratinocytes modulates
proapoptotic (Bax, Bak and Bad) and antiapoptotic (Bcl-w and Bcl-xL/S)
transcript levels. Cells were plated in 100-mm tissue culture dishes at a
density of 2�105 cells/ml, and treated with 30mM (SP-1) or 60 mM (I7)
of TQ for 12 and 24 h, respectively. Total RNA was extracted from TQ-
treated SP-1 and hybridized with specific probes against Bax, Bak,
Bad, Bcl-xL/S and Bcl-w. The RNase protection assay was performed as
described in Materials and methods. Net counts were obtained from
each template (band) including L32. The values were normalized to L32
and results expressed as percentage of control cells for each group.
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Whereas necrosis is a passive process of cellular metabolic

collapse followed by cellular disintegration, apoptosis

involves an active, energy-dependent mechanism in

which cells participate in their own destruction [37].

Apoptosis is linked to the transcriptional activation of the

proapoptotic Bax protein, and repression of the anti-

apoptotic Bcl-2 and Bcl-xL proteins, the generation of

reactive oxygen species, and many other mechanisms

[38,39]. Interestingly, the ability of TQ to induce

apoptosis in SP-1 and I7 cells was associated with an

increase in Bax protein expression and a drastic decrease

in Bcl-xL/S and Bcl-w protein and transcript levels.

Antiapoptotic Bcl-2 family members inhibit cell death

by blocking cytochrome c release from the mitochondria,

thereby preventing activation of the apoptosome pathway

[40,41]. In contrast, Bax induces both cytochrome c
release and caspase activation in vitro [42] and in vivo
[43]. Overexpression of Bcl-2 could provide a survival

advantage for cancer cells and has been associated with

increased frequency of lymphoma development in a

mouse model [44]. The increase in the Bcl-xL expression

level is very prominent in human ovarian carcinoma

cells, and this contributes to the resistance of these

cells to paclitaxel and cisplatin, drugs that are clinically

used to treat ovarian cancers [45]. Loss of the

proapoptotic Bax protein function might play a role in

the pathogenesis of many types of cancer [46]. It is worth

mentioning that TQ-induced upregulation of Bax protein

occurred at earlier times and to a greater extent in SP-1

cells than in I7 cells. The increase in Bax expression

occurred at 2 h post-TQ treatment in SP-1 cells and at

24 h in I7 cells, providing further support to the

hypothesis that TQ treatment is more likely to exert its

therapeutic and apoptotic effects at earlier stages of

tumorigenesis.

The results presented in this study suggest a working

model of TQ-induced cell-cycle arrest and apoptosis in

SP-1 and I7 cells. This model reflects a balance between

the ability of TQ to induce cell-cycle arrest, by

modulation of p16 and cyclin D1 in SP-1 cells and p53

and cyclin B1 in I7 cells, and its ability to trigger apoptosis

by modulation of Bax, Bcl-2 and Bcl-xL proteins. In

summary, this study identifies TQ as a potent inducer of

cell-cycle arrest and apoptosis. The cytostatic and

proapoptotic effects of TQ on skin cancer cells, in the

absence of toxicity to primary keratinocytes, points to the

potential use of this compound in the prevention and/or

treatment of cancer. Further studies will focus on testing

the effects of TQ treatment on other cell-cycle and

apoptogenic regulators in an attempt to further dissect its

mechanism of action.
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