
Abstract. Background/Aim: Since the natural compound
sulforaphane (SFN) has been shown to stop tumor growth,
renal cell carcinoma (RCC) patients often use this drug in
addition to their prescribed oncotherapy. The aim of this
study was to examine whether resistance to SFN may
develop after long-term application. Materials and Methods:
Several RCC cell lines were incubated with SFN for short
periods of time (24-72 h) or long periods of time (8 weeks)
and cell growth, proliferation, and cell-cycle proteins were
analyzed. Results: Both short- and long-term application of
SFN distinctly reduced RCC cell growth and proliferation.
However, differences in the distribution of cells in each
phase of the cell cycle and in the expression of cell-cycle
proteins were apparent. Short-term treatment induced S-
phase arrest, whereas long-term treatment induced G0/G1-
phase arrest. Expression of Cdk1 and Cdk2 increased over
short-term incubation, but decreased long-term. Expression
of pCdk2, Akt, and Raptor were reduced following long-term
SFN-exposure, but remained unchanged when SFN was
applied for short periods of time. Conclusion: Chronic use
of SFN did not evoke resistance, but differentially altered
signaling pathways, compared to short-term use. 

Renal cell carcinoma (RCC) accounts for 3% of all malignant
neoplasms in adults, and its incidence is increasing (1). Almost
30% of patients have metastases at diagnosis, and more than
two-thirds of patients with localized disease relapse within 5
years (2), at which time point palliative therapy remains the
only option. RCC does not satisfactorily respond to

chemotherapy or radiotherapy (3), and interleukin 2 or
interferon-alpha-based immunotherapy induces a weak
response rate of only 10-15% (4, 5). Novel licensed target
drugs, including the tyrosine kinase inhibitors sunitinib and
sorafenib and the mechanistic target of rapamycin (mTOR)
inhibitors temsirolimus and everolimus, have significantly
improved patient outcome, but resistance still develops during
chronic treatment (6).

Dissatisfaction with conventional tumor treatment and the
wish to actively contribute to tumor therapy are the main
reasons why cancer patients seek complementary or alternative
(CAM) medicinal options. The number of cancer patients using
CAM ranges from 18-51% (7, 8), whereby natural herb
treatment is the most prominent. About 30% of CAM users in
Germany and Italy favor phytotherapeutic agents (9, 10), and
in Canada and Northern USA use exceeds 60% (11, 12). 

Due to the high content of glucosinolates, whose
breakdown product sulforaphane (SFN) has been shown to
possess chemopreventive properties (13), the dietary
consumption of cruciferous vegetables (broccoli (Brassica
oleracea var. italic), cabbage (Brassica oleracea var.
capitata), radish (Raphanus sativus), kale (Brassica oleracea
var. acephala) and cauliflower (Brassica oleracea var.
botryitis)) has become very popular among CAM-users.
After enzymatic hydrolysis of the glucosinolates by
myrosinase, SFN becomes available. In vitro and in vivo
studies point to significant anti-inflammatory and anti-
carcinogenic properties of SFN by regulating intracellular
pathways involved in tumor initiation, promotion,
progression, and metastasis. Consuming one serving of raw
broccoli per month (average intake 3.9 servings/month) has
been shown to reduce disease-specific and overall mortality
of bladder cancer patients (14). Cipolla et al., employed an
oral dose of 60 mg/day SFN in the treatment of prostate
cancer patients (15). SFN might, therefore, be a promising
agent to prevent or delay cancer development in various
organs. However, it is not clear whether long-term use of
SFN may evoke resistance mechanisms leading to non-
responsiveness and aggressive tumor re-growth, as occurs
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with many other oncotherapeutic drugs. Therefore, the
growth and proliferation of RCC cell lines after application
of SFN was investigated to evaluate of its effects following
short- and long-term treatment. 

Materials and Methods

Cell culture. Renal carcinoma A498, Caki1, and KTCTL-26 cell
lines were purchased from LGC Promochem (Wesel, Germany). The
tumor cells were grown and subcultured in RPMI 1640 medium
(Gibco/Invitrogen, Karlsruhe, Germany) supplemented with 10%
fetal calf serum (FCS), 2% Hepes buffer, 1% Glutamax, and 1%
penicillin/streptomycin at 37˚C in a humidified 5% CO2 incubator.

Drug treatment. SFN (4-methylsulfinybutyl isothiocyanate, Figure 1)
purchased from Biomol, (Hamburg, Germany), was stored at –20˚C
and was diluted in cell culture medium to a final concentration of 5
μM prior to use. Control cell cultures received cell culture medium
without SFN. To exclude toxic effects of the compound, cell viability
was determined by trypan blue (Gibco/Invitrogen). 

Tumor cells were subjected to the experimental protocols either
shortly after SFN-treatment (24-72 h incubation; short-term) or after
treatment with SFN for eight weeks (long-term). Medium was changed
thrice weekly. Before experimentation, cell culture medium of the long-
term treated cells containing 5 μM SFN was replaced by SFN-free
medium for three days. After this wash-out phase, tumor cells were re-
treated with SFN for 24-72 h and tumor cell growth and proliferation
were assayed. Medium was also changed for the control cells.

Measurement of tumor cell growth and proliferation. Cell growth
was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) dye reduction assay (Roche
Diagnostics, Penzberg, Germany). Tumor cells (100 μl, 5×104
cells/ml) were plated into 96-well tissue culture plates. After 24, 48,
and 72 h, MTT (0.5 mg/ml) was added for an additional 4 h. The
reaction was stopped by lysing the cells in a buffer containing 10%
SDS in 0.01 M HCl. After incubating the plates at 37˚C, in a
humidified 5% CO2 incubator overnight, the absorbance at 570 nm
was measured using a microplate ELISA reader. Each experiment
was done in triplicate. After subtracting background absorbance,
results were expressed as mean cell number.

Cell proliferation was measured using a BrdU cell proliferation
enzyme-linked immunosorbent assay (ELISA) kit (Calbiochem/
Merck Biosciences, Darmstadt, Germany). SFN-treated and non-
treated tumor cells were seeded onto 96-well tissue culture plates,
incubated with 20 μl BrdU-labelling solution per well for 8 h, fixed
and detected using anti-BrdU mAb according to the manufacturer's
instructions. Absorbance was measured at 450 nm after 24 h.

Cell cycle analysis. Cell-cycle analysis was carried out with sub
confluent tumor cells (treated versus non-treated). Tumor cell
populations were stained with propidium iodide, using a Cycle TEST
PLUS DNA Reagent Kit (BD Biosciences, Heidelberg, Germany) and
then subjected to flow cytometry with a FACScan flow cytometer
(Becton Dickinson, Heidelberg, Germany) after 24 h of cultivation.
10,000 events were collected for each sample. Data acquisition was
carried out using Cell-Quest software and cell cycle distribution was
calculated using the ModFit software (BD Biosciences). The number
of gated cells in the G1, G2/M, or S-phase was presented as %.

Western blot analysis. Cell cycle regulating protein levels were
investigated in Caki1 cells. Tumor cell lysates were applied to 7% to
12% polyacrylamide gel and electrophoresed for 90 minutes at 100 V.
The proteins were then transferred to nitrocellulose membranes (1 h,
100 V). After blocking with nonfat dry milk for 
1 h, the membranes were incubated overnight with monoclonal
antibodies directed against the cell cycle proteins: Cdk1 (IgG1, clone
1), pCdk1/Cdc2 (IgG1, clone 44/Cdk1/Cdc2 (pY15)), Cdk2 (IgG2a,
clone 55), Cyclin A (IgG1, clone 25), Cyclin B (IgG1, clone 18; all:
BD Biosciences), and pCdk2 (Thr160; Cell Signaling, Frankfurt,
Germany). The mechanistic target of rapamycin (mTOR) pathway was
investigated by using the following monoclonal antibodies: Raptor
(24C12; Cell Signaling), anti phospho Raptor (pRaptor; IgG, Ser792;
New England Biolabs, Frankfurt, Germany), PKBα/Akt (IgG1 clone
55), anti phospho Akt (pAkt; IgG1, Ser472/Ser473, clone 104A282;
BD Pharmingen). HRP-conjugated goat anti-mouse IgG and HRP-
conjugated goat anti-rabbit IgG (1:5,000; Upstate Biotechnology, Lake
Placid, NY, USA) served as the secondary antibody. The membranes
were briefly incubated with ECL detection reagent (ECL;
Amersham/GE Healthcare, München, Germany) to visualize the
proteins and then analyzed by the Fusion FX7 system (Peqlab,
Erlangen, Germany). β-Actin (1:1,000; clone AC-15; Sigma-Aldrich,
Taufenkirchen, Germany) served as the internal control. Gimp 2.8
software was used to perform pixel density analysis of the protein
bands and to calculate the ratio of protein intensity/β-actin intensity.

Statistics. All experiments were performed three to six times.
Statistical significance was calculated with the Wilcoxon–Mann-
Whitney U-test. Differences were considered statistically significant
at a p-value less than 0.05.

Results
Tumor cell growth. Short-term treatment with SFN caused a
significant growth reduction in all three RCC cell lines,
compared to the controls (Figure 2A) and long-term
treatment induced an even stronger growth blockade. The
trypan blue test revealed no toxic effects of the compound
so that growth suppression cannot be attributed to necrosis.

Tumor cell proliferation. Tumor cell proliferation of all three
cell lines significantly decreased following short-term SFN
exposure (Figure 2B). Long-term application induced an
even further decrease in proliferation of A498 cells,
compared to short-term treatment, whereas no differences
between short- and long-term application were seen in Caki1
and KTCTL-26 cells. 
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Figure 1. Structural formula of SFN (47).



Cell cycle progression. Cell cycle progression was analyzed
for A498 and Caki1 cells. SFN short-term exposure was
associated with an increase in the S-phase along with a
decrease of G0/G1-phase cells, compared to controls (Figure
3A). In A498 cells an additional reduction in G2/M-phase cells
was also apparent. In contrast, upon long-term treatment with
SFN the number of A498 and Caki1 cells in the G0/G1 phase
increased, whereas the number of S-phase cells decreased.
Since similar effects were seen on A498 and Caki1 cells, the
subsequent study was restricted to the Caki1 cell line.  

Western blot analysis. Short-term SFN exposure was
accompanied by a significant up-regulation of Cdk1 (both
total and activated), Cdk2 and cyclin A, whereas Cyclin B,
pAkt and pRaptor were down-regulated (Figure 3B). In
contrast, long-term SFN application down-regulated Cdk1,
Cdk2, and pCdk2. Akt and Raptor were diminished, while
Cyclin B was not influenced following long-term treatment.
Similar to short-term SFN application pCdk1 and Cyclin A
were enhanced, while pAkt and pRaptor were suppressed,
each compared to respective controls. 

Discussion

SFN has been widely used to treat inflammatory disease, and
recent studies attest to an anti-tumor effect in vitro and in
vivo (16, 17). In the present study both long- and short-term
administration of SFN suppressed the growth of all three

RCC cell lines tested, without inducing resistance. However,
the growth inhibition was associated with different cellular
mechanisms, depending on whether SFN was applied short-
or long-term.

The SFN concentration used in studies that have shown
inhibition of progressive behavior of several cancer entities
range between 5-20 μM (18, 19). Prior dose-response-
analyses done on Caki1, A498, and KTCTL-26 have
demonstrated that 1.25 or 2.5 μM SFN are sufficient to evoke
anti-tumor effects (20). In the present investigation 5 μM
SFN was employed, since the IC50 was calculated to be near
this concentration. 

During short-term application, 5 μM SFN elevated the
number of Caki-1 and A498 cells in the S-phase of cell cycle
and reduced the number cells in the G0/G1-phase. This is in
accordance with a previous study, where SFN induced an
increase in the number of Caki1 tumor cells in the S-phase (21).
Interestingly, the number of cells found in the G2/M-phase
instead of S-phase has been found to increase when Caki1 were
synchronized at the G1/S transition and then subjected to 5 μM
SFN (21). Caki1 cells were also found to accumulate at both S-
and G2/M-phase when treated with 20 μM SFN (20). A dose-
dependent alteration in cell cycling has also been observed by
others (22). Herman-Antosiewicz point to a switch from S-
/G2/M-phase elevation to a G0/G1-phase elevation with
increasing SFN concentrations in prostate cancer cells (23).
Experiments on osteosarcoma cells have shown that SFN
induces a G2/M-phase block at concentrations ≤10 μM, but an

Rutz et al: Sulforaphane Does Not Induce Resistance

6203

Figure 2. A: Growth of A498, Caki1, and KTCTL-26 RCC cells treated short- and long-term with 5 μM SFN. Percentage difference from 24 h,
control (100%), to 72 h is shown. Each experiment was performed in triplicate and repeated 5 times. *Ιndicates significant difference from controls.
B: Cell proliferation of A498, Caki1 and KTCTL-26 cells treated short- and long-term with 5 μM SFN. BrdU incorporation is shown as percentage
difference to the untreated control. Each experiment was performed in triplicate and repeated 5 times. *Ιndicates significant difference to controls
set to 100%.



S-phase and G2/M-phase block at concentrations >10 μM (24).
In the present in vitro model, short-term treatment with 5 μM
SFN was shown to induce accumulation of Caki-1 and A498
cells in the S-phase. Therefore, SFN’s molecular mode of action
may (at least partially) depend on the cell cycle status and on
the SFN-concentration used.

Administration of SFN over 8 weeks induced distinct
suppression of RCC growth and proliferation, as did short-term
administration. An 8-week drug incubation has earlier been
shown adequate in inducing resistance towards the TKI
sunitinib and the mTOR inhibitor everolimus in RCC cells (25,
26). Since SFN maintained its tumor-suppressive properties
over an 8-week incubation, it is apparent that resistance
development does not occur with this substance during a time
period in which other oncotherapeutics do induce resistance.
From a clinical perspective this is important since resistance is
a primary factor leading to treatment failure. If SFN does not
induce resistance in vivo (still to be proven by animal studies),
it might be considered a valuable adjunctive to accompany the
present RCC treatment regimen based on TKIs and/or mTOR
inhibitors. Long term application of gemcitabine or SFN for 1
year to pancreatic cancer cells led to resistance development
towards gemcitabine but not to SFN (27), which is in line with
our observation. Besides in vivo investigations, which should
be done, ongoing studies on a panel of different tumor entities
are required to investigate whether the long-term inhibitory
effects of SFN observed on growth and proliferation of RCC
cells extend to further tumor types.

Cell cycle analysis of both A498 and Caki-1 cells revealed
an inverse regulation of cell cycling under long-term SFN
application, compared to short-term. However, SFN’s
biological action to inhibit growth and proliferation is similar
over both time periods, even though the molecular
mechanism differs. Indeed, Pappa et al., observed a time-
independent suppression of colon cancer cell growth by
SFN, accompanied by a time-dependent switch from G2/M-
phase to a G1-phase block (28). Lubelska et al. and Negrette-
Guzmán et al. assumed from their studies that SFN’s effects
might depend on the tumor cell differentiation status (29,
30). Hudecova et al. reported that epigenetic activation
/deactivation of cell signaling proteins in carcinoma cells
closely depends on the SFN incubation time period (31).
Similarly, NF-kappa B - DNA binding, was found to be
reduced early after adding SFN (<24 h incubation), but
enhanced following prolonged incubation (>24 h) (32).
These investigators did not evaluate cell cycling under SFN. 

The cell cycle switch correlated with a switch in cell cycle
regulating protein expression. This was particularly true for
Cdk1 and Cdk2, which were up-regulated short-term but down-
regulated under long-term SFN-treatment. Sufficient evidence
has been provided that Cdk2 along with Cyclin A forces cells
to transit from the G1 into the S-phase (33, 34). The Cdk1-
Cyclin B-complex regulates G1/S transition (35), but is also
relevant in the late S-phase to control cell progression into
G2/M (33, 34). Fung and coworkers observed elevated Cyclin
A in tumor cells arrested in the S-phase and elevated Cyclin B
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Figure 3. A: Cell-cycle analysis of A498, Caki1, and KTCTL-26 cells. Subconfluent cell cultures were treated with 5 μM SFN for 24 h (“short”) or
for 8 weeks (“long”) and cell-cycle phases evaluated by flow cytometry. Controls were untreated. Tumor cell populations in G0/G1, S- and G2/M-
phase are shown as percentage of total analyzed cells. One representative experiment of three is shown. B: Pixel density values of cell cycle and
mTOR related proteins, evaluated by western blotting. Caki1 cells were pre-treated with SFN for 24 h (short) or 8 weeks (long). Controls remained
untreated. Each experiment was repeated 5 times. Values are given as percentage difference to untreated controls. *Indicates significant difference
to controls, set to 0.



and Cdk1 in tumor cells arrested in G2/M (36). In a similar
fashion, cell cycle block at the S and G2/M checkpoints
correlated with an up-regulation of cyclin A and cyclin B1 and
sustained phosphorylation of Cdk1 (37). Therefore, SFN seems
to cause Cdk1 and Cdk2 up-regulation in the early phase of
cell treatment, leading to an S-phase arrest. Still, the roles of
these proteins and the interacting proteins Cyclin B and A are
not fully understood and require further investigation. Findings
in this regard do not coincide with reports from previous
studies. At this point it is not possible to explain why activation
of Cdk2 was not altered and why Cyclin B was diminished
under short-term SFN exposure. 

Loss of Cdk1 and 2 under long-term SFN treatment
correlated with a G0/G1 phase block as has also been found
by others (38-40). Presumably, a functional switch of SFN
during long-term exposure takes place, such that the
diminished Cdk1 and 2 expression level drives the tumor
cells into G0/G1. The expression level of Akt and Raptor
(total) also depended on the SFN incubation time (being
significantly reduced under long-term SFN treatment but
uninfluenced under short-term application). The cross-
communication between Akt-mTOR and the Cdk-axis is well
documented. In good accordance to our results, Cdk2 down-
regulation has been shown to be associated with Akt
suppression and G0/G1-phase arrest (41, 42), whereas Cdk2
up-regulation correlated with Akt elevation and S-phase
arrest (43). Although enhanced Akt expression levels were
not observed, Cdk2 elevation was also accompanied by an
increased number of S-phase cells in our study. Nevertheless,
since Cdk2 but not Akt and Raptor were enhanced by SFN,
and since phosphorylation of Akt and Raptor was diminished
irrespective of the Cdk2 expression levels, Akt-mTOR
signaling may modulate tumor cell growth independently
from Cdk2. In fact, Akt phosphorylation can be altered
independently from Cdk2 (44). Vice versa, Cdk2 can mediate
cell proliferation independently from Akt signaling (45). An
interesting aspect has been presented by Maddika et al. who
provided evidence that Akt may differentially regulate cell
cycling, dependent on the duration of Akt phosphorylation
(46). Speculatively, short-term Akt (and Raptor) de-
phosphorylation (seen under short-term SFN exposure) may
trigger Cdk2 elevation, whereas long-term Akt (and Raptor)
de-phosphorylation (seen under long-term SFN exposure)
may induce a mechanistic switch towards Cdk2 suppression.
This may also hold true for Cdk1, but since no data are
currently available, this remains speculative. 

In conclusion, evidence is presented that SFN inhibits
growth and proliferation of RCC cells in vitro and that long-
term administration does not cause resistance, making SFN
a candidate for clinical application. Since SFN maintains
long-term antitumor properties without resistance
development, comparing the molecular mechanisms of this
substance with those of drugs that do induce resistance may

offer insights into molecular mechanisms leading to
resistance. The switch in SFN’s molecular mode of action
concerning Cdk1 and Cdk2 during short- and long-term
exposure deserves particular attention.
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