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Abstract
Purpose: Drug resistance in melanoma is commonly attributed to ineffective apoptotic pathways.

Inhibiting antiapoptotic BCL-2 and its relatives is an attractive strategy for sensitizing lymphoid malig-

nancies todrugsbut it has been largely unsuccessful formelanomaandother solid tumors. ABT-737, a small-

molecule BH3-mimetic, selectively inhibits BCL-2, BCL-XL, and BCL-w and shows promise for treating

leukemia, lymphoma, and small-cell lung cancer. Melanoma cells are insensitive to ABT-737, but MCL-1

inhibition reportedly increases the sensitivity of other tumors to the compound.

Experimental Design: The efficacy of MCL-1 and BFL-1 inhibition for sensitizing melanoma cells to

ABT-737was investigated by short hairpin RNA–mediated knockdownor overexpression of their antagonist

NOXA in two-dimensional cell culture, a three-dimensional organotypic spheroid model, and an in vivo

model.

Results: MCL-1 downregulation or NOXA overexpression strongly sensitized melanoma cells to

ABT-737 in vitro. NOXA-inducing cytotoxic drugs also strongly sensitized melanomas to ABT-737 but,

surprisingly, not vice versa. The drugs most suitable are not necessarily those normally used to treat

melanoma. Resistance to ABT-737 occurred quickly in three-dimensional melanoma spheroids through

reduced NOXA expression, although experiments with both xenografts and three-dimensional spheroids

suggest that penetration of ABT-737 into tumor masses may be the principal limitation, which may be

obviated through use of more diffusible BH3-mimetics.

Conclusion: Sensitization of tumors to BH3-mimetics by cytotoxic drugs that induce NOXA is a

therapeutic strategy worth exploring for the treatment of melanoma and other solid cancers. Clin Cancer

Res; 18(3); 783–95. �2011 AACR.

Introduction

Metastatic melanoma is highly therapy-resistant and
standard chemotherapy has failed in clinical trials. Tar-
geted therapy with new drugs, such as the BRAF inhibitor
PLX4720/4032/vemurafenib (1, 2), holds great promise
but suffers from onset of resistance after about 7 months

(3–7). Defective apoptotic pathways are thought to be
one barrier to effective systemic treatment of melanoma.
For example, the frequent inactivation of ARF subverts
p53 activity (8) and certain antiapoptotic BCL-2 family
proteins are upregulated (9, 10). Although BCL-2 in
particular has attracted much attention, treatment tar-
geting it (e.g., oblimersen; Genta) had only modest
impact on survival in clinical trials (11, 12). BCL-2 is
only one of several related apoptosis proteins with
altered expression in melanoma, for example, BCL-XL
and MCL-1 are elevated during melanoma progression
(9, 10) and these might prove superior targets for mel-
anoma therapy.

ABT-737 (Abbott Laboratories) is a BH3-mimetic with a
similar binding profile to the proapoptotic BH3-only pro-
tein BAD; it strongly inhibits the activity of BCL-2, BCL-XL,
and BCL-w but not MCL-1 or BFL-1/A1, for which it has
negligible affinity (13, 14). ABT-737 is effective as a single
agent in preclinical models of lymphomas and small-cell
lung carcinomas (SCLC)—cancers with low MCL-1 expres-
sion (13, 15–17). It also sensitizes tumors to the effects of
chemotherapy and radiotherapy (13, 15, 16, 18, 19).

Apoptosis is initiated by the release of apoptogenic med-
iators, such as cytochrome C, from the mitochondrion,
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controlled by proapoptotic proteins BAK and BAX (20).
These are inhibited by BCL-2 and related proteins; 3 of
them, MCL-1, BFL-1, and BCL-XL, specifically regulate BAK
(21). In the presence of ABT-737, BCL-XL is inhibited, so
BAK activity is determined by MCL-1 and BFL-1. There is
clear evidence that MCL-1 is a major factor in sensitivity to
ABT-737 (e.g., 14) but the role of BFL-1 is less clear.
Evidence currently suggests that BFL-1 functions in a similar
manner to MCL-1 (22) and its expression is correlated with
sensitivity to ABT-737 (23, 24).

Prior studies suggest that drugs that repress MCL-1 or
induce NOXA sensitized cells to ABT-737 in a variety of
tumor models. For example, flavopiridol treatment leads to
transcriptional repression of MCL-1 via upregulation of
E2F1 (25). While flavopiridol showed efficacy against mel-
anoma in vitro (26), it was ineffective for patients with
metastatic melanoma as a single agent (27). Melphalan is
an alkylating agent used for isolated limb perfusion treat-
ment of metastatic melanoma and may be preferable to
dacarbazine/temozolomide for melanomas with high
O6-alkylguaninetransferase activity (28). Melphalan has
been observed to decrease MCL-1 levels in myeloma cells,
sometimes resulting in cleavage of the protein (29).

In the present study, we investigated the extent to which
MCL-1 and BFL-1, and their antagonist NOXA, affect sen-
sitivity of melanoma cells to ABT-737 and thus whether
combination therapy targeting MCL-1 and BFL-1 in addi-
tion to BCL-2, BCL-XL, and BCL-w has promise in the
context of melanoma. The activity of MCL-1 and BFL-1 was
manipulated by overexpression of NOXA, by short hairpin
RNA (shRNA)-mediated knockdown of MCL-1 or by cyto-
toxic drugs. The contribution of BFL-1 to sensitivity to

ABT-737 was examined by ectopic expression of NOXA
variants with altered MCL-1 and BFL-1 affinities. The con-
sequences for sensitivity to ABT-737 were assayed in 2- and
3-dimensional models in vitro and contrasted with observa-
tions in a tumor xenograft model.

Materials and Methods

Cells and cell culture
The human melanoma cell lines IgR3, SKMel28, MelCV,

MM200,MelRM, andMe4405were grownasdescribed (30)
and authenticated using AmpFISTR profiling as described
(31). C8161, 1205Lu, and WM793 (32) were grown as
described (33); the latter were authenticated by STR finger-
printing (Genomics Facility, The Wistar Institute, Philadel-
phia, PA). MelRM/NOXA and MM200/NOXA clones
matched the parent lines in microsatellite analyses of 12
loci conducted by the Australian Genome Research Facility
Ltd, which also confirmed the purity. Unnecessary passag-
ing was avoided; experiments with manipulated cell lines
were carried out within 2 passages of reference stocks.

Immunoblot analysis
Cells were lysed in 10mmol/L Tris-HCl, pH 8, 5 mmol/L

EDTA, 0.1% Triton X-100 and protease inhibitor cocktail
(Sigma P8340, per directions), 1 mL per 106 cells. Tumors
were homogenized and sonicated in 10 mmol/L Tris, pH
7.4, 10 mmol/L KCl, 1.5 mmol/L MgCl2, and 0.5% SDS
plus protease inhibitor cocktail. Protein was quantified by
the Bradford method; 30 mg per lane was analyzed by
reducing SDS-PAGE on 15% gels and electroblotted to
polyvinylidene difluoride (PVDF) membrane (Millipore).
Membranes were blocked in 5% blotto and probed with
monoclonal antibodies against: NOXA (114C307, Abcam),
HA-tag (HA.11 16B12, Covance), MCL-1 (clone 22, BD
Pharmingen), BCL-2 (clone 100, BD Pharmingen), BCL-XL
(2H12, BD Pharmingen), BFL-1 (51B2, from D.C. Huang),
and a-tubulin (YL1/2, Abcam). Following washes with
PBST, bound antibodies were detected with goat anti-
mouse IgG-HRP or goat anti-rat IgG-HRP (Santa Cruz
Biotechnology, sc-2005 and sc-2065) and enhanced chemi-
luminescence (ECL).

MCL-1, BFL-1, and NOXA knockdowns
MM200,Me4405,MelRM, and/orC8161 cellswere trans-

duced with VSVG-packaged lentiviral shRNA constructs
from the MISSION Library (Sigma-Aldrich; MCL-1:
TRCN0000005514-18; BFL-1: TRCN0000033494-98;
NOXA: TRCN0000150555, TRCN0000151311, TRCN00-
00153637, TRCN0000155570, TRCN0000155978), per
manufacturer’s directions.

NOXA overexpression
Hemagglutinin (HA)-tagged human NOXA cDNA was

inserted into retroviral vector pQC-X-IRES-CD4, a deriva-
tive of pQCXIX (Clontech) containing a humanCD4mark-
er. The mNoxaB variants in pMIG retroviral vector carrying
an EGFPmarker have been described (14). Constructs were

Translational Relevance

Targeting antiapoptotic proteins BCL-2, BCL-XL, and
BCL-w with ABT-737 has shown limited success against
solid cancers, including melanoma, largely due to MCL-
1 activity. ABT-737 has nevertheless been of interest as a
chemosensitizer for cytotoxic drugs. A distinct approach
is to consider drugs that inhibit MCL-1 activity as sensi-
tizers to ABT-737. We show that downregulation of
MCL-1, overexpression of its antagonist NOXA, and
NOXA-inducingdrugs each strongly sensitizemelanoma
cells to ABT-737 in vitro,more potently than the converse
sensitization to cytotoxic drugs by ABT-737. Moreover,
the most effective drugs are not necessarily those nor-
mally used to treat melanoma. However, resistance to
ABT-737 occurs quickly and tumor penetration may be
an issue. Addition of BH3-mimetics to current drug
regimens and new combinations are avenues worth
exploring for melanoma therapy, particularly if dosing
schedules can be developed to maintain a favorable
balance between activity of NOXA and its targets over
time.
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packaged with Phoenix amphotropic cells (34) and used to
transduce melanoma cells. Transduced cells were sorted by
flow cytometry, expanded and frozen as reference stocks.
These remained more than 99% positive on retest. Single-
cell clones were derived from pools by serial dilution and
facilitated with 40% v/v conditioned medium from the
parent cell line.

2D drug sensitivity assays
Proliferation inhibition assays were conducted as

described (35, 36), on 4 or more occasions. Sensitization
to ABT-737 bymelphalan or flavopiridol, and vice versa, was
assessed by proliferation inhibition assays testing all com-
binations of a range of ABT-737 with flavopiridol or mel-
phalan concentrations, as shown, applied simultaneously.

Melanoma 3D spheroid assays
Melanoma spheroids were prepared as described (37,

38). After embedding into a gel of bovine collagen I,
spheroids were treated with ABT-737 and/or flavopiridol
at the concentrations and times indicated. Termination of
the experiments: Spheroids were washed 3 times in PBS
before live-dead staining with 4 mmol/L calcein-AM and 2
mmol/L ethidiumbromide (Invitrogen) for 1 hour at 37�C.
Images were taken using a Nikon-300 inverted fluorescence
microscope. For reculture, spheroids were plucked from the
matrix with a pipette and plated in complete medium for
expansion by 2D adherent growth. Spheroid sizes were
quantified by image analysis using ImageJ software (NIH,
Bethesda, MD).

Xenograft studies
The flanks of 6-week-old CB17 NOD/SCID male mice

were injected subcutaneously with 1 � 106 MM200 cells
that overexpressed NOXA or hadMCL-1 knocked down, in
100 mL complete medium. Controls were cells transduced
with an ineffective MCL-1 knockdown (shRNA #14) with
similar sensitivity to ABT-737 as untransduced cells. One
week postengraftment, the mice were treated intraperito-
neally with 75 mg/kg ABT-737 or vehicle only, daily for 21
days, 10 mice per group. Vehicle was 30% (v/v) propylene
glycol, 5% (v/v) Tween-80, and 65% (v/v) of 5% (w/v)
dextrose in water. The pH was adjusted to 1.0 with HCl.
ABT-737wasdissolved indimethyl sulfoxide at 125mg/mL,
diluted 10-fold with 9 volumes of vehicle, and then pH
readjusted to 4.0 with 1 mol/L HEPES. Mice were weighed
daily and tumor growthmeasuredwithdigital calipers.Mice
were sacrificed when tumors reached volume of 1 cm3 or
became ulcerated. Experiments were approved by the Uni-
versity of Sydney Animal Ethics Committee, Camperdown,
NSW, Australia.

Statistical analysis
Comparisons of IC50 values of manipulated cell lines

with parent or control lines were done by t tests. As drug
resistance raw data are by nature positively skewed, tests
were conducted on log-transformed data. Differences
between xenograft or spheroid growth rates were detected

as interactions between time and treatment factors in 2-way
mixed ANOVA with time as a repeated measure.

Results

MCL-1 inhibition is sufficient for sensitization of
melanoma cells to ABT-737

The sensitivity of melanoma cell lines to ABT-737,
versus other tumor lines, was tested by proliferation
inhibition assay. Of the 9 melanoma lines examined, 8
were insensitive to ABT-737 compared with, for example,
lymphoid cell lines (Table 1). However, overexpression of
NOXA in 6 melanoma lines by retroviral transduction
(Fig. 1A) dramatically sensitized all of them to ABT-737
(Fig. 1B and Table 1), in most cases �100-fold. The least
sensitization, in the Me4405 line, was still about 10-fold.
This line had higher endogenous NOXA and MCL-1 levels
(Fig. 1A). The strong sensitization was observed in both
transduced cell pools and in single-cell clones derived
from them (Table 1) and cannot be attributed to effects of
NOXA overexpression on growth rates (Supplementary
Fig. S1) or nonspecific sensitivity to apoptotic stimuli
other than ABT-737 such as serum withdrawal (Supple-
mentary Fig. S1) or DNA-damaging agents cytarabine and
mitomycin C (Supplementary Table S1). NOXA overex-
pression had no consistent effect on levels of other
proapoptotic (e.g., PUMA) or antiapoptotic proteins,
although lines with more MCL-1 tolerated more NOXA
overexpression (Fig. 1A; Supplementary Fig. S2). In con-
trast to overexpression, NOXA knockdown modestly
decreased sensitivity to ABT-737 (Table 1).

NOXA directly antagonizes MCL-1 and BFL-1; knock-
down of MCL-1 in 2 melanoma cell lines (Fig. 1C) also
sensitized to ABT-737 (up to 9-fold), although not as much
as NOXA overexpression (Table 1). Incomplete MCL-1
knockdown is likely part of the reason. Second, MCL-1
knockdownwas accompanied by reduction of NOXA levels
(Fig. 1C), counteracting the knockdown. The most obvious
mechanism for this is selection of cells with lower NOXA
levels, given thatMCL-1 knockdown promotes apoptosis. A
third possibility is that NOXA has other actions contribut-
ing to sensitization to ABT-737, including inhibition of
BFL-1 function. Indeed, BFL-1 knockdown (Fig. 1D) mod-
estly sensitizedMM200 cells toABT-737 (up to2.4-fold) but
had little effect on Me4405 (Table 1), MelRM, or C8161
cells (not shown).

The relative importance of functional MCL-1 and BFL-1
inhibition is difficult to evaluate with incomplete knock-
downs and so was assessed using Noxa-Bim chimeras con-
taining Noxa BH3 domains in an inert Bim backbone;
mNoxaB binds and inhibits MCL-1 only, whereas mNoxaB
E74F inhibits both MCL-1 and BFL-1 (14). Overexpression
of either variant (Fig. 1E) resulted in dramatic sensitization
to ABT-737 (Table 1), as observed for wild-type NOXA.
Thus, although these were the cell lines wherein BFL-1
knockdown had most effect, inhibition of MCL-1 alone
appears to be sufficient for the dramatic sensitization to
ABT-737 in this context.
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Table 1. Sensitivity of melanoma cells to ABT-737 and following manipulation of MCL-1, BFL-1, or NOXA

Cell line Type Mean IC50 � SE, mmol/L Fold sensitization

MelRM Melanoma 19.2 � 2.7
MM200 Melanoma 15.7 � 0.9
Me4405 Melanoma 37.3 � 1.9
IgR3 Melanoma 31.3 � 2.0
SkMel28 Melanoma 21.1 � 1.9
MelCV Melanoma 4.7 � 0.6
C8161 Melanoma 8.4 � 2.8
1205Lu Melanoma 14.6 � 0.7
WM793 Melanoma 20.7 � 1.7
2008 Ovarian carcinoma 8.8 � 0.4
A549 Lung carcinoma >>16.4
Du145 Prostate carcinoma 7.5 � 0.5
HEK293 Human embryo kidney >>16.4
CCRF-CEM T lymphoid (ALL) 0.95 � 0.16
Jurkat T lymphoid (leukemia) 1.8 � 0.08
K562 Myeloid (CML) 6.3 � 0.26
Ramos B lymphoid (Burkitt) 6.1 � 0.17
NOXA overexpression
MelRM >16.4
MelRM/pQC vector pool >16.4
MelRM/NOXA pool <0.128 >128
MM200 15.3 � 0.4
MM200/NOXA pool 0.131 � 0.013a 117
MM200/NOXA clone E1 0.150 � 0.015a 102
MM200/NOXA clone E11 0.177 � 0.048a 86

Noxa chimera overexpression
MelRM/pMIG vector pool >32
MelRM/NoxaB pool 0.117 � 0.006a >274
MelRM/NoxaB E74F pool 0.165 � 0.016a >194
MM200/pMIG vector pool 22.2 � 1.2
MM200/NoxaB pool 0.501 � 0.059a 44
MM200/NoxaB E74F pool 0.793 � 0.081a 28

NOXA knockdownb

MM200 8.8 � 0.5
MM200/shRNA scrambled 8.2 � 0.6c

MM200/shRNA N5 25.6 � 0.3a 0.34
MM200/shRNA N1 21.9 � 0.5a 0.40
MelRM 19.9 � 0.2
MelRM/shRNA scrambled 19.1 � 1.4c 1.04
MelRM/shRNA N5 27.9 � 0.9a 0.71
MelRM/shRNA N1 18.3 � 1.0c 1.08

BFL-1 knockdownb

MM200 8.8 � 0.5
MM200/shRNA scrambled 8.2 � 0.6c

MM200/shRNA B6 4.8 � 0.7d 1.8
MM200/shRNA B8 3.6 � 0.5d 2.4
Me4405 >32
Me4405/shRNA scrambled 26.9 � 0.8d >1.2
Me4405/shRNA B6 30.4 � 0.9c >1.05
Me4405/shRNA B8 30.5 � 1.0c >1.05

(Continued on the following page)
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NOXA overexpression sensitizes 3D melanoma
spheroids to ABT-737
Our 3D spheroid model mimics tumor architecture

and microenvironment (37, 38) and is used for investi-
gating drug effects on growth, invasion, and viability of
melanoma cells, which mimic those of treatment in vivo
(2, 39, 40).
Spheroids derived from sorted pools of MM200/NOXA

cells were strongly sensitized to ABT-737 in 3-day assays,
reflected in dose-dependent inhibition of proliferation and
invasion as well as decreased viable cell staining (calcein-
AM) and increased dead cell staining (ethidium bromide)
compared with control spheroids (Fig. 1G). NOXA over-
expression also did not affect growth or invasion of the
matrix (Supplementary Fig. S3).

Sensitization to ABT-737 by drugs that alter NOXA
and/or MCL-1 levels
Because increased NOXA expression strongly sensitized

melanoma cells to ABT-737, its combination with cyto-
toxic drugs that induce NOXA or repress MCL-1 may be
an attractive therapeutic strategy. Drugs that have been
reported to alter MCL-1 levels, melphalan (29) and fla-
vopiridol (25), were therefore tested as sensitizers to
ABT-737.
In our hands, melphalan yielded only modest and tran-

sient increases inNOXA levels inMM200 andMe4405 cells,
which disappeared within 24 hours (Fig. 2A). Flavopiridol
had greater and more lasting effects in both cell lines tested
but they were strongly dose-dependent—lower doses
increased NOXA levels whereas higher doses had the oppo-
site effect (Fig. 2A). Thus, thenet effectswere time- anddose-
dependent.Moreover, the changes inNOXA levels appeared
to be mirrored by similar changes in MCL-1 levels, which
would tend to counteract each other.

Nevertheless, flavopiridol sensitized both MM200 and
Me4405 cells to ABT-737 by more than 12- and 8-fold,
respectively (Table 2; Supplementary Fig. S4A). The sen-
sitization of MM200 cells to ABT-737 was largely ablated
by prior knockdown of NOXA, from 15- to 1.3-fold (Fig.
1F and Table 1 and Supplementary Table S2). Moreover,
it occurred close to the IC50 value for flavopiridol,
consistent with the dose–response for NOXA induction
(Fig. 2A). Flavopiridol might thus be an effective sensi-
tizer at physiologically attainable concentrations. Mel-
phalan was less effective in this respect (consistent with
its lesser effect on NOXA and MCL-1 levels) but still, at
concentrations near to its IC50, sensitized Me4405
cells to ABT-737 by 3- to 4-fold (Table 2; Supplementary
Fig. S4C).

The same data set showed the effects of ABT-737 on
sensitivity of the cells to the cytotoxic drugs (Table 2;
Supplementary Fig. S4B and S4D). Even at very high con-
centrations of ABT-737, there was little sensitization to
either flavopiridol or melphalan. There can be little doubt
that ABT-737 was inhibiting BCL-2, BCL-XL, and BCL-w, as
the Ki for these proteins was reported as less than 1 nmol/L
(13) and we observed that low concentrations of ABT-737
in complete medium were sufficient to kill melanoma cell
lines that overexpressed NOXA (Fig. 1B and Table 1). Thus,
reported cooperativity between ABT-737 and cytotoxic
drugs can be due to sensitization to ABT-737 rather than
the converse.

The 3D melanoma spheroids were also sensitized to
ABT-737 by flavopiridol. Growth of the spheroids
(increase in radius, Fig. 2B) was expressed relative to the
controls (0 mmol/L ABT-737), analogous to cytotoxicity
curves for flat cultures (Fig. 2C). In the presence of 80 to
160 nmol/L flavopiridol, there was obvious sensitization
to ABT-737. This also manifested as reduced cell viability

Table 1. Sensitivity of melanoma cells to ABT-737 and following manipulation of MCL-1, BFL-1, or
NOXA (Cont'd )

Cell line Type Mean IC50 � SE, mmol/L Fold sensitization

MCL-1 knockdownb

MM200 16.8 � 1.1
MM200/shRNA 16 5.18 � 0.23a 3.25
MM200/shRNA 18 8.90 � 0.31a 1.90
Me4405 37.3 � 1.8
Me4405/shRNA 16 3.95 � 0.24a 9.5
Me4405/shRNA 18 4.33 � 0.18a 8.6

NOTE:Valueswerederived fromat least 4 experiments. Sensitizationwascomputed relative to theparent cell lineor vector-transduced
controls, as shown.
Abbreviations: ALL, acute lymphoblastic leukemia; CML, chronic myeloid leukemia.
Statistically significant differences with the IC50 of the parent or control-transduced line are shown as dP < 0.01, aP << 0.0001, or
cnonsignificant, determined by Student T test of log-transformed data.Where the parent IC50 was not calculable, the lower boundwas
used.
bNOXAandBFL-1 knockdownswere conducted in tandemwith shared controls. TheMCL-1 knockdownswere a separate experiment.
In each case, 2 of a total of 5 knockdown pools are shown.
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Figure 1. Inhibition of MCL-1 by overexpression of NOXA or direct knockdown sensitizes melanoma cells to ABT-737. A, immunoblots showing
overexpression of humanNOXA in 6 transducedmelanomacell lines, comparedwith their respectiveparent lines, and levels of its target antiapoptotic proteins
MCL-1 and BFL-1. The HA-tag retardsmigration of ectopic NOXA from about 10 to 15 kDa. B, consequent sensitization to ABT-737 in 2D cytotoxicity assays
of 6 NOXA-transduced melanoma lines compared with parent or vector control–transduced lines. Squares, parent lines; open circles, transduced pools;
filled circles, single-cell clones. Where multiple biologic replicates are shown, error bars for technical replicates (n¼ 4) are omitted for clarity. C, immunoblots
showing shRNA-mediated knockdown of MCL-1 levels and consequent changes in NOXA levels in MM200 and Me4405 cells. The numbers 14, 15, 16, and
18 indicate different shRNA constructs. The a-tubulin panels are loading controls. D, immunoblots showing shRNA-mediated knockdown of BFL-1 levels in
MM200 and Me4405 cells. B5, B6, B7, and B8 indicate different shRNA constructs. E, immunoblots showing expression of 2 Noxa-BimS chimeras in
2 melanoma cell lines, compared with vector (pMIG)-transduced controls, detected with BIM (mNoxaB) and NOXA antibodies. F, immunoblots showing
knockdown of NOXA levels in MM200 and MelRM cells. N1 and N5 indicate different shRNAs. G, spheroids derived from parental MM200 cells (left) or
MM200/NOXA cells (pool; right). ABT-737 was applied at the concentrations shown for 3 days. Note the dose-dependent inhibition of proliferation and
invasion as well as decrease of viable cells (calcein-AM) and increase of dead cells (ethidium bromide) in the NOXA-overexpressing spheroids only.
Experiments were repeated 3 times, representative images shown. Bar, 500 mm.
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(Fig. 2F). At 320 nmol/L flavopiridol, there was no
additional effect from ABT-737 on spheroid growth but
still an enhancement of cell killing (Fig. 2F). The converse
sensitization to flavopiridol by ABT-737 was notably
weaker, as observed in 2D culture (Fig. 2D and E; compare
2D culture results in Supplementary Fig. S4 and Table 2).
A concentration of 1 mmol/L ABT-737 was sufficient
for this modest sensitization, consistent with on-target
effect.

Effects ofmanipulatingMCL-1 andNOXA on sensitivity
of melanoma xenografts to ABT-737
NOXA overexpression or MCL-1 knockdown markedly

sensitized melanoma cells to ABT-737 in vitro, so it was of

interest to ascertainwhether the sameoccurs in vivo.MM200
cells in which MCL-1 was knocked down, or which over-
expressed NOXA, were engrafted into CB17 NOD/SCID
mice and treated with ABT-737 daily for 21 days. Surpris-
ingly, ABT-737 had little effect on xenograft growth under
this regimen, compared with vehicle-treated mice (Supple-
mentary Fig. S5). Initial experiments with MM200/NOXA
cells were carried out with transduced cell pools purified by
flow cytometry (Supplementary Fig. S5A). It was anticipated
that xenografts of a single-cell clone would exhibit greater
sensitivity to ABT-737 simply because it harbored less
heterogeneity than the pool but, again, there was no dif-
ference in rate of growthof theABT-737- and vehicle-treated
tumors (Fig. 3A).
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Figure 2. Effect of cytotoxic drug exposure on NOXA and MCL-1 levels in melanoma cell lines and sensitivity to ABT-737. A, MM200 and Me4405 cells were
treated with 1 of 3 concentrations of melphalan or flavopiridol for 6, 18, or 24 hours. NOXA and MCL-1 levels were determined by immunoblotting. The
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Blood samples from treated mice showed thrombocyto-
penia (0.62 � 0.07 � 106/mL vs. 1.3 � 0.11 � 106/mL,
P < 0.001) and leukocytosis (6.3 � 0.43� 103/mL vs. 3.3�
0.24� 103/mL, P < 0.001; Fig. 3B andC), confirming uptake
of ABT-737 into the circulation with cellular consequences
similar in magnitude to those obtained by others using the
same treatment regimen (41). The xenografts were always
vascularized.

There was no evidence that insensitivity to ABT-737 in
vivo reflected selection during engraftment for cells expres-
sing lessNOXA, as the levels in the tumors at timeof sacrifice
werenot different from that of the injected cells,whether the
tumors were derived from a single-cell clone (Fig. 3D) or

even transduced pools (Supplementary Fig. S6). Explants
grown from tumors retained sensitivity to ABT-737 in 2D
cytotoxicity assays (Fig. 3E). Thus, neither the engraftment
itself nor treatment with ABT-737 selected for stable resis-
tance to ABT-737, suggesting that insufficient amounts
reached the tumors in vivo.

Effects of delayed ABT-737 treatment on melanoma
spheroid growth

The 3D spheroid model provides insight into the dif-
ference in response of NOXA-overexpressing melanoma
cells to ABT-737 in vitro and in vivo. As noted above,
spheroids derived from NOXA-transduced MM200 cell

Table 2. Potentiation of ABT-737 by cytotoxic drugs and vice versa

Me4405 MM200 MM200 NOXA shRNA N1

Flavopiridol, nmol/L ABT-737 IC50 (nmol/L), fold sensitization by flavopiridol
0 >32 15.0 � 0.9
5 >32 nd 12.6 � 2.4 1.23 (ns)
10 >32 nd 11.8 � 1.0 1.27a

20 >32 nd 6.2 � 1.1 2.52a

40 >32 nd 2.8 � 0.6 5.90a 1.3a

80 19.8 � 2.1 >1.7a 1.2 � 0.2 12.9a 2.3a

160 4.6 � 1.3 >8.1a 2.6 � 0.4 6.01a

Melphalan, mmol/L ABT-737 IC50 (nmol/L), fold sensitization by melphalan
0 >32 15.8 � 0.9
1 >32 nd 15.6 � 0.8 1.02
2 27.7 � 0.5 >1.2a 15.2 � 1.1 1.06
4 19.7 � 0.6 >1.6a 12.3 � 0.3 1.29a

8 10.4 � 0.7 >3.1a 12.2 � 0.4 1.30a

16 7.7 � 1.3 >4.4a 16.6 � 1.3 0.96
ABT-737, mmol/L Flavopiridol IC50 (nmol/L), fold sensitization by ABT-737
0 96.4 � 4.1 52.2 � 1.2
0.5 95.6 � 5.4 1.01 45.5 � 0.8 1.15a

1 95.8 � 5.0 1.01 41.1 � 3.6 1.28
2 94.1 � 5.6 1.03 33.9 � 2.7 1.55a

4 88.4 � 5.0 1.09 27.9 � 0.8 1.87a

8 82.3 � 5.4 1.17 25.8 � 1.2 2.03a

16 74.5 � 11.7 1.33 20.8 � 1.2 2.53a

32 55.5 � 6.1 1.76a 37.7 � 2.6 1.39a

ABT-737, mmol/L Melphalan IC50 (nmol/L), fold sensitization by ABT-737
0 6.33 � 0.17 8.71 � 0.64
0.5 6.06 � 0.23 1.05 8.95 � 0.74 0.97
1 6.19 � 0.37 1.03 9.31 � 0.73 0.94
2 5.66 � 0.24 1.12 8.86 � 0.96 0.99
4 5.14 � 0.12 1.23a 8.94 � 1.01 0.98
8 4.85 � 0.28 1.31a 8.12 � 1.29 1.09
16 4.15 � 0.55 1.56a 6.51 � 1.16 1.38
32 2.75 � 0.46 2.40a 6.35 � 3.46 1.71

NOTE: The IC50 values are concentrations of drug 1 (bold) that kill 50%of the cells surviving the shownconcentrations of drug 2 (italics).
Results are shown for 2 melanoma cell lines. The effect ofNOXA knockdown on potentiation of ABT-737 by flavopiridol is also shown.
Full results for the latter experiment are presented in Supplementary Table S2. Errors are SEM, n ¼ 4.
Abbreviation: nd, no data.
aStatistically significant (P < 0.01) reductions in IC50 of drug 1 by drug 2.
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pools that were treated with ABT-737 showed a strong
initial response (Fig. 1G). Similar results were obtained
with spheroids derived from homogeneous single-cell
clones of MM200/NOXA (Fig. 4) and C8161/NOXA cells
(Supplementary Fig. S7). However, by 10 days of treat-
ment with medium and drug replenishment every 3 days,
resistant cells had nevertheless started to proliferate and
invade the matrix and there was little impact on cell
viability except at the highest ABT-737 concentration
(16 mmol/L; Fig. 4B). Thus, the melanoma cells became
resistant quickly. This was confirmed by expanding the
spheroids in flat culture; in 2D cytotoxicity assays, cells
from ABT-737–treated spheroids were resistant to ABT-
737, whereas cells from untreated spheroids remained
sensitive (Fig. 4D). Moreover, immunoblotting showed

that the resistant cells had lost overexpression of NOXA
(Fig. 4E).

To model the growth of the xenografts, spheroids were
then allowed 7 days unfettered growth before treatment
with ABT-737. It is striking that there was far less impact on
proliferation or invasion of these larger spheroids, but a
noticeable effect on viability in the periphery of the spher-
oids (Fig. 4C; Supplementary Fig. S7D), suggesting that
diffusion of ABT-737 into larger melanoma masses may be
limiting.

Discussion

BH3-mimetics with specificity for particular members of
the BCL-2 family, such as ABT-737, are invaluable tools for

Figure 3. Effect of ABT-737 on
xenografts of melanoma cells
overexpressing NOXA. A, growth of
xenografts of a single-cell clone of
MM200/NOXA cells, where the hosts
were treated intraperitoneally with 75
mg/kg ABT-737 or vehicle daily from
7 days postengraftment for 21 days,
10 mice per group. Growth was
measured and plotted from the
day each tumor became
macroscopically visible. B,
thrombocytopenia and C,
leukocytosis of ABT-737– versus
vehicle-treated mice, blood sampled
16 hours after last treatment—
pooled data from experiments with
MM200/NOXA and MM200/MCL-1
knockdown xenograft experiments.
D, immunoblots showing
maintenance of NOXA levels in
vehicle- and ABT-737–treated
MM200/NOXA clone E1 xenografts,
compared with the engrafted cells
and the MM200 parent line.
Overexpressed NOXA was detected
with antibodies to NOXA and the HA-
tag. Tubulin is a loading control. E,
maintenance of ex vivo sensitivity to
ABT-737 of MM200/NOXA clone E1
xenograft cells, following
unsuccessful treatment in vivo with
ABT-737or vehicle. Graph compares
mean IC50 values in 2D cytotoxicity
assays of 7 vehicle-treated and 6
ABT-737–treated xenograft
explants. Error bars show SEM
across explants, or in the case of the
MM200 parent line, across 4 repeats.
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investigating their influence on response to chemothera-
peutic drugs. Sensitivity to ABT-737 in a variety of tumor
types is understood to be determined primarily by the
activity of MCL-1 (14); ABT-737 has highest potency in
tumors with low MCL-1 expression (42). Although mela-
noma cells are insensitive to ABT-737, lowering MCL-1
levels by shRNA knockdown markedly sensitized them, in
agreement with other recent studies (24, 43, 44). Moreover,
our results show that overexpression of the MCL-1 antag-
onist NOXA has an even more potent effect, sensitizing
the cells more than 100-fold in most cases. NOXA over-
expression has been shown to sensitize other cell types to
ABT-737, including SCLCs (45) but dramatic effect on the
IC50wasnot apparent in those studies, inpart, due to a focus
on the fraction of cells in apoptosis rather than inhibition of
growth, which is arguably more relevant to treatment
response.
The relative importance of BFL-1 in this regard has been

considered only more recently. Like MCL-1, elevated BFL-1
can certainly confer potent resistance to ABT-737 in lym-
phomas (23, 24). Our results with the MCL-1–specific
mNoxaB variant as well as MCL-1 and BFL-1 knockdowns
indicate that inhibition of MCL-1 alone is sufficient for
marked sensitization of melanoma cells to ABT-737. This
suggests, conversely, that elevated expression or activity of
MCL-1 will suffice for resistance to ABT-737. The results do
not discount the possibility that BFL-1 activity can be a
source of resistance to ABT-737 in melanoma but it is
interesting that the 3E Noxa mutant, which binds BFL-1
but not MCL-1, was ineffective in sensitizing wild-type
mouse embryo fibroblast (MEF) cells to ABT-737 or other
drugs (14). It remains conceivable that NOXA has drug-
sensitizing actions not mediated by either MCL-1 or BFL-1
but the simplest interpretation is that MCL-1 has greater
influence over BAK in this context.
A number of other cancer types are sensitive to ABT-737

and there is evidence that its addition to chemotherapy
regimens is beneficial (15), particularly in combination
with antineoplastic drugs that alter the activity of MCL-1
and NOXA (46, 47). Two examples are melphalan and
flavopiridol, which are both reported to repress MCL-1, for
example, in lung carcinoma andmyeloma cells (25, 29). In
our hands, flavopiridol wasmore efficient at altering NOXA
andMCL-1 levels in melanoma lines. It was striking that, in
each cell line tested, doses around the IC50 induced both
proteins whereas higher concentrations repressed both.
Such coordinated changes in NOXA and MCL-1 levels, not
reported previously, would tend to counteract. Even so, at
concentrations around its IC50, flavopiridol markedly sen-
sitized both melanoma lines tested to ABT-737, in 2D and
3D cell culture. Melphalan provided lesser sensitization,
consistent with its lesser effects onNOXA andMCL-1 levels.
Another recent study confirmed weak synergy between
ABT-737 and the alkylating agent fotemustine on melano-
ma cells and that NOXA induction was crucial to the effect
(44). Better results were obtained in that study with dacar-
bazine but their significance is unclear as the prodrug is not
activated in vitro.

Thescaleof sensitizationof themelanomacell lines toABT-
737 byflavopiridol—8- to 15-fold—raises the possibility that
even tumors normally unresponsive to ABT-737 might be
amenable to treatment by a suitable combination with cyto-
toxic drugs. Moreover, the most efficient partner drug will
not necessarily be among those normally used to treat the
tumor—flavopiridol, for example, is not part of melanoma
regimens. This point is illustrated by the strong synergy
observed in vitro with colorectal carcinoma cells between
ABT-737 and imiquimod (48), even though this drug, an
immune modifier, has undefined actions in vitro. Resistance
to ABT-737 developed rapidly in melanoma spheroids
through loss of constitutive NOXA overexpression but that
is less likely to be an obstacle when NOXA is induced
transiently by cytotoxic drugs. Finally, although melanoma
cells were sensitized to ABT-737 by cytotoxic drugs, the
converse sensitization to cytotoxic drugs by ABT-737 was
considerably weaker or absent, other than at unrealistically
high concentrations of ABT-737 that likely have off-target
effects. Reports of synergy between ABT-737 and cytotoxic
drugs often do not distinguish between potentiation of one
by the other and vice versa but they are distinct possibilities
that should both be considered to fully encompass the
potential of combination chemotherapywithBH3-mimetics.

Treatment of ABT-737–sensitive tumor lines in xenograft
models has previously shown impressive results. In the case
of 2 different SCLC lines, complete regression of the tumors
was observed in more than three quarters of treated mice
and tumors did not relapse when treatment was stopped
(15–17). However, primary human SCLC xenografts were
less responsive, aswere other SCLC lines in vitro (16). Recent
studies have reported synergy between ABT-737 or its rel-
ative ABT-263 and cytotoxic drugs in a variety of tumor
xenograft models (47, 49–51), including melanomas (52,
53). The IC50 values we observed for ABT-737 on NOXA-
overexpressing melanoma cells in flat culture were compa-
rable with those reported for ABT-737–sensitive SCLC and
lymphoidmalignancies (13). Yet, despite sensitivity to ABT-
737 in vitro, the NOXA-transduced andMCL-1 knockdown
melanoma lines did not respond as xenografts. This is not
unprecedented—for example, hepatocellular carcinomas
sensitive to ABT-737 in vitro also failed to respond as
xenografts (18). Resistance to ABT-737 in spheroids of the
NOXA-overexpressingmelanoma cells developed rapidly in
vitro. However, the obvious possibility that selection against
the proapoptotic changes in themanipulated cells occurred
in vivo during engraftment and treatment with ABT-737 was
not supported by the evidence. Overexpression of NOXA
wasmaintained at levels similar to the injected cells, in both
ABT-737- and vehicle-treated xenografts, and explants of
ABT-737–treated xenografts remained sensitive in vitro. A
second possibility is that insufficient ABT-737 reached the
xenografts. However, we detected thrombocytopenia and
leukocytosis in the treated mice, consistent with other
xenograft studies where ABT-737 was effective with the
same regimen (54), so it likely reached circulation. While
leukocytosis could be a manifestation of reaction to ABT-
737 precipitate in the peritoneal cavity, thrombocytopenia

Modulation of NOXA and MCL-1 Sensitizes Melanoma to ABT-737

www.aacrjournals.org Clin Cancer Res; 18(3) February 1, 2012 793

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/18/3/783/2009725/783.pdf by guest on 19 M

ay 2023



is not consistent with that explanation. The subcutaneous
melanoma xenografts were observed to be vascularized and
subcutaneous SCLC xenografts in other studies responded
to ABT-737 (16) but it is nevertheless possible that mela-
nomas in other locations, such as metastases to the lymph
nodes, lungs or liver, are more accessible to the compound,
as it has been effective against model tumors in such
locations, either as a single agent or a potentiator for other
drugs (13, 15–18, 54).

A third, related, possibility is inadequatediffusionofABT-
737 into the melanoma xenografts (55), which could also
be specific to the cell type. The 3D spheroids grown in vitro
from melanoma cells overexpressing NOXA were less sen-
sitized to ABT-737 than flat cultures, and resistance devel-
oped early with loss of NOXA expression. Moreover, ABT-
737 was less effective when the spheroids were allowed to
grow for 7 days prior to exposure, by which time they
numbered more than 105 cells. Xenografts consisted of an
injected bolus of 106 cells and were allowed 7-day growth
before treatmentwithABT-737 so the lackof response in vivo
may reflect the insensitivity of large spheroids in vitro. If so, it
does not represent an obstacle in principle. The MM200
cells testedmaynot be representativemelanoma xenografts,
as suggested by the responsiveness of A375 xenografts to
ABT-737 plus temozolomide (52). In any case, develop-
ment of more diffusible BH3 mimetics (56), which have
improved oral bioavailability, charge balance, and metab-
olism properties, will likely obviate such problems.

In conclusion, our results indicate that addition of
BH3-mimetics to current drug regimens or development

of new drug combinations with BH3-mimetics are ave-
nues worth exploring for melanoma therapy, particu-
larly if dosing schedules can be developed to maintain
the most favorable balance between MCL-1 and NOXA
activity over time.
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