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ABSTRACT
Overexpression of Bcl-XL, an antiapoptotic Bcl-2 family mem-
ber, occurs in a majority of head and neck squamous cell
carcinomas (HNSCCs) and correlates with chemotherapy resis-
tance in this disease. Overexpression of Bcl-2 is also observed
in HNSCC, albeit less frequently. We have previously shown
that peptides derived from the BH3 domains of proapoptotic
proteins can be used to target Bcl-XL and Bcl-2 in HNSCC
cells, promoting apoptosis. In this report, we examined the
impact of ABT-737 (for structure, see Nature 435:677–681,
2005), a potent small-molecule inhibitor of Bcl-XL and Bcl-2, on
HNSCC cells. As a single agent, ABT-737 was largely ineffec-
tive at promoting HNSCC cell death. By contrast, ABT-737
strongly synergized with the chemotherapy drugs cisplatin and
etoposide to promote HNSCC cell death and loss of clonogenic
survival. Synergism between ABT-737 and chemotherapy was
associated with synergistic activation of caspase-3 and cleav-

age of poly(ADP-ribose) polymerase. Treatment with ABT-737
plus chemotherapy resulted in dramatic up-regulation of pro-
apoptotic Noxa protein, and small interfering RNA (siRNA)-
mediated inhibition of Noxa up-regulation partially attenuated
cell death by the synergistic combination. Treatment with cis-
platin or etoposide, alone or in combination with ABT-737,
resulted in substantial down-regulation of Mcl-1L, a known
inhibitor of ABT-737 action. Further down-regulation of Mcl-1L
using siRNA failed to enhance killing by the cisplatin/ABT-737
synergistic combination, indicating that chemotherapy treat-
ment of HNSCC cells is sufficient to remove this impediment to
ABT-737. Together, our results demonstrate potent synergy
between ABT-737 and chemotherapy drugs in the killing of
HNSCC cells and reveal an important role for Noxa in mediating
synergism by these agents.

Head and neck squamous cell carcinoma (HNSCC) is a
common human cancer, and the 5-year survival rates for this
disease have remained relatively unchanged for the past few
decades (Forastiere et al., 2001; Gibson and Forastiere, 2006;
Jemal et al., 2007). The treatment of HNSCC is hampered
by frequent resistance to conventional chemotherapeutic
agents. In addition, chemotherapy drugs currently used to
treat HNSCC, including cisplatin, are associated with con-
siderable toxicities (Gibson and Forastiere, 2006). Synergis-

tic drug combinations, which would be useful for enhancing
treatment efficacy and reducing adverse toxicities, have not
been developed for this disease. Thus, there is a need to
identify agents that can be used to circumvent chemotherapy
resistance and/or synergize with conventional chemotherapy
drugs in the killing of HNSCC cells.

The resistance of HNSCC cells to chemotherapy is due in
part to the expression of antiapoptotic members of the Bcl-2
protein family, including Bcl-XL and Bcl-2. Bcl-XL is overex-
pressed in a majority of primary HNSCC specimens, whereas
overexpression of Bcl-2 occurs somewhat less frequently
(Drenning et al., 1998; Trask et al., 2002). It is noteworthy
that Bcl-XL overexpression correlates with chemotherapy re-
sistance in patients with HNSCC (Trask et al., 2002). Anti-
sense-mediated down-regulation of Bcl-XL and Bcl-2 has
been shown to sensitize HNSCC cell lines to chemotherapy-
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induced apoptosis (Sharma et al., 2005). Bcl-XL and Bcl-2
inhibit chemotherapy-induced apoptosis by binding and se-
questering proapoptotic members of the Bcl-2 protein family
(Danial and Korsmeyer, 2004). We have shown that cell-
permeable peptides derived from the BH3 domains of pro-
apoptotic Bax and Bad localize to mitochondria, the site of
Bcl-XL/Bcl-2 expression, in HNSCC cells (Li et al., 2007). The
BH3 peptides promote apoptosis signaling and HNSCC cell
death, albeit at relatively high concentrations. The naturally
occurring compound (�)-gossypol, an inhibitor of Bcl-XL and
Bcl-2, also has been shown to promote apoptosis of HNSCC
cells, both in vitro and in vivo (Bauer et al., 2005; Wolter et
al., 2006). These studies have hinted at the potential thera-
peutic benefit of targeting Bcl-XL/Bcl-2 in head and neck
cancers.

A number of small-molecule inhibitors of antiapoptotic
Bcl-2 family members have been identified. Among these, the
compound with the highest affinity for Bcl-XL and Bcl-2 is
ABT-737 (Oltersdorf et al., 2005; Zhai et al., 2006). ABT-737
binds antiapoptotic Bcl-XL, Bcl-2, and Bcl-w but shows little
affinity for antiapoptotic Mcl-1L and A1/Bfl (Oltersdorf et al.,
2005). When used as a single agent, ABT-737 induces apo-
ptosis in the low micromolar range in small-cell lung cancer
(SCLC) cells (Oltersdorf et al., 2005), as well as cell lines and
primary cells representing a variety of hematological malig-
nancies, including acute myeloid leukemia, follicular lym-
phoma, chronic lymphocytic leukemia, and multiple my-
eloma (Oltersdorf et al., 2005; Konopleva et al., 2006; Kuroda
et al., 2006; van Delft et al., 2006; Chauhan et al., 2007; Del
Gaizo Moore et al., 2007). Monotherapeutic ABT-737 also
exhibits in vivo efficacy against SCLC and leukemia xeno-
grafts (Oltersdorf et al., 2005; Konopleva et al., 2006). How-
ever, cell lines derived from other types of solid tumors have
failed to demonstrate sensitivity to single agent ABT-737,
and resistance to this compound is associated with aberrant
overexpression of Mcl-1L (Konopleva et al., 2006; van Delft et
al., 2006; Chen et al., 2007; Lin et al., 2007b; Tahir et al.,
2007; Wesarg et al., 2007; Huang and Sinicrope, 2008). De-
spite these limitations, ABT-737 has shown the ability to
sensitize cells derived from both solid tumor and hematopoi-
etic malignancies to conventional anticancer agents (Olters-
dorf et al., 2005; Tahir et al., 2007). ABT-737 sensitizes
ovarian cancer cells to carboplatin (Witham et al., 2007) and
enhances apoptosis induction by tumor necrosis factor-re-
lated apoptosis-inducing ligand in pancreatic, prostate, re-
nal, and lung cancer cells (Huang and Sinicrope, 2008; Song
et al., 2008). In addition, ABT-737 sensitizes cells represent-
ing hematopoietic malignancies to agents including bort-
ezomib (Paoluzzi et al., 2008), N-(4-hydroxyphenyl)reti-
namide (Kang et al., 2008), imatinib (Kuroda et al., 2006),
vincristine (Kang et al., 2007), dexamethasone (Kang et al.,
2007; Trudel et al., 2007), and melphalan (Trudel et al.,
2007).

The sensitivity of HNSCC cells to ABT-737 has not been
investigated. We report that ABT-737 is ineffective as a
monotherapy against HNSCC cells but potently synergizes
with chemotherapy to kill these cells. Up-regulation of Noxa
was found to play an important role in mediating the syner-
gistic effects of ABT-737 and chemotherapy drugs. Moreover,
because of potent down-regulation of Mcl-1L by chemother-
apy drugs, the impact of ABT-737 was not limited in cells
treated with synergistic combinations of ABT-737 plus che-

motherapy. These findings suggest that combination of
highly selective Bcl-XL/Bcl-2-targeting agents with conven-
tional chemotherapy drugs may be an effective means for
achieving synergistic antitumor effects in patients with
HNSCC.

Materials and Methods
Cell Lines and Reagents. UM-22A, UM-22B, and 1483 are hu-

man HNSCC cell lines (Lin et al., 2007a) and were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and antibiotics. ABT-737 and
A-793844 were provided by Abbott Laboratories (Abbott Park, IL),
dissolved in DMSO, and stored at �80°C as 10 mM stocks. Cisplatin
was obtained from the University of Pittsburgh Cancer Institute
Pharmacy, and etoposide was from Sigma (St. Louis, MO). Lipo-
fectamine 2000 reagent was obtained from Invitrogen (Carlsbad,
CA), and Annexin V-fluorescein isothiocyanate apoptosis detection
kits were from BD Biosciences (San Jose, CA). Anti-Bcl-2 antibody
was from Dako (Glostrup, Denmark), and antibodies against Bcl-XL,
Bax, Noxa, and Mcl-1 were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Antibodies against PARP and Bak were ob-
tained from Cell Signaling Technology (Danvers, MA), and anti-
caspase-3 was from Assay Designs (Ann Arbor, MI). Anti-�-actin
antibody was from Sigma. Horseradish peroxidase-conjugated sec-
ondary antibodies were purchased from Promega (Madison, WI).

Cell Viability Assays and Determination of Synergy. Cellu-
lar sensitivities to individual agents, or combinations of agents, were
determined using trypan blue exclusion assays. Before treatment,
UM-22A cells were seeded in triplicate at 10,000 cells/well, UM-22B
at 5000 cells/well, and 1483 at 8000 cells/well in 48- or 96-well plates.
After growth overnight, the cells reached approximately 50% conflu-
ence. The cells were then treated for 48 h at 37°C with varying doses
of each agent or combinations of the agents. Treatment with drug
diluent alone (0.1% DMSO) was used as a control in each experi-
ment. After the addition of trypan blue, cell viabilities were deter-
mined by counting a minimum of 300 total cells per data point. Data
were analyzed using GraphPad PRISM software (San Diego, CA) to
determine IC50 values. The method of Chou and Talalay (1984) was
used to assess synergy, and combination indexes (CIs) were calcu-
lated using CalcuSyn V2 software (BIOSOFT, Cambridge, UK). CI
values lower than 1.0 were considered evidence of synergism.

In certain experiments, cell viabilities were determined by flow
cytometric analysis of Annexin V staining. For these experiments,
UM-22A or UM-22B cells were seeded in six-well plates and treated
for 48 h with ABT-737, cisplatin, etoposide, or combinations of ABT-
737 and chemotherapy. After treatment, adherent cells were de-
tached from plates using trypsin and combined with floating cells.
Cells were then washed twice with cold PBS and resuspended in 1�
Annexin V binding buffer at a concentration of 1 � 106 cells/ml.
Single-cell suspensions (100 �l) were then transferred to 5-ml cul-
ture tubes and stained with 5 �l of Annexin V-fluorescein isothio-
cyanate and 5 �l of propidium iodide for 15 min at room temperature
in the dark. After staining, 1� Annexin V binding buffer (300 �l) was
added to each tube, and the samples were placed on ice. Two-color
flow cytometric analyses were performed using an Epics Coulter XL
flow cytometer (Beckman Coulter, Fullerton, CA).

Clonogenic Assays. Cells were seeded in 100-mm dishes (3 �
106/dish), grown overnight, and then treated for 1 h with ABT-737 or
cisplatin, alone or in combination. After treatment, cells were
washed twice with PBS and detached from plates using trypsin.
Single-cell suspensions were diluted in DMEM containing 10% FBS
and an equal number of cells replated into six-well plates. The cells
were grown for 12 to 15 days, and then colonies were stained for 30
min in a solution of 6% glutaraldehyde and 0.5% crystal violet in
water. The plates were washed in water (5–10 times) until no more
dye was detected in the rinse. After air-drying, colonies composed of
50 or more cells were counted.
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Immunoblotting. For immunoblotting experiments, treated cells
were scraped from plates, centrifuged at 1300 rpm for 5 min at 4°C,
washed once in cold PBS, then lysed for 10 min on ice in 150 mM
NaCl, 50 mM Tris pH 8.0, 0.1% SDS, 1% Nonidet P-40, 20 �g/ml
aprotinin, 3 �g/ml leupeptin, and 1.5 mM phenylmethylsulfonyl flu-
oride. The lysates were centrifuged at 14,000 rpm and 4°C for 2 min,
and the supernatants were transferred to new tubes. Bio-Rad Pro-
tein Assay dye concentrate (Bio-Rad, Hercules, CA) was then used to
determine protein concentrations in the lysates. For detection of
caspase-3 cleavage products and determination of protein levels of
Bcl-2, Bcl-XL, Mcl-1, Bax, Bak, Noxa, Bik, and �-actin, proteins (20
�g/lane) were electrophoresed on 12.5% SDS-PAGE gels. For detec-
tion of PARP cleavage products or Mcl-1L levels, proteins were
electrophoresed on 10% SDS-PAGE gels. After electrophoresis, pro-
teins were transferred to nitrocellulose membranes for 3 h at 45 V
and 4°C. The membranes were blocked at room temperature for 1 h
in TBST buffer (150 mM NaCl, 50 mM Tris, pH 8.0, and 0.1% Tween
20) containing 5% nonfat milk. The blocked membranes were washed
with TBST buffer, probed overnight at 4°C with primary antibodies,
washed again in TBST, then probed for 1 h at room temperature with
secondary antibodies. After four final washes in TBST, the mem-
branes were developed using enhanced chemiluminescence reagent,
according to the directions provided by the manufacturer (PerkinElmer
Life and Analytical Science, Inc., Waltham, MA).

When blots were reprobed with anti-�-actin, they were stripped by
incubating for 45 min at 37°C in 0.1 M glycine, pH 2.9. The stripped blots
were then washed in TBST buffer before incubating in blocking solution.

siRNA Transfection. Before transfection, 2 � 106 cells were
seeded into 100-mm dishes. After overnight growth, the cell culture
medium was replaced with DMEM/10% FBS without antibiotics.
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was then used to
transfect annealed, double-stranded Noxa, Mcl-1, or nonspecific
siRNAs (100 nM) into the cells, following the manufacturer’s instruc-
tions. After 6 h, the cell culture medium was replaced with fresh
DMEM supplemented with 10% FBS and antibiotics, and incubation
continued for an additional 18 h at 37°C. The cells were then either
left untreated or were treated for 24 h with ABT-737 alone, chemo-
therapy alone, or ABT-737 plus chemotherapy. Trypan blue exclu-
sion assays were used to assess cell viabilities, and immunoblotting
was used to verify inhibition of Noxa or Mcl-1 expression. Nonspecific
siRNA was obtained from Ambion (Austin, TX), as were siRNAs
targeting Noxa (5�-GUAAUUAUUGACACAUUUCTT-3�) and Mcl-1
(5�-GGACUUUUAGAUUUAGUGATT-3�).

Statistics. Statistical analyses were performed using Prism soft-
ware (version 4; GraphPad Software, Inc., San Diego, CA). Compar-
isons between groups were carried out by one-way ANOVA followed
by Tukey’s multiple comparison test. P values less than 0.05 were
considered significant.

Results
ABT-737 Is Ineffective as a Single Agent against

HNSCC Cell Lines. With the exception of small-cell lung
cancer, cells derived from solid tumor malignancies have
failed to demonstrate substantial sensitivity to ABT-737

treatment alone. To determine the impact of ABT-737 on
HNSCC cells we used three HNSCC cell lines: UM-22A,
UM-22B, and 1483 (Lin et al., 2007a). UM-22A and UM-22B
originated from the same patient but were derived from
primary tumor and a cervical lymph node metastasis, respec-
tively. Cell line 1483 originated from the primary tumor of a
different patient. As shown in Table 1, cells were treated
with varying concentrations of ABT-737, followed by perfor-
mance of trypan blue exclusion assays and determination of
IC50 values. As a control, cells were also treated with
A-793844, an enantiomeric compound known to possess
markedly reduced binding affinity for Bcl-XL and Bcl-2
(Oltersdorf et al., 2005). In addition, cells were treated with
cisplatin, a chemotherapy drug commonly used in the clinical
treatment of HNSCC, or with etoposide. Single agent ABT-
737 was largely ineffective against the three HNSCC cell
lines, exhibiting IC50 values ranging from 13.8 to 53.6 �M.
These values were similar to those obtained with either sin-
gle agent cisplatin (IC50 values from 11.1 to 23.6 �M) or
single agent etoposide (IC50 values from 27.6 to 34.5 �M).
Curiously, the metastatic variant UM-22B was somewhat
more resistant to cisplatin than were UM-22A cells. Expres-
sion profiling of Bcl-2 family members (Supplemental Fig. 1)
revealed that UM-22B cells exhibit elevated levels of anti-
apoptotic Bcl-2 and reduced levels of proapoptotic Bim, which
may play a role in the increased drug resistance of these cells.

As a single agent, ABT-737 was unable to overcome the
inherent drug resistance of HNSCC cells. However, it should
be noted that the modest activity of single agent ABT-737
exceeded that obtained with A-793844, which exhibited IC50

values from 42.6 �M to greater than 100 �M. Because ABT-
737 and A-793844 differ markedly in their abilities to bind
Bcl-XL and Bcl-2, this suggests that the binding of these
proteins by ABT-737 alone provides a weak apoptotic stimu-
lus for HNSCC cells.

ABT-737 Synergizes with Chemotherapy to Kill
HNSCC Cells. Bcl-XL and Bcl-2 are overexpressed in a high
percentage of HNSCC tumors, and overexpression of Bcl-XL

has been shown to correlate with chemotherapy resistance in
this disease (Trask et al., 2002). Therefore, we predicted that
a small-molecule inhibitor of Bcl-XL and Bcl-2 (i.e., ABT-737)
might markedly enhance the sensitivity of HNSCC cells to
chemotherapy drugs. To investigate this possibility, UM-22A
(Fig. 1A), UM-22B (Fig. 1B), and 1483 (Fig. 1C) cells were
treated for 48 h with ABT-737 alone, cisplatin alone, or
varying doses of a constant ratio of ABT-737 plus cisplatin.
Potential synergism was assessed by calculating combination
index (CI) values according to the method of Chou and Tala-
lay (1984), where CI values less than 1.0 are indicative of
synergy. As shown, CI values well below 1.0 were observed in

TABLE 1
IC50 values of single-agent ABT-737, cisplatin, etoposide, or A-793844 against HNSCC cell lines
UM-22A, UM-22B, and 1483 cells were seeded in 48-well plates, grown overnight, and then treated for 48 h with varying doses of the indicated agents. Cell viabilities were
assessed in triplicate via trypan blue exclusion assays, and IC50 values were calculated.

Cell Line
IC50

ABT-737 Cisplatin Etoposide A-793844

�M

UM-22A 53.6 14.5 34.5 �100
UM-22B 36.2 23.6 34.3 �100
1483 13.8 11.1 27.6 42.6

ABT-737 Synergizes with Chemotherapy in HNSCC via Noxa 1233
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all three cell lines at multiple doses of the ABT-737/cisplatin
combination, indicating potent synergy between these two
agents. To determine whether ABT-737 would demonstrate
synergy with other chemotherapy drugs in HNSCC cells, we
treated cells with varying doses of a constant ratio of ABT-
737 plus etoposide (Fig. 1, D–F). Again, CI values well below
1.0 were observed, pointing to potent synergy. To confirm
synergy between ABT-737 and either cisplatin or etoposide,
treated UM-22A and UM-22B cells were evaluated in An-
nexin V/propidium iodide flow cytometric assays (Fig. 1G; a
representative experiment is shown in Supplemental Fig. 2).
Results obtained in these experiments were quantitatively
and qualitatively similar to those obtained in trypan blue
exclusion assays (Fig. 1, A–F) and 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt assays (data not shown).

Synergy between ABT-737 and standard chemotherapy
drugs in the killing of HNSCC cells was further confirmed in
clonogenic survival assays (Fig. 2). UM-22A cells were
treated for 1 h with 0.1% DMSO (drug diluent), ABT-737
alone, cisplatin alone, or ABT-737 plus cisplatin (1:1 fixed
ratio). After treatment, cells were replated in medium lack-
ing drugs, and colonies were counted after 12 to 15 days (a
representative experiment is shown in Supplemental Fig. 3).
The loss of clonogenic capacity in cells treated with ABT-737
plus cisplatin exceeded the combined losses in cells treated
with ABT-737 alone and cisplatin alone, demonstrating su-
peradditive killing by the ABT-737/cisplatin combination.

ABT-737 and Chemotherapy Induce Synergistic Ac-
tivation of Apoptosis Signaling. To determine whether
combinations of ABT-737 and chemotherapy drugs induce
synergistic activation of apoptosis signaling in HNSCC cells,
we examined processing/activation of caspase-3 and cleavage
of PARP, a caspase-3/-7 substrate (Fig. 3). For these experi-
ments, UM-22A cells were treated for a shorter length of time
(24 h) with 10 �M concentrations of each agent alone, or the
combination of ABT-737 plus chemotherapy drug (each at 10
�M). Relatively little, if any, processing of procaspase-3 to
active caspase-3 was detected in untreated cells or in cells
treated with DMSO, ABT-737 alone, cisplatin alone, or eto-
poside alone (Fig. 3A). Likewise, only low levels of PARP
cleavage were detected after treatment with single agents
(Fig. 3B). By contrast, the combination of ABT-737 plus cis-
platin, or ABT-737 plus etoposide, resulted in marked ap-
pearance of active caspase-3 and cleavage of PARP protein.
The degree of caspase-3 activation and PARP cleavage in
response to the combination treatments greatly exceeded the
sum of these events occurring in cells treated with ABT-737

alone or chemotherapy alone. Thus, ABT-737 synergized
with chemotherapy drugs to induce key apoptosis signaling
events in HNSCC cells.

Fig. 1. ABT-737 synergizes with chemotherapy to kill HNSCC cells. A to
C, UM-22A, UM-22B, and 1483 cells were seeded in 96-well trays, grown
overnight, and then treated for 48 h with ABT-737 alone, cisplatin (CP)
alone, or ABT-737 plus cisplatin. D to F, UM-22A, UM-22B, and 1483
cells were seeded as above and then treated for 48 h with ABT-737 alone,
etoposide (ETO) alone, or ABT-737 plus etoposide. After treatment,
trypan blue exclusion assays were performed to determine the percentage
of viability. Data points represent the average of triplicate wells, and
error bars represent S.D. CIs were calculated using CalcuSyn version 2
software and are shown for each combination of the drugs. G, UM-22A
and UM-22B cells were seeded in six-well plates and treated for 48 h with
0.1% DMSO, 10 �M ABT-737, 10 �M cisplatin, 10 �M etoposide, or
ABT-737 plus chemotherapy drug (10 �M each). After treatment, adher-
ent cells were detached with trypsin and combined with floating cells.
The percentage of Annexin V-positive cells was determined by flow cyto-
metric analysis. �, P � 0.01.
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Fig. 2. ABT-737 and cisplatin synergize in clonogenic survival assays.
UM-22A cells were treated for 1 h with 0.1% DMSO, ABT-737 alone (7.5,
10, or 12.5 �M), cisplatin alone (7.5, 10, or 12.5 �M), or ABT-737 plus
cisplatin (equal concentrations of each). The treated cells were washed
twice in PBS, detached from plates, diluted in DMEM containing 10%
FBS, then replated in six-well plates. Colonies were stained with crystal
violet solution, and colonies composed of 50 cells or greater were counted.
Data were plotted as the percentage of inhibition of colony formation
relative to DMSO-treated cells. The graphed data represent the average
of three independent experiments, and error bars represent S.D. P values
were calculated using one-way ANOVA followed by Tukey’s multiple
comparison test. �, P � 0.01; ��, P � 0.001.
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Fig. 3. Synergistic activation of caspase signaling by the combination of
ABT-737 plus chemotherapy. UM-22A cells were left untreated or were
treated for 24 h with 0.1% DMSO, 10 �M ABT-737 alone, 10 �M cisplatin
alone, 10 �M etoposide alone, the combination of ABT-737 plus cisplatin (10
�M each), or the combination of ABT-737 plus etoposide (10 �M each). After
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electrophoresed on SDS-PAGE gels, transferred to nitrocellulose, and then
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stripped and reprobed with anti-�-actin to demonstrate equal protein load-
ing. Similar results were seen in three independent experiments.
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Noxa Is Potently Up-Regulated by ABT-737/Cisplatin
and Mediates HNSCC Killing by This Combination. To
investigate the mechanism whereby combinations of ABT-
737 and chemotherapy drugs synergistically induce caspase
activation and HNSCC cell death, we examined the impact of
the agents, alone and in combination, on the expression lev-
els of Bcl-2 family members (Fig. 4A). Treatment with ABT-
737 alone did not substantially alter levels of the antiapop-
totic proteins Bcl-2 and Bcl-XL or the proapoptotic proteins
Bax, Bak, and Noxa but did cause modest induction of anti-
apoptotic Mcl-1L. Treatments incorporating cisplatin or eto-
poside, either alone or in combination with ABT-737, re-
sulted in modest reduction in Bcl-2 and Bcl-XL and a very
dramatic reduction in Mcl-1L. Overexpression of Mcl-1L in
leukemia and solid tumor cell lines has been shown to corre-
late with resistance to ABT-737 (Konopleva et al., 2006; van
Delft et al., 2006; Chen et al., 2007; Lin et al., 2007b; Tahir et
al., 2007; Wesarg et al., 2007; Huang and Sinicrope, 2008).
Thus, the ability of cisplatin or etoposide to promote down-
regulation of Mcl-1L in HNSCC cells may serve to sensitize
these cells to ABT-737.

We also observed that the combination of ABT-737 plus
cisplatin or ABT-737 plus etoposide resulted in striking up-
regulation of Noxa relative to untreated cells or cells treated
with single agents (Fig. 4A). Time-course analysis revealed
that Noxa was induced as early as 12 h after cotreatment

with ABT-737 and cisplatin (Fig. 4B). Noxa is a BH3 domain-
only, proapoptotic, Bcl-2 family member and is known to
potently bind and inhibit Mcl-1L (Chen et al., 2005). To
determine the role of Noxa up-regulation in cell death medi-
ated by this combination, we used siRNA treatment to pre-
vent the up-regulation of Noxa. As shown in Fig. 5, Noxa was
potently up-regulated in UM-22A cells transfected with a
nonspecific siRNA and treated with ABT-737 plus cisplatin.
By contrast, transfection with Noxa siRNA largely attenu-
ated Noxa up-regulation by this combination. It is notewor-
thy that inhibition of Noxa up-regulation significantly inhib-
ited cell death induced by ABT-737/cisplatin (p � 0.01).
Likewise, Noxa siRNA also inhibited cell death resulting
from the ABT-737/etoposide combination (Supplemental Fig.
4). These results indicate that up-regulation of Noxa is at
least partially responsible for mediating the induction of
HNSCC cell death by synergistic combinations of ABT-737
plus chemotherapy.

We next sought to determine whether siRNA-mediated
down-regulation of Mcl-1L might serve to enhance ABT-737/
cisplatin induction of cell death, because overexpression of
this antiapoptotic protein is known to contribute to the re-
sistance to ABT-737. As noted in Fig. 4A, treatments incor-
porating cisplatin already markedly reduced Mcl-1L levels.
Transfection of cells with Mcl-1 siRNA served to further
reduce the already low levels of Mcl-1L in cells treated with
ABT-737 plus cisplatin (Fig. 6A). However, the further re-
duction of Mcl-1L levels using siRNA failed to enhance cell
killing by the ABT-737/cisplatin combination (p � 0.05). This
suggests that the down-regulation of Mcl-1L after treatment
of HNSCC cells with chemotherapy may be sufficient to over-
ride any inhibitory effects of this protein on ABT-737 action.
Alternatively, it is possible that Mcl-1L may not be a signif-
icant factor in regulating apoptosis induction by ABT-737 in
HNSCC cells. To address this possibility, UM-22A cells sta-
bly transfected with an expression construct encoding Mcl-1L
were treated for 48 h with the ABT-737/cisplatin combination
followed by assessment of cell viability (Fig. 6B). The UM-
22A/Mcl-1L cells exhibited enhanced resistance to ABT-737/
cisplatin relative to vector-transfected control UM-22A cells
(p � 0.01). These results supported our contention that en-
dogenous Mcl-1L probably inhibits the action of monothera-
peutic ABT-737 in HNSCC cells, but the endogenous protein
is effectively removed in treatments incorporating chemo-
therapy.

Discussion
HNSCC is the sixth most common cancer in the United

States (Jemal et al., 2007). An overall 5-year survival rate of
roughly 50% places HNSCC among the most deadly of the
major types of cancer (Forastiere et al., 2001; Gibson and
Forastiere, 2006). Current chemotherapeutic options for
HNSCC, including cisplatin, cause considerable adverse tox-
icities, and recurrent forms of the disease are typically highly
resistant to conventional chemotherapy drugs (Gibson and
Forastiere, 2006). Cetuximab, an epidermal growth factor
receptor-blocking antibody, has been approved by the U.S.
Food and Drug Administration for use in the treatment of
HNSCC. This followed the demonstration that the addition of
cetuximab to radiation therapy improved patient survival
relative radiation treatment alone (Bonner et al., 2006). Al-
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though significant, the impact of cetuximab inclusion was
modest in scope. Substantial improvements in therapeutic
efficacies in HNSCC and reductions in the toxicities of con-
ventional drug regimens are likely to be achieved with the
identification of synergistic drug combinations. In this re-
port, we demonstrate that ABT-737, an inhibitor of Bcl-XL

and Bcl-2, potently synergizes with conventional chemother-
apy drugs in the killing of HNSCC cells.

We have shown that the proteasome inhibitor bortezomib
synergizes with cisplatin in HNSCC cells (Li et al., 2008).
Bortezomib treatment causes multiple changes in the cell,
including inhibition of nuclear factor-�B, a transcription fac-
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tor that is hyperactivated and contributes to the survival of
HNSCC cells (Ondrey et al., 1999; Van Waes et al., 2005). In
addition, bortezomib alters the ratio of pro- and antiapoptotic
Bcl-2 family members in the cell. Treatment of HNSCC cells
with bortezomib induces the expression of Bik, Bim, and
Noxa, natural cellular antagonists of Bcl-XL and Bcl-2 (Frib-
ley et al., 2006; Li et al., 2008). Thus, bortezomib treatment
provides a means for indirect targeting of Bcl-XL and Bcl-2 in
HNSCC cells. In the current study, we sought to determine
whether direct targeting of Bcl-XL and Bcl-2 using a highly
specific small-molecule inhibitor would result in synergism
with conventional chemotherapy drugs. Indeed, the combi-
nation of ABT-737 with cisplatin or etoposide resulted in
synergistic induction of HNSCC cell death, as measured by
trypan blue exclusion, Annexin V, and clonogenic survival
assays (Figs. 1 and 2). Synergism between ABT-737 and
chemotherapy was also evident on a molecular level, as as-
sessed by caspase-3 activation and PARP cleavage (Fig. 3),
hallmarks of apoptosis.

Our studies reveal an important role for Noxa in the syn-
ergism of ABT-737 and chemotherapy drugs against HNSCC
cells. Noxa expression was markedly up-regulated after
treatment with ABT-737 plus chemotherapy, and synergism
by this combination was partially dependent on Noxa induc-
tion (Figs. 4 and 5). Similar up-regulation of Noxa by ABT-
737 plus chemotherapy has been observed in H196 SCLC
cells that are highly resistant to ABT-737 alone (Tahir et al.,
2007). Enforced overexpression of Noxa in ABT-737-resistant
H196 SCLC cells (Tahir et al., 2007), NCI-H1299 NSCLC
cells (Wesarg et al., 2007), or mouse embryo fibroblasts (van
Delft et al., 2006) has been shown to confer sensitivity to
ABT-737. Meanwhile, studies using gene knockout mouse
embryo fibroblasts have revealed that Bax and Bak are es-
sential for ABT-737 activity (van Delft et al., 2006; Chen et
al., 2007). The HNSCC cell lines used in our studies are
known to harbor mutant p53, as is typical with most HNSCC
cell lines and primary patient specimens. This raises the
possibility that p73, or an alternative mechanism, may play
a role in Noxa induction in HNSCC cells treated with the
ABT-737/chemotherapy combination.

It is noteworthy that Noxa is known to bind with high
affinity to Mcl-1L, but not Bcl-XL or Bcl-2 (Chen et al., 2005).
This suggests that Noxa up-regulation in response to treat-
ment with ABT-737 plus chemotherapy may serve to func-
tionally inactivate Mcl-1L, causing displacement of proapop-
totic proteins bound to the Mcl-1L protein. The displaced
proapoptotic proteins may then bind and directly activate
Bax and Bak, as has been suggested by a model of direct
Bax/Bak activation (Letai et al., 2002; Kuwana et al., 2005).
Alternatively, proapoptotic proteins displaced from Mcl-1L
may bind to Bcl-XL and Bcl-2, causing displacement of Bax
and Bak, as has been suggested in a model of indirect Bax/
Bak activation (Chen et al., 2005; Willis et al., 2007).

Resistance to ABT-737 has been correlated with overex-
pression of Mcl-1L, which does not bind this compound
(Oltersdorf et al., 2005; Tahir et al., 2007). Down-regulation
of Mcl-1L has been shown to confer sensitivity to ABT-737
(Konopleva et al., 2006; van Delft et al., 2006; Chen et al.,
2007; Lin et al., 2007b; Tahir et al., 2007; Wesarg et al., 2007;
Huang and Sinicrope, 2008). As noted above, the marked
up-regulation of Noxa in HNSCC cells treated with ABT-737
plus chemotherapy probably serves to functionally inactivate

Mcl-1L and promote synergism by this combination. How-
ever, we also discovered that chemotherapy alone caused
substantial reduction in Mcl-1L levels, independent of Noxa
up-regulation (Fig. 4). Thus, in HNSCC cells, dual repression
of cellular Mcl-1L, via Noxa up-regulation and chemotherapy-
induced down-regulation of the Mcl-1L protein, may explain
the highly potent synergism between ABT-737 and conven-
tional chemotherapy drugs in promoting cell death. This
contention is supported by our findings that further down-
regulation of endogenous Mcl-1L levels using siRNA failed to
enhance killing by the ABT-737/cisplatin combination (Fig.
6A), whereas enforced overexpression of Mcl-1L inhibited cell
death by this combination (Fig. 6B). These findings suggest
that overexpression of endogenous Mcl-1L in HNSCC tumors
will not prove an insurmountable impediment to therapies
combining chemotherapy drugs and ABT-737 or next-gener-
ation derivatives, including ABT-263 (Tse et al., 2008).
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Wesarg E, Hoffarth S, Wiewrodt R, Kröll M, Biesterfeld S, Huber C, and Schuler M
(2007) Targeting BCL-2 family proteins to overcome drug resistance in non-small
cell lung cancer. Int J Cancer 121:2387–2394.

Willis SN, Fletcher JI, Kaufmann T, van Delft MF, Chen L, Czabotar PE, Ierino H,
Lee EF, Fairlie WD, Bouillet P, et al. (2007) Apoptosis initiated when BH3 ligands
engage multiple Bcl-2 homologs, not Bax or Bak. Science 315:856–859.

Witham J, Valenti MR, De-Haven-Brandon AK, Vidot S, Eccles SA, Kaye SB, and
Richardson A (2007) The Bcl-2/Bcl-XL family inhibitor ABT-737 sensitizes ovarian
cancer cells to carboplatin. Clin Cancer Res 13:7191–7198.

Wolter KG, Wang SJ, Henson BS, Wang S, Griffith KA, Kumar B, Chen J, Carey TE,
Bradford CR, and D’Silva NJ (2006) (�)-gossypol inhibits growth and promotes
apoptosis of human head and neck squamous cell carcinoma in vivo. Neoplasia
8:163–172.

Zhai D, Jin C, Satterthwait AC, and Reed JC (2006) Comparison of chemical inhib-
itors of antiapoptotic Bcl-2-family proteins. Cell Death Differ 13:1419–1421.

Address correspondence to: Dr. Daniel E. Johnson, Room 2.18c Hillman
Cancer Center, 5117 Centre Avenue, Pittsburgh, PA 15213. E-mail:
johnsond@pitt.edu

ABT-737 Synergizes with Chemotherapy in HNSCC via Noxa 1239


