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Abstract
Neuroblastoma (NB) is a common, highly lethal pediatric cancer, with treatment failures largely
attributable to the emergence of chemoresistance. The pro-survival Bcl2 homology (BH) proteins
critically regulate apoptosis, and may represent important therapeutic targets for restoring drug
sensitivity in NB. We used a human NB tumor tissue microarray to survey the expression of pro-
survival BH proteins Mcl1 and Bcl2, and correlated expression to clinical prognostic factors and
survival. Primary NB tumors heterogeneously expressed Mcl1 or Bcl2, with high expression
correlating to high-risk phenotype. Co-expression is infrequent (11%), but correlates to reduced
survival. Using RNA interference, we investigated the functional relevance of Mcl1 and Bcl2 in
high-risk NB cell lines (SK-N-AS, IMR-5, NLF). Mcl1 knockdown induced apoptosis in all NB
cell lines, while Bcl2 knockdown inhibited only NLF, suggesting functional heterogeneity Finally,
we determined the relevance of Mcl1 in resistance to conventional chemotherapy (etoposide,
doxorubicin) and small molecule Bcl2-family antagonists (ABT-737 and AT-101). Mcl1 silencing
augmented sensitivity to chemotherapeutics 2- to 300-fold, while Bcl2 silencing did not, even in
Bcl2-sensitive NLF cells. Resistance to ABT-737, which targets Bcl2/-w/-x, was overcome by
Mcl1 knockdown. AT-101, which also neutralizes Mcl1, had single-agent cytotoxicity, further
augmented by Mcl1 knockdown. In conclusion, Mcl1 appears a predominant pro-survival protein
contributing to chemoresistance in NB, and Mcl1 inactivation may represent a novel therapeutic
strategy. Optimization of compounds with higher Mcl1 affinity, or combination with additional
Mcl1 antagonists, may enhance the clinical utility of this approach.
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Introduction
Despite maximally intensive multimodal therapy, high-risk neuroblastoma (NB) remains a
significant cause of pediatric cancer mortality. Relapse after initial response to therapy is the
major reason for treatment failure. Implied is the acquisition and selection of therapy-
resistant cells that evade apoptotic stimuli. Prior studies demonstrate that NB-derived cells
maintain competent mitochondrial apoptotic signaling,1–3 and are dependent on these
pathways for response to diverse cellular stressors such as MycN overexpression or
cytotoxic agents.4–6 Entry into the final common pathway of mitochondrial apoptosis is
governed by competitive binding of pro-death Bcl2 homology (BH) proteins to multi-
domain pro-survival BH members such as Mcl1 and Bcl2, effectively neutralizing activation
of pro-death Bak and/or Bax. Chemoresistance may derive from the activation of pro-
survival BH proteins, which tip the cellular balance away from apoptosis as demonstrated
for Bcl2 in numerous cancer models.7,8

Mcl1 is a pro-survival BH protein implicated in the pathogenesis and resistance of diverse
malignancies. Mcl1 antagonism has shown preclinical anti-tumor activity in myeloma,
lymphoma, melanoma, sarcoma, and small and non-small cell lung cancer,9–13 and multiple
Phase I and II clinical trials of small molecule Mcl1 antagonists currently are underway.
Several lines of indirect evidence suggest MCL1 also may function as a putative oncogene
in NB. First, MCL1 maps within 1q21, a region of genomic copy number gain encountered
in a large proportion of human NB cell lines and primary NB tumors and associated with
worse outcome.14,15 Gain within murine chromosome 3 (encompassing the murine Mcl1
orthologue) also is seen in NB arising in the transgenic TH-MYCN mouse model (ref. 16
and W. Weiss, personal communication). Secondly, Mcl1 appears to lie downstream of
TRAIL induced apoptosis mediated by NFκB. Finally, using a MYCN-inducible neural cell
model, we have selected for apoptosis-resistant cells that upregulate Mcl1 (Hogarty M,
manuscript in preparation). Together these findings suggest that Mcl1 may contribute to
oncogenesis in NB by impeding apoptosis, and may act to inhibit apoptotic stimuli
downstream of dysregulated MycN.

In this study, we sought to delineate the relative roles of Mcl1 and Bcl2 in NB survival, and
to determine if BH silencing altered sensitivity to conventional cytotoxic agents and to
targeted Bcl2-family antagonists. A human tumor tissue microarray (TMA) was utilized to
broadly assess expression, and to correlate expression to clinical features. Subsequently, we
used RNA interference (RNAi) to selectively knockdown individual pro-survival BH
proteins in diverse NB-derived cell lines with variable “addiction” to distinct BH proteins
(Goldsmith K, submitted). Mcl1 antagonism induced growth inhibition in all cell lines.
Further, sensitivity to cytotoxic chemotherapy and to small molecule BH antagonists
(ABT-737 and/or AT-101) in resistant cells was augmented by Mcl1 silencing, suggesting
that Mcl1 provides an important functional barrier to apoptosis. These results have
therapeutic implications for translating emerging Bcl2-family antagonists into clinical use
for the treatment of chemoresistant NB.

Results
Mcl1 and Bcl2 are differentially expressed in primary NB

Of 185 primary human neuroblastomas comprising the TMA, 134 were evaluable for Mcl1
staining, and 154 for Bcl2. Tumors were heterogeneous in expression of each protein (Fig.
1). Semi-quantitative scoring demonstrated that Mcl1 or Bcl2 expression was present in a
majority (57%) of tumors (Table 1). Thirty-one percent stained exclusively for Mcl1, and
31% for Bcl2. Notably, there was infrequent overlap, with 11% of NBs expressing
detectable levels of both proteins. Twenty-seven percent demonstrated high levels of
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expression (as defined in Methods): high levels of Mcl1 alone were seen in 13%, and Bcl2
alone in 16%. Again, a small percentage (5%) highly expressed both proteins, indicating
differential expression of anti-apoptotic proteins across tumors.

One hundred-one tumors were from patients of known Children’s Oncology Group (COG)
risk group status. Thirty-five percent were high-risk, 22% were intermediate-risk, and 44%
were low-risk. Eighty-one percent of high-risk tumors expressed either Mcl1 or Bcl2 (Table
1). This represented a significantly higher proportion than seen in intermediate- or low (IL)-
risk tumors (p = 0.05). Expression of Mcl1 was consistent across risk groups at ～40%,
whereas Bcl2 expression was significantly higher in high-risk tumors (50%) compared with
those of IL-risk (25%; p = 0.02). A smaller number of IL-risk tumors (11%) stained for both
Mcl1 and Bcl2, compared with ～20% of high-risk NBs, although statistical significance was
not achieved with this sample size.

NBs with MYCN amplification expressed significantly higher levels of Mcl1 than
nonamplified NBs (40% vs. 11%; p = 0.03). This difference was not seen for Bcl2 (21% for
MYCN amplified vs. 18%; p = 0.72). MYCN amplified tumors also tended to have high
levels of at least one BH protein when compared with nonamplified NBs (55% vs. 25%; p =
0.07). Ten percent of MYCN amplified tumors highly expressed both Mcl1 and Bcl2,
compared with 5% for nonamplified tumors (p = 0.48). Together, TMA data demonstrate
that pro-survival BH proteins are expressed in a large portion of human NB tumors, and
their abundance correlates to high-risk features. Expression patterns appear heterogeneous
and are typically exclusive, with relatively few tumors demonstrating high expression of
both Mcl1 and Bcl2.

Survival analysis demonstrated expected outcomes for known prognostic factors of COG
risk group and MYCN amplification status as described in larger, unselected series (Suppl.
Fig. 1), suggesting a representative sampling on the TMA. Subsequently, we analyzed
survival on the basis of Mcl1 and/or Bcl2 expression. A statistically significant difference in
overall survival (OS) was seen in patients whose tumors expressed both Mcl1 and Bcl2 (p =
0.04; Fig. 1D), with similar median length of follow-up for the two groups (4.7 years vs. 4.9
years). Also, patients whose tumors expressed at least one pro-survival protein trended
toward worse OS (Suppl. Fig. 1). Whether expression levels were scored as high or low did
not carry significance for either protein.

Gene silencing of Mcl1 and Bcl2 differentially impacts NB viability
We selected three representative NB-derived cell lines for RNAi functional studies. SK-N-
AS was derived post-therapy, lacks MYCN amplification, and is p53 defective.18 Both
IMR-5 and NLF were obtained prior to therapy, and are MYCN amplified. Assessment of
basal BH protein expression across cell lines showed abundant constitutive Mcl1 expression,
including neural RPE1 control cells, while Bcl2 expression was present but variable (Suppl.
Fig. 2A). These findings are consistent with observations in an expanded panel of high-risk
primary NBs (Goldsmith K, submitted).

Cells were transiently transfected with small inhibitory RNAs (siRNA) in vitro, and viable
cell number was assessed over time. Quantitative real-time reverse transcriptase polymerase
chain reaction (Q-RT-PCR) confirmed transfection, with selective mRNA knockdown of
50–93% (Suppl. Fig. 2B). The lowest transfection efficiency was seen in IMR-5; however,
mRNA levels were still reduced at least 50% for each target. Mcl1 knockdown resulted in
effective cell killing of each NB cell line in the absence of concomitant apoptotic stimuli, at
siRNA concentrations as low as 5 nM (Fig. 2A). A modest but consistent dose response was
observed toward 100 nM (Suppl. Fig. 3). To minimize potential off-target effects, we
utilized 5 nM siMCL1 for subsequent experiments. The kinetics of siMCL1 induced cell
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death appeared to differ across cell lines. A decline in CI was observed within 12–24 hours
of siRNA addition for SK-N-AS and IMR-5, indicating rapid turnover of protein and a
strong dependence on Mcl1 for survival. NLF showed a more gradual response in the initial
48 hours post-transfection, although near-complete loss of cell viability was observed by 72
hours. No effect of Mcl1 knockdown was seen in control RPE1 cells despite efficient
transfection, suggesting that NB cell lines are preferentially dependent on Mcl1 for viability.

Bcl2 reduction had no effect on the growth or survival of SK-N-AS or IMR-5 cells at siRNA
concentrations up to 100 nM (Fig. 2A and Suppl. Fig. 3). A compensatory increase in Mcl1
mRNA was not seen, suggesting that increased Mcl1 transcription does not account for lack
of response to Bcl2 knockdown (Suppl. Fig. 4). In contrast, NLF did show partial
dependence on Bcl2 for survival, as knockdown inhibited viable cell number over time.
Again, no effect on growth of RPE1 was observed with Bcl2 reduction.

Whole cell immunoblots confirmed decreased protein levels for both Mcl1 and Bcl2 in
knockdown specimens, as measured 48 hours after transfection (Fig. 2B). These results are
particularly important for an appropriate functional interpretation, as the half-life of Mcl1 is
much shorter than that of Bcl2. Target protein reduction was nearly complete in SK-N-AS
and NLF, yet a functional disparity existed between Mcl1 and Bcl2. For example, SK-N-AS
survival was markedly diminished with Mcl1 reduction, while a similar degree of Bcl2
reduction had no impact on cell growth. IMR-5 retained more target protein at 48 hours.
This likely reflects the slightly lower siRNA transfection efficiency in this cell line, although
alterations in protein stability cannot be excluded. Nonetheless, IMR-5 still showed dramatic
growth inhibition with Mcl1 knockdown, but not with Bcl2. From these data, we conclude
that Mcl1 appears to play a predominant role (as compared to Bcl2) in suppressing cell death
in SK-N-AS and IMR-5. In contrast, Mcl1 appears redundant with Bcl2 in NLF. These
findings support a functional heterogeneity in NB for pro-survival BH protein dependence.

To investigate the mechanism of cellular response to pro-survival BH knockdowns, we
conducted parallel siRNA experiments to examine cell morphology by phase microscopy
and mitochondrial apoptosis by caspase-9 cleavage. siMcl1-treated SK-N-AS cells assumed
a highly refractile, rounded and fragmented morphology consistent with apoptosis (Fig. 2C,
upper) that temporally correlated to reductions in viable cell number detected by Real-Time
Cellular Electronic Sensing (RT-CES) cell proliferation assay. In contrast, knockdown of
Bcl2 or GapDH had no effect on morphology (Fig. 2C, lower). Analogous findings were
observed for IMR-5 and NLF, with the exception that Bcl2 knockdown in NLF induced
apoptotic morphology consistent with the Bcl2 dependence seen by RT-CES (not shown).
Protein immunoblotting demonstrated complete degradation of full-length 47 kDa caspase-9
in siMcl1 transfected SK-N-AS, along with generation of a 37 kDa cleavage product
indicative of apoptosome activation (Fig. 2D). Of note, SK-N-AS cells transfected with
siGDH also demonstrated some cleavage product, but retained substantial full-length
caspase-9 as well. No caspase-9 processing was seen following Bcl2 reduction in this cell
line, consistent with cell proliferation data. These findings were similar for IMR-5 cells;
although the degree of caspase-9 degradation was less striking for Mcl1 knockdown than in
SK-N-AS, processing was apparent in multiple replicates. NLF cells demonstrated nearly
complete caspase-9 cleavage following Mcl1 reduction, and substantial caspase-9 cleavage
following Bcl2 reduction, consistent with findings from cell viability assays. NLF cells also
demonstrate the 37 kDa cleavage product even in untreated cells, indicating some basal
caspase-9 processing at steady state. Nonetheless, additional caspase-9 processing in concert
with morphologic hallmarks of apoptosis was seen only in siMcl1 or siBcl2 treated cells.
These data support the notion that reduced NB viability following BH knockdown proceeds
through apoptosome signaling.
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Mcl1 silencing sensitizes NB cell lines to conventional cytotoxic agents
If the mitochondrial apoptotic machinery in NB is intact but suppressed by pro-survival BH
proteins, we reasoned that downregulating these proteins might restore chemosensitivity in
resistant cells. SK-N-AS and NLF cells were selected for study as they represented cell lines
that demonstrated efficient protein silencing and differential dependence on Mcl1 and Bcl2.
Furthermore, SK-N-AS cells are chemoresistant, presumably attributable to defective p53
function.18 siRNA targeting of Mcl1 or Bcl2 was followed 24 hours later by chemotherapy,
at exposures selected near or below 48-hour IC50 values determined by MTT assay in the
absence of siRNA (Fig. 3 and data not shown). We used 5 nM siMCL1 to minimize off-
target effects and to provide a broader dynamic range for chemotherapy responses.
Additionally, at the time of chemotherapy addition siRNA was not replenished, to diminish
any possible confounding effect of tonic repression.

SK-N-AS underwent apoptosis at concentrations of etoposide >2-log below the
monotherapy IC50 (Fig. 3A, left). This effect was not seen in cells treated with a
combination of drug and siGDH, nor with siMCL1 alone. A similar effect was seen with
doxorubicin (Fig. 3A, right). Concentrations 6-fold lower than the monotherapy IC50 were
cytotoxic in the setting of Mcl1 knockdown. Statistically significant differences in cell
survival were apparent when combining chemotherapy with Mcl1 knockdown (Fig. 3B,
upper). Note that data are normalized to siMCL1 or siGDH treatment alone; therefore, the
additional cell killing seen with combination treatment reflects an interaction (i.e., additivity
or synergism) between Mcl1 knockdown and chemotherapy. Further consistent with
functional RNAi data in SK-N-AS, no augmentation of cytotoxicity was observed with
knockdown of Bcl2, despite a higher Bcl2 siRNA concentration (50 nM). If anything, Bcl2
knockdown provided a modest but consistent cytoprotective effect (Fig. 3B, lower).

We next performed these studies with NLF cells, which had demonstrated dependence on
both Mcl1 and Bcl2 by RNAi. As in SK-N-AS, etoposide-induced death of NLF was
enhanced by Mcl1 knockdown at an etoposide concentration 25-fold lower than the IC50
(Fig. 3C). Enhanced doxorubicin cytotoxicity was also observed. Although siBCL2 alone
induced growth inhibition, we observed only modest enhancement of cytotoxicity with Bcl2
knockdown that generally did not reach statistical significance (Fig. 3D). These data support
the notion that, although both Bcl2 and Mcl1 promote survival in NLF cells, Mcl1
predominantly contributes to chemoresistance.

Sensitivity of NB cell lines to small molecule BH antagonism, and Mcl1 mediated
resistance to ABT-737

We next assessed an alternate, clinically feasible mode of pro-survival BH antagonism,
using small molecule agents that competitively bind and neutralize Bcl2-family proteins.
These therapeutics have differing affinities for BH family members and antagonize
restricted subsets.19 ABT-737 is a Bad-like molecule that binds with subnanomolar affinity
to Bcl2, Bcl-w and Bcl-xL, but has no appreciable affinity for Mcl1 or A1/Bfl.20 Its orally
bioavailable analog, ABT-263, recently was tested against NB in vitro and in vivo, but
demonstrated limited activity.21 As resistance to ABT-737 may be mediated by Mcl1,22–25

we tested the in vitro sensitivity of SK-N-AS and NLF to ABT-737, alone and in
combination with Mcl1 knockdown.

SK-N-AS cells were resistant to ABT-737 over a concentration range of 0.2–10 µM (Fig.
4A, left), consistent with previously tested NB cell lines.21 However, when cells are
transfected with siMCL1 prior to ABT-737 exposure, sensitivity is augmented
approximately 2 logs (Fig. 4A, middle and right). Cytotoxic effects were rapid, noted 20
minutes post-drug exposure. NLF cells were more sensitive to ABT-737, but still had an
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IC50 of ～10–20 µM (Fig. 4B, left). Mcl1 knockdown again led to profound sensitization
(Fig. 4B, middle and right). To control for possible transfection condition effects on cell
permeability, siGDH transfected cells were treated similarly, with no cytotoxic drug activity
seen at concentrations <20 µM (not shown).

Prior studies have shown that compensatory upregulation of Mcl1 contributes to ABT-737
resistance in lymphoid malignancies.23 We therefore investigated Mcl1 levels in untreated
SK-N-AS cells, versus cells treated for 6 hours with increasing concentrations of ABT-737.
No significant alteration in Mcl1 levels was observed above the substantial basal level of
expression (Fig. 4C). While Mcl1 levels may increase further at later time points, our data
support that constitutive upregulation of Mcl1 is the predominant mechanism of resistance
to ABT-737, and that drug activity is restored if Mcl1 is simultaneously antagonized.

The functional differences in pro-survival BH dependence observed by RNAi, and the
marked sensitization to ABT-737 with concomitant Mcl1 knockdown, suggested that Mcl1
dependent NB cells might be more susceptible to small molecule antagonists that target
Mcl1. AT-101 is a negative enantiomer of gossypol, with broad affinity for pro-survival BH
proteins including Mcl1 (Ki ～180 nM).26 We therefore tested the activity of AT-101 against
SK-N-AS and NLF. As predicted by RNAi, AT-101 demonstrated activity in SK-N-AS and
NLF at low-micromolar concentrations (Fig. 5A and B). Pretreatment with siMCL1 further
augmented AT-101 cytotoxicity, most evident at early time points (Fig. 5C and D), although
this was not as dramatic as with Mcl1 knockdown prior to ABT-737 exposure. The
augmented cytotoxicity observed with Mcl1 knockdown supports the hypothesis that small
molecule Bcl2-family antagonists with higher Mcl1 affinity might show increased activity in
NB.

Discussion
Development of chemoresistance is responsible for the majority of treatment failures in NB.
This process is complex, involving loss of cell cycle checkpoint integrity including defects
in p53 or p73,18,27,28 induction of drug efflux pathways via MDR29 and evasion of
programmed cell death through defective apoptotic signaling,1 among others. The majority
of data indicate that properly stimulated NB cells retain the capacity to engage
mitochondrial apoptosis, but that the threshold for signal transduction (governed by BH
proteins) is heightened.30 Therefore, we hypothesized that gain of pro-survival BH protein
function is one mechanism contributing to a resistant phenotype.

Using a NB tumor TMA, we show that primary NBs express Bcl2 or Mcl1 rather
reciprocally, and that expression correlates to high-risk features. Dual expression is
restricted to a subset with exceptionally poor overall survival, consistent with the
observation that NB-derived cell lines (which establish preferentially from patients with
highest risk disease) co-express Bcl2 and Mcl1 frequently. This result bears independent
validation, and it will be interesting to determine whether co-expression is more prevalent in
matched tumors derived at diagnosis and relapse. Overall, Bcl2 expression correlated to
high-risk NB, while Mcl1 was expressed across risk groups. However, high Mcl1 was
associated with MYCN amplification, consistent with a posited role in abrogating MYC-
mediated apoptosis.6,31

In addition to expression heterogeneity, RNAi studies demonstrate functional pro-survival
heterogeneity. Mcl1 knockdown consistently engaged apoptosis in the absence of exogenous
stressors, whereas Bcl2 knockdown showed only modest cytotoxicity limited to NLF.
Importantly, Mcl1 reduction led to marked chemosensitization in each cell line. Although
RNAi has yet to be optimized for clinical use, the technique provides an accurate bioprobe
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to assess contributions from individual BH proteins, and these results suggest Mcl1 plays a
predominant role in cell survival and chemoresponsiveness. Interestingly, SK-N-AS harbors
mutated p53, which under wild-type conditions upregulates the pro-death BH3 proteins
Noxa and Puma in response to apoptotic stress.32 Our data demonstrate that Mcl1 abrogates
the response to DNA damaging agents, suggesting that Mcl1 might be a mechanism of
apoptosis avoidance in the setting of altered p53 function. Although the majority of NBs do
not contain mutations in TP53 at diagnosis, it has been hypothesized that defective p53 plays
a role in relapse or progression. 27,33 While the exact role of Mcl1 in p53 deficient NB
models remains to be elucidated experimentally, it is conceivable that a relative abundance
of Mcl1 overwhelms the ability of sensitizing BH3 proteins to effectively compete for Bim
or Bak binding, thus contributing to chemoresistance. This is supported by the observation
that Noxa levels increase with proteasome inhibition and correlate to bortezomib
cytotoxicity,11 and that Noxa upregulation overcomes resistance to ABT-737 in colorectal
cancer.34 Of note, we saw no cytotoxicity against non-transformed neural RPE1 cells with
any BH antagonist approach. These findings are consistent with the notion that NB cells
may be “primed” for apoptosis through tonically engaged death programs, which are
efficiently repressed by pro-survival proteins at steady state.8

Since its discovery in follicular lymphoma, Bcl2 and related family members have been
shown to play a primary role in the initiation and progression of many hematologic and solid
malignancies. Consequently, small molecules that antagonize the operative pro-survival BH
proteins have demonstrated pre-clinical activity, alone or in combination with conventional
chemotherapeutics.10,11,35 An Mcl1 antisense (ASO) approach demonstrated sensitization of
liposarcoma cells to low dose cyclophosphamide, despite no objective response to ASO or
drug alone.12 In pancreatic carcinoma, Mcl1-directed RNAi augmented response to
gemcitabine.36 Finally, Mcl1 as a resistance mechanism to ABT-737 is now well
recognized. 20,23 In total, specific Mcl1-directed therapies appear to restore sensitivity in
tumor models that rely on Mcl1 for survival.

Our studies demonstrate that two Bcl2-family antagonists, ABT-737 and AT-101, induce
NB cell death in a manner consistent with their known relative affinities, and with cell line-
specific BH dependence defined by genetic knockdown. ABT-737 most clearly acts through
BH protein antagonism, requiring intact Bak/Bax for cytotoxicity.24 NLF, which was
inhibited by Bcl2 knockdown, was more sensitive to ABT-737 than SK-N-AS, though
activity was modest in both cell lines. Importantly, Mcl1 knockdown markedly enhanced
ABT-737 activity in both, suggesting that resistance is mediated at least partly by Mcl1. We
did not test the contribution of other pro-survival family members (Bcl-xL, Bcl-w, Bcl-B or
A1/Bfl); however, the magnitude of sensitization seen with Mcl1 silencing supports a
prominent functional role.

AT-101 has pro-survival antagonism as a major mechanism of action, but at higher
concentrations may induce cytotoxicity via alternative pathways.20,24, In contrast to
ABT-737, which selectively antagonizes a subset of BH proteins, AT-101 is more broadly
avid and, importantly, neutralizes Mcl1. As predicted by RNAi, single agent AT-101 was
more active against the NB cells tested, with an IC50 in the low micromolar range. Of note,
concomitant Mcl1 knockdown further increased potency, suggesting that Mcl1 antagonism
is incomplete, and that further optimization of compounds to antagonize Mcl1 may be
warranted.

A recent study by the pediatric preclinical testing program demonstrated that Bcl2/-w/-x
antagonists such as ABT-263 or ABT-737 may have limited single-agent activity in NB.21

Our data now demonstrate that NB cells frequently harbor a functional dependence on Mcl1,
and that Mcl1 antagonism induces apoptosis and enhances cytotoxicity. As antagonism with
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the Bcl2-family small molecules is potent and highly specific, activity may be enhanced by
combination therapies that antagonize Mcl1. Additionally, we show that AT-101 may have
clinical utility, due to its relatively high Mcl1 affinity. Studies to validate the efficacy of
Mcl1 targeting in vivo are currently underway. Finally, although these data indicate that
Mcl1 plays a prominent pro-survival function, NBs are expected to heterogeneously express
BH survival proteins to subvert apoptosis. It remains possible, therefore, that alternative pro-
survival proteins are operative in some tumor subsets. Thus, functional characterization of
responses to BH antagonism in a broader array of NB may prove important in predicting
which targeting strategies are most likely to be clinically efficacious.

Materials and Methods
Tumor tissue microarray (TMA)

A paraffin-embedded TMA was used to assess protein expression by immunohistochemistry
(IHC). The TMA includes 185 human neuroblastic tumor cores (0.6 mm) arrayed in
duplicate as previously described. Tumors were classified using the International
Neuroblastoma Pathology Classification (INPC) system. For IHC, TMA sections were
microwaved for 5 min in 0.01 M citrate buffer (pH 7.6) and blocked in 0.1 M Tris buffer
with 2% fetal bovine serum (FBS). Slides were incubated with antibodies against human
Mcl1 (S-19) or Bcl2 (100) (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:1,000 dilution
for 30 min, followed by biotinylated anti-rabbit IgG (1:200) and avidin-biotin complex
(Vector Laboratories, Burlingame, CA). Slides were developed with DAB (Dako,
Carpenteria, CA) and counterstained with hematoxylin.

TMA staining was graded semiquantitatively using a four-tiered scale (0: no staining, +1:
<25% of cells stained, +2: 25–75% stained, +3: >75% stained). Expression was considered
“high” if any tumor core scored +3, and “present” if at least one of two duplicate cores
scored +3, or if both cores scored at least +2. Tumor cores inevaluable for a given BH
protein were excluded from the analysis for that protein.

Cell culture and proliferation assays
High-risk NB-derived cell lines were grown in RMPI 1640 cell culture medium (Invitrogen,
Carlsbad, CA) supplemented with 10% FBS, 5 mM glutamine, 1,000 U/mL penicillin, 1,000
µg/mL streptomycin and 250 µg/ mL gentamicin. Adherent cells were detached with
Versene (8 g/L NaCl, 0.2 g/L KCl, 1.15 g/L Na2PO4, 0.2 g/L EDTA, 0.1 g/L Phenol red, pH
7.34), pelleted and resuspended in growth medium free of antibiotics. Cells were counted by
hemocytometer and plated into 96-well plates on the Real-Time Cellular Electronic Sensing
(RT-CES) system (Roche Diagnostics, Indianapolis, IN). This platform measures cell
biomass proportional to viable cell number (cell index, CI) by determining changes in
impedance, and is well-suited to the study of adherent NB cell lines.38 The assay is reporter-
free, allowing continuous growth monitoring under a variety of applied conditions. Plating
densities varied from 10,000 to 30,000 cells/well as determined for each cell line.

Neural RPE1-hTERT cells were used as a control cell line, cultured as above except that
DMEM/F12 (Invitrogen) +10% FBS was used as the growth medium. Also, RPE1 required
trypsinization (1X trypsin-EDTA, Sigma-Aldrich, St. Louis, MO) for detachment. For RT-
CES, RPE1 was plated at 6,000 cells/well.

RNA interference (RNAi)
Small inhibitory RNAs (siRNA) directed against Mcl1 (siMCL1), Bcl2 (siBCL2) and
GapDH (siGDH) were purchased from Thermo Scientific Dharmacon (OnTargetPLUS
SmartPool; Lafayette, CO) and used according to the manufacturer’s instructions. Briefly,
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siRNA were reconstituted and stored at −80°C. Working dilutions were prepared in cell
culture medium free of serum and antibiotics, and incubated for 20 minutes at room
temperature with DharmaFect lipid transfection reagent. siRNAs were further diluted to
final concentrations (5–100 nM) in media containing 10% FBS. Plating media was gently
aspirated, and replaced with 100 µl of siRNA solution. All transfections were performed 24
or 48 hours after cell plating, when cells were in exponential growth and the CI measured
～1–2. Cell morphology was determined by phase microscopy in parallel experiments. Each
experimental condition was independently replicated at least twice.

Q-RT-PCR and immunoblot analyses
To confirm the degree of knockdown by siRNA, we used Q-RT-PCR to semi-quantify
mRNA levels in transfected versus untreated NB cell lines. Cell transfectants were collected
48 hours after application of siRNA, and RNA purified using the Quiagen RNeasy Mini kit
according to manufacturer’s instructions, including an on-column DNAse I digestion step.
cDNA was synthesized from whole cell RNA using the SuperScript III First Strand kit
(Invitrogen), and checked for integrity by agarose gel electrophoresis. Q-RT-PCR was
performed on an Applied Biosystems 7900-HT instrument, using primer-probes for Mcl1,
Bcl2, GapDH, SDHA and HPRT, and the TaqMan® Universal PCR Master Mix (Applied
Biosystems, Foster City, CA). Relative mRNA was quantified using standard curves
constructed from fetal brain RNA, and normalized to total cellular mRNA content using the
geometric mean of SDHA and HPRT as neural housekeeping genes.39

Whole cell lysates for immunoblotting were collected from siRNA transfected or untreated
cells grown to near-confluence in T-75 culture flasks, 48 hours after transfection. Cells were
detached, rinsed in cold phosphate buffered saline (Invitrogen), and re-pelleted. Cell pellets
were lysed in HEPES buffer (pH 7.7) containing 1% NP-40 and fresh Complete® protease
inhibitor (Roche Applied Science, Mannheim, Germany), and homogenized by repeated
passage through a 26G tuberculin needle. Lysates were incubated ≥24 hours at 4°C, then
centrifuged at 14,000 g for 15 minutes. Protein content was determined by colorimetric
assay (Bio-Rad, Hercules, CA) and equal amounts of protein were loaded onto 12% SDS-
polyacrylamide gels (Invitrogen) and transferred to a PVDF blotting membrane (Invitrogen).
Primary anti-human antibodies were: Mcl1 rabbit polyclonal (1:500; Santa Cruz), Bcl2
mouse monoclonal (1:1,000; Dako), caspase-9 rabbit polyclonal (1:1,000; Cell Signaling,
Danvers, MA), β-tubulin mouse monoclonal (1:1,000; Sigma-Aldrich). Chemiluminescence
was the detection method, using species-appropriate alkaline phosphatase (AP)-conjugated
secondary antibodies and ImmunStar™ AP substrate (Bio-Rad). For densitometric
estimation of caspase-9 cleavage, unmanipulated immunoblot images were digitized using
U-SCAN-IT gel v. 6.1 (Silk Scientific Corp., Orem, UT) and expressed as (r), the ratio of
pixel intensities of the 37 kDa band to the 47 kDa band.

In vitro cytotoxicity assays
The selective Bcl2-family antagonists ABT-737 and AT-101 were provided by Abbott
Laboratories (Abbott Park, IL) and Ascenta Therapeutics (Malvern, PA), respectively. Stock
solutions (20 mM) were prepared in DMSO and stored at −20°C. Final dilutions were
prepared in complete or antibiotic-free medium immediately prior to use. At the time of drug
addition, media was gently aspirated from wells and replaced with 100 µL of fresh media
containing drug. Cell growth was monitored continuously over 72–96 hours using RT-CES.

For studies combining RNAi with conventional cytotoxics or small molecule antagonists,
cells were pre-transfected for 24 hours with 5 nM (siMCL1) or 50 nM (siBCL2, siGDH)
siRNA. After 24 hours, transfection media was replaced with an equal volume of media
containing either etoposide (stock concentration 20 mg/ mL; Teva Pharmaceuticals, North
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Wales, PA), doxorubicin (stock concentration 2 mg/mL; Bedford Laboratories, Bedford,
OH), ABT-737 or AT-101. Cell growth was monitored by RT-CES. Each experimental
condition was independently replicated in triplicate.

Statistical analysis
Tests of significance for Mcl1 and Bcl2 expression by TMA were conducted using Fishers
exact test. For analysis by COG risk group, intermediate- and low-risk tumors were
combined to increase statistical power. Survival analysis was conducted by the method of
Kaplan and Meier, and significance determined by log-rank test. For in vitro cytotoxicity
assays, pairwise comparisons of siMCL1 treatment versus siGDH control within each drug
concentration were conducted using two-sided student’s t-test. A cutoff of a < 0.05 was
considered significant for all tests.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Three representative cores from Human NB tumor tissue microarray (TMA) demonstrating
(A) high Mcl1, low Bcl2; (B) low Mcl1, high Bcl2; and (C) dual high Mcl1, Bcl2
expression. Insets show subcellular localization of IHC staining (original magnification =
20x). (D) Kaplan-Meier curve depicting worse OS in patients whose tumors express both
Mcl1 and Bcl2 by IHC.
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Figure 2.
(A) siRNA knockdown of Mcl1 (left) and Bcl2 (right) in NB cell lines and in the control cell
line RPE-1 (♦ = 5 nM siMCL1 or siBCL2; ▲ = 50 nM siMCL1 or siBCL2; □ = 100 nM
siGDH; ○ = nontreated control, NTC). Graphs are representative of at least 2 independent
experiments, and depict mean of duplicate wells ±SEM (error bars may be smaller than
symbol). (B) Protein immunoblot showing effectiveness of translational inhibition in
siMCL1 or siBCL2-treated cells (knockdown, “KD”) versus siGDH-treated control (“C”).
siRNA concentrations were 5 nM for siMCL1 and 50 nM for siBCL2. (C) Phase contrast
microscopy in siRNA-treated SK-N-AS demonstrates that siMCL1 treatment resulted in a
refractile, fragmented cellular morphology (upper). In contrast, cell monolayers grew to
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confluence and exhibited normal morphology with both siBCL2 and siGDH treatment
(lower). (D) Protein immunoblots showing caspase-9 cleavage in response to siRNA
treatment. Upper: cells treated with siMCL1 (“KD,” 5 nM) demonstrate loss of full-length
procaspase-9 (47 kDa) and increase in 37 kDa, 35 kDa and 17 kDa cleavage products versus
NTC (“N”) and siGDH treatment (“C,” 100 nM). Lower: only NLF demonstrates increased
caspase-9 cleavage with siBCL2 treatment (“KD”, 50 nM), consistent with cell growth
assays. Ratios of the relative intensities of the 37 kDa/47 kDa bands are shown as (r), with
higher (r) indicating a greater degree of caspase-9 processing.
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Figure 3.
In vitro combination of siRNA and cytotoxics in NB cell lines. (A) RT-CES survival data in
SK-N-AS shows potentiation of etoposide (left, ▪ = 1 µg/mL) or doxorubicin (right, ▪ = 0.05
µg/mL) by 24-hour siMCL1 pre-treatment (♦ = 5 nM), versus combination therapy with
siGDH (□ = 50 nM) or with siMCL1 alone (◊ = 5 nM). For clarity, one representative RT-
CES curve from multiple independent experiments is depicted. (B) Aggregate survival data
for SK-N-AS after 48 hours of treatment with chemotherapy and 24-hour pre-treatment with
siGDH (▪ = 50 nM), siMCL1 (□ = 5 nM) or siBCL2 (11 = 50 nM). (C) Results of
chemotherapy treatment in NLF combined with MCL1 knockdown. Symbols are the same
as in (A), except (▪ = 0.1 µg/ mL etoposide). (D) Aggregate 48-hour survival data in NLF, as
described in (B). Bcl2 knockdown trended toward additivity in NLF, but did not reach
statistical significance except for doxorubicin at 0.05 µg/mL. For (B and D), bars represent
mean ± SD of 3 independent experiments; * = pairwise 2-sided p ≤ 0.05; † = 0.05 < p ≤ 0.1.
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Figure 4.
Mcl1 KD sensitizes resistant NB to ABT-737. (A) RT-CES dose-response relationships in
SK-N-AS with ABT-737 alone (left graph) or in combination with 24-hour siMCL1
pretreatment (middle graph). ABT-737 concentration symbol legend: ○ = 0 µM (media or
siMCL1 alone); ▪ = 0.2 µM; * = 2 µM; ▲ = 10 µM; ● = 20 µM. Aggregate 48-hour survival
data (right graph), with ABT-737 alone (▪) or in combination with 24-hour Mcl1 knockdown
(□). (B) ABT-737 alone shows similar activity in NLF, with marked sensitization seen when
Mcl1 is silenced. Concentration symbols are as for SK-N-AS. Aggregate 48-hour survival
data for NLF demonstrates near-complete cell death at ABT-737 concentration = 200 nM in
combination with Mcl1 knockdown. n = 3 independent experiments; † = pairwise p ≤
6E-3; §p ≤ 2.3E-4. (C) Immunoblot showing high basal Mcl1 expression in SK-N-AS, and
lack of substantial induction by ABT-737 at 6 hours.
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Figure 5.
Activity of AT-101 in (A) SK-N-AS and (B) NLF. AT-101 concentration symbol legend: ○
= 0 µM (media alone); ▪ = 0.2 µM; * = 2 µM; ▲ = 5 µM; ●= 10 µM. (C and D): 24 hours of
Mcl1 knockdown augments the early response to AT-101 at intermediate concentrations. ▲
= 5 µM AT-101; ◆ = 5 µM AT-101 with 5 nM siMCL1; ◊ = 5 nM siMCL1 alone; ○ =
media. Curves are representative of at least 2 independent experiments.
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