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Human T-cell lymphotropic virus type 1 (HTLV-1) establishes persistent infection and is associated with
lymphoproliferative or neurodegenerative diseases. As a complex retrovirus, HTLV-1 contains typical struc-
tural and enzymatic genes, as well as regulatory and accessory genes encoded in the pX region. The early events
necessary for HTLV-1 to establish infection in lymphocytes, its primary target cells, remain unresolved. Recent
studies have demonstrated the importance of regulatory and accessory gene products in determining this
virus-host interaction. Among these, pX open reading frame I, which encodes two proteins, p12I and p27I, is
required for establishing persistent infection in vivo and for infection in quiescent primary lymphocytes. In
addition, p12I localizes in the endoplasmic reticulum (ER) and cis-Golgi apparatus and associates with a
calcium binding protein, calreticulin. We recently reported that p12I expression induces the calcium-respon-
sive T-cell transcription factor, nuclear factor of activated T cells (NFAT), in the presence of phorbol ester
activation. Based on these studies, we hypothesize that p12I may modulate calcium release from the ER. Here,
we report that p12I expression increases basal cytoplasmic calcium and concurrently diminishes calcium
available for release from the ER stores. Overexpression of calreticulin, a calcium buffer protein, blocked
p12I-mediated NFAT activation independently of its ability to bind p12I. Chemical inhibition studies using
inhibitors of inositol 1,4,5-triphosphate receptor and calcium release-activated calcium channels suggest that
inositol 1,4,5-triphosphate receptor in the ER membrane and calcium release-activated calcium channels in the
plasma membrane contribute to p12I-mediated NFAT activation. Collectively, our results are the first to
demonstrate the role of p12I in elevating cytoplasmic calcium, an antecedent to T-cell activation, and further
support the important role of this accessory protein in the early events of HTLV-1 infection.

Human T-lymphotropic virus type 1 (HTLV-1), the etiologic
agent of adult T-cell leukemia/lymphoma, immortalizes and
eventually transforms primary T lymphocytes after long-term
culture (3, 20, 24, 46, 50). Studies designed to investigate the
mechanism of these immortalization and transformation
events have been primarily focused on Tax, a pleiotropic viral
and cellular transcriptional activator encoded by pX open
reading frame (ORF) IV (26, 39, 42, 55). However, the details
of virus-cell interactions that allow establishment of the viral
infection in lymphocytes are unclear.

Recent studies have provided important new data that indi-
cate a role for the highly conserved pX ORF I-encoded protein
p12I in the early stages of HTLV-1 infection. ORF I mRNA
can be detected in HTLV-1-infected cells derived from adult
T-cell leukemia/lymphoma patients, as well as asymptomatic
carriers (5, 7–9, 22, 32). Antibodies that recognize p12I and
cytotoxic T lymphocytes reactive to peptides representing re-

gions of p12I have been detected in patients and asymptomatic
carriers (13, 45). Thus, p12I expression appears to be sustained
throughout the natural viral infection. More importantly, it has
been shown that selective ablation of ORF I mRNA dramat-
ically decreases the viral infectivity of ACH, an infectious mo-
lecular clone of HTLV-1, in a rabbit model of infection (11).
Additionally, ORF I expression is required for HTLV-1 infec-
tion in quiescent primary lymphocytes (1). These findings in-
dicate the involvement of p12I in the early stage of viral infec-
tion in lymphocytes.

The putative structural domains of p12I suggest the possi-
bility that this protein regulates or interacts with cell signaling
pathways. The viral protein contains two putative transmem-
brane regions and four potential SH3 domain binding motifs
(PXXP). p12I associates with the H� vacuolar ATPase (21), as
well as the interleukin-2 (IL-2) receptor �- and �-chains (40).
Although it does not appear to dysregulate IL-2 receptor sig-
naling pathways in HTLV-1-immortalized cell lines (10), the
transduction of primary lymphocytes with a retrovirus vector
expressing p12I causes a modest increase in Stat5 phosphory-
lation and may reduce IL-2 requirements for T-cell prolifera-
tion (43). It was recently demonstrated that the expression of
p12I selectively activates nuclear factor of activated T cells
(NFAT) (2). As a key transcription factor in T cells, NFAT is
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dephosphorylated by the phosphatase calcineurin, which is ac-
tivated by the increase of cytoplasmic calcium. T-cell receptor
ligation leads to a series of events that eventually trigger cal-
cium release from endoplasmic reticulum (ER) stores. This
transient increase in cytoplasmic calcium itself is insufficient to
promote transcriptional activation in T cells (41, 49). However,
the depleted ER store further triggers the opening of store-
operated calcium channels on the plasma membrane and re-
sults in calcium influx, which eventually activates calcineurin
and, subsequently, NFAT (23, 33). Dephosphorylated NFAT
translocates from the cytoplasm to the nucleus to induce the
expression of downstream genes, e.g., that for IL-2 (12, 28, 52).
Interestingly, p12I localizes to the ER and associates with an
ER luminal protein, calreticulin (14), which is a calcium bind-
ing protein that regulates calcium homeostasis in a variety of
cell types (27, 38, 54). Taken together, these findings support
the hypothesis that p12I regulates calcium signaling to activate
T lymphocytes during the early stages of HTLV-1 infection.

Here, we report that p12I expression elevates basal intracel-
lular calcium in transfected Jurkat T cells. Parallel studies of
p12I-transfected Jurkat T cells treated with thapsigargin (TG),
an inhibitor of Ca2�-ATPase, demonstrated reduced calcium
release from the ER stores compared to the control cells. In
addition, calreticulin expression blocked p12I-mediated NFAT
activation, possibly through its known property as a calcium
buffer protein. An inositol 1,4,5-triphosphate (IP3) receptor
inhibitor, 2-APB, partially blocked p12I-mediated NFAT acti-
vation, implying that p12I enhances calcium release through
the IP3 receptor. Furthermore, chemical inhibition of calcium
release-activated calcium (CRAC) channels in the plasma
membrane demonstrated that extracellular-calcium influx con-
tributes to p12I-mediated NFAT activation. Our data describe
a mechanism of NFAT activation mediated by p12I and sup-
port the tenet that p12I is a key accessory protein that regulates
calcium signals and subsequent lymphocyte activation to facil-
itate early viral infection. These findings are consistent with
previous studies that demonstrated a requirement for HTLV-1
p12I in viral infection both in vivo and in vitro (1, 11).

MATERIALS AND METHODS

Cell lines. Jurkat T cells (clone E6-1; American Type Culture Collection
catalog number TIB-152) were maintained in RPMI 1640 medium (Gibco, Rock-
ville, Md.) supplemented with 15% fetal bovine serum, 100 �g of streptomycin-
penicillin/ml, 2 mM L-glutamine, and 10 mM HEPES (Gibco) (complete RPMI
[cRPMI]). HeLa-Tat is a human cervical carcinoma cell line, HeLa, which stably
expresses human immunodeficiency virus type 1 (HIV-1) Tat protein and was
obtained through the AIDS Research and Reference Reagent Program, Division
of AIDS, National Institutes of Health, from B. Felber and G. Pavlakis (HLtat;
catalog number 1293). The 293T cell line is the 293 cell line (catalog number
1573; American Type Culture Collection) which stably expresses the simian virus
40 T antigen (obtained from G. Franchini, National Institutes of Health). Both
293T and HeLa-Tat were maintained in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum, 100 �g of streptomycin-penicillin/
ml, and 2 mM L-glutamine as previously described (14).

Plasmids. The pME-18S and pME-p12 plasmids (40) were provided by G.
Franchini (National Cancer Institute, National Institutes of Health). The pME-
p12 plasmid expresses the fusion protein of HTLV-1 p12I tagged with the
influenza virus hemagglutinin (HA1) tag. The AP-1 luciferase reporter plasmid
was purchased from Stratagene (La Jolla, Calif.). The NFAT luciferase construct
pNFAT-Luc contains a trimerized human distal IL-2 NFAT site inserted into the
minimal IL-2 promoter and was a gift from G. Crabtree (Stanford University).
Calreticulin expression plasmids, pcDNA-CRT and VR1012-CRT, were kindly

provided by M. Michalak (University of Alberta, Edmonton, Alberta, Canada)
and P. Pizzo (University of Padua, Padua, Italy), respectively. The VR1012-CRT
plasmid (18) contains the calreticulin sequence tagged with HA1. The p12EGFP
plasmid was generated by inserting the p12I sequence into the BglII and BamHI
sites in the pEGFP-N1 vector (Clontech, Palo Alto, Calif.). The p12I sequence in
p12EGFP was confirmed to be in frame by Sanger sequencing. p12I mutants
generated in the pME-18S vector were previously described (14). The �-galac-
tosidase (�-Gal)-encoding plasmid pCMV � SPORT-�-gal was used as a trans-
fection efficiency control and was purchased from Gibco. The pcDNA 3.1(�)
plasmid was purchased from Invitrogen (Carlsbad, Calif.).

Jurkat T-cell transfection and luciferase assay. Unless otherwise indicated,
transient transfections were done by electroporation of 107 cells in cRPMI (350
V; 975 �F; Bio-Rad Gene Pulser II) with 0 to 30 �g of pME-p12 in the absence
or presence of 0 to 10 �g of pcDNA-CRT expression plasmid as indicated in the
figure legends, 10 �g of reporter plasmid (NFAT-Luc or AP-1 Luc), and 1 �g of
pCMV � SPORT-�-gal plasmid to analyze the NFAT or AP-1 transcriptional
activity. The corresponding control vectors, pME-18S and pcDNA 3.1(�), were
used as carrier DNA to equilibrate the total amount of DNA for each transfec-
tion. The transfected cells were seeded in six-well plates at a density of 5 �
105/ml and were stimulated with 20 ng of phorbol myristate acetate (PMA;
Sigma, St. Louis, Mo.)/ml or with 2 �M ionomycin (Sigma) at 6 h posttransfec-
tion. Following 18 h of stimulation, the cells were lysed with Cell Culture Lysis
Reagent (Promega, Madison, Wis.), and the cell lysates were analyzed for lucif-
erase activity according to the manufacturer’s protocol. Values were normalized
for transfection efficiency based on �-Gal activity, which was determined using
Lumi-Gal (Lumigen, Southfield, Mich.). Data points were expressed as the mean
of triplicate samples from at least two independent experiments. Statistical anal-
ysis was performed using Student’s t test.

To investigate whether binding between p12I and calreticulin is required for
NFAT activation, Jurkat T cells were cotransfected with 30 �g of pME-p12 or
the mutant p12I 15-99 or p12I 15-69 in the presence or absence of 2.5 �g of
pcDNA-CRT plus reporter plasmids as described above, followed by the mea-
surement of luciferase activity.

Calcium inhibition studies. To test the contribution of the IP3 receptor in the
NFAT activation induced by p12I, the IP3 receptor inhibitor 2-aminoethoxydi-
phenyl borate (2-APB; Sigma), used at a concentration of 100 �M (37), was
added to the transfected cells 6 h posttransfection for 30 min at 37°C followed by
PMA stimulation for 18 h, and the cells were further lysed for luciferase assay.
To investigate the role of the CRAC channels in the p12I-mediated NFAT
activation, the CRAC channel inhibitor SKF 96365 (Calbiochem, San Diego,
Calif.) was used at a concentration of 20 �M (29) to treat the transfected cells
20 h posttransfection for 30 min followed by PMA stimulation for 4 h, and the
cells were lysed for luciferase assay.

Immunoblot assay. The expression of p12I and p12I truncation mutants was
analyzed by immunoblot assay. Briefly, approximately 1.5 � 106 transfected
Jurkat cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris [pH 8.0], 10
mM EDTA, 10 mM NaF, 10 mM Na4P2O7 � H2O, 1% NP-40, 0.5% deoxycholic
acid, 0.1% sodium dodecyl sulfate [SDS], 1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, and Complete Protease Inhibitor [Roche, India-
napolis, Ind.]), and the cell lysates were cleared by centrifugation. Fifty micro-
grams of cell lysates were separated by SDS–15% polyacrylamide gel electro-
phoresis followed by transfer to nitrocellulose membranes. The membranes were
blocked with 5% milk for 2 h, incubated with monoclonal anti-HA antibody
(clone 16B-12; Covance, Richmond, Calif.) overnight at 4°C, and developed
using horseradish peroxidase-labeled secondary antibody and enhanced chemi-
luminescence (Cell Signaling Technologies, Beverly, Mass.).

Immunoprecipitation assay. To test the calreticulin binding region in p12I,
approximately 2 million 293T cells were transfected with 15 �g of pME-p12,
pME-18S, or p12I truncation mutants using Lipofectamine Plus (Invitrogen) and
were lysed in RIPA buffer 48 h posttransfection. Cell lysates (1 mg) were pre-
cleared with 30 �l of protein A/G-agarose beads (Santa Cruz Biotechnology,
Santa Cruz, Calif.) and 3 �l of normal rabbit serum for 6 h, followed by incu-
bation with 1:150-diluted rabbit polyclonal calreticulin antibody (Affinity Biore-
agents, Golden, Colo.) overnight. The immune complex mixture was then incu-
bated with 40 �l of protein A/G-agarose beads for 2 h. The beads were washed
twice in RIPA buffer and boiled in SDS sample buffer, and the supernatants were
collected to analyze the associated p12I and p12I truncation mutants by using an
immunoblot assay with anti-HA monoclonal antibody. The expression of full-
length p12I and the truncation mutants was tested by immunoblot assay as
described above. The endogenous expression of calreticulin was tested by im-
munoblot assay with rabbit polyclonal calreticulin antibody.

Indirect immunofluorescence assay. To examine the intracellular expression
of transfected calreticulin and p12I, HeLa-Tat cells were seeded into LAB-TAK
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chamber slides (Nalgene Nuc International, Rochester, N.Y.) and transfected
with 4 �g of VR1012-CRT using Lipofectamine Plus. The cells were fixed for 15
min in 4% paraformaldehyde at 24 h posttransfection, followed by incubation
with mouse anti-HA monoclonal antibody in antibody dilution buffer (10 mM
NaPO4, 0.5 M NaCl, 0.5% Triton X-100, 2% bovine serum albumin, 5% normal
goat serum) for 1 h at room temperature. After being washed three times, the
cells were incubated with indocarbo cyanine-3-labeled anti-mouse antibody in
antibody dilution buffer for 1 h before final washing and mounting in glycerol.
The cell nuclei were stained with bisbenzimide H 33258 (Calbiochem). Fluores-
cence microscopy was performed using an Axioplan2 fluorescent microscope
(Carl Zeiss Optical, Chester, Va.), and images were collected using a SPOT
camera (model 1.4.0; Diagnostic Instruments Inc., Sterling Heights, Mich.) with
Adobe Photoshop 5.0 software.

Intracellular-calcium measurement. To measure the basal intracellular-cal-
cium concentration, intracellular-store calcium release, and capacitative calcium
entry, indo-1 acetoxymethyl ester (indo-1/AM) and fura-2/AM were purchased
from Molecular Probes (Eugene, Oreg.) and used in flow cytometry and calcium
measurement experiments, respectively.

Flow cytometry analysis. For the measurement of the baseline intracellular-
calcium concentration, 107 Jurkat cells were electroporated in cRPMI with 30 �g
of p12EGFP or pEGFP-N1 plasmid. At 6 h posttransfection, cells from four
transfection experiments were pooled together and live cells were separated by
Ficoll purification. At 24 h posttransfection, the cells were resuspended at a
concentration of 5 � 106 per ml in Hanks’ balanced salt solution (HBSS) buffer
(Gibco) in the presence or absence of 1 mM Ca2�, followed by staining with 6
�M indo-1/AM at 37°C for 30 min. The cells were analyzed on an ELITE ESP
flow cytometer (Beckman Coulter, Miami, Fla.) with a UV laser for indo-1
excitation. Approximately 3.0 � 104 cells were analyzed, and the calcium con-
centration in green fluorescent protein (GFP)-positive cells was determined from
the ratio of light emitted from calcium-bound dye (wavelength, 405 nm) to that
from unbound indo-1 (wavelength, 495 nm). The mean ratios were calculated
over time by using standard ELITE analysis software. Statistical analysis was
performed by Student’s t test.

Measurement of calcium release from the ER store. For the measurement of
intracellular-store calcium release and calcium entry, Jurkat cells were trans-
fected with 30 �g of p12EGFP or pEGFP-N1 and the live cells were purified as
described above. At 24 h posttransfection, cells pooled from six transfection
experiments were resuspended in cRPMI, and the cells with positive GFP fluo-
rescence were sorted on an ELITE ESP flow cytometer with a 488-nm-wave-
length laser and collected in cRPMI. At 48 h posttransfection, the sorted cells
were loaded with 2 �M fura-2/AM in HBSS buffer containing 1 mM Ca2� at
room temperature for 40 min, washed once, and left in the same buffer for 90 min
for fura-2/AM hydrolysis. The cells were then seeded at a density of 2 � 105 per
well in HBSS buffer containing 1 mM Ca2� into LAB-TAK chamber slides
coated with CELL-TAK (BD Biosciences, Bedford, Mass.) according to the
manufacturer’s protocol. The cells were alternately excited at 340 and 380 nm by
a motor-driven beam chopper (Photon Technology International, Monmouth
Junction, N.J.) connected to a Diaphot-TMD inverted microscope (Nikon Cor-
poration, Tokyo, Japan). Fluorescence emission at 510 nm was captured by a
microscope photometer (Photon Technology International). The cytoplasmic
calcium concentration was represented by the ratio of emitted fluorescence when
the cells were excited at 340 nm to that when the cells were excited at 380 nm.
The data were analyzed by using commercial software (FeliX; Photon Technol-
ogy International). For each experiment, the emitted 340- to 380-nm fluores-
cence ratios from approximately 10 to 20 cells were collected and analyzed. After
measurement of the baseline calcium concentration in HBSS buffer containing 1
mM Ca2�, the bathing solution was replaced with HBSS buffer without calcium
by adding 2 mM EGTA. To measure the intracellular-store calcium release, an
ER Ca2�-ATPase inhibitor, TG, was used at a concentration of 500 nM to trigger
ER calcium depletion following determination of the baseline calcium concen-
tration in the bathing solution. Finally, extracellular-calcium entry was measured
by restoring the calcium concentration to 2 and 5 mM in the bathing solution.

To test the effect of the inhibitor of IP3 receptor on calcium release from ER
stores triggered by T-cell receptor ligation, Jurkat T cells were treated with 100
�M 2-APB followed by stimulation with 8 �g of monoclonal anti-human CD3
antibody (Clone HIT3a; BD Pharmingen, San Diego, Calif.)/ml or left untreated.
The resultant changes in calcium concentration were recorded as described
above. To test the role of the inhibitor of CRAC channels on the phytohemag-
glutinin (PHA)-induced calcium influx, 2 �g of PHA/ml was added to the Jurkat
T cells, followed by the addition of SKF 96365. The calcium concentration was
measured as described above.

RESULTS

p12I expression increases basal intracellular calcium in Ju-
rkat T cells. It was reported that p12I expression in Jurkat T
cells activates NFAT, a major T-cell transcription factor, and
that this activation is dependent on cytoplasmic Ca2� (2). To
investigate potential mechanisms that mediate NFAT activa-
tion, we tested the effect of p12I expression on basal [Ca2�]i

(the intracellular-calcium concentration). Jurkat T cells tran-
siently transfected with the p12EGFP or pEGFP-N1 plasmid
were loaded with indo-1/AM, and the ratio of indo-1 emissions
at 405 and 495 nm on GFP-positive cells was measured by a
flow cytometer as an indication of the [Ca2�]i. Jurkat T cells
expressing p12EGFP displayed an elevated indo-1 ratio com-
pared to EGFP-expressing cells in medium containing 1 mM
Ca2� (P � 0.05) (Fig. 1). The mean ratio in p12EGFP-express-
ing cells (10.27 � 0.23; mean � standard error of the mean
[SEM]; n � 3) was higher than that in the vector control
pEGFP-N1-transfected cells (9.13 � 0.58; mean � SEM; n �
3). These data indicated a modest, but consistent, increase in
intracellular calcium in p12I-expressing cells. This finding is
consistent with other reports (33, 34) which demonstrated that
NFAT as a transcription factor is responsive to small and
oscillating increases in cytoplasmic calcium. However, the
mean ratios in p12EGFP- and pEGFP-N1-expressing cells in
Ca2�-free media were not significantly different (data not
shown). Therefore, p12I expression increased the [Ca2�]i and
was dependent on extracellular Ca2�, suggesting the involve-
ment of extracellular Ca2� influx.

p12I reduces the amount of calcium released from ER
stores. As an approach to measure the amount of Ca2� capa-
ble of being released from the ER Ca2� store in cells express-
ing p12I, TG was used to block ER Ca2� uptake through the
Ca2�- ATPase pump. In the presence of the drug, Ca2� leak-
ing from the ER accumulates in the cytosol and the [Ca2�]i can

FIG. 1. p12I increases the basal intracellular calcium in transfected
Jurkat T cells. Jurkat T cells transiently transfected with p12EGFP or
pEGFP-N1 plasmid were stained with indo-1/AM at 24 h posttrans-
fection and the ratio of indo-1 emissions at 405 and 495 nm on GFP-
positive cells was measured by an ELITE ESP flow cytometer. The
mean ratio (10.27 � 0.23; mean � SEM; n � 3) in p12EGFP-trans-
fected cells was slightly higher than the ratio in vector control pEGFP-
N1-transfected cells (9.13 � 0.58; mean � SEM; n � 3). These data
are representative of three independent experiments.
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be used as an indirect measure of the ER Ca2� store (19, 48).
The addition of TG to the vector control cells transfected with
pEGFP-N1 in Ca2�-free medium led to an increase in the
[Ca2�]i, reflecting the release of Ca2� from the ER. In tran-
siently p12EGFP-transfected cells, the amplitude of the TG-
induced Ca2� release was markedly reduced (P � 0.05) (Fig.
2), suggesting that the ER store Ca2� content was reduced due
to the Ca2� release induced by p12I expression. The addition
of Ca2� back into the medium following the TG-induced re-
sponse elicited a higher (P � 0.05) Ca2� entry in p12EGFP-
transfected cells than in vector control-transfected cells (Fig.
2), implying that the increased [Ca2�]i is due to capacitative
Ca2� entry from the calcium channel at the plasma membrane
responding to the lower ER Ca2� content.

Importantly, these data, collected using a completely differ-
ent system to measure the cytoplasmic calcium, confirmed that
p12I expression elevates basal intracellular calcium in Jurkat T
cells.

Calreticulin blocks NFAT activation induced by p12I. Cal-
reticulin, a primary calcium-buffering protein, binds p12I in the
ER (14). Overexpression of calreticulin increases the whole-
cell calcium content and reduces capacitative calcium entry
(38, 54). To identify the effect of calreticulin on p12I-mediated
NFAT activation, Jurkat T cells were transfected with 30 �g of
pME-p12 in combination with increasing doses of pcDNA-
CRT. Calreticulin expression inhibited the NFAT activation
induced by p12I in a dose-dependent manner (Fig. 3A). While
p12I expression alone dose-dependently activated NFAT tran-
scriptional activity (Fig. 3B), 2.5 �g of pcDNA-CRT transfec-
tion abolished the dose-dependent activation of NFAT by p12I

(Fig. 3C). A control protein, EGFP, did not affect the NFAT
activation mediated by p12I. The expression of p12I remained
unchanged as detected in immunoblot assays (data not shown).

The calreticulin block of p12I-mediated NFAT activation
could be explained if calreticulin affected the p12I function by
direct binding or if calreticulin reduced calcium release from
the ER due to its calcium-buffering capability. We also con-
firmed that the expressed calreticulin displayed a reticular pat-
tern in the perinuclear region of transfected HeLa-Tat cells,
which was similar to p12I localization corresponding to the ER
(Fig. 3D).

Binding between p12I and calreticulin is not required for
calreticulin inhibition of p12I-mediated NFAT activation. To
further clarify the blocking effect of calreticulin on p12I-medi-
ated NFAT activation, we performed coimmunoprecipitation
assays to map the calreticulin binding region in p12I (Fig. 4).
Three N-terminal-truncation mutants, p12I 15-99, p12I 32-99,
and p12I 48-99, were precipitated by polyclonal anti-calreticu-
lin antibody, indicating that the calreticulin binding site is in
the C-terminal half of p12I. The C-terminal-truncation mutant
p12I 15-86 also coprecipitated with calreticulin. However, p12I

15-69, p12I 15-47, and p12I 1-47 did not associate with calre-
ticulin. Collectively, these data indicate that the region be-
tween amino acids (aa) 69 and 86 of p12I is a binding region
between the viral protein and calreticulin. Mutant p12I 1-86
did not bind to calreticulin in the immunoprecipitation exper-
iment. This could be due to the presence of an inhibitory
region (aa 1 to 15) in the N terminus of p12I which could
prevent the binding of this protein with calreticulin.

To test if the association between calreticulin and p12I is
correlated with the known buffering capacity of calreticulin,
Jurkat T cells were cotransfected with or without 2.5 �g of
pcDNA-CRT in combination with the mutant p12I 15-99,
which bound to calreticulin, or the mutant p12I 15-69, which
did not bind to calreticulin. NFAT transcriptional activities
were analyzed to assess the influence of calreticulin on p12I

function. Both mutants reproducibly elicited hyperactivated
NFAT luciferase activities, indicating that binding does not
correlate with NFAT activation mediated by p12I mutants.
Interestingly, both mutants displayed significantly reduced
NFAT luciferase activities (Fig. 5A) in the presence of calre-
ticulin, implying that binding does not correlate with the in-
hibitory effect of calreticulin. In addition, calreticulin alone
inhibited the NFAT luciferase activity induced by 2 �M iono-
mycin in a dose-dependent manner (Fig. 5B), while the tran-
scriptional activity of a non-calcium-responsive transcription
factor, AP-1, was not affected (Fig. 5C). Thus, the inhibitory
effect of calreticulin on p12I-mediated NFAT activation is
likely indirect through its known Ca2�-buffering capability,
which would overcome ER calcium release induced by p12I.

IP3 receptor contributes to p12I-mediated NFAT activation.
Following engagement of the T-cell receptor, a series of acti-
vation events lead to IP3 elevation. As a major regulator in
calcium-related signaling in T cells, IP3 binds to its receptor, an
intracellular-calcium channel on the ER, to induce the calcium
release that further triggers prolonged calcium influx through
the store-operated Ca2� channels in the plasma membrane
(23, 33). The mechanism for store depletion-triggered capaci-
tative calcium entry remains unclear. To test if IP3 receptor
plays a major role in the NFAT activation induced by p12I,
pME-p12-transfected Jurkat T cells were treated with an IP3

receptor inhibitor, 2-APB, before the stimulation of PMA ad-
dition, and the NFAT luciferase activities were analyzed. The

FIG. 2. p12I diminishes calcium release from ER stores and sub-
sequently enhances extracellular-calcium entry. Jurkat T cells tran-
siently transfected with p12EGFP or pEGFP-N1 were loaded with
fura-2/AM 48 h posttransfection, and the basal [Ca2�]i, calcium release
following TG addition, and calcium entry were measured as described
in Materials and Methods. The data points along the curves are means
of four experiments. Statistical significances were analyzed by Stu-
dent’s t test. �, P � 0.05. Solid line, p12EGFP-transfected Jurkat T
cells; dotted line, vector-transfected Jurkat T cells. Note that Jurkat T
cells expressing p12EGFP have relatively higher basal [Ca2�]i and
calcium entry but lower calcium release following TG addition than the
control cells expressing EGFP.
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inhibitor 2-APB (35) blocked intracellular-calcium release elic-
ited by CD3 antibody (Fig. 6A). 2-APB also blocked p12I-
mediated NFAT activation (Fig. 6B). However, the activity of
a non-calcium-responsive transcription factor, AP-1, remained
unchanged in the presence of 2-APB (Fig. 6C), suggesting that
the IP3 receptor is involved in the NFAT activation induced by
p12I.

CRAC channel inhibitor partially blocks p12I-mediated
NFAT activation. Activation of T-cell receptor by antigens or
mitogens, such as PHA, leads to a biphasic increase in the
[Ca2�]i resulting from an initial IP3-dependent release of cal-
cium from the ER store followed by an influx of calcium across
the plasma membrane. Recent studies suggest that calcium
influx across the plasma membrane is carried out by store-
operated calcium channels (56), whose biophysical properties
are very similar to those of the calcium release-activated cal-
cium current of mast cells (25). The fact that the basal [Ca2�]i

increase in p12I-transfected cells was observed only in 1 mM
Ca2� solution suggests the importance of the Ca2� influx in
p12I-mediated NFAT activation. Thus, a widely used inhibitor
of CRAC channels, SKF 96365, was used to treat p12I-trans-
fected Jurkat T cells before PMA stimulation to test the role of
CRAC channels in the NFAT activation induced by p12I. A
concentration of 20 �M SKF 96365 that blocked the Ca2�

influx induced by PHA (Fig. 7A) reduced the p12I-mediated

NFAT activation by half (Fig. 7B). However, the transcrip-
tional activity of AP-1 remained unchanged in the presence of
SKF 96365 (Fig. 7C), indicating that the Ca2� influx from the
plasma membrane contributes to the NFAT activation induced
by p12I.

DISCUSSION

In this study, we report that the expression of p12I increases
the [Ca2�]i and that p12I expression reduces calcium content
in the ER stores, which is consistent with the previous finding
that p12I can replace a low concentration of TG to cause
NFAT activation (2). These results suggest that an increase in
the ER Ca2� permeability mediates the increase of the [Ca2�]i

in p12I-expressing cells and a decrease in the ER calcium
content. Further study is required to test this possibility. Our
data demonstrated that the IP3 receptor inhibitor, 2-APB,
blocked the effect of NFAT activation induced by p12I, indi-
cating the contribution of IP3 receptor in p12I-mediated NFAT
activation. This observation could be explained if p12I facili-
tates Ca2� release via the ER Ca2� channel (IP3 receptor).
However, we cannot exclude the possibility that p12I interacts
with IP3 receptor or itself forms a channel. A recent study
suggested that in addition to IP3 receptor, 2-APB may also
inhibit the function of CRAC channels in the plasma mem-

FIG. 3. Calreticulin (CRT) expression blocks p12I-mediated NFAT activation. (A) Calreticulin blocks NFAT activation induced by p12I in a
dose-dependent manner. Jurkat T cells were transfected with 30 �g of pME-p12 plus increasing amounts of pcDNA-CRT plasmid, as well as NFAT
reporter plasmid, and the luciferase activities were analyzed 18 h post-PMA treatment using the method described in Materials and Methods.
(B) p12I dose-dependently activates NFAT in transfected Jurkat T cells. (C) Transfection with 2.5 �g of calreticulin plasmid abolishes the
dose-dependent activation of NFAT induced by p12I. The GFP vector control plasmid did not affect p12I-mediated NFAT activation. The values
are the means (plus SEM) of triplicate samples of at least duplicate experiments. (D) Calreticulin expression in HeLa-Tat cells is in the perinuclear
region (red), consistent with its known ER localization property (27).
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brane (6). Our study also detected a significantly higher cal-
cium entry following TG addition in p12I-expressed cells and
that the CRAC channel inhibitor, SKF 96365, reduced the
NFAT activation induced by p12I by half, indicating the im-
portance of Ca2� influx on p12I-mediated NFAT activation.
Due to the location of this protein, the higher calcium entry is
possibly secondary to the reduced calcium content in the ER
store. Similar mechanisms are also used by a cellular protein,
Bcl-2, to regulate intracellular-calcium homeostasis. While lo-
calized in both the ER and mitochondria, Bcl-2 enhances the
Ca2� permeability of the ER membranes and subsequently
reduces the ER store content. The reduced Ca2� content in
ER stores further triggers the increased extracellular Ca2�

entry in Bcl-2-expressing cells (19). The modulation of Ca2�

homeostasis is also believed to be a key determinant for the
antiapoptotic function of Bcl-2 (44). Therefore, it is reasonable
to speculate that p12I, a HTLV-1 accessory protein, could
mimic the function of Bcl-2 to regulate calcium homeostasis in
host cells to facilitate viral infection.

As an ER-resident and calcium binding protein, calreticulin
serves as a calcium buffer. The expression of calreticulin in-
creases the whole-cell calcium content and reduces calcium
entry (38). Additionally, calreticulin expression decreases ER

calcium release (54). When calreticulin and p12I were coex-
pressed in our study, calreticulin blocked p12I activation in a
dose-dependent manner. Using the calreticulin binding and
nonbinding p12I mutants, we found that the binding between
p12I and calreticulin did not correlate with NFAT activation
mediated by p12I. The inhibitory effect of calreticulin on p12I-
mediated NFAT activation is likely indirect, by preventing
effective calcium release from the ER or by reducing calcium
entry through the plasma membrane. This tenet is supported
by the finding that calreticulin inhibited the NFAT activation

FIG. 4. Calreticulin (CRT) binds the region from aa 69 to 86 of
p12I. (A) Schematic representation of full-length p12I and a series of
p12I truncation mutants. Soild bars, transmembrane regions. Solid
boxes, SH3 binding domains (PXXP motif). (B) 293T cells transfected
with pME-p12 and p12I truncation mutants were lysed, and the cell
lysates were precipitated with polyclonal calreticulin antibody followed
by immunoblot assay to map the region in p12I associated with calre-
ticulin (top). An aliquot of cell lysates (50 �g) was used to test the
expression of p12I and the truncation mutants by immunoblot assay
(middle). The same blot was stripped, and the expression of calreticu-
lin was tested by immunoblot assay (bottom). The larger band (	60
kDa) in the bottom blot represents native calreticulin. A smaller iso-
form of calreticulin (	50 kDa) was also detected.

FIG. 5. Calreticulin inhibition of p12I-mediated NFAT activation is
independent of its association with p12I. (A) Calreticulin blocks the
NFAT activation mediated by both a calreticulin binding mutant, 15-
99, and a non-calreticulin binding mutant, 15-69. Thirty micrograms of
pME-p12, p12I 15-99, or p12I 15-69 was used to transfect Jurkat T cells
in the absence [(
) CRT] or presence [(�) CRT]of 2.5 �g of pcDNA-
CRT, and the NFAT luciferase activities were analyzed 18 h post-PMA
stimulation to test the effect of calreticulin on the NFAT activation
mediated by both mutants. Statistical significances were analyzed by
Student’s t test. �, P � 0.05. (B) Calreticulin dose-dependently inhibits
the NFAT activation induced by ionomycin treatment. Jurkat T cells
were transfected with increasing amounts of pcDNA-CRT plus 10 �g
of NFAT-Luc, and the NFAT luciferase activities were analyzed 18 h
post-ionomycin treatment. (C) Calreticulin does not affect AP-1-re-
sponsive reporter gene. Jurkat T cells were transfected with increasing
amounts of pcDNA-CRT plus 10 �g of AP-1 Luc, and the luciferase
activities were analyzed 18 h post-ionomycin treatment. The values
(arbitrary light units) are the means (plus SEM) of triplicate samples
of at least duplicate experiments.
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induced by ionomycin in a dose-dependent manner. Taken
together, these results show that the lower ER Ca2� content,
most likely resulting from increasing ER membrane perme-
ability induced by p12I, can be blocked by the expression of the
calcium buffer protein calreticulin. However, we could not
exclude the possibility of additional cellular proteins contrib-
uting to NFAT activation mediated by p12I.

The elevation of intracellular free Ca2� is an essential signal
for T-cell activation by antigens and the other stimuli that
cross-link the T-cell receptor. Short-term Ca2� increase helps
to stabilize contacts between T cells and antigen-presenting
cells through cytoskeleton reorganization. Long-term Ca2� sig-

nals (over periods of hours) increase the efficiency and speci-
ficity of gene activation, such as NFAT translocation. Dol-
metsch et al. and Lewis showed that the low plateau phase
generated by ionomycin plus PMA treatment activates NFAT,
a transcription factor responsive to low-amplitude [Ca2�]i os-
cillations (15, 33). The modest increase of the [Ca2�]i and the
subsequent NFAT activation mediated by p12I are indepen-
dent of T-cell receptor activation. This finding raises the in-
triguing possibility that p12I expression in HTLV-1-infected T
lymphocytes increases the activation of these cells in response
to weak stimuli, which would normally not activate the T-cell

FIG. 6. Inhibition of IP3 receptor reduces p12I-mediated NFAT
activation. (A) IP3 receptor inhibitor, 2-APB, blocks intracellular-cal-
cium increase following the CD3 antibody stimulation of Jurkat T cells.
Solid line, Jurkat T cells stimulated with the CD3 antibody; dotted line,
Jurkat T cells pretreated with 100 �M 2-APB 5 min before CD3
antibody stimulation. (B) 2-APB treatment 30 min before the addition
of PMA inhibits the NFAT activation induced by p12I. (C) 2-APB
treatment [(�) 2-APB] did not significantly affect AP-1 Luc activity. P,
PMA; I, ionomycin; U, unstimulated. The values represent the data
means (plus SEM) collected from two samples of three independent
experiments. Statistical significances were analyzed by Student’s t test.
�, P � 0.05.

FIG. 7. Inhibition of calcium release-activated calcium channel
partially blocks p12I-mediated NFAT activation. (A) CRAC channel
inhibitor, SKF 96365, reduces the length of the plateau phase induced
by PHA stimulation. Solid line, Jurkat T cells stimulated with 2 �g of
PHA/ml followed by EGTA addition. Dotted line, Jurkat T cells stim-
ulated with PHA followed by the addition of SKF 96365 and, subse-
quently, EGTA. (B) Inhibition of CRAC channels partially blocks the
NFAT activation mediated by p12I. SKF, SKF 96365; (�), present;
(
), absent. The values represent the means (plus SEM) of triplicate
samples of two independent experiments. Statistical significances were
analyzed by Student’s t test. �, P � 0.05. (C) SKF 96365 treatment did
not affect AP-1 Luc activities. P, PMA, I, ionomycin, U, unstimulated.
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receptor signal pathway. Activation of these cells likely triggers
cell division, which would enhance HTLV-1 proviral DNA
integration and the establishment of persistent infection. In
addition to promoting T-cell activation, Ca2� signaling and
NFAT activation could also contribute to retrovirus replica-
tion. Interestingly, Kinoshita and colleagues (31) recently re-
ported that the expression of NFAT in primary peripheral T
lymphocytes induced a highly permissive state to overcome the
blockade at reverse transcription and permitted replication of
a similar retrovirus, HIV, in primary CD4� T cells.

In addition to HTLV-1, other viruses encode proteins reg-
ulating Ca2�-related signals by analogous or different mecha-
nisms in T lymphocytes or other cell types. Nef, a regulatory
protein in HIV, is functionally and structurally similar to p12I

and synergistically activates NFAT with the Ras/MAPK path-
way (36). Though the underlying mechanism to regulate the
Ca2� signals may be different, the effects of these two proteins
on T-cell activation and viral infection are strikingly similar.
Hepatitis C virus core protein, an ER-localized viral protein,
activates the transcription of the IL-2 promoter in Jurkat cells
by activating NFAT (4). In addition, two other ER-localized
viral proteins, rotavirus nonstructural protein NSP4 (16, 48)
and coxsackievirus protein 2B (51), increase intracellular-cal-
cium release in fibroblasts by enhancing the ER membrane
permeability and plasma membrane permeability, respectively.
Therefore, the modulation of Ca2� signal to activate viral
target cells is a common and potent mechanism for viruses to
facilitate infection.

In future studies, it will be important to test if p12I is incor-
porated in viral particles or if the protein is selectively ex-
pressed during early stages of viral infection. Wu and Marsh
(53) recently reported that HIV infection leads to selective
transcription of the nef and tat genes before integration. This
preintegration transcription in quiescent cells leads to in-
creased T-cell activation and viral replication. Like p12I, Nef
contains an SH3 binding motif that facilitates the functional
interaction of this protein with multiple cellular signal proteins
(47) and is essential for efficient viral infectivity in vivo (17, 30).

In summary, p12I increases intracellular Ca2�, likely by sus-
tained release of calcium from ER stores, and enhances extra-
cellular-calcium entry to induce NFAT activation in T cells.
These data are consistent with the role of pX ORF I gene
products in viral infection in a rabbit model and in quiescent
human T lymphocytes. Thus, p12I, a highly conserved viral
protein, appears to be critical during the early stage of
HTLV-1 infection in T cells.
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