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Although bortezomib is clinically approved
for the treatment of mantle cell lymphoma
(MCL), only limited effects of this treatment
have been demonstrated. To improve survival for bortezomib-resistant patients, it is
necessary to develop new therapeutic strategies. In the present study, we used biochemical and molecular methodologies to
demonstrate that tissue transglutaminase
(TG) activates downstream NF-B signaling
pathways. The signaling axis from TG to

NF-B could be a new therapeutic target to
overcome bortezomib resistance in MCL.
TG2 is a calcium-dependent protein crosslinking enzyme reported to be overexpressed in various cancer cells. We found
that MCL cells expressed elevated levels of
TG2 and that the modification of TG2 activities altered NF-B expression and downstream signaling in MCL cells. When TG2
signaling was inhibited by calcium blockers, the combination of a calcium blocker

(perillyl alcohol) with bortezomib suppressed NF-B expression and improved
the cytotoxicity of bortezomib in MCL cells.
Our study is the first to show the expression
of TG2 and the contribution of TG2 to NF-B
signaling in MCL. TG2 inhibition may be
used as an alternative target anti-MCL
therapy, and calcium blockers may be
combined with bortezomib to overcome
the bortezomib resistance in MCL. (Blood.
2012;119(11):2568-2578)

Introduction
Mantle cell lymphoma (MCL) is an aggressive subtype of B-cell
lymphoma that accounts for 5%-7% of cases of non-Hodgkin
lymphoma. Despite good responses with first-line treatments for
newly diagnosed, untreated MCL patients,1-3 MCL patients often
relapse and demonstrate highly refractory responses to common
antilymphoma chemotherapy, which results in inevitable chemoresistance and poor clinical outcomes.4-7
Bortezomib (Velcade), a reversible inhibitor of the 26S proteasome, first gained United States Food and Drug Administration
approval as a single-agent treatment in patients with relapsed or
refractory MCL.8 Bortezomib inhibits the ubiquitin-proteasome
pathway and alters multiple cellular signaling cascades, including
those regulating cell growth, differentiation, and survival.9-11 For
example, proteasome inhibition prevents the degradation of proapoptotic factors, which facilitates the activation of programmed
cell death in neoplastic cells; however, the precise mechanisms of
action are controversial.
One of the known bortezomib targets for inhibition is NF-B
and its related pathway. Constitutive NF-B expression has been
reported in MCL cell lines and primary cells.12 However, therapies
such as bortezomib targeting NF-B have shown limited effects in
MCL.13-15 Bortezomib was also reported to elicit the unfolded
protein response, which is activated when the physiologic environment of the endoplasmic reticulum is altered.16-18 The induction of
endoplasmic reticulum stress induces reactive oxygen species,
which affects treatment responses to bortezomib in MCL18 and
multiple myeloma.19 In addition, some studies have suggested that
bortezomib could increase NF-B activity20,21 or the presence of
bortezomib-resistant NF-B activity in MCL.13

The resistance to drugs such as bortezomib in MCL suggest the
presence of drug-resistant populations in MCL. In a previous study,
we prospectively identified stem-like cells in MCL, which we have
termed MCL-initiating cells (MCL-ICs).22 The stem-like MCL
cells (CD45⫹CD19⫺CD34⫺CD3⫺) were highly tumorigenic and
display self-renewal capacities in NOD/SCID mice. In contrast, the
majority of the tumor population contains CD45⫹CD19⫹ MCL
cells, which show no self-renewal capacity and have greatly
reduced tumorigenicity.22 We also demonstrated that these
CD45⫹CD19⫺ MCL-ICs confer drug resistance properties to
MCL. MCL-ICs were highly resistant in vitro to clinically relevant
anti-MCL chemotherapeutic regimens compared with bulk
CD45⫹CD19⫹ MCL cells.23 Moreover, CD45⫹CD19⫺ MCL-ICs
were resistant to bortezomib and bortezomib-based chemotherapeutic regimens despite constitutive NF-B expression.24 Bortezomibbased regimens targeted CD45⫹CD19⫺ MCL-ICs less efficiently
compared with CD45⫹CD19⫹ bulk MCL cells. Based on these
findings, a new strategy is required to overcome bortezomib
resistance in MCL.
Recent studies have demonstrated that perillyl alcohol (POH), a
naturally occurring monoterpene that inhibits L-type calcium channels,
inhibits cancer cell growth and enhances the pro-apoptotic effects of
combined chemotherapeutic drugs such as bortezomib or cisplatin in
several malignant tumors including MCL.13,25,26 Another study indicated that the L-type calcium-channel blocker verapamil enhanced the
cytotoxic effects of bortezomib.27 Therefore, in the present study, we
investigated whether combination treatment with bortezomib plus
calcium-channel blockers such as POH decreases the bortezomibresistant properties of MCL-ICs.
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POH treatments with bortezomib largely enhanced cytotoxicity
of MCL-ICs in vitro. Interestingly, the bortezomib-resistant and
calcium-dependent NF-B expression of MCL-ICs was modulated
by tissue transglutaminase (TG2) activities. TG2 is an 80-kDa
enzyme that cross-links proteins between an ⑀-amino group of a
lysine residue and a ␥-carboxamide group of glutamine residue,
creating an inter- or intramolecular bond that is highly resistant to
proteolysis (protein degradation). TG2 has multiple physiologic
functions and is associated with cancer cell survival and drug
resistance.28-30 TG2 shows anti-apoptotic effects by promoting
interactions between cell-surface integrins31 by interacting with the
retinoblastoma (Rb) protein29 or by down-regulation of caspase 3.32
TG2 is also highly expressed in drug-resistant cancer cells.30,33,34
Chemotherapy-resistant cancer cells express higher levels of
TG2 than parental drug-sensitive cell lines.30,33,35,36 Some studies
have suggested that TG2 is associated with constitutive NF-B
expression in cancer cells by modifying the inhibitory ␣-subunit of
NF-B (IB␣) or by the association of TG2 with NF-B components, resulting in interference with the binding of IB␣ to the
NF-B complex.33,35,37,38 In the present study, we have demonstrated that CD45⫹CD19⫺ MCL-ICs and MCL cell lines express
TG2 and that modifications of TG2 activities alter NF-B expression in MCL cell lines and MCL-ICs. This study is the first to show
the link between calcium-dependent TG2 and NF-B in bortezomibresistant MCL populations, and our data suggest that the combination of bortezomib with a calcium-channel blocker may improve the
efficacy of bortezomib-based chemotherapeutic regimens in MCL.

Methods
Cells and cell culture
The well-characterized EBV-negative human MCL cell lines SP-53, Jeko-1,
Mino, and REC-1 were obtained from the American Type Culture
Collection. All patients were diagnosed with MCL at the time of collection
based on t(11;14) translocation and cyclin D1 reactivity and were in the
leukemic phase at the time of aphaeresis. PBMCs were isolated from
aphaeresis blood by standard Ficoll gradient methods. All patients were
previously treated, although the course of therapy differed somewhat
between patients. Blood specimens from MCL patients were obtained after
informed consent in accordance with the Declaration of Helsinki and as
approved by the MD Anderson Cancer Center and University of Texas
Health Science Center Institutional Review Boards.
MCL-ICs were isolated as described previously.22 SP-53, Jeko-1, and
primary MCL cells were cultured in complete RPMI 1640 medium
(Cellgro; Mediatech) containing 10% heat-inactivated FBS, 2mM glutamine, 100 g/mL of streptomycin, and 100 g/mL of penicillin. Mino
and REC-1 cells were cultured in RPMI 1640 medium containing 20%
heat-inactivated FBS, 100 g/mL of streptomycin, and 100 g/mL of
penicillin.
Reagents
The following commercially available Abs were used: anti-CD45 (HI30,
IgG1, ), anti-CD19 (HIB19, IgG1, ), anti-CD3 (HIT3a, IgG2a, ),
anti-CD34 (581, IgG1, ), anti-p50 (H-119), anti-p65 (C-20), anti-TG2
(CUB 7402 ⫹ TG100, IgG1), and anti-IB␣ (C-21). All Abs were purified
or conjugated with the appropriate fluorochromes based on the combinations of Abs used in each experiment. Abs were purchased from BD
Biosciences, BioLegend, eBioscience, or NeoMarkers. Bortezomib was
obtained from the pharmacy at the MD Anderson Cancer Center. A23187
(calcimycin, calcium ionophore) was purchased from Acros Organics.
We used the same drug concentrations used in our previous study,23
which were based on our preliminary data using MCL patient samples and
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on the concentrations reported in various studies on human hematologic
malignancies.
Xenotransplantation assay
Immunodeficient NOD/SCID mice were purchased from The Jackson
Laboratory and bred and maintained in a pathogen-free facility at the
University of Texas Health Science Center. The appropriate cell
numbers and types, as described previously,22 were injected intraperitoneally into NOD/SCID mice given a dose of 2.25 G using ␥ rays from a
cesium irradiator. Mice were kept until they showed obvious signs of
distress or discomfort in accordance with approved guidelines established by the Animal Care Committee at the University of Texas Health
Science Center.
Immunohistochemical analysis
Paraffin sections were made from xenograft tumors or spleens and slide
sections were heated at 60°C for 20 minutes. Sections were deparaffinized by standard methods (ie, 100% xylene, 100% ethanol, 95%
ethanol, and 80% ethanol) and Ags were retrieved by incubating slides
in 0.1M citrate buffer in a vegetable steamer for 30 minutes. After
cooling slides to room temperature, 0.3% H2O2 was added, and the
slides were incubated for 10 minutes. After washing, slides were
blocked in 10% swine serum for 30 minutes, followed by incubation
with primary Abs for 2 hours. Slides were washed and incubated with
biotinylated secondary Abs (Dako). Signals were detected after incubating slides with the avidin-biotin complex (Vector Laboratories), followed by incubation with diaminobenzidine (Vector Laboratories).
Counterstaining was done with Mayer hematoxylin (Sigma-Aldrich) for
10 minutes at room temperature. Slides were dehydrated before
photographs were taken.
Immunocytochemical analysis
The localization of TG2 and the translocation of the NF-B components
p50 and p65 were visualized by immunostaining and confocal microscopy.
Confocal scanning analysis of the cells was done with a TCS SP5 laser
scanning confocal microscope (Leica) in accordance with established
methods, using sequential laser excitation to minimize the fluorescent
emission bleed-through. Each section was examined for presence of each
stain at 561, 488, or 633 nm excitations, and the data were compared pixel
by pixel. Each image represented z-sections at the same cellular level and
magnification. Merging red and blue showed the localization of the protein
in the nuclei, producing a violet color.
Fluorometric cytotoxicity assay
Cytotoxicity was assessed with a fluorometric cell-viability assay using
CellTiter-Blue (Promega). Briefly, cells were incubated for the incubated
times at 37°C with determined doses of drugs. After washing treated cells,
CellTiter-Blue reagents (20 L) were added to suspended cells with new
complete RPMI 1640 medium (80 L) and incubated in 96-well plates for
4 hours at 37°C. The fluorescence signal was measured at 560Ex/590Em
using a fluorescence plate reader equipped with SoftMax Pro Version
5 software (Molecular Devices). Dose-response curves were calculated
based on the cell-viability assay of cells treated with each chemotherapeutic
drug. Cell viability was assessed based on the value of fluorescence signal
of live cells with no drug treatments. The viabilities of drug-treated cells
were calculated based on a ratio of the fluorescence signal, as described
previously.23,24
IC50
The IC50 (the concentration of a drug that is required for 50% inhibition in
vitro) was used to indicate the quantitative measure of the different cell
killing effects of the drugs. The Hill-Slope logistical model was used to
calculate IC50 using CompuSyn software (ComboSyn).
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Figure 1. Tissue TG2 is expressed in MCL. (A) Immunocytochemistry analyses showed that the MCL cell lines SP-53 and Jeko-1 were positive for TG2 expression. Confocal
microscopic images showed the localization of TG2 in the cytoplasm in MCL cells. Arrows in each panel indicate representative signals. (B) Xenograft tumor and spleen
sections generated from sorted CD45⫹CD19⫺ MCL-ICs were immunostained for TG2 protein expression. Representative sections with positive immunostaining for the
anti–human TG2 Ab and the anti–human IgG Ab as a control are shown. The xenograft tumors and spleens expressed high levels of human TG2 (arrows). At least 5 sections
from each xenograft tumor were analyzed. (C) Immunoblot analyses of TG2 expression were performed using cell lysate proteins of 4 different MCL cell lines, SP-53, Jeko-1,
Mino, and REC-1. The breast cancer cell line MDA-MB-231 was used as a positive control and normal B cells were used as negative controls. ␤-actin was also used as a
control. TG2 was expressed in MCL cells. (D) TG2 enzymatic activity was measured using TG2-CovTest TG2-specific colorimetric assay kit (Novus Biologicals) using extracts
from SP-53, Jeko-1, Mino, and REC-1 cells. Recombinant human TG2 was used as a positive control, and normal B cells were used as negative controls. Comparable levels of
enzymatic activities were noted between the different MCL cell lines.

Drug combination assay
The synergic cytotoxic effects of bortezomib and conventional combination
chemotherapeutic regimens were determined by the combination index (CI)
method based on the Chou and Talalay equation,39 and analyzed with
CompuSyn software, as described previously.39-41
Flow cytometry
CD3⫹ cells, CD34⫹ cells, and CD19⫹ cells were deleted using the magnetic
beads selection method. After culture with bortezomib or the combination
of bortezomib and POH, CD3⫺CD34⫺CD19⫺ MCL-ICs were stained by
7-amino-actinomycin (BD Pharmingen) and then analyzed with FACS
LSRII flow cytometer (BD Biosciences). All assays were performed in
duplicate.
TG2 enzymatic activity assay
The levels of TG2 enzymatic activity were determined using the TG2CovTest TG2-specific colorimetric assay kit (Novus Biologicals). In this
assay, the color intensity is directly proportional to the TG2 activity in the

sample. All test steps were performed according to the manufacturer’s
instructions.

Proteasome activity assay
The 26S proteasome, an ATP-dependent proteolytic complex, is formed by
the association of the barrel-shaped 20S proteasome and two 19S regulatory
complexes.42 This catalytic core of the proteasome complex is responsible
for the breakdown of key proteins involved with apoptosis, DNA repair,
endocytosis, and cell-cycle control.43 We tested proteasome activity using a
proteasome activity assay kit (Chemicon).

Statistical analysis
All assays were performed in duplicate or triplicate, and data are expressed
as means ⫾ SD. Statistical analyses were performed using SPSS Version
12.0 software for Windows. Statistical significance of differences between
the cell groups was evaluated by the Student t test. P ⬍ .05 was considered
statistically significant.
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Results
Expression of TG2 in MCL cells

We first examined the expression of TG2 in different human MCL
cell lines (Figure 1A). The confocal microscopic images showed
the localization of TG2 in the cytoplasm in MCL cells. TG2 is
mainly localized in the cytoplasm in the MCL cell lines SP-53 and
Jeko-1. We then used xenograft tumors and spleen tissue blocks
generated from human MCL cells and evaluated TG2 expression
using immunohistochemistry under identical standardized conditions for all of the samples with consecutive tissue sections. Figure
1B shows the examples of TG2 and control IgG staining. The MCL
cells in xenograft tumor and spleen sections from xenograft mice
expressed comparable levels of human TG2.
To further confirm the expression of TG2 in MCL, we
determined TG2 protein expression via immunoblots using 4 different MCL cell lines: SP-53, Jeko-1, Mino, and REC-1. Immunoblots
revealed that the TG2 protein was constitutively expressed in
different MCL cell lines (Figure 1C). Although TG2 expression in
MCL cell lines were detectable, these levels were lower than that of
a breast cancer line MDA-MB-231, which expresses robust levels
of TG2 and has been used to study breast cancer metastasis.
Because TG2 is an enzyme with catalytic function, we also
measured the functional enzymatic activities of TG2 in MCL cell
lines using an ELISA-based colorimetric assay kit. The result
indicated that there are functional TG2 enzymatic activities in
MCL (Figure 1D). Recombinant human TG2 was used in the assay
to measure TG2 enzymatic activity.
These results show that TG2 is expressed and has enzymatic
activity in different MCL cells.
TG2 expression is associated with NF-B activation in MCL

The link between TG2 and NF-B has been reported in stressful
cellular conditions such as infection, inflammation, and cancer. The
biologic action of TG2 could be mediated by TG2-induced
nonphosphorylated IB␣ modifications such as polymerization or
the change of the binding of IB␣ to the NF-B complex.35,37,44,45
TG2 not only forms a complex with NF-B/IB␣, but also
associates with the p50/p65 complex, interfering with the binding
of IB␣ to NF-B complex.35,37 Conversely, TG2 and calcium can
catalyze the IB␣ protein into the polymeric forms of IB␣, which
have a lower binding affinity for the p65/p50 complex.38 Some
studies have suggested that TG2 forms a ternary complex with
NF-B/IB␣ and translocates to the nucleus in a complex with
p65/p50.35
To determine the association of TG2 expression with NF-B,
we first analyzed the forms of IB␣ in TG2-expressing MCL
cells. Immunoprecipitation followed by Western blotting of cell
extracts from MCL cell lines with an anti-IB␣ Ab indicated the
presence of dimeric and monomeric bands of IB␣ (Figure 2A).
Interestingly, the intensities of the dimeric bands were higher
than those of the monomeric bands, suggesting that TG2expressing MCL cells constitutively display IB␣ polymerization and that TG2 may play an important role in constitutive
activation of NF-B.
We also investigated whether TG2 formed a complex with
NF-B components and mediated translocation of NF-B to the
nucleus. Figure 2B shows the effects of TG2 on NF-B components in MCL. A23187-induced TG2 activation increased p65 and
p50 translocation to the nucleus from the cytoplasm. Further
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confocal microscope staining supported the colocalization of TG2
and p65 in MCL cells (Figure 2C). TG2 and p65 mainly localized
in the cytoplasm without treatment. However, the translocation of
the TG2/p65 complex into the nucleus was observed in A23187treated MCL cells. Immunoprecipitation of Jeko-1 cell lysates with
an anti-TG2 Ab readily pulled down the NF-B component p65
(supplemental Figure 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).
Furthermore, the intensity of TG2-conjugated p65 bands was
increased in response to treatment with the TG2 activator A23187,
but decreased in response to a specific TG2 inhibitor (monodansylcadaverine, MDC), and a calcium blocker (POH; supplemental
Figure 1). These findings show that TG2 forms a complex with
NF-B and IB␣ and further regulates the affinity between TG2
and p65 in MCL cells. These results show that TG2 is associated
with a complex of IB␣ and NF-B components and has effects on
NF-B expression in MCL, similar to previous reports in other
cancer cells.33,35,37
TG2 expression is correlated with NF-B activation in MCL

To determine the effects of TG2 on NF-B expression, we
investigated whether A23187-mediated TG2 activation increased
NF-B activity. We treated SP-53 and Jeko-1 cells with A23187
and measured the enzymatic activities of TG2 in MCL cells before
and after A23187 treatment using colorimetric assay kits. TG2
enzymatic activities of SP-53 and Jeko-1 cells increased in
response to A23187 treatments (Figure 3A). We examined the
DNA-binding activities of NF-B transcription factors in A23187treated MCL cells using nuclear extracts of each cell type in an
ELISA-based assay. NF-B p65 and p50 DNA-binding activities
were dramatically increased after A23187-mediated TG2 activation
in SP-53 and Jeko-1 cells (Figure 3B). These results clearly show
that TG2 activation resulted in NF-B activation.
We also investigated whether inhibition of TG2 activity
decreased NF-B activity. We treated SP-53 and Jeko-1 cells
with specific TG2 inhibitors, MDC and BPA, and measured the
enzymatic activities of TG2 in MCL cells before and after
treatment. TG2 enzymatic activities of SP-53 and Jeko-1 cells
were decreased after treatment with MDC or BPA (Figure 3C).
Treatment with MDC and BPA for 4 hours (supplemental Figure
2A) or 12 hours (Figure 3D) further inhibited the NF-B
DNA-binding activities of p65 and p50 in SP-53 and Jeko-1
cells. Treatment with MDC and BPA did not significantly affect
cell viability (supplemental Figure 2B). These results demonstrate that TG2 enzymatic activities are closely linked to NF-B
expression status in MCL cells.
Calcium blockers inhibit NF-B activation and TG2 activity
in MCL

Calcium-channel antagonists are generally used for various cardiovascular diseases such as hypertension, arrhythmia, or cluster
headaches, and have been implicated recently in combination-drug
regimens to improve the function of anticancer agents such as
bortezomib.13,25,26 TG2 is a calcium-dependent cross-linking enzyme and, in addition to calcium, catalyzes the polymerization of
IB␣.37,38 We hypothesized that calcium blockers inhibit NF-B
activation by inhibiting TG2 function. We determined that calcium
blockers inhibited TG2 enzymatic activities using POH, a
monoterpene that inhibits L-type calcium channels, and a
calcium chelator, 1,2-bis(o-aminophenoxy)ethane-N,N,N⬘,N⬘tetraacetic acid-acetoxymethyl ester (BAPTA/AM). Figure 4A
shows that POH and BAPTA/AM inhibited the TG2 enzymatic
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Figure 2. TG2 is associated with NF-B expression in MCL. (A) Cell
lysates from 4 different MCL cell lines, SP-53, Jeko-1, Mino, and REC-1,
were immunoprecipitated and immunoblotted with an anti-IB␣ Ab. Analysis indicated the presence of strong dimeric forms (66 kDa) and monomeric forms (33 kDa) of IB␣. The polymeric forms of IB␣ persisted in
TG2-expressed MCL cells. IP indicates immunoprecipitation; WB, Western blot. (B) TG2 activation induced NF-B activation after translocation to
the nucleus and increased the expression of NF-B components in MCL
cells. SP-53 and Jeko-1 cells were treated with A23187 (2M for
24 hours), followed by immunochemical staining using anti-p65 and
anti-p50 Abs. Confocal microscopic images revealed the translocation of
NF-B components p65 and p50 into the nucleus (arrows) in response to
A23187 treatment. A further increase in the cytoplasmic intensity of
p65 and p50 was clearly observed in Jeko-1 cells after A23187 treatment.
(C) TG2 and NF-B components were colocalized in MCL cells. Confocal
microscopic images showed the colocalization of TG2 and NF-B components p65 and p50 (arrows). Before treatment with A23187, TG2 (red) and
the NF-B components p65 or p50 (green) were located mainly in the
cytoplasm. After A23187 treatment (2M for 24 hours), simultaneous
translocations of TG2 and the NF-B components p65 or p50 were
observed.

activities in SP-53, Jeko-1, Mino, and Rec-1 cells. To confirm the
effects of calcium blockers on the affinity between IB␣ and p65
after TG2 inhibition, cell extracts from untreated, POH-treated, and
BAPTA/AM-treated Jeko-1 cells were immunoprecipitated using
an anti-IB␣ Ab and probed with an anti-p65 Ab (Figure 4B). The
intensity of IB␣-conjugated p65 bands was increased in response
to POH or BAPTA/AM treatments, supporting the effects of
calcium blockers on the TG2-IB␣-p65 complex. We examined the
DNA-binding activities of NF-B transcription factors in calcium
blocker–treated MCL cells using nuclear extracts of each cell type.
NF-B p65 and p50 DNA-binding activities were readily decreased after BAPTA/AM or POH treatment in SP-53 and Jeko-1

cells (Figure 4C). Four-hour treatment of BAPTA/AM or POH also
reduced the DNA-binding activities of NF-B components (supplemental Figure 2C). These results confirm that calcium blockers
inhibited NF-B expression in MCL through the inhibition of TG2
activities.
Calcium blockers affect TG2 activity and NF-B activation in
CD45ⴙCD19ⴚ MCL-ICs

We investigated whether CD45⫹CD19⫺ MCL-ICs expressed high
levels of TG2 and whether calcium blockers reduced NF-B
expression by inhibiting TG2 activities in CD45⫹CD19⫺ MCL-

From bloodjournal.hematologylibrary.org at SAN on May 6, 2013. For personal use only.
BLOOD, 15 MARCH 2012 䡠 VOLUME 119, NUMBER 11

TISSUE TRANSGLUTAMINASE AND MANTLE CELL LYMPHOMA

2573

Figure 3. TG2 activity is correlated with NF-B expression in MCL. (A) SP-53 and Jeko-1 cells were treated with A23187 (2M for 24 hours) to activate TG2, and TG2
enzymatic activity was measured using TG2-CovTest TG2-specific colorimetric assay kit (Novus Biologicals) with cell extracts from untreated and treated SP-53 and Jeko-1
cells. Changes in TG2 enzymatic levels before and after treatment with A23187 were measured. The colorimetric values (optical density, 450 nm) in untreated samples were
subtracted from the values measured in treated samples. Results are shown as the means ⫾ SD. Treatment with A23187 clearly induced the activation of TG2. (B) Nuclear
extracts from SP-53 and Jeko-1 cells that were untreated or treated with A23187 (2M for 24 hours) were analyzed using ELISA assays to evaluate p50 and p65 DNA-binding
activities. Changes in p50 and p65 DNA-binding activity levels before and after treatment with A23187 were measured. The colorimetric values (optical density, 450 nm) in
untreated samples were subtracted from the values measured in treated samples. Results are shown as the means ⫾ SD. TG2 activation increased NF-B DNA-binding
activities in MCL cells. (C) SP-53 and Jeko-1 cells were treated with MDC (50M for 24 hours) or BPA (1mM for 24 hours) for TG2 inhibition. TG2 enzymatic activities were
measured using the TG2-specific colorimetric assay with cell extracts from untreated and treated SP-53 and Jeko-1 cells. Changes in TG2 enzymatic levels before and after
treatment with MDC or BPA were measured. The colorimetric values in untreated samples were subtracted from those measured in treated samples. Results are shown as the
means ⫾ SD. Treatment with the TG2-specific inhibitors MDC and BPA inhibited TG2 expression. (D) Nuclear extracts from SP-53 and Jeko-1 cells with or without the
TG2-specific inhibitors MDC (50M for 24 hours) and BPA (1mM for 24 hours) were subjected to ELISA assays to evaluate p50 and p65 DNA-binding activities. Changes in
p50 and p65 DNA-binding activity levels before and after treatment with MDC or BPA were measured. The colorimetric values in untreated samples were subtracted from those
measured in treated samples. Results are shown as the means ⫾ SD. TG2 inhibition suppressed NF-B expression in MCL cells.

ICs, as was shown in MCL cell lines. We analyzed the expression
of TG2 protein in 5 different CD45⫹CD19⫺ MCL-ICs using
Western blots (Figure 5A). Western blot analyses and ELISA
revealed that all primary CD45⫹CD19⫺ MCL-ICs expressed
constitutive NF-B components and DNA-binding activities
(supplemental Figure 3A-B). We measured the enzymatic activities
of TG2 in CD45⫹CD19⫺ MCL-ICs using colorimetric assay kits.
The levels of TG2 enzymatic activity expression in CD45⫹CD19⫺
MCL-ICs were comparable to the positive control recombinant
human TG2 (Figure 5B). These findings indicate that both
CD45⫹CD19⫺ MCL-ICs and MCL cell lines express functional
TG2. To confirm the association of TG2 expression with NF-B in
CD45⫹CD19⫺ MCL-ICs, we investigated the forms of IB␣ in
CD45⫹CD19⫺ MCL-ICs. Immunoprecipitation and Western blotting of cell extracts from 5 different CD45⫹CD19⫺ MCL-ICs with
an anti-IB␣ Ab showed the presence of dimeric bands of IB␣
(supplemental Figure 4A).
Because calcium blockers inhibited NF-B expression and TG2
activities in MCL cell lines, we further investigated the effects of
calcium blockers on TG2 activities and NF-B expression in
primary CD45⫹CD19⫺ MCL-ICs. We treated 5 different
CD45⫹CD19⫺ MCL-ICs with POH or BAPTA/AM and measured
the enzymatic activities of TG2 in untreated and treated cells using
ELISA-based colorimetric assays. In all of the tested MCL-ICs,
TG2 enzymatic activities were decreased after treatment with
calcium blockers (Figure 5C). The DNA-binding activities of
NF-B transcription factors in CD45⫹CD19⫺ MCL-ICs were
measured before and after treatment with POH or BAPTA/AM
(Figure 5D). After treatment with calcium blockers, the NF-B

DNA-binding activities of p65 and p50 were decreased by more
than 90% in CD45⫹CD19⫺ MCL-ICs, with the exception of patient
1. In patient 1, BAPTA/AM effectively suppressed p50 DNAbinding activities, although POH only decreased p50 DNA-binding
activities by 50%. This could have been because of patient-topatient variability in drug response. To confirm the effects of
calcium blockers in NF-B DNA-binding activities, we treated
cells for shorter period of time. NF-B binding activities were also
decreased at 4 hours, revealing effects of calcium blockers in
NF-B DNA-binding activities (supplemental Figure 4B).
These results show that stem-like MCL cells express TG2
protein and that calcium blockers inhibit TG2 activities to block
constitutive NF-B expression in MCL-ICs.
Calcium blockers synergistically improve the cytotoxicity of
bortezomib on CD45ⴙCD19ⴚ MCL-ICs

We demonstrated previously that CD45⫹CD19⫺ MCL-ICs are
resistant to bortezomib.24 The IC50 values of bortezomib on
CD45⫹CD19⫺ MCL-ICs were much higher than CD45⫹CD19⫹
MCL cells that were isolated from the same patients and MCL
cell lines (supplemental Figure 5A). We hypothesized that
calcium blockers may be used as a combinatorial therapy with
bortezomib by overcoming the bortezomib resistance in
CD45⫹CD19⫺ MCL-ICs. To assess the effects of calcium
blockers on NF-B expression using a proteasome-independent
pathway, we compared the proteasome activities of
CD45⫹CD19⫺ MCL-ICs after treatment with bortezomib and
the calcium blockers POH and BAPTA/AM using colorimetric
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Figure 4. Calcium blockers suppressed TG2 and NF-B activity in MCL. (A) SP-53, Jeko-1, Mino, and REC1 cells were treated with the intracellular Ca2⫹ chelator
BAPTA/AM (60M for 24 hours) or the L-type calcium-channel blocker POH (1mM for 24 hours). TG2 enzymatic activity was subsequently measured using a TG2-CovTest
TG2-specific colorimetric assay kit (Novus Biologicals) with cell extracts from untreated and treated SP-53 and Jeko-1 cells. Changes in TG2 enzymatic levels before and after
treatment with BAPTA/AM or POH were measured. The colorimetric values in untreated samples were subtracted from the values measured in treated samples. Results are
shown as the means ⫾ SD. Treatment with the calcium blockers BAPTA/AM or POH suppressed TG2 expression in MCL cell lines. (B) Calcium blockers affected the affinity
between IB␣ and p65 in MCL cells. Jeko-1 cells were treated with BAPTA/AM (60M) or POH (1mM) for 24 hours. Cell lysates were prepared from untreated and treated
SP-53 and Jeko-1 cells, immunoprecipitated using an anti-IB␣ Ab, and probed with an anti-p65 Ab. Equal amounts of proteins were used. The amount of p65 proteins that
interacted with IB␣ was increased in response to BAPTA/AM or POH treatment. IP indicates immunoprecipitation; and WB, Western blot. (C) Calcium blocker–induced TG2
inhibition suppressed NF-B activity in MCL cells. Nuclear extracts from SP-53 and Jeko-1 cells that were untreated or treated with BAPTA/AM (60M for 24 hours) or POH
(1mM for 24 hours) were analyzed for p50 and p65 DNA-binding activities using ELISA assays. Changes in p50 and p65 DNA-binding activity levels before and after treatment
with BAPTA/AM or POH were measured. The colorimetric values in untreated samples were subtracted from the values measured in treated samples. Results are shown as the
means ⫾ SD.

substrate-based assay kits (supplemental Figure 5B). In contrast
to bortezomib, sustainable proteasome activities were noted
after treatment with POH or BAPTA/AM.
To evaluate the synergy between bortezomib and calcium
blockers, we decided to use POH as a calcium blocker after
considering clinical availability because it has been used previously as a chemotherapeutic and chemopreventive drug in multiple
clinical trials.25,46,47 We compared the effects on NF-B suppression between bortezomib alone and the combination of bortezomib
and POH. The DNA-binding activities of NF-B transcription
factors in CD45⫹CD19⫺ MCL-ICs were measured before and after
treatment with bortezomib alone or with the combination of
bortezomib and POH (Figure 6A). The combination of bortezomib
and POH significantly decreased the NF-B DNA-binding activities of p65 and p50 compared with the bortezomib alone treatment
(P ⬍ .05).
To compare the cytotoxic effects between bortezomib alone
treatment and combination treatment of bortezomib and POH in
CD45⫹CD19⫺ MCL-ICs, we analyzed whether the dead and live
cell proportions of CD45⫹CD19⫺ MCL-ICs were changed after
treatment with bortezomib alone or the combination of bortezomib
and POH using 7-amino-actinomycin–stained flow cytometry
(supplemental Figure 6A). CD45⫹CD19⫺ MCL-ICs were treated
with bortezomib (100nM) alone or the combination of bortezomib
(100nM) and POH (1mM) for 16 hours, followed by flow
cytometric analysis. The combination of bortezomib and POH
significantly induced the cytotoxicity of CD45⫹CD19⫺ MCL-ICs
compared with bortezomib alone (P ⬍ .05; Figure 6B). Cell

survival rates were also significantly decreased in response to the
combined treatment of bortezomib and POH (P ⬍ .05; Figure 6C).
The more effective cytotoxic effects of the combined treatment of
bortezomib and POH were confirmed using cell viability tests.
CD45⫹CD19⫺ MCL-ICs from 5 different patient samples were
treated for 16 hours with bortezomib alone or the combination of
bortezomib and POH. Cell viability was measured using a fluorometric assay, and the percentage of cell survival was calculated
using the ratio between treated and untreated cells. Compared with
treatment with bortezomib alone, the combination of POH with
bortezomib improved the cytotoxic effects of bortezomib in
CD45⫹CD19⫺ MCL-ICs (supplemental Figure 6B).
The synergistic cytotoxic effects of bortezomib and POH were
analyzed using CI plots based on the Chou and Talalay method.
When CD45⫹CD19⫺ MCL cells were treated with the combination
of bortezomib and POH, the majority of CI values were less than
1.0, suggesting synergism (Figure 6D).
These findings indicate that the combination treatment of
calcium-channel blockers such as POH with bortezomib induced
the suppression of NF-B expression in CD45⫹CD19⫺ MCL-ICs
and decreased the bortezomib-resistant properties of MCL-ICs.

Discussion
MCL is a particularly deadly subtype of B-cell lymphoma and is
highly refractory to most antitumor therapies.4-7 Although various
new drugs such as bortezomib have improved the treatment options
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Figure 5. Calcium blockers affect TG2 expression and NF-B activity in CD45ⴙCD19ⴚ MCL-ICs. (A) Stem like MCL cells (CD45⫹CD19⫺ MCL-ICs) expressed TG2
protein. Western blot analysis of TG2 expression was performed using cell lysates from 5 different primary CD45⫹CD19⫺ MCL-ICs. The breast cancer cell line MDA-MB-231
was used as a positive control, and normal B cells were used as negative controls. ␤-actin was used as a loading control. Pt indicates patient. (B) Stem-like MCL cells
expressed TG2 enzymatic activities comparable to positive controls. TG2 enzymatic activity was measured using the TG2-CovTest TG2-specific colorimetric assay kit (Novus
Biologicals) with cell extracts from 5 different primary CD45⫹CD19⫺ MCL-ICs. Recombinant human TG2 was used as a positive control, and normal B cells were used as
negative controls. (C) Treatment with BAPTA/AM or POH suppressed TG2 enzymatic activity in CD45⫹CD19⫺ MCL-ICs. Five different CD45⫹CD19⫺ MCL-ICs were treated
with BAPTA/AM (60M) or POH (1mM) for 16 hours. TG2 enzymatic activity was measured using a TG2-specific colorimetric assay kit with cell extracts from untreated and
treated CD45⫹CD19⫺ MCL-ICs. Changes in TG2 enzymatic levels before and after treatment with BAPTA/AM or POH were measured. The colorimetric values in untreated
samples were subtracted from the values measured in treated samples. Results are shown as the means ⫾ SD. (D) Calcium blockers inhibited NF-B DNA-binding activities in
primary CD45⫹CD19⫺ MCL-ICs. Nuclear extracts from CD45⫹CD19⫺ MCL-ICs that were untreated or treated with BAPTA/AM (60M for 16 hours) or POH (1mM for 16 hours)
were analyzed using ELISA assays to evaluate p50 and p65 DNA-binding activities. The relative ratio values of NF-B DNA-binding activities after drug treatment are shown as
the means ⫾ SD. *P ⬍ .05 by unpaired t test.

for MCL patients, the effects of these treatments are not sufficient
to cure MCL. MCL patients commonly became resistant or
refractory to bortezomib.13-15 To overcome this bortezomib resistance in MCL, a new combinatorial treatment with bortezomib for
MCL must be developed.
TG2 is a unique member of the TG family that has multiple
normal cellular processes such as apoptosis, wound healing, cell
migration, and cell survival.28,29 TG2 is also associated with certain
pathologic conditions such as inflammatory diseases and other
malignancies.28,35,44 Many studies have determined that TG2 is
expressed in various types of cancer, such as cancers of the breast,
pancreas, and brain.35,36,48 Some studies have shown that high
levels of TG2 expression are related to chemotherapy resistance in
cancer cells, and TG2 overexpression is linked to constitutive
activation of NF-B. These studies have also suggested that TG2
overexpression and subsequent NF-B activation contribute to
chemotherapy resistance in the malignant cells.33,35,37,49

Because MCL is a representative chemotherapy-resistant subtype of lymphoma, we hypothesized that MCL expresses TG2 and
that the modification of TG2 expression alters NF-B activation in
MCL cells. In addition, we rationalized that the inhibition of TG2
expression may improve the sensitivity of MCL cells to bortezomib, a proteosome inhibitor that inhibits NF-B to induce
apoptosis in cancer cells. In the present study, we demonstrated that
TG2 was expressed in MCL cells (Figure 1), including
CD45⫹CD19⫺ MCL-ICs (Figure 5A-B), which are highly resistant
to conventional anti-MCL regimens23 and bortezomib,24 and that
the modification of TG2 activities altered NF-B expression in
MCL cells (Figure 3).
Because TG2 is a calcium-dependent enzyme,28,29 we hypothesized that calcium blockers may be a promising combination
regimen with bortezomib to improve the sensitivity of MCL to
bortezomib by modifying TG enzymatic activities. In the present
study, we investigated whether POH, which is currently used
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Figure 6. POH improves the cytotoxic effects of bortezomib on CD45ⴙ19ⴚ MCL-ICs. (A) The combination of bortezomib and POH inhibited NF-B DNA-binding activities
in CD45⫹CD19⫺ MCL-ICs compared with bortezomib. Stem-like cells (CD45⫹CD19⫺) from 5 different patients were treated with bortezomib (100nM), POH (1mM), or the
combination of bortezomib (100nM) and POH (1mM) for 16 hours. Nuclear extracts from untreated, bortezomib-treated, POH-treated, and combination-treated CD45⫹CD19⫺
MCL-ICs were analyzed using ELISA assays to assess p50 and p65 DNA-binding activities. Changes in NF-B DNA-binding activity levels before and after treatment were
measured. The colorimetric values in untreated samples were subtracted from the values measured in treated samples. Results are shown as the means ⫾ SD. *P ⬍ .05 by
unpaired t test. BTZ indicates bortezomib. (B) The addition of POH to bortezomib significantly increased the cytotoxicity in CD45⫹CD19⫺ MCL-ICs. Cell viability of
CD45⫹CD19⫺ primary MCL-ICs were measured after 16 hours of incubation with bortezomib (100nM), POH (1mM), or the combination of bortezomib (100nM) and POH (1mM)
using 7-amino-actinomycin–stained flow cytometry. The columns represent the percentages of dead cells, and the results are shown as the means ⫾ SD. P values were
calculated using the ANOVA test and the unpaired t test. *P ⬍ .05. BTZ indicates bortezomib. (C) Live cell proportions were analyzed using 7-amino-actinomycin–stained flow
cytometry with untreated, bortezomib-treated, POH-treated, and combination-treated CD45⫹CD19⫺ MCL-ICs. The combination treatement inhibited the survival of
CD45⫹CD19⫺ MCL-ICs compared with bortezomib alone, POH alone, or no treatment. P values were calculated using the ANOVA test and the unpaired t test. *P ⬍ .05. BTZ
indicates bortezomib. (D) The synergic cytotoxic effects of bortezomib and POH were determined using the CI based on the data from cell viability assays. CI plots were
generated using CompuSyn software according to the Chou-Talalay method. The combination is synergic when CI ⬍ 1.0, additive when CI ⫽ 1, and antagonistic when
CI ⬎ 1.0. POH synergized with bortezomib to induce cytotoxicity in CD45⫹CD19⫺ MCL-ICs.

clinically, augments the antitumor properties of bortezomib in
MCL. POH is a naturally occurring monoterpene and blocks L-type
calcium channels. This drug has been reported to inhibit cancer cell

growth and to enhance the pro-apoptotic effects of combined
chemotherapeutic drugs such as bortezomib or cisplatin in several
malignant tumors including MCL.13,25,26 We have shown herein
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that the combination of POH with bortezomib suppressed NF-B
expression and enhanced the cytotoxicity of bortezomib in
CD45⫹CD19⫺MCL-ICs (Figure 6).
In conclusion, this study is the first to show the expression of
TG2 and the contribution of TG2 to NF-B in the hematologic
malignancy MCL. Our findings provide evidence for a new
combination regimen of bortezomib and calcium blockers to
overcome the bortezomib resistance of MCL. Moreover, this
study raises the possibility that TG2 inhibition may be an
attractive new target that could be used to improve the cure rates
of MCL patients.
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