
Abstract. Disruption of the 9p21 locus is common in
mesothelioma and leads to loss of both the p16INK4a and the
p14ARF gene products. This study tested the hypothesis that re-
expression of p16INK4a carried out using the TAT delivery
system that carries the protein transduction domain of the HIV
TAT will result in mesothelioma cell death. Materials and
Methods: A synthetic TATp16INK4a peptide and a charge
matched control were transduced into mesothelioma cells in
vitro and in vivo. Cells were assayed for Cdk4 inhibition, cell
cycle arrest, and cell death. Results: Treatment of
mesothelioma cells with TATp16INK4a for 48 hours resulted in
cell death. Apoptosis and G1 cell cycle arrest was also
observed. Following transduction of cells with TATp16INK4a

there was complete but transient hypophosphorylation of pRb.
Similar effects were observed in mesothelioma xenografts.
Conclusion: Therapeutic strategies which introduce either
TATp16INK4a peptide, or small molecule mimetic, could be an
effective strategy for mesothelioma treatment. 

Malignant mesothelioma is a cancer that arises from
multipotent stem cells of the serosal cavities (1). Several
investigators have identified that expression of the cyclin
dependent kinase (Cdk) inhibitor p16INK4a is frequently
absent in mesothelioma (2-4). In mesothelioma, as in many
other cancers, this molecular defect is associated with
preservation of wild-type pRb function. Re-expression of
p16INK4a using a first generation adenovirus gene therapy
results in cell cycle arrest, apoptosis and tumor regression
in mesothelioma xenograft models (5, 6). Adenoviral
approaches to therapy in mesothelioma have been studied

and are an attractive method for delivery of intracavitary
therapy (6-8).

However, in light of the many difficulties associated with
use of adenoviral vectors for therapy, alternative methods
of re-expressing gene products, including the use of
recombinant proteins or synthetic peptides, have been
developed (9). Most peptide and nucleic acid-based
therapeutic approaches are hampered by being either
inefficiently taken into cells or easily degraded limiting the
usefulness of this approach. During the last decade, several
protein sequences have been identified as being capable of
transversing cell membranes. These protein transduction
domains, found in viral and insect cells, allow cytoplasmic
and nuclear delivery of conjugated or fused biomolecules.
The mechanism by which these protein transduction
domains facilitate membrane penetration is not completely
understood (10). Preliminary data pointed to direct
transport through the lipid-bilayer, independent of
endocytosis or receptor recognition. Recently, it has been
suggested that in some cases the passive internalization and
nuclear distribution of protein transduction domain linked
proteins might be an artifact induced by cell fixation,
although studies with unfixed cells have also demonstrated
efficient transduction and biochemical activity (11). 

Among protein transduction domains the transactivator
of transcription domain (TAT) of the human
immunodeficiency virus (HIV) has been particularly
efficient in delivering assorted molecules to cells. It has
been reported that a synthetic peptide consisting of a 32mer
containing the 11 amino acids of the of the HIV TAT
protein transduction domain, a glycine linker, and the
p16INK4a amino acids (84-103) encoding the minimal Cdk-
inhibitory activity, can efficiently transduce cells and inhibit
Cdk4/6 activity resulting in pRb hypophosphorylation and
consequent cell cycle arrest (12). The observation that
external application of these TAT constructs in living cells
results in Cdk inhibitory activity in the nucleus argues
strongly for an authentic intracellular activity in these
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peptides. In this study, we used this synthetic TATp16INK4a

peptide to transduce mesothelioma cells both in vitro and in
vivo. Treatment of mesothelioma cells with TATp16INK4a

for 48 hours resulted in cell death. Following transduction
of cells with TATp16INK4a we observed complete, albeit
transient, hypophosphorylation of pRb and in vitro
inhibition of Cdk4. Similar effects were observed for
mesothelioma xenografts in athymic nude mice. Therapeutic
strategies which introduce either a stabilized peptide of
p16INK4a, or small molecule mimetic, could be an effective
strategy for mesothelioma treatment. 

Materials and Methods

Mesothelioma cell lines. The mesothelioma cell lines used in this
study were obtained from either the ATCC or in collaboration with
Dr. Frederick Kaye (National Cancer Institute). These cells have
been derived, propagated and characterized, as previously reported
(13). All of these cell lines express wild-type pRb and lack
functional p16INK4a (2). The cells were grown in RPMI 1640
supplemented with 10% calf serum and antibiotics.

TAT peptides. Peptide sequences were as described by Dowdy and
colleagues (12, 14). Peptides were synthesized by solid phase
synthesis (Microchemical Facility University of Minnesota) and the
FITC labeled peptide was synthesized by the American Peptide
Company Inc. Lyophilized peptides were re-suspended in distilled
water and stored at –20ÆC. The TATp16INK4a peptide contains the
amino acid residues from 84-103 (DAAREGFLDTLVVLHRA
GAR) of the p16INK4a protein, constituting the Cdk inhibitory
sequence. This peptide was linked by a glycine at the COOH
terminus to the amino acid residues 47-57 of protein transduction
domain (TAT) of the HIV-1 virus (YGRKKRRQRRR) as
previously described. It has been demonstrated that the resulting
32-mer can easily transduce cells in vitro and lead to S-phase Cdk
inhibition (12, 14). A charge matched 32-mer containing the
transduction domain of the TAT HIV-1 virus and the scrambled
residues of 84-103 of the p16INK4a protein (ARGRALTAHV
DRLGEFVAAL) was used as a control for the TATp16INK4a

peptide (TATControl). For studies involving treatment with
peptides mesothelioma cells were plated into 6-well plates, grown
for 24 hours before initiation of treatment. Peptides were used for
treatment at concentrations of 25 Ìm, 50 Ìm, 100 Ìm, or 200 Ìm.
Treatment time varied from 2 to 48 hours. At appropriate times
after peptide treatment, cells were collected by trypsinization. After
centrifugation, cells were suspended in phosphate-buffered saline
(PBS) and treated with 0.4% Trypan blue. Viable cells were
counted using a hemocytometer. 

Fluorescence microscopy. For studies involving detection of
fluorescence mesothelioma cells were seeded at low density in a 4-
well chamber slide and treated with 5 ÌM of FITC-labeled
TATp16INK4a peptide, or FITC alone, at equimolar concentrations.
After treatment, slides were washed in 3 X PBS and cover-slipped.
The cells were observed using a fluorescent microscope.

Immunoblotting. Immunoblotting for pRb was carried out, as
previously described (5, 15). Briefly, 50 to 100 Ìg of total protein
from lysates of either cell lines or xenograft tumors were

electrophoresed on a 7.5% SDS-PAGE gel and transferred to
nitrocellulose membranes. The membranes were then probed with
a 1:200 dilution of a murine ·-human pRb antibody (BD
Biosciences). Detection was performed using enhanced
chemiluminescence (ECL Plus; Amersham). For detection of
p16INK4a, following the addition of the TATp16INK4a or
TATControl peptide to the culture media, cells were harvested 24
hours later. Electrophoresis was carried out on a 16% Tris-tricine
gel followed by immunoblot detection with a murine monoclonal
·-human p16INK4a antibody (Neomarkers). Immunoblot analysis
demonstrated easily detectable p16INK4a sequence at the predicted
size of 3.7 kD for the 32-mer peptide.

Cell cycle and apoptosis assays. For analysis of DNA content, cells
were trypsinized after peptide incubation, washed twice in PBS,
and the resulting cell pellet resuspended in 1 ml of a solution of
0.1% sodium citrate and 0.1% Triton-X. Propidium iodide
(Sigma; 50 Ìg/ml) and DNAse free RNAse (Boehringer
Mannheim; 1 Ìg/ml) were added to the suspension and incubated
at 37ÆC for 30 minutes. Flow cytometry was performed on a
Becton Dickson FACsan. For studies of apoptosis, mesothelioma
cells were treated overnight at a concentration of 200 ÌM
TATp16INK4a or TATControl peptide. The Annexin V-FITC
labeling was performed using the BD Pharmingen Annexin V-
FITC kit (BD Biosciences). In brief, after trypsinization, cells
were washed in 1 X PBS and then incubated for 25 minutes at
room temperature in the dark with Annexin V-fluorescein in
HEPES containing propidium iodide. After incubation the
samples were analyzed by flow cytometry and the data by
CellQuestì software. BrdU incorporation was performed using
the BrdU flow kit (BD Bioscience).

Cdk4 activity assay. Mesothelioma cells were trypsinized, washed in
cold PBS twice, pelleted and lysed with an immunoprecipitation
lysis buffer. Fifty Ìg of total protein were immunoprecipitated with
3 Ìg of rabbit ·-human Cdk4 antibody (Santa Cruz), and then
incubated with protein-A Sepharose beads overnight at 4ÆC.
Immunoprecipitates were washed in an immunoprecipitation lysis
buffer. The kinase reaction was initiated by resuspending the
immonoprecipitates in 25 Ìl of kinase buffer, 10 ÌCi of [Á-32P] ATP
and 1 Ìg of target pRb (16) fragment consisting of the binding
pocket of pRb that is the primary phosphorylation substrate of
Cdk4/6 (purified protein 769, Santa Cruz). After 30 minutes
incubation at 30ÆC, the reaction was stopped by brief
centrifugation to precipitate the beads, the supernatant was
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Figure 1. TATp16INK4a peptide transduced into H2373 mesothelioma
cells. Immunoblot was probed with monoclonal a-human p16INK4a,
demonstrating a band at the predicted size of 3 kD for the 32-mer
TATp16INK4a. H2373 does not express endogenous p16INK4a (2). Lanes 1
and 2 are cells treated with TATp16INK4a peptide. Lane 3 demonstrates
cells treated with TATControl peptide. Lane 4 is a lysate of untreated
H2373 cells.



aspirated and 20 Ìl of 1 X SDS sample buffer was added. The
samples were boiled for 3 minutes and separated using a 10% SDS-
PAGE gel. The gels were stained with Coomasie blue to assess
evenness of protein loading. The dried gels were exposed to X-ray
film. Relative band intensity were analyzed by densitometry.

Murine xenografts. Athymic nu/nu mice (Harlam Sprague Dawley)
were subcutaneously injected in the flank with 1x107 mesothelioma
cells, as previously described (5). After tumors developed to a size
of approximately 1 cm3, 100 ÌL of peptide (200 ÌM) were injected
at the site of tumor. Mice were sacrificed and the tumors were
harvested at the time-points indicated, washed in 1 X PBS, and
then frozen at –80ÆC.

Results

We first tested whether the TATp16INK4a peptide could
efficiently enter mesothelioma cells. Twenty-four hours
following the addition of TATp16INK4a peptide at a final
concentration of 100 ÌM to the culture media of H2373 cells
the cells were harvested. Immunoblot analysis on whole cell
lysates demonstrated easily detectable p16INK4a bands at the
predicted size of 3.7 kD for the 32-mer peptide. The charge
matched TATControl peptide was not recognized by ·-
p16INK4a (Figure 1). Next we wished to verify the efficiency
of distribution of the peptide in vitro. We added FITC-

TATp16INK4a to H2373 or H2592 cells for time periods
from 2 to 30 hours and examined the cells using a
fluorescent microscope. The fluorescent signal was found in
100% of the cells and was observed in a diffuse punctate
pattern distributed throughout the membrane, cytoplasm
and in some instances, the nuclei (Figure 2). This pattern of
fluorescence has been previously described (12). It was
largely gone by 30 hours. Controversy has arisen about
whether the observation of translocation of TAT peptides is
an artifact of fixation (12). In the current study, the cells
were air-dried and not fixed, thus eliminating the possibility
of post-fixation internalization of membrane bound peptide. 

Following the demonstration that TATp16INK4a peptide
easily transduces the mesothelioma cell membrane, we
sought to demonstrate if the peptide could induce cell
death as easily as accomplished by introducing p16INK4a

protein by adenovirus. Three mesothelioma cell lines
(H2452, H2052, and H2461) were incubated in the
presence of 100 ÌL of TATp16INK4a peptide at
concentrations of either 100 ÌM or 200 ÌM for
approximately 48 hours. Cells were then counted by trypan
blue exclusion and compared to untreated cells or cells
treated with the TATControl peptide. After 48 hours of
incubation, there was marked cell death found in the
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Figure 2. In vitro transduction TATp16INK4a peptide. H2373 or H2592 cells were transduced in vitro with FITC-TATp16INK4a peptide.
Immunofluorescence microscopy demonstrated diffuse distribution of the peptide after 2 hours, but is largely gone by 30 hours.



TATp16INK4a peptide treated cells (Figure 3). Previously
we have shown that when a truncated form of p16INK4a that
contains the Cdk-inhibitory domain is re-expressed into
p16INK4a negative mesothelioma cells, cell cycle arrest
followed by cell death occurs. Compared with re-expression
of p16INK4a by the adenovirus, which needs a longer time
to begin exerting its biologic effects, the rapid transduction
of TATp16INK4a peptide into cells led to a corresponding
rapid biologic response. Approximately 12 hours after
TATp16INK4a peptide treatment, we observed signals of
cell distress characterized by vacuolization of the cytoplasm
and "blebbing" of the cell membrane (data not shown). This
phenomenon was not observed in cells treated with the
TATControl peptide excluding the possibility of a toxic
artifact caused by peptide charge or the TAT amino acids
themselves. By 24 hours post-transduction, TATp16INK4a

treated cells began to die, and at 48 hours, the majority of
TATp16INK4a transduced cells were dead. To test the
stability of the peptide at cell culture conditions, we pre-
diluted the peptides in media and incubated them for 7 and
14 days, after which, we used freshly diluted and pre-
incubated peptide to transduce mesothelioma cells (Figure
4). Even after 14 days in a CO2 incubator at 37ÆC,
TATp16INK4a peptide was capable of causing cell death
albeit in a reduced manner. 

The expression of p16INK4a in mesothelioma cells by
adenovirus causes cell cycle arrest and apoptosis. In order

to verify that transduction of TATp16INK4a peptide into
mesothelioma cells would lead to arrest and apoptosis we
performed BrdU (5-bromo 2-deoxyuridine) assays. Table π
shows decreased BrdU incorporation by H2461
mesothelioma cells that were transduced with TATp16INK4a,
indicating that the cells were not synthesizing new DNA
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Figure 3. TATp16INK4a peptide killed mesothelioma cells. Cell killing was assessed by Trypan blue exclusion and cell counting following administration
of TATp16INK4a peptide at a concentration of 100 or 200 ÌM for 48 hours. Mesothelioma cells lines (H2452, H2052, and H2461) were transduced with
TATp16INK4a peptides. Enhanced cell killing was demonstrated compared to either TATControl or untreated cells. 

Figure 4. TAT peptides were stable at cell culture conditions. To assess
peptide stability at cell culture conditions, peptides were pre-diluted in cell
culture media and incubated at 37ÆC and 5% CO2 for 7 and 14 days
respectively. Trypan blue exclusion was performed and viable cells were
counted. The TATp16INK4a peptide was effective in killing cells even at 14
days post-dilution.



consistent with arrest in G1. To corroborate these results,
we used propidium iodine staining to assess DNA content
throughout the cell cycle. When treated with TATp16INK4a

mesothelioma cells showed marked accumulation of DNA
at G1 consistent with cell cycle arrest (Table II).

We next used the Annexin V-FITC method to see if we
could demonstrate apoptotic cell death by TATp16INK4a

peptide. One of the earliest indications of apoptosis is the
translocation of the membrane phospholipid
phosphatidylserine (PS) from the inner to the outer leaflet
of the plasma membrane. Once exposed to the extracellular
environment, binding sites on PS become available for
Annexin V, a 36 kD, Ca2+-dependent, phospholipid binding
protein with a high affinity for PS. Three mesothelioma cells
lines were treated overnight at a concentration of 200 ÌM
peptide or left untreated as a control. After labeling with
Annexin V, cells were analyzed by FACS to determine early
apoptotic status (Figure 5). The results were normalized
against the non-treated cells. 

In order to investigate whether the transduction of
TATp16INK4a peptide induces inhibition of Cdk-mediated
pRb phosphorylation we treated H2373 mesothelioma
cells with a sub-lethal dose peptide (100 ÌM) for 6 hours
or overnight. Immunoblot analysis demonstrated that
following treatment with TATp16INK4a peptide pRb is
uniformly hypo-phosphorylated consistent with G1/S cell
cycle arrest and Cdk inhibition (Figure 6). By 24 hours,
the effect of the TATp16INK4a peptide was no longer
detectable at this dose. 

To demonstrate that similar effects occur in vivo we
used the H2373 cell line to induce subcutaneous xenografts
in athymic nude mice. Tumors that were approximately 1
cm3 in size were inoculated directly with 100 mL of
peptide (200 ÌM) and harvested at time points of 1, 2, 3,
and 4 hours later. Similar tumors were injected with the
charge matched TATControl peptide. Inactivated pRb
migrates as a characteristic doublet pattern consistent with
the presence of both the hypo- and hyper-phosphorylated
forms of pRb (lane 1). Hypophosphorylated (active) pRb
migrates as a single hypophosphorylated band at 105 kD
(lane 8) (15). Strong pRb hypo-phosphorylation consistent
with Cdk4/6 inhibition was noted by 2 hours in the
TATp16INK4a peptide treated tumors, with a slight
decrease of this inhibition by 4 hours (Figure 7). A tumor
treated with the p16INK4a expressing adenovirus
demonstrated similar hypo-phosphorylation of pRb as
previously reported (lane 8) (5, 6). Matched contralateral
xenografts treated with the control peptide showed no
significant pRb hypophosphorylation (Figure 7).

Activation of Cdk4/6 by cyclin D family members is
necessary for progression through the G1S checkpoint
and p16INK4a protein is a selective inhibitor of Cdk4/6
activity. The in vitro kinase assays show that introduction
of TATp16INK4a peptide in p16INK4a negative
mesothelioma xenografts, lead to decreased activity of
Cdk4/6 resulting in hypophosphorylation of pRb (Figure
8). Transduction of the TATControl peptide had no
effect on the kinase activity. This partial inhibition of
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Table I. BrdU incorporation with TATp16INK4a peptides.

Mesothelioma cells BrdU Incorporation

BrdU untreated cells 92%
BrdU TATControl 100 ÌM 61%
BrdU TATControl 150 ÌM 52%
BrdU TATp16INK4a 100 ÌM 33%
BrdU TATp16INK4a 150 ÌM 32%

Table ππ. Cell cycle analysis with the TATp16INK4a peptide.

Mesothelioma cells Cell cycle

G1 S-phase G2

H513 untreated 22.54% 19.00% 58.46%
H513 untreated 39.58% 6.70% 53.72%
H513 TATControl 50 ÌM 20.86% 23.37% 55.78%
H513 TATControl 100 ÌM 39.07% 12.01% 48.91%
H513 TATp16INK4a 50 ÌM 64.06% 11.17% 24.77%
H513 TATp16INK4a 100 ÌM 58.31% 8.25% 33.44%

Figure 5. Percentage of Annexin V-FITC labeled cells. Mesothelioma cells
were treated overnight at a concentration of 200 ÌM of either
TATp16INK4a, TATControl, or were left untreated. After labeling with
Annexin V, cells were analyzed by FACS. The results were normalized
against the non-treated cells. Results are expressed as a percentage of the
total cells.



Cdk activity is consistent with an asynchronous cell
population, where cells are transversing different parts of
the cell cycle. Inhibitory activity of p16INK4a occurs early
on, and cells that have passed this limiting point, are not
affected by the treatment. 

Discussion

At the time of diagnosis, most patients with malignant
mesothelioma present with advanced stage disease when
potentially curative surgery or radiation is not an option.
Despite this grim prognosis, if the tumor is initially confined
to the pleural cavity aggressive local therapy such as surgery
or intracavitary therapy is potentially curative. As such,
mesothelioma appears to be a disease that can be
approached by gene transfer. Re-expression of p16INK4a will
result in cell cycle arrest, Cdk inhibition and cell death in
p16INK4a deficient mesothelioma cells. We have previously
demonstrated that the re-introduction of p16INK4a using an
adenovirus will inhibit both implantation and growth of

mesothelioma xenografts. In order to avoid potential
adenoviral related side effects we have an interest in
developing p16INK4a peptides or p16INK4a peptide mimetic
agents as potential therapy for mesothelioma and other
p16INK4a deficient cancers. 

Transfer of p16INK4a activity using the TATp16INK4a

peptide is an attractive idea that associated with high levels
of activity in vitro. In this study we demonstrated this
approach results in cell killing and apoptosis in p16INK4a

deficient mesothelioma cells associated with Cdk4
inhibition. Although there is potential for this therapeutic
approach, peptides have proven to be labile in vivo. The
Cdk4 inhibitory effect of TATp16INK4a peptide treatment
in mesothelioma cells is short lived. This may be due to
degradation of the peptide in the cells by proteases or exit
of peptide through cell membranes, especially in vivo where
equilibrium between intra and extracellular compartments
are difficult to achieve. In addition, there have been reports
that protein transduction domain associated protein
transfer may be an artifact of fixation (11). Our results
demonstrate clear cellular effects not found with TAT
charge matched controls arguing strongly for effective cell
membrane transduction.

The establishment of TATp16INK4a peptide activity
also defines a potential motif for modeling of p16INK4a

peptide mimetics. Such an approach has proven
potentially useful in designing cancer therapeutics. For
example, 6DBF7 is a novel compound that inhibits
angiogenesis and tumor growth in mice that mimics the
angiostatic beta-sheet-forming peptide (17). This novel
antiangiogenic molecule is more effective in vivo than the
parent compound. Currently, we are exploring this
approach to develop small molecule p16INK4a peptide
mimetics modeled after the structure of the active
TATp16INK4a peptide. If successful, such a molecule
should prove a potentially useful class of cancer therapy
for p16INK4a deficient cancers.
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Figure 6. pRb immunoblot of TAT peptide treated mesothelioma cells.
H2373 mesothelioma cells were treated with 100 ÌM TAT peptides. Cells
were harvested at 2 time points and the cell lysates were immunoblotted
for pRb. Hypophosphorylated (active) pRb migrates as a single
hypophosphorylated band at 105 kD (15). Hypophosphorylation of pRb
was a transient event and occurred early during treatment. Lane 1, pRb
hypophosphorylated control (H209 SCLC cell line(18)). Lane 2, untreated
control. Lane 3, TATControl peptide after 4 hours. Lane 4, TATp16INK4a

after 24 hours. Lane 5, TATp16INK4a after 4 hours.

Figure 7. H2373 xenografts immunoblotted for pRb phosphorylation.
Nu/nu mice were subcutaneously injected with H2373 cells. 100 ÌL of
peptide at a concentration of 200 ÌM were injected and the mice were
sacrificed at various time-points. Tumors were harvested and
immunoblotted for pRb. Lane 1 is untreated H2373 cells with
hyperphosphorylated pRb. Lanes 2, 3 and 4 are xenografts treated with
TATControl peptide as indicated for 1, 2 and 4 hours. Lanes 5, 6, 7 are
xenografts treated with TATp16INK4a peptide as indicated for 1, 2 and 4
hours. Lane 8 shows hypophosphorylated pRb, similar to TATp16INK4a

treatment, following adenovirus mediated expression of p16INK4a.

Figure 8. Kinase activity assay: In vitro phosphorylation of pRb by Cdk4.
H2596 xenografts were treated with 100 ÌL of peptide at a concentration
of 200 ÌM and harvested at either 4 hours post treatment or overnight (16-
18 hours). Cdk4 was precipitated and assayed using recombinant fragment
pRb as substrate (arrow). Lanes 2 and 3 demonstrate decreased
phosphorylation of the pRb after 4 hours of treatment with TATp16INK4a

peptide consistent with Cdk inhibition. Lane 1 demonstrates incubation
for 24 hours with TATp16INK4a with loss of Cdk inhibition following
prolonged exposure. Lanes 4 (TATControl) and 5 (untreated) show no
change in pRb phosphorylation consistent with uninhibited Cdk activity.
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