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Cleavage or shedding of the surface antigen, MHC class I chain-related (MIC) protein (A/B) has been known to be one
of the mechanisms by which tumor cells escape host immune surveillance. Thus, any strategy to augment the surface
expression of MICA/B could facilitate anticancer immune response. Here, we demonstrate that metabolic perturbation
by the glycolytic inhibitor, 3-bromopyruvate (3-BrPA) augments the surface expression of MICA/B in human breast
cancer cell lines, MDA-MB-231 and T47D. Data from in vitro studies show that a non-toxic, low-dose of 3-BrPA is
sufficient to perturb energy metabolism, as evident by the activation of p-AMPK, p-AKT and p-PI3K. Further, 3-BrPA-
treatment also elevated the levels of MICA/B in human breast cancer cell lines. Significantly, 3-BrPA-dependent increase
in MICA/B levels also enhanced the sensitivity of cancer cells to natural killer (NK-92MI)-mediated cytotoxicity. In vivo, 3-
BrPA-pretreated cells demonstrated greater sensitivity to NK-92MI therapy than their respective controls. The antitumor
effect was confirmed by a reduction in tumor size and decreased tumor viability as observed by bioluminescence
imaging. Histological examination and TUNEL staining demonstrated that NK-92MI administration promoted apoptosis
in 3-BrPA-pretreated cells. Taken together, our data show that targeting energy metabolism could be a novel strategy
to enhance the effectiveness of anticancer immunotherapeutics.

Introduction

Breast cancer is one of the most commonly diagnosed cancers
and the second leading cause of cancer-related deaths in women
in the United States.1,2 Surgery combined with chemotherapy
and/ or radiation therapy has become a standard therapeutic
option for the management of early-stage breast cancer.3 How-
ever, tumor recurrence and/or therapy resistance along with met-
astatic spread often contribute to poor prognosis and high
mortality rates.4-7 Hence there is a need for the development of
new therapeutic strategies to improve the outcome of patients
with advanced breast cancer.

Several studies have shown that natural killer (NK) cells
induce cytotoxicity in cancer cells, at least under experimental
conditions, indicating the therapeutic potential of eliciting a
host immune response.8,9 The natural ligands for the killer cell
lectin-like receptor K1 (KLRK1, better known as NKG2D) on
NK cells are the cell surface antigens MHC class I chain-related
(MIC)A and MICB. Paradoxically, cancer cells downregulate
the expression of MICA/MICB, primarily through the process
of shedding or proteolytic cleavage.10 Such a reduction in

surface expression of MICA/B facilitates cancer cells to evade
NK-cell mediated cytotoxicity. Recent reports have indicated
that MICA/B expression can be induced by cellular stress. Ther-
mal stress11 and H2O2

12 mediated oxidative stress have been
shown to stimulate the surface expression of MICA/B. Since
cancer cells have been known to undergo metabolic reprogram-
ming, here we investigated whether the perturbation of energy
metabolism deregulates MICA/B shedding. As cancer cells pref-
erentially rely on aerobic glycolysis,13 we hypothesized that dis-
ruption of energy metabolism through an antiglycolytic agent
such as 3-bromopyruvate (3-BrPA) could affect the proteolytic
cleavage or shedding of MICA/B. In this report we demonstrate
that human breast cancer cell lines, MDA-MB-231 and T47D
pre-treated with a nonlethal dose of the glycolytic inhibitor, 3-
BrPA show elevated levels of MICA/B expression and an
improved-response to NK cell mediated cytotoxicity. These
findings were validated in vivo using mouse models of MDA-
MB-231 and T47D. Thus, the outcome of our study suggests
that antiglycolytic pre-treatment has the potential to enhance
the efficacy of NK-cell mediated therapy against human breast
cancer.
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Results

MDA-MB-231 and T47D cells tolerate 3-BrPA at low
concentrations

To identify the maximum tolerated dose of 3-BrPA, breast
cancer cells were treated with various concentrations of 3-BrPA
and cell viability was assessed. As evident from Figure 1A, in
both MDA-MB-231 and T47D, the cell viability remained unaf-
fected until 20 mM 3-BrPA, even after 48 h of treatment. The
cell viability showed a significant decline beyond 20 mM 3-
BrPA. Data from the analysis of intracellular ATP also substanti-
ated that the level of ATP declined from 50 mM 3-BrPA at
48 hours of treatment (Fig. 1B). Together the data show that

neither the viability nor the cytosolic ATP level is significantly
affected at 20 mM 3-BrPA, indicating that the maximum toler-
ated dose of 3-BrPA is »20 mM.

Nonlethal dose of 3-BrPA induces metabolic perturbation
Although cell viability remained unaffected by 20 mM 3-

BrPA, we investigated whether it had caused any metabolic stress.
Analysis of principal proteins of energy sensing pathway showed
that 3-BrPA treatment transiently elevated the level of phosphory-
lated p-AMPK but not total AMPK in both MDA-MB-231 and
T47D cells (Fig. 2A). Further analysis also demonstrated a similar
elevation in the levels of the phosphorylated forms of phosphati-
dylinositol 3-kinase (p-PI3K) and p-AKT but not total protein
(PI3K and AKT) in MDA-MB-231 cells (Fig. 2B). Thus, the
data indicate that although 20 mM 3-BrPA is nontoxic and did
not affect cell viability, it is sufficient to cause metabolic perturba-
tion as evinced by the activation of this energy-sensing pathway.

3-BrPA treatment increases the level of MICA/B in MDA-
MB-231 cells

To investigate whether the minimal sublethal perturbation of
cellular metabolism has any impact on MICA/B level, breast

Figure 1. Maximum tolerated dose of 3-BrPA in MDA-MB-231 and T47D
cells. Breast cancer cells were evaluated for toxicity in response to 3-bro-
mopyruvate (3-Br-PA). (A) Trypan blue exclusion assay, and (B, C) biolu-
minescence assay to quantify intracellular ATP levels.

Figure 2. Induction of metabolic perturbation by 3-BrPA in MDA-MB-231
and T47D cells. Breast cancer cells were evaluated for metabolic pertur-
bations in response to 3-bromopyruvate (3-BrPA). (A) Western blot show-
ing a transient increase in the p-AMPK upon treatment with 3-BrPA
indicating the metabolic stress. (B) Western blot showing the activation
of p-PI3K and p-AKT indicating 3-BrPA-dependent perturbation of
energy metabolism in MDA-MB-231 cells.
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cancer cells treated with 3-BrPA were subject to cytofluorometry,
ELISA and Western blot analysis. Data from flow cytometry
demonstrated that 3-BrPA treatment elevated the surface expres-
sion of MICA and MICB at 24 and 48 h, as evident by increased
mean fluorescence intensity (MFI) (Fig. 3A). At 48 h of 3-BrPA
treatment, MDA-MB-231 cells showed an increase in the MFI
of 8.8 and 15.7 for MICA and MICB, respectively. The increase
in the expression of MICA and MICB was also evident by ELISA
in which a 0.5-fold increase in the level of cellular MICA was
observed (Fig. 3B). Further, western blot analysis also confirmed
the increase in the expression of MICA in 3-BrPA treated cells

(Fig. 3C). Thus, 3-BrPA treatment elevated the expression level
of MICA/B in MDA-MB-231 cells.

3-BrPA treatment increases the level of MICA/B in
T47D cells

As with MDA-MB-231 cells, data from cytofluorometric
analysis of T47D cells also demonstrated that 3-BrPA treatment
elevated the surface expression of MICA and MICB (Fig. 4A). At
48 h of 3-BrPA treatment T47D cells showed an increase in the
MFI of MICA and MICB, 12.6 and 13.6, respectively. The
increase in expression of MICA and MICB was also evident by

Figure 3. 3-BrPA pre-treatment augments the expression level of MICA/B in MDA-MB-231 cells. MICA and MICB levels in MDA-MB-231 breast cancer cells
responding to 20 mM 3-bromopyruvate (3-BrPA). (A) Cytofluorimetric analysis of immunostained cells and (B) ELISA showing 3-BrPA treatment depen-
dent increase in the level of MICA and MICB levels in MDA-MB-231 cells. (C) Western blot showing an increase in the level of MICA in MDA-MB-231 cells.
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Figure 4. 3-BrPA pre-treatment augments the expression level of MICA/B in T47D cells. MICA and MICB levels in T47D breast cancer cells responding
to 20 mM 3-bromopyruvate (3-BrPA). (A) Cytofluorimetric analysis of immunostained cells, (B) ELISA and (C) Western blot showing 3-BrPA treatment-
dependent increase in MICA and MICB levels in T47D cells.
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ELISA in which MICB showed a 4-fold increase in 3-BrPA
treated cells (Fig. 4B). Further, western blot analysis confirmed
3-BrPA treatment-dependent increase in the expression of
MICA/B (Fig. 4C). Thus, 3-BrPA treatment elevated the expres-
sion level of MICA/B in T47D cells.

3-BrPA pre-treatment enhances NK cell-mediated
cytotoxicity in vitro

To assess whether 3-BrPA pre-treatment sensitizes breast can-
cer cells to NK cell-mediated cytotoxicity, MDA-MB-231 and
T47D cells were incubated with NK-92MI cells at target (T) and
effector (E) ratios of 1:5, 1:10, 1:15 and 1:20. The sensitivity of
both MDA-MB-231 and T47D cells to NK cells increased as evi-
dent by enhanced cytotoxicity with increasing T:E ratios (Fig. 5).
3-BrPA pre-treated MDA-MB-231 and T47D cells demon-
strated a significant increase in NK cell-mediated cytotoxicity as
compared to their untreated counterparts (p D 0.032 and p D
0.036 respectively).

3-BrPA pre-treatment enhances NK cell-mediated
cytotoxicity in vivo

For each luciferase-tagged tumor type (luc-MDA-MB-231
and T47D), mice were divided into 2 groups: vehicle (control)
and NK-92MI. Each mouse received 3-BrPA or phosphate buff-
ered saline (PBS) pretreated breast cancer cells, on the left and
right flanks, respectively, in order to compare tumor response. In
the MDA-MB-231 tumor model, tumor size and bioluminescent
imaging (BLI) were used to monitor tumor response before and
after NK-92MI treatment for 21days. In T47D tumor-bearing
mice, tumor size was measured every 4 days post treatment for
16 days. BLI data show that NK-92MI treatment markedly
blocked the progression of 3-BrPA pretreated luc-MDA-MB-231

cells, as compared to the PBS-pretreated cells (Fig 6A). Further,
3-BrPA pretreated luc-MDA-MB-231 tumors were profoundly
sensitive to NK-92MI treatment as evidenced by a significant
reduction in tumor size (Fig. 6B, C).

Similarly, NK-92MI treatment blocked the progression of
T47D tumors pretreated with 3-BrPA (Fig. 7). Histological
examination of 3-BrPA-pretreated luc-MDA-MB-231 tumor sec-
tions showed cell death in NK-92MI treated group but not in the
untreated group (Fig. 8A). Tumor cell death was also confirmed
by TUNEL assay that showed an apoptotic signal in NK-92MI
treated group but not in the control group (Fig. 8A).

Discussion

MICA and MICB are two stress-inducible ligands that bind to
the immunoreceptor NKG2D and play an important role in NK
cell-mediated cytotoxicity.14 Release or shedding of MIC mole-
cules from the cell surface has been attributed to the evasion of
immune surveillance in cancer. Data from the current study
unequivocally demonstrate that perturbation of energy metabo-
lism by 3-BrPA augments the expression of MICA/B eventually
sensitizing human breast cancer cells to NK cell-mediated cyto-
toxicity (Fig. 8B).

Early detection and improved chemotherapeutics have consid-
erably extended the survival of breast cancer patients.15 However
metastatic and triple negative breast cancer is often refractory to
therapies and show poor outcome with higher rates of recur-
rence.7 Thus, the development of an effective therapy for aggres-
sive tumor phenotypes such as triple negative breast cancer is
clearly needed. Immunotherapeutic strategies have been contem-
plated as alternative approaches to challenge tumor recurrence
and chemotherapy-resistance.16 However, major impediments to
this approach may include an unfavorable tumor microenviron-
ment, the release of tumor-derived immunosuppressive
cytokines, and loss of MHC class surface antigens. The heteroge-
neous nature of tumor microenvironment has been attributed to
hypoxic, high HC, and/or acidic conditions. In this context, a
focus on the loss of MICA/B has gained momentum, particularly
in light of experimental evidence indicating that HER2/HER3
pathways regulate MICA and MICB expression in breast cancer
cells.17 The shedding of MICA and/ or MICB has also been
implicated in myeloma progression and immune evasion.18 Fur-
ther, MICA or MICB conjugated to antitumor antibodies have
been shown to sensitize tumor cells to NK-cell mediated cytoly-
sis.8 Until this report, thermal and oxidative stresses were the
major stress factors tested for the induction of MICA/B to
enhance NK cell-mediated cytotoxicity. Here, we demonstrate
that pharmacological targeting of one of the hallmarks of cancer
(metabolic reprogramming) augments MICA/B expression
thereby potentiating NK cell-mediated anticancer effects. These
results were validated in a triple negative breast cancer cell line
MDA-MB-231, suggesting its relevance to aggressive forms of
human breast cancer.

Cancer cells are known to exhibit an increased rate of glycoly-
sis irrespective of the oxygen availability (aerobic glycolysis) and

Figure 5. 3-BrPA pretreatment enhances NK-cell mediated cytotoxicity in
both MDA-MB-231 and T47D breast cancer cells. The indicated breast
cancer cells were seeded in 96-well plates (5,000 cells/well) and pre-
treated with 20 mM 3-bromopyruvate (3-BrPA) or phosphate-buffered
saline (PBS) 24 h prior to adding NK-92MI cells at the indicated target (T)
to effector (E) cell ratios. After 24 h, the supernatant was removed, and
the remaining viable cells were quantified using Cell-Titer Glo Assay kit,
which indicated a dose-dependent increase in cytotoxicity with increas-
ing T:E cell ratios.
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Figure 6. 3-BrPA pretreatment enhances NK-cell mediated antitumor effects in MDA-MB-231 breast cancer model. Luciferase tagged MDA-MB-231 cells
pretreated with either 20 mM 3-bromopyruvate (3-BrPA) or phosphate-buffered saline (PBS) were implanted subcutaneously in female athymic nude
mice and subjected to natural killer (NK) therapy as indicated. (A) Bioluminescent imaging of developing tumors showing that 3-BrPA pretreatment
enhances tumor sensitivity to NK-92MI. (B) Tumor images showing reduction in tumor size in 3-BrPA pretreated MDA-MB-231 subjected to NK-92MI ther-
apy. (C) Graph showing significant difference between PBS or 3-BrPA pretreated MDA-MB-231 tumor cells upon NK-92MI treatment.
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normal mitochondria.19 This
metabolic phenotype also pro-
vides selective advantages to can-
cer cells.20,21 Thus, the altered
energy metabolism (e.g.,
increased glucose utilization and
aerobic glycolysis) enables cancer
cells to meet their energy
demands and has recently been
recognized as one of the hall-
marks of cancer.22 Although
using an antiglycolytic approach
has already been considered as a
potential therapeutic strategy, it
has not been explored in the
context of anticancer immuno-
therapy. In a recent report,
Sukumar et al.23 have shown
that activation of na€ıve T cells
requires inhibition of glycolysis,
a stimulus observed to extend
the survival and clonal expansion
of antitumor T cells thus facili-
tating enhanced anticancer
effects. Our hypothesis that
induction of metabolic stress by
3-BrPA to augment anticancer
immune responses in principle
emanates from the fact that
MICA/B are stress inducible tar-
gets11,12 as well as the notion
that cancer cells rely on altered
energy metabolism.24 In addi-
tion, 3-BrPA is an alkylating
agent that is known to cause
endoplasmic reticulum stress25

and redox imbalance.26 Thus,
any interference in energy meta-
bolic pathway by 3-BrPA could
impose physiological stress that,
in turn, could promote the induction of MICA/B expression.

The ability to evade immune surveillance is one of the hall-
marks of cancer 22,27, and it has been well established that tumor
cells escape immune detection through immunosuppressive net-
works. The factors that challenge the functional efficiency of anti-
tumor-immune cells (e.g., T cells and NK cells) have been
broadly classified as lymphocyte or T cell-associated factors and
tumor-associated factors.28 The former includes immunosup-
pressive elements, such as regulatory T cells and myeloid derived
suppressive dendritic cells, among others. The tumor-associated
factors include alteration in the expression of antigens (e.g.,
MHC) that enables cancer cells to escape immune detection, and
the acidic microenvironment which is hostile to invading antitu-
mor immune cells.29 Interestingly, MICA/B are also known to
be stress-inducible molecules on the basis of lines of evidence
derived from exposure of cells to oxidative and thermal stresses.

Thus, induction of cellular stress by metabolic perturbation is
likely to elevate the expression levels of MICA/B. The results
from the current study establish that a low, non-cytotoxic dose of
3-BrPA is sufficient to induce metabolic perturbation in order to
elevate the surface expression level of MICA/B. 3-BrPA has been
shown to promote antitumor effects in many solid malignancies
including liver,30,31 breast,32 pancreas,33 brain34 and colon can-
cers.35 However, at the dose tested in this study, no cytotoxicity
or antitumor effects “per se” have been reported. Remarkably, the
nonlethal dose of 3-BrPA is sufficient to enhance the efficacy of
NK cell-mediated immunotherapy. In summary, our findings
demonstrate that metabolic perturbation elevates the expression
profile of cancer cell surface antigens, such as MICA and MICB.
Furthermore, such an alteration in MICA/B levels enhances the
antitumor immune response, as indicated by improved efficacy
of NK-cell mediated therapy. Thus, our results provide a novel

Figure 7. 3-BrPA pretreatment enhances NK-cell mediated antitumor effects in T47D breast cancer. T47D cells
pretreated with either 20 mM 3-bromopyruvate (3-BrPA) or phosphate-buffered saline (PBS) were implanted
subcutaneously in female athymic nude mice and subjected to natural killer (NK) therapy as indicated. (A) 3-
BrPA pretreated tumor shows enhanced sensitivity to NK-92MI treatment than the control (PBS pretreated)
tumor in T47D model of breast cancer. (B) Graph showing significant difference between PBS or 3-BrPA pre-
treated T47D tumor cells upon NK-92MI treatment.
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framework to potentiate immunotherapy by employing nontoxic
levels of an anti-metabolite such as 3-BrPA. Further characteriza-
tion of the global effects of nonlethal, low dose 3-BrPA on lactate
output and the tumor microenvironment might reveal additional
enhancements in the effectiveness of immunotherapy against
human breast cancer.

Materials and Methods

Cell culture, chemicals and reagents
Human breast cancer cell lines, MDA-MB-231 and T47D,

and human NK-92MI cells were purchased from the American
Type Culture Collection (Manassas, VA, USA). Cells were cul-
tured as per supplier’s instructions. In brief, MDA-MB-231 cells
were cultured in L-15 medium supplemented with 2 mM L-glu-
tamine (Invitrogen, Carlsbad, CA), 10% fetal bovine serum
(FBS;Hyclone, Thermoscientific, USA) and 50 U/mL penicillin
and streptomycin (Sigma-Aldrich, St. Louis, MO) at 37�C in a
humidified atmosphere without CO2. T47D cells were cultured
in RPMI 1640 medium supplemented with 2 mM L-glutamine
(Invitrogen) supplemented with 10% FBS (Hyclone) and 50 U/

mL penicillin and streptomycin
(Sigma-Aldrich) at 37�C in a
humidified atmosphere with 5%
CO2. The highly potent cytotoxic
human NK cell line NK-92MI
(originally isolated from a patient
with non-Hodgkin lymphoma)
has the ability to continuously
grow in vitro, and unlike its
parental cell line NK-92, this cell
line does not require IL-2 supple-
mentation. These cells were cul-
tured in a-Minimum Essential
Medium, [a-MEM], obtained
from ATCC, supplemented with
2 mM L-glutamine, 0.2 mM ino-
sitol, 0.02 mM folic acid, 0.1mM
b-mercaptoethanol, 12.5% FBS
and 12.5% horse serum. Unless
otherwise mentioned, all chemi-
cals including 3-BrPA and prote-
ase and phosphatase inhibitor
cocktails were purchased from
Sigma Chemical Co. (St. Louis,
MO). Antibodies used in the pro-
tein gel blotting included:anti-
MICA, anti-MICB, anti-MICA/
B, and HRP-linked goat anti-rab-
bit or anti-mouse IgG (Santa
Cruz Biotechnology, CA); anti-
AMPK, anti-p-AMPK, anti-
PI3K, anti-p-PI3K (p110a),
anti-AKT and anti-p-AKT (Cell
Signaling Technologies, Danvers,

MA, USA); and b-actin (Sigma-Aldrich). The ECL Plus detec-
tion reagent and the necessary materials for chemiluminescent
detection of immunoblots were procured from GE-Healthcare
(Piscataway, NJ). D-Luciferin potassium salt used as the substrate
for bioluminescence imaging was obtained from Gold Biotech-
nology Inc., (St. Louis, MO). For apoptosis analysis, the terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
kit was purchased from Millipore Co. (Bedford, MA).

Determination of maximum tolerated dose and intracellular
ATP level

To determine the nonlethal, maximum tolerated dose of
3-BrPA for both the MDA-MB-231 and T47D breast cancer
cell lines, we evaluated cell viability using the Trypan-blue
exclusion method. Quantification of intracellular ATP level
was performed using Cell-Titer Glo Assay kit (Promega
Corp., Madison, WI) and FLUOstar Omega plate reader
(BMG Labtech, UK). In brief, cells were plated in 96-well
flat-bottomed opaque plates the day before 3-BrPA treatment
and cellular ATP level was determined as per the kit man-
ufacturer’s protocol.

Figure 8. 3-BrPA pretreatment enhances NK-cell mediated cytotoxicity. Histological examination of tumors
derived from breast cancer cells pretreated with either 20 mM 3-bromopyruvate (3-BrPA) or phosphate-buff-
ered saline (PBS) and subjected to natural killer (NK) cell therapy as indicated. (A) Hematoxylin and eosin
(H&E) and TUNEL staining show that 3-BrPA pretreatment enhanced the sensitivity of MDA-MB-231 tumor
cells to NK-92MI treatment resulting in cell death. (B) Schematic showing metabolic perturbation related
increase in the surface expression of MICA/B enhances NK-cell mediated cytotoxicity.
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Western blotting and ELISA
The expression level of MICA/B protein in MDA-MB-231

and T47D cells pretreated with low dose 3-BrPA was also deter-
mined by western blotting and ELISA techniques. For protein
gel blotting, breast cancer cells were washed in PBS, lysed in
RIPA lysis buffer (Sigma-Aldrich) with protease and phospha-
tase inhibitor cocktails (both from Sigma-Aldrich) at 4�C using
a dounce homogenizer. The lysates were centrifuged at 12,000
£ g for 15 min at 4�C to remove any cell debris. The clear
supernatants were collected and the protein concentrations were
analyzed using a 2-D Quant protein assay kit (GE Healthcare)
as previously described.36 Immunoblotting was performed using
specific antibodies, as per supplier’s instructions. For the ELISA
analysis, breast cancer cells were washed in PBS, lysed by
15 min shaking in RIPA lysis buffer (Sigma-Aldrich) with a
protease inhibitor cocktail and a phosphatase inhibitor cocktails
(both from Sigma-Aldrich) at 4�C. Cell debris was cleared at
12,000 £ g for 15 min. The supernatants were collected and
the protein concentrations were analyzed using a 2-D Quant
protein assay Kit (GE Healthcare, Pittsburgh, PA, USA) accord-
ing to the manufacturer’s protocol. MICA and MICB concen-
trations were determined via DuoSet ELISA according to the
manufacturer’s instructions (ab59569 and ab100593; Abcam
Co., MA, USA).

Fluorescence cytometry
Surface expression of MICA/B in MDA-MB-231 and T47D

cells cultured in the presence or absence of low dose 3-BrPA
was analyzed by cytoflourometric analysis. In brief, breast cancer
cells were washed in PBS, collected with ethylenediaminetetra-
acetic acid (EDTA;Sigma-Aldrich), and analyzed for cell surface
expression of proteins, MICA/B, MICA, and MICB, by direct
or indirect immunofluorescence using specific monoclonal anti-
bodies (mAbs), including: phycoerythrin (PE)-labeled MICA/B
(6D4; BioLegend, San Diego, CA, USA) PE-labeled MICA
(159227; R&D Systems, Minneapolis, MN, USA), or PE-
labeled MICB (236511; R&D Systems). PE-labeled anti-mouse
IgG (Santa Cruz Biotechnology Inc., Dallas, TX, USA) was
used as secondary Ab as needed. Fluorescein isothiocyanate
(FITC)- or PE-labeled anti-mouse IgG (Santa Cruz Biotechnol-
ogy Inc.) were used as isotype controls. Stained cells were
acquired on a FACSCalibur cytometer (BD Biosciences, San
Jose, CA, USA) and analyzed using FlowJo software 6.4.7 (Tree
Star, Ashland, OR).

Generation of luc-MDA-MB-231 cells for bioluminescence
imaging

For bioluminescence studies, the luciferase reporter plasmid
pcDNA 3.1-CMV-fl (firefly luciferase) was generated as previously
described.31 MDA-MB-231 cells stably expressing luciferase gene
were generated by transfection with pcDNA 3.1-CMV-fl plasmid
using Turbofectin 8.0 (Origene Technologies) followed by clonal
selection with G418 (Invitrogen) containing growth medium.
Clones expressing highest luciferase activity were selected and
used for further studies. For convenience, these stable cells will
be referred to hereafter as luc-MDA-MB-231.

Histology and TUNEL assay
For histology, tissues were routinely fixed in phosphate-buff-

ered 10% formalin (Polysciences Co., Warrington, PA), dehy-
drated by graded ethanol, embedded in Paraplast Plus wax
(McCormick Scientific), sectioned at 5 mm, mounted on slides,
oven dried, and deparaffinized. The tissue sections were subject
to hematoxylin and eosin (H&E) staining and viewed under a
light microscope. Apoptosis was assessed using TUNEL detec-
tion kit (Millipore Corp.) following the manufacturer’s proto-
col. Sections were also counterstained with 40,6-diamidino-2-
phenylindole (DAPI) to visualize nuclei. Finally, tissue sections
were covered with cover slips mounted with Prolong Gold
Antifade Reagent (Invitrogen) and allowed to dry in the dark.
The slides were viewed under a Nikon ECLIPSE TS 100 fluo-
rescent microscope and the images were captured using a
Nikon Coolpix digital camera (Nikon Instruments, Inc., Mel-
ville, NY).

NK cell-mediated cytotoxicity assay
The NK cell-mediated cytolytic assay was performed as

previously described with modifications.17 MDA-MB-231
and T47D cells treated with either 3-BrPA or PBS were sub-
jected to target (T) and effector (E) ratios of 1:5, 1:10, 1:15
and 1:20. In brief, 5000 target cells were seeded in 96-well
plates and the next day effector cells (NK-92MI) were added.
After 24 h incubation, the supernatant of the culture contain-
ing suspended NK-92MI cells and floating dead cells were
removed, and the remaining viable cells were quantified using
Cell-Titer Glo Assay kit (Promega Inc.). The decrease in via-
ble cells indicated the level of cytotoxicity as compared to the
PBS control.

In vivo studies
Animal studies were performed as approved by the Johns Hop-

kins University Animal Care and Use Committee. For the in vivo
experiments female athymic nude mice (Crl:NU-Foxn1/nu strain;
Charles River Laboratory, Germantown, MD, USA), aged 4–6-
weeks old and weighing 20–25 g, were used in accordance with
institutional guidelines. Mice were maintained in laminar flow
rooms at constant temperature and humidity, with food and water
given ad libitum. Tumor xenografts were initiated with subcutane-
ous injection of either luc-MDA-MB-231 or T47D cells (4–5 x
106cells) growing in log phase, either pretreated with 3-BrPA or
vehicle (saline). Tumors were allowed to grow for 2–3 weeks up to
about 2–5 mm in the largest diameter. Tumor viability was con-
firmed by BLI. BLI was performed as described previously.31 In
brief, mice were injected with D-luciferin intraperitoneally
(150 mg/kg) and bioluminescent images were acquired using the
IVIS 200 small animal imaging system (Xenogen Corp.) at multi-
ple time intervals (1 min, 5 min and 15 min). A total of 20 nude
mice with tumor xenografts were allocated randomly into differ-
ent groups and subjected to intravenous (i.v.) injection with 1x106

NK cells or phosphate buffered saline (PBS). After one week, the
mice were injected again with NK cells or PBS. The tumor
response was assessed by viability (by bioluminescence imaging)
and size measurement (using calipers). The end point was 2 weeks
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after the final treatment (injection of NK cells). The mice were
then sacrificed and tumor tissues were harvested and subject to
histopathology.

Statistical analysis
Data correspond to at least 3 independent experiments and

are expressed as mean § SEM. Statistical comparison of data sets
were evaluated by the Student’s t-test.
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