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Abstract
Leukemia and lymphoma cells are potential targets in cancer therapy for genetic manipulation either by transgene
expression or silencing of endogenous gene expression. In addition, genetically engineered autologous lymphocytes
expressing a chimeric antigen against a receptor overexpressed in tumor or tumor vasculature are promising cellbased therapeutics for cancer. The major hurdle to the successful implementation of these attractive approaches is the
lack of a smart device for efficient transgene delivery and expression in the lymphocytes. Recently, we developed an
efficient nanocarrier of carbonate apatite for intracellular delivery and release of DNA molecules, achieving very high
level of transgene expression in primary as well as cancer cell lines. However, its efficacy in human T leukemia cells
is comparatively low. Here, we reveal that simultaneous stimulation of human T leukemia cells by the most commonly
used phorbol ester-based protein kinase C (PKC) activator and an actin filament disrupting agent dramatically enhanced
carbonate apatite-mediated transgene delivery and expression in the cells by synergistically activating protein kinase
C (PKC), while rapidly extruding Ca2+ of intracellularly dissolved particles through plasma membrance-associated Ca2+ATPase. Moreover, endocytosis of the DNA-associated particles across the cell membrance was found to follow the
clathrin-dependent route in both normal and activated cells. The findings thus offer significant insights for pre-clinical
and clinical ex vivo trials of cancer treatment utilizing autologous T cells.
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Introduction
Tumor cells such as leukemia and lymphoma cells are attractive
targets for gene-based therapeutics. Gene transfer and expression for
cytokine and immunomodulatory molecules in various kinds of tumor
cells have been shown to mediate tumor regression and antimetastatic
effects [1-4]. Genetically modified leukemia cells expressing
costimulatory molecules are likely to have significant therapeutic roles
for patients with leukemia [5]. Mouse T cells genetically engineered to
express a chimeric antigen against human ErbB-2 receptor, a protein
overexpressed by many tumors [6] or VEGFR-2, a protein overexpressed
in tumor vasculature and responsible for tumor progression and
metastasis [7], caused total regression of ErbB-2-expressing tumors [6]
or significantly inhibited the growth of syngeneic tumors in mice and
prolonged the survival of mice [7], respectively. Genetically modified
autologous T lymphocytes transduced with the human adenosine
deaminase deficiency (ADA) cDNA led to increased T-lymphocyte
counts and improvement of the patient’s immune function [8].
The major hurdle to the successful implementation of lymphocytetargeted gene therapy approaches is the lack of an ideal device for
transgene delivery and expression with high efficacy, low cytotoxicity
and excellent biocompatibility. Although virus-based systems promote
efficient gene expression in lymphocytes, recombinant viral treatment
is associated with complications due to highly evolved and complex
viral biology and/or host-parasite interactions [9]. On the other hand,
current nonviral methods or vectors for transfection of hematopoietic
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cells [2] remain poorly developed in the context of effectiveness or
post-treatment cell viability.
Recently, we developed a smart DNA delivery and expression
system based on pH-sensitive inorganic nanocrystals of carbonate
apatite with capability of effective intracellular delivery and release
of associated DNA molecules in cell cytoplasm, leading to very high
level of transgene expression both in cancer and primary cells [10,11].
However, its efficiency in transfecting human T cell leukemia cells
(jurkat) is relatively poor, although coating of the particle surface
electrostatically with naturally occurring fibronectin and/or chimeric
E-cadherin-Fc, enhanced transgene delivery in presence of an actin
filament disrupter [12]. Here, we report that synergistic stimulation
of protein kinase C (PKC) activation by a traditionally used phorbol
ester-based PKC activator and an actin disrupter remarkably enhanced
carbonate apatite-assisted transgene delivery and expression into
human leukemia cells and facilitated extrusion through plasma
membrance-associated Ca2+-ATPase of the intracellular Ca2+ released
from dissolution of endocytosed particles. Moreover, internalization of
the DNA-associated particles across the cell membrance was directed
by the clathrin-dependent pathway in both normal and activated stage
of the cells.
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Methods and Materials
Materials
Dulbecco’s modified Eagle’s medium (DMEM) and RPMI medium
were purchased from Gibco-BRL whereas propidium iodide (PI),
cytochalasin D, phorbol 12-myristate 13-acetate (PMA), staurosporin
(St), lanthanum (Ln3+) chloride, amantadine and phenylarsine oxide
(PAO) were bought from Sigma.

Cell culture, uptake of fluorescence-labeled DNA and
transfection
Jurkat cells were grown in RPMI 1640 medium (Gibco BRL)
containing 10% fetal bovine serum (FBS) and seeded at 5×105 cells
per well into a 24-well plate the day before transfection. Then 3 µl of
1 M CaCl2 in presence or absence of 1 µg of PI was mixed with 2 µg
of plasmid DNA in 1 ml of freshserum-free HCO3--buffered DMEM
medium (pH 7.5), followed by incubation for 30 min at 37°C for
complete generation of DNA/carbonate apatite particles. Medium with
generated particles was mixed with 10% FBS and in some cases, with
PMA (10 nM) or cytochalasin D (1 µM) or both and added onto the
cells in each well immediately after the old RPMI medium had been
removed from the well. After incubation for 4 h, the cells were washed
with 0.5 mM EDTA in PBS before observation of PI-labeled DNA in
cell cytoplasm by a fluorescence microscope or the cells were incubated
for 0.5, 1, 2 and 4 h prior to the complete lysis of cell membrane
and estimation of luciferase gene expression using a commercial kit
(Promega) and photon counting (TD-20/20 Luminometer, Turner
BioSystems). Each transfection experiment was done in triplicate, and
transfection efficiency was expressed as mean relative light units (RLU)
per milligram of cell proteins.

PKC activation assay
Jurkat cells were treated with the particles (formed by addition of
3 µl of 1 M CaCl2 in 1 ml of HCO3--buffered DMEM medium (pH 7.5),
followed by incubation for at 37°C 30 min) in presence or absence of
either PMA or cytochalasin D or both PMA and cytochalsin D at a
final concentration of 10 nM and 1 µM for PMA and cytochalasin D,
respectively. Staurosporin (St) was added in the incubation reaction at
a final concentration of 3 nM. At indicated time points medium were
removed, and cells were washed 3 times with 10 mM EDTA in ice cold
PBS. Cells were immediately processed for PKC activation using PKC
radiometric assay kit from Millipore and the data were plotted as pmol/
min/mg of proteins against indicated time points (0-250 min).

Intracellular Ca2+measurement assay
Jurkat cells were seeded with serum (10%)-supplemented RPMI
medium in a 12-well plate. After 24 h cultures, cells were incubated
either with radioactive 45Ca-particles or 45Ca+2 ions (no particles) for
0-30 min with the total of 500,000 radioactive counts added to each
well. After 24 h, the cells were treated with radioactive 45Ca-particles or
in some cases incubated with either radioactive 45Ca-particles or 45Ca+2
ions (no particles) for 30 min (with the total of 500,000 radioactive
counts added to each well) prior to the treatment with either PMA (10
nM) or cytochalasin D (1 µM) or both and after different time intervals,
the media were replenished with the Ca-particles or Ca+2 ion having
no PMA or cytochalasin D. Depending on the experimental designs,
generation of 45Ca-particles and supplementation with 10% FBS were
followed by addition of staurosporin, lanthanum chloride, amantadine
or phenylarsine oxide (PAO) before the particle suspension solution
was added onto the cells. All the samples were prepared at the same
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time point at 5 h post-treatment. All the media were removed and
washed twice with ice-cold DMEM, followed by 5 min incubation
with 10 mM EDTA in PBS. In one case, reagents like PMA and/or
cytochalasin D were added following 1 h incubation of the cells with
either radioactive 45Ca-particles or 45Ca+2 ions (no particles) and 3 times
washing with 10 mM EDTA in PBS and thus, the cells were maintained
in RPMI medium devoid of 45Ca particle. Cells were further washed 4
times with ice cold PBS and lysed with 200 µl of 500 mM NaOH. Total
lysates were blotted on a cellulose membrane and dried overnight in an
air chamber at 45°C. The dried cellulose membranes were subjected for
radioactivity measurement in a liquid scintillation counter (Beckman
2000). The values of the CPM represented the intracellular 45Ca+2.

Results and Discussion
Influences of PKC activation and actin disruption in
carbonate apatite-mediated transfection
The cell transfection route of carbonate apatite nano-carrier
sequentially involves plasmid DNA condensation with it, interaction
of the resulting complex with cell membrane for endocytosis and
endosomal escape and nuclear translocation of the DNA for gene
expression [10,11]. While the interaction between the DNA and
the carrier is based on ionic interactions, the subsequent binding of
the complex having ‘cation-rich domains’ and surface coating of
serum proteins including fibronectin, with the cell membrane is
apparently assisted by cell-surface anionic proteoglycans (syndecans)
and integrins, respectively [13-16]. However, when a human T-cell
leukemia cell line (Jurkat) was investigated as the potential target for
in vitro transgene delivery study using carbonate apatite particles, both
cellular uptake of PI-labeled DNA (4 h) at 4 h and time-dependent (0.54 h) expression of luciferase gene (Figure 2) were found substantially
higher in T lymphoma cells treated with PMA, a PKC activator [17] in
comparison with untreated cells, suggesting that serum protein-coated
apatite particles could bind the plasma membrane of the activated cells
through VLA4/VLA5 integrins [18] and syndecan-2,-4 [19] which
are, respectively, activated and expressed in response to lymphoma
cell activation by PMA [18,19]. Because of the tremendous roles of
actin cytoskeletal dynamics in T cell activation [20], we also checked
the effect of cytochalasin D (Cyt D) as an actin filament disrupter on
modulating uptake of DNA and transfection efficacy of carbonate
apatite in the lymphoma cells.
As shown in Figures1 and 2, while no further increase in DNA
uptake and luciferase expression was observed for the cells treated with
Cyt D, a robust increase both in uptake and expression was confirmed
for the combined treatment of PMA and Cyt D, indicating that actin
disruption might somehow synergize with PKC activation in enhancing
the transfection efficiency.

PKC activation assay during cellular uptake of particles in
presence of PMA, cyclosporine and CytD
In order to elucidate the mechanism for the high transgene
expression of apatite carrier system due to the presence of PMA and
also, PMA and Cyt D, the T lymphoma cells were incubated with the
apatite particles along with PMA, Cyt D and staurosporin (St) either
individually or in combinations before harvesting the cells at different
time points (0-250 min) for PKC assay. As shown in Figure 3, there was
a slight increase in PKC activity even for the particles with the highest
peak observed at 30 min, which was probably owing to dissolution of
the internalized particles in endosomal acidic pH [10,11] releasing Ca2+
for PKC activation, whereas Cyt D treatment caused no increase in
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Treated cells

Cellular uptake of PI-labeled
plasmid DNA

mg of protein at 60 min while a decline in the activity roughly by 50%
was noticed for the same combination (PMA and Cyt D) due to St,
an inhibitor of PKC, thus suggesting that the high transgene delivery
efficacy of carbonate apatite in presence of PMA and Cyt D (Figures 1
and 2) could be attributed to their synergistic effects in enhancing the
PKC activity and consequently activating VLA4/VLA5 integrins [18]
as well as expressing syndecan-2,-4 [19] for facilitation of endocytosis
of serum protein-coated particles [13-16] (Figure 3).
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Figure 1: PMA and cytochalasin
D treatmentD+PMA
enhanced Ca-apatite mediated
Nanoparticles+Cyt
transgene delivery in T-lymphocytes. DNA/carbonate apatite particles were
prepared by mixing 3 µl of 1 M CaCl2 and 2 ug of reporter plasmid DNA in
presence or absence of 1 µg of PI in 1 ml of fresh serum-free HCO3--buffered
DMEM medium (pH 7.5), followed by incubation for 30 min at 37°C and mixing
with 10% FBS and subsequently with PMA (10 nM), cytochalasin D (1 µM) or
both. The particle suspension was added onto the cells in each well immediately
after the old RPMI medium had been removed from the well. After incubation
for 4 h, the cells were washed with 0.5 mM EDTA in PBS before observation of
PI-labeled DNA in cell cytoplasm by a fluorescence microscope. Bar indicates
50 µM.

the overall activity of PKC in most part of the timeline. As expected,
a significant increase in PKC activity was observed for PMA treatment
with the sharp peak of the activity equivalent to ~100 pmol/min/mg of
protein identified at 30 min. However, the combination of PMA and
Cyt D surprisingly led to the notable increase in the activity for all the
time points with the highest peak of the activity being ~200 pmol/min/
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Figure 2: PMA and cytochalasin D treatment enhanced Ca-apatite mediated
luciferase expression in T-leukemia cells. DNA/carbonate apatite particles
were prepared by mixing 3 µl of 1 M CaCl2 and 2 ug of reporter plasmid DNA
in 1 ml of fresh serum-free HCO3--buffered DMEM medium (pH 7.5), followed
by incubation for 30 min at 37°C and mixing with 10% FBS and subsequently
with PMA (10 nM), cytochalasin D (1 µM) or both. The particle suspension was
added onto Jurkat cells in each well immediately after the old RPMI medium
had been removed from the well. The cells were incubated for 0.5, 1, 2 and 4 h
prior to the complete lysis of cell membrane and estimation of luciferase gene
expression using a commercial kit (Promega) and photon counting (TD-20/20
Luminometer, Turner BioSystems). Each transfection experiment was done in
triplicate, and transfection efficiency was expressed as mean relative light units
(RLU) per milligram of cell proteins.
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Figure 3: PKC activation levels were dramatically influenced during cellular
uptake of particles in presence of PMA, cyclosporine and Cyt D. Jurkat cells
were treated with the particles (formed by addition of 3 µl of 1 M CaCl2 in 1
ml of HCO3--buffered DMEM medium (pH 7.5), followed by incubation for 30
min at 37°C) in presence or absence of either PMA or cytochalasin D or both
PMA and cytochalsin D at a final concentration of 10 nM and 1 µM for PMA
and cytochalasin D, respectively. Staurosporin (St) was added in the incubation
reaction at a final concentration of 3 nM. At indicated time points medium were
removed, and cells were washed 3 times with 10 mM EDTA in ice cold PBS
and immediately processed for PKC activation using PKC radiometric assay kit.
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To explore the role of PKC activation induced by PMA and Cyt
D in cellular uptake of Ca2+ as a constituent of apatite particles, we
synthesized carbonate apatite particles using radioactive 45Ca and
incubated them with Jurkat cells along with PMA and Cyt D in presence
or absence of St for different periods of time (0-400 min). As shown in
Figure 4, treatment with only particles caused a dramatic enhancement
in intracellular 45Ca starting from 15 min and maximizing at 240 min (4
h) whereas the concerted effect of PMA and Cyt D resulted in a decline
of the internalized 45Ca in the first hour of incubation followed by an
increase with the highest peak being noticed at 2 h, which is substantially
lower than the former. Interestingly, when St was included in each of
the samples, both of the highest intensity peaks shifted to the lower
values with the similar trends observed at the subsequent time points
(Figure 4), indicating that cellular uptake of 45Ca was PKC-dependent.
However, it is not still clear why the combined action of PMA and
Cyt D that caused much higher induction of PKC activation than the
particles only (Figure 3), resulted in lower uptake of 45Ca compared to
the latter.

Effects of PMA and Cyt D on secretion of
internalized 45Ca-apatite particles

45

Ca from

In order to clarify the discrepancy between PKC activation and its
effect disproportionately on internalization of 45Ca-apatite particles,
we incubated Jurkat cells with either 45Ca-particle (Figure 5A) or ions
(no particles) (Figure 5B) for 30 min prior to the addition of PMA
and/or Cyt D. Since the action of PMA and Cyt D was made delayed
for 30 min, the consequential decline in the level of intracellular 45Ca
in the beginning phase (Figure 5A) was less than that observed for
simultaneous incubation of particles, PMA and Cyt D with the cells
(Figure 4). Treatment with PMA or Cyt D was accompanied by an
increasingly higher uptake of 45Ca in comparison with PMA and Cyt D
(Figure 5A), although PKC activation by PMA was much less than the
latter and no activation was observed for Cyt D (Figure 3). The overall
declining patterns due to substantially lower values of intracellular 45Ca
levels for all of the samples containing Ca2+ ions only and apparently
being devoid of the particles (Figure 5B) clearly indicates the dominant
role of apatite particles in cellular accumulation of 45Ca. The initial
decline in the level of intracellular 45Ca due to the prior treatment with
PMA and Cyt D hinted the possible roles of the these chemicals in
rapid extrusion of 45Ca while the subsequent increase of 45Ca reflected
the persistent contribution of the particles undergoing endocytosis. To
prove the notion, the cells were allowed to take up 45Ca-particles in
1 h incubation time before the extracellular particles were completely
removed by EDTA treatment and fresh media containing PMA and/
or Cyt D was added and kept with the cells for different periods of
incubation (Figure 5C). Thus, at 0 time point, the cell population in each
of the wells internalized theoretically the same number of cells and as a
result, the cells treated with only nanoparticles demonstrated a gradual
decrease in intracellular 45Ca since there was no further uptake of the
particles and the dissolved 45Ca might be slowly extruded by plasma
membrane-associated Ca-pump. Similar result was observed for Cyt D
treatment although uptake of 45Ca in presence of Cyt D was apparently
lower than in its absence (i.e., particles only) in the case when particles
were incubated for a consecutive period of time (Figure 5A) and this
could be explained by assuming that Cyt D enhanced both cellular
uptake of apatite particles as shown in Figure 1 [12] and extrusion of
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Figure 4: Inhibition of PKC activity interfered with 45Ca-apatite uptake in
Jurkat cells. Jurkat cells were treated with generated 45Ca-apatite particles in
presence of either PMA or cytochalasin D or both PMA and cytochalsin D at
a final concentration of 10 nM and 1 µM, respectively. At indicated time points
medium were removed, and cells were washed 3 times with 10 mM EDTA in
ice cold PBS. Staurosporin (St) was added in the incubation reaction at a final
concentration of 3 nM. Cells were immediately processed for PKC activation
assay. Error bars, SEM (n=4).

intracellularly dissolved 45Ca, although at a lower efficacy than PMA
and PMA/Cyt D. However, there was an abrupt decline in the level of
intracellular 45Ca owing to PMA exposure while a more drastic effect
was found upon exposure to both PMA and Cyt D (Figure 5C), which
could be due to the fact that PMA/Cyt D combination is more effective
than PMA alone in promoting efficient endocytosis of the 45Caparticles and simultaneous extrusion of intracellularly released 45Ca.
Since the combination of PMA and Cyt D is more potent than PMA
alone in activating PKC (Figure 3), PKC activation seems to be the key
regulatory factor in enhancing endocytosis of the apatite particles and
extrusion of the intracellular Ca released from endocytosed particles.

Roles of Ca2+-ATPase in extrusion of 45Ca from internalized
45
Ca-apatite particles
To elucidate the extrusion mechanism of intracellular 45Ca in Jurkat
cells under the influence of PMA and Cyt D, the cells were incubated
with nanoparticles in presence or absence of PMA/Cyt D and/or Ln3+,
a highly specific Ca2+-ATPase blocker [20] for different periods of
time prior to estimation of radio-labeled Ca. As shown in Figure 6,
treatment with Ln3+ surprisingly increased intracellular 45Ca levels for
PMA/Cyt D with the highest peak at 4 h of incubation and also for the
particles (alone) with the highest peak at 2 h, thus suggesting that Ca2+ATPase is actively involved in removal of the intracellular 45Ca. The
substantial difference in intracellular 45Ca accumulation patterns due
to inhibition of Ca2+-ATPase over periods of time (0-6 h) between the
particles alone and the particles together with PMA/Cyt D (Figure 6)
clearly indicates that the combination of PMA and Cyt D could activate
Ca2+-ATPase for sequestering excessive cytosolic Ca. Since Ln3+ could
inhibit both plasmalemma and ER Ca2+-ATPases [20,21], thapsigargin
was used as a specific inhibitor of sarco-endoplasmic reticulum Ca2+ATPase [22], which resulted in no change in intracellular 45Ca levels for
the particles in presence or absence of PMA/Cyt D, thus convincing
that PMA and Cyt D facilitate extrusion of 45Ca through the plasma
membrane-associated Ca2+-ATPase.
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drug and phenylarsine oxide (PAO), a trivalent arsenical independtly
inhibit clathrin-mediated endocytosis by, respectively, stabilizing
clathrin-coated vesicle and cross-linking the clathrin coat [23]. When
Jurkat cells were incubated with 45Ca-particles for different periods of
time in presence of either amantadine or PAO (Figure 7), the levels of
intracellularly accumulated 45Ca declined gradually with the passage of
incubation time, suggesting that 45Ca-apatite particles are internalized
by the cells in clathrin-dependent endocytosis. Almost similar finding
was noticed for cellular uptake of 45Ca as a constituent of apatite
crystals in presence of PMA and Cyt D with significant inhibition
being observed after 1 h, indicating that clathrin-dependent rapid
endocytosis of 45Ca-apatite particles is responsible for PKC activationinduced surge of cytoplasmic 45Ca and the process of endocytosis
becomes highly active after 1 h of incubation of the particles with cells.
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Figure 6: PMA and cytochalasin D induced Ca+2 secretion from T-leukemia
cells is Ca-ATPase dependant. Jurkat cells were treated with the specified
chemicals in presence of 45Ca-apatite. Samples were collected at indicated time
points after 3 times washing with ice cold PBS, followed by 5 min incubation with
10 mM EDTA in PBS and two times rinsing with ice cold PBS. Samples were
immediately processed for radioactivity measurement. Error bar, SEM (n=4);
La, Lanthanum chloride; Th, thapsigargin.
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Figure 5: PMA and cytochalasin D treatment enhanced Ca+2 secretion from
Jurkat cells. Cells were incubated with either 45Ca-particle (A, and C) or ion
(no particle) (B) for either 30 min (A, and B) or 1 hr (C) prior to addition of
the specified reagents. At indicated time points media were removed, and
cells were washed 3 times with 10 mM EDTA in ice cold PBS. Samples were
collected and immediately processed for radioactivity measurements. For C,
reagents were added after 3 times washing with 10 mM EDTA in PBS and cells
were maintained in RPMI medium devoid of 45Ca-particle.

Clathrin dependent uptake of
presence of PMA and Cyt D

45
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Although nano-crystals of carbonate apatite were shown to deliver
genetic materials across the membrane of primary and cancer cell lines
through endocytosis [10-11], the exact route of internalization in a
human lymphocyte cell line particularly under the influence of PKC
activation has yet to be unveiled. Amantadine, a cationic amphiphilic
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Figure 7: Uptake of 45Ca-apatite particles in presence or absence of PMA
and Cyt D was clathrin-dependent. Jurkat cells were treated with the specified
chemicals in presence of 45Ca-apatite. Samples were collected at indicated time
points after 3 times washing with ice cold PBS, followed by 5 min incubation with
10 mM EDTA in PBS and two times rinsing with ice cold PBS. Samples were
immediately processed for radioactivity measurement. Error bar, SEM (n=4);
Am, Amantadine; PAO, phenylarsine oxide.
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Figure 8: A proposed mechanism of synergistic effects of nano-crystals, PKC
activator and actin disrupting agent on lymphocyte transfection.

Conclusion
Thus, we have established an efficient transfection process in human
T leukemia cells by triggering PKC activation for rapid internalization
of DNA-embedded carbonate apatite particles (Figure 8). In addition,
we have elucidated the cellular mechanism for processing cytoplasmic
Ca2+ released from internalized apatite particles. The study would
provide invaluable insights for the development of a smart gene
therapy tool in pre-clinical and clinical ex vivo trials of cancer treatment
utilizing autologous T cells.
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