
Abstract. Background: Rb functions as a key controller of the
G1-S transition of the cell cycle, and its inactivation leads to a
defective G1 checkpoint. Bladder cancer frequently displays
alterations in Rb such as constitutive hyperphosphorylation
which results in inactive Rb and progression of cells to the S-
phase. Several protein kinase C (PKC) inhibitors are currently
undergoing clinical trials as anticancer drugs. Materials and
Methods: T24 urinary bladder carcinoma cells, known to
express hyperphosphorylated Rb, were treated with PKCα/βI
inhibitor Go6976. The treated cells were subjected to cell cycle
analysis, cell growth assay and Western blots for Rb and cdc2
phosphorylation. Results: The treatment resulted in Rb
dephosphorylation at Ser 795 and Ser 807/811, and cdc2
dephosphorylation at Tyr15. Subsequent G0/1 arrest and
reduced proliferation rates were observed. Conclusion: The
results show that Go6976 can be used to restore constantly
hyperphosphorylated and therefore constantly inactive Rb
function in cancer cells.

Protein kinase C (PKC) family members are classified into
three major groups: classical (α, βI, βII, and γ), novel (δ, ε,
η and θ) and atypical (μ, ζ and ι). Activation of classical

isoenzymes depends on calcium and phospholipids; novel
enzymes are activated by phospholipids; and atypical enzyme
activation occurs independently of calcium or phospholipids
(1, 2). PKCα has been linked to cancer progression because it
increases cell proliferation and migration, and inhibits
apoptosis (3-7). PKC β has also been associated with an
increased proliferation rate of cancer cells (8-10). 

Previous studies have demonstrated that PKCα, -β, and -δ
are the predominant isoenzymes in the normal epithelium of
the urinary bladder. Furthermore, transitional cell carcinomas
(TCCs) commonly display down-regulation of PKC β and δ,
and increased expression of PKCα (11-13). Increased PKCα
and βI expression and activity are associated with the high
proliferation rate in TCC tumours (14). 

Cancer cells may harbor defective cell cycle checkpoints
resulting in uncontrolled growth and increased probability for
new mutations. Cell cycle checkpoint defects are often caused
by alterations in tumor suppressor genes such as Rb and p53.
Mutations of p53 have been associated with ~50% of cancers,
including urinary bladder carcinoma (15, 16). In addition,
bladder cancers frequently display alterations in Rb, such as
loss of expression, and interestingly, hyperphosphorylation,
resulting in non-functional Rb (17). 

Rb is regulated through phosphorylation by various
signaling pathways, such as p53. Dephosphorylated Rb is
bound to the S-phase-promoting E2F family transcription
factors inhibiting progression to the S-phase (18). In contrast,
the G2 checkpoint is controlled by the mitosis-promoting
factor (MPF), composed of activated cdc2/cyclin B1
complex. Activity of cdc2 is in part controlled by activating
dephosphorylation on Tyr15 by active cdc25C. The PKCα/βI
inhibitor Go6976 can induce MPF activation and mitosis in
5637 TCC cells. Furthermore, this feature can be exploited
to overcome the resistance of cancer cells to paclitaxel (19).

Increasing evidence suggests that PKC inhibitors are
effective chemotherapeutic agents. Non-specific and isoenzyme
specific PKC inhibitors have been shown to exert various
favorable effects in experimental cancer treatment, including
growth arrest, apoptosis, and inhibition of invasion. UCN-01, a
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wide range kinase inhibitor which inhibits PKC among others,
has been shown to cause an accumulation of cells in the G1
phase of the cell cycle and induction of apoptosis, but the
molecular mechanism as an anticancer agent remains elusive
(20). Recent evidence suggests that experimental cancer
therapies with PKCα inhibitors are more effective than non-
specific inhibitors. PKC isoenzyme specific inhibitors such as
Go6976 (PKCα and -βI inhibitor), Safingol (PKCα inhibitor),
and ISIS 3521 (PKCα antisense oligonucleotide) have proven
to be effective anti-cancer drugs in cell cultures and animal
models (21-27). PKC alpha and betaI inhibitor Go6976 induces
a rapid translocation of various cell-cell and cell-matrix
junction proteins and dramatically inhibits invasion and
migration of urinary bladder carcinoma cells (28).

This study demonstrates that Go6976 induces Rb
dephosphorylation, G1 cell cycle arrest, growth retardation,
and MPF activation in T24 cancer cells. The T24 cell line
served as an excellent model of high grade TCC cells that
are characterized by a p53 mutation and inactivation of Rb
due to chronic hyperphosphorylation (17). 

Materials and Methods

Antibodies. Rabbit antibodies against human phospho-cdc2 (Tyr15),
phospho-Rb (Ser795) (29), phospho-Rb (Ser 807/811) (30) and
beta-actin (31) were obtained from Cell Signaling Technology
(Beverly, MA, USA).

Cell culture. T24 cells were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). Cell lines were
maintained at DMEM supplemented with 10% FCS, penicillin (100
units/ml) and streptomycin (100 μg/ml) (DMEM plus 10% FCS).
The experiments were performed without the antibiotics.

PKC inhibitor. PKCα and -βI isoenzyme inhibitor Go6976 was
obtained from Calbiochem (La Jolla, CA, USA) and dissolved in
DMSO (32, 33). All the control reactions were carried out with
equal volumes of DMSO as in drug treatments.

FACS analysis. Flow cytometry using fluorescence-activated cell sorter
(FACS) was used to study the effect of Go6976 on cell cycle. The cells
were cultured in DMEM plus 10% FCS supplemented with 1 μM
Go6976. The supplemented medium was changed at time points of 24
h, 48 h or 72 h. Non-treated samples served as controls and all
analyses were performed in duplicate. In each time point, the cells
were detached using trypsin-EDTA, combined with culture medium to
collect floating cells, and subsequently centrifuged at 1000 rpm for 5
min. The pellet was washed with PBS and centrifuged twice. For
propidiumiodide (PI) staining, the cells were fixed with 70% ethanol
under continuous agitation, washed with PBS and centrifuged twice,
finally resuspended at 106 cells/ml in PBS. The suspension was treated
with 500 μg/ml RNAse, and incubated in 37˚C for 30 min. After
incubation, the cell suspension was treated with 50 μg/ml PI for 10
min at room temperature, and immediately transferred to FACS
analysis with FACSCalibur (Becton Dickinson, Franklin Lakes, NJ,
USA). The results were analyzed and the graphs reproduced using
Mod-Fit software (Venty Software House, Topsham, ME, USA).

Western transfer analysis. The cells were treated with 1 μM Go6976
or same amount of DMSO for 24 h, 48 h or 72 h. After treatment, the
cells were rinsed once with PBS, lysed in boiling buffer containing
1% SDS, 10 mM Tris pH 7.4 and 1 mM sodium orthovanadate, and
centrifuged at 16000 ×g for 5 min to remove the debris. Protein
concentration was measured using DC Protein Assay (BioRad,
Hercules, CA, USA) and equal amounts of protein were subjected to
SDS-PAGE on 10-12% gel. The proteins were then
electrophoretically transferred to a PVDF membrane and processed
for immunoblotting. Membranes were first blocked with a solution
containing 5% BSA/PBS and 0.05% Tween-20 and immunolabeled
with anti-phospho-Rb antibodies. HRP conjugated anti-rabbit IgG
(Cell Signaling Technology, Beverly, MA, USA) was used as a
secondary antibody and detected with ECL (Amersham Life Sciences,
Little Chalfont, UK). Equal loading and transfer of each lane was
evaluated with Ponceau-S staining of the membranes and by
immunoblotting with beta-actin antibodies using the same samples.

Trypan blue exclusion. A total of 1×105 cells were plated on 6-well
dishes and allowed to proliferate for 2 days. All samples were
prepared in triplicate. The cells were treated with 1 μM Go6976 for
0 h, 24 h, 48 h, or 72 h, and detached with Trypsin-EDTA.
Subsequently the cells were treated with DMEM + 10% FCS and
0.2% Trypan blue, incubated at 37˚C for 10 min, and viable cells
were counted using a hemocytometer. 

Results
PKCα and -βI inhibitor Go6976 induces G1 arrest in T24
cells. Flow cytometry analysis of propidium iodide stained
T24 cells were performed to test possible changes in the
distribution of T24 cells in the cell cycle (Figure 1a and b).
Treatment of the cells with 1 μM Go6976 induced a change
in the cell cycle distribution within 24 h. During the first 24
h, a high proportion of cells arrested at G0/1 phase of the cell
cycle (Figure 1a). Specifically, the percentage of the cells in
the G0/1 phase increased from 34% to 38% (Figure 1b). The
percentage of the cells in the S and G2/M phases decreased in
the same proportion as a result from treatment with 1 μM
Go6976. The accumulation of cells to G0/1 phase continued
in later time points (Figure 1a). The proportion of cells in
G0/1 phase at time points 48 h and 72 h was 45% and 60%,
respectively (Figure 1b). The results show that the proportion
of cells at S phase appeared to decrease at nearly all time
points, from 44% to 24%. In contrast, the percentage of cells
in the G2/M phase remained essentially the same, the
percentage ranging from 16% to 24% at different time
points.

PKCα and -βI inhibitor Go6976 induces MPF activation in
T24 cells. To study changes in MPF activation in response
to Go6976 treatment, Western transfer analysis using
antibodies against phosphorylated cdc2 (Tyr15) was
performed (Figure 2). The results showed that after treatment
with 1 μM Go6976 for 24-72 h, cdc2 Tyr15 phosphorylation
decreased. The results showed also that this activating
dephosphorylation persisted up to the last time point, 72 h.
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PKCα and -βI inhibitor Go6976 induces Rb dephosphorylation
at Ser 795 and Ser 807/811. In order to study changes of the
G1 checkpoint control, Western transfer analysis using
antibodies against phosphorylated Rb was performed. Two
different antibodies were used: Phospho-Rb (Ser 795) and
Phospho-Rb (Ser 807/811). The results showed that within 24
h both Ser 795 and Ser 807/811 were dephosphorylated in
response to Go6976 treatment (Figure 2). Both sites remained
in their dephosphorylated state at later time points 48 h and 72
h. The result was more prominent for the Ser 795
phosphorylation site. 

PKCα and -βI inhibitor Go6976 induces growth retardation
in T24 cells. Trypan blue exclusion experiments were carried
out to find out whether the cell cycle arrest induced by
Go6976 had an effect on cell growth. The results showed that
1 μM Go6976 treatment caused a growth retardation in T24
cells. Specifically, the absolute number of T24 cells increased
within 72 h but was markedly lower (+443%) than that of non-
treated (+966%). The results suggest that growth arrest
occurred rather than cell death (Figure 3).

Discussion

Our results demonstrate that the function of a defective G1
checkpoint due to Rb hyperphosphorylation in cancer cells
can be activated using a pharmacological compound,
Go6976, an inhibitor of PKCα and -βI isoenzymes. Go6976
induced a prominent G0/1 arrest in T24 cells and marked
growth retardation. T24 urinary bladder TCC cells are known
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Figure 1. Cell cycle distribution of Go6976-treated T24 cell culture. a:
Cell cycle analysis of T24 transitional cell carcinoma cells labeled with
propidium iodide after treatment with 1 μM Go6976 for 0, 24, 48 or 72
h. b: Cell cycle distribution is presented as percentages at each time
point. The proportion of cells in the G1 phase can be seen to increase
with time.

Figure 2. Western transfer analysis of T24 cells treated with 1 μM
Go6976. The levels of phosphorylated cdc2 (Tyr15), Rb (Ser 795) and Rb
(Ser 807/811) were analyzed. Loading controls Ponceau-S stain of the
membranes, and β-actin labeling show equal loading. Cdc2 (Tyr15), Rb
(Ser 795) and Rb (Ser 807/811) are dephosphorylated at all time points. 



to have a defective G1 checkpoint which results from the
expression of high levels of phosphorylated Rb (17). Thus,
this cell line provided an excellent model to study the Rb
phosphorylation status and its effect on the G1 checkpoint
and cell cycle distribution. In a previous study, T24 cells
were transfected with p16 cDNA which resulted in a marked
decrease in Rb phosphorylation and decreased cell
proliferation (17). In the current study, we used a
pharmacological compound, Go6976, which has previously
been demonstrated to inhibit PKC isoenzymes α and -βI.
However, this compound is not entirely PKCα and -βI
isoenzyme-specific since it has been demonstrated to inhibit
Chk1, JAK 2 and FLT3 kinases, and suggested to also inhibit
C-TAK1, Chk2 and ATM which take part in the cell cycle
checkpoint regulation (19, 34, 35). Thus, the biological
changes reported in the current study must be considered as
pharmacological effects of Go6976 which are not effects of
PKCα and -βI inhibition alone. 

The present study demonstrates that phosphorylated Rb, a
key controller of the G1 checkpoint, is dephosphorylated in
response to Go6976. This is an important note since Rb
hyperphosphorylation is a mechanism of cancer cells to
inactivate Rb, which then causes the G1 checkpoint to be
defective. The current study shows that Go6976 may be useful
in overcoming the inactivation of the G1 checkpoint in the
case of constant Rb hyperphosphorylation. Rb is
phosphorylated, and thus its activity regulated by kinases
associated with cyclins D and E. Cyclin D-cdk4/6 and cyclin
E-cdk2 complexes are responsible for Rb phosphorylation (36-
39). Thus, Go6976 may affect these kinases or kinases
upstream of these.

In addition to our findings regarding the G1 checkpoint and
the phosphorylation of Rb, our results further confirm our
previous findings in 5637 TCC cells. We demonstrated that
Go6976 induces MPF activation and mitosis in non-
synchronized, untreated 5637 cells (19). However, in contrast
to T24 cells, 5637 cells are Rb null and thus incapable of G1
arrest (40). The results of the current study suggest that MPF
is also activated in T24 cells as a result of Go6976 treatment.

Specifically, Go6976 induced an activating and critical
dephosphorylation at cdc2. Activation of MPF (cdc2/cyclinB1
complex) induces activation of mitosis. We have previously
demonstrated that non-synchronized, untreated 5637 TCC
cells are forced into mitosis by Go6976. The results of the
current study suggest that the cells entering mitosis as a result
of the Go6976 treatment continue in the cell cycle since the
percentage of the cells in the G2/M phase does not
accumulate, while the proportion of them in S phase
gradually decreases as a result of the Go6976 treatment.

In conclusion, we demonstrated that an Rb
hyperphosphorylation-induced defective G1 checkpoint can
be reversed by using a PKCα and -βI isoenzyme inhibitor
Go6976. Whether this phenomenon is due to the PKC-
inhibiting action of this substance remains to be elucidated. 
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