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The proteasome controls a plethora of survival factors in all mam-
malian cells analyzed to date. Therefore, it is puzzling that protea-
some inhibitors such as bortezomib can display a preferential toxicity
toward malignant cells. In fact, proteasome inhibitors have the salient
feature of promoting a dramatic induction of the proapoptotic pro-
tein NOXA in a tumor cell-restricted manner. However, the molecular
determinants that control this specific regulation of NOXA are un-
known. Here, we show that the induction of NOXA by bortezomib is
directly dependent on the oncogene ¢-MYC. This requirement for
¢-MYC was found in a variety of tumor cell types, in marked contrast
with dispensable roles of p53, HIF-1«, and E2F-1 (classical proteasomal
targets that can regulate NOXA mRNA under stress). Conserved
MYC-binding sites identified at the NOXA promoter were validated
by ChIP and reporter assays. Down-regulation of the endogenous
levels of c-MYC abrogated the induction of NOXA in proteasome-
defective tumor cells. Conversely, forced expression of ¢-MYC en-
abled normal cells to accumulate NOXA and subsequently activate cell
death programs in response to proteasome blockage. c-MYC is itself
a proteasomal target whose levels or function are invariably up-
regulated during tumor progression. Our data provide an unexpected
function of ¢-MYC in the control of the apoptotic machinery, and
reveal a long sought-after oncogenic event conferring sensitivity to
proteasome inhibition.
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Proteasome inhibitors such as bortezomib are raising high ex-
pectation as anticancer agents, based on their ability to kill a
broad spectrum of tumor cell types (1, 2). The potential efficacy of
these compounds is perhaps not surprising, considering the well
established role of the 26S proteasome in the control of cell cycle
progression, apoptosis, and response to oncogenic stress (3). How-
ever, the fact that proteasome inactivation can display tolerable
secondary toxicities is counterintuitive, because the half-life of
nearly 80% of cellular proteins is under proteasomal control also in
normal cells (2, 3). The molecular mechanisms underlying the
tumor cell selectivity of proteasome inhibitors remain largely
unknown (1).

By using melanoma as an example of a highly chemoresistant
tumor type, we and others have previously identified the protein
NOXA as the first proapoptotic factor induced by bortezomib
preferentially in cancer cells (4, 5). For example, bortezomib
promoted a 20- to 60-fold induction of NOXA in a large panel of
melanoma cells, whereas levels in normal melanocytes remained
barely detectable (4-7). Similar results were obtained with other
proteasome inhibitors and in cells from breast cancer, small cell
lung cancer, T cell leukemia, multiple myeloma, mantle-cell lym-
phoma, and squamous cell carcinoma (4, 5, 8-10). This tumor
cell-restricted induction of NOXA could not be recapitulated by
standard chemotherapeutic agents such as doxorubicin, etoposide,
or cisplatin, emphasizing a unique impact of bortezomib on the
apoptotic machinery of tumor cells (4, 5).

Human NOXA was initially identified as a phorbol ester-
responsive gene (11). However, the role of this protein in apoptosis
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became apparent when the murine homologue was identified as a
p53 transcriptional target involved in the response to UV and a
variety of DNA-damaging drugs (12-14). The transcriptional fac-
tors HIF-1a« and E2F-1 can also transactivate NOXA mRNA,
suggesting a broad function in the response to cellular stress (15,
16). In terms of functional domains, human NOXA contains one
BH3 (Bcl-2 homology 3) domain, which has a high affinity for the
antiapoptotic factor Mcl-1 (17-19). MCL-1 is a ubiquitin target, and
thus, it is up-regulated when the proteasome is inhibited (20).
NOXA is essential to counteract this high expression of MCL-1 and
allow for the activation of the apoptotic machinery in response to
bortezomib (7).

The NOXA gene is not mutated or amplified during tumor
development (21). Therefore, a key question is why NOXA protein
levels are induced by bortezomib preferentially in cancer cells but
not in their normal counterparts. We and others have shown that
the proteasome modulates not only the half-life of NOXA protein
but also its mRNA levels (4, 5). In this study, we address mecha-
nisms controlling NOXA mRNA transcription to identify molec-
ular determinants underlying the tumor cell selectivity of protea-
some inhibitors. Unexpectedly, neither p53, HIF-1a, nor E2F-1
were found to be essential for the proteasomal regulation of
NOXA. Instead, we identify the oncogene c-MYC as a direct
modulator of NOXA mRNA, and essential for the tumor cell-
selective regulation of NOXA by the proteasome. This study unveils
an unexpected mechanism of regulation of the apoptotic machinery
by c-MYC and underscores a strategy to exploit the altered genetic
background of tumor cells for a specific induction of cell death.

Results

The Induction of NOXA by Bortezomib Is Dependent on New mRNA
Synthesis. Bortezomib can induce NOXA protein and mRNA levels
(4, 5). However, the relative contribution of these two levels of
regulation to the ultimate expression of NOXA is unclear (i.e.,
transcription de novo may be dispensable if a preexisting pool of
NOXA protein is stabilized). To address this question, we first
focused on the melanoma cell lines SK-Mel-19 and SK-Mel-103, as
two representative examples of tumor cells that are highly respon-
sive to bortezomib [see supporting information (SI) Fig. 6A4].
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Fig.1. Lackof correlation between NOXA protein levels and HIF-1a or E2F-1. (A)
Human NOXA promoter showing the location and sequence of a HRE and
binding sites for p53 (p53 CBS) and E2F-1 (E2F-1 BS). (B) Expression of NOXA,
HIF-1a, and E2F-1 in total cell extracts prepared from two independent popula-
tions of normal human foreskin melanocytes (FM) and the indicated melanoma
cell lines, incubated in the absence (—) or presence (+) of 50 nM bortezomib.

Human melanocytes were also used as a control for normal cells in
which bortezomib fails to promote the accumulation of NOXA,
despite an efficient inactivation of the proteasome (SI Fig. 6A4). By
using this time course as a reference, cells were treated with
bortezomib in the presence or absence of actinomycin D (Act D),
a classical transcriptional inhibitor. As shown in SI Fig. 6B, low
doses of Act D (not toxic for melanoma cells) were found to inhibit
bortezomib-driven expression of NOXA by 90%. Therefore, these
results emphasize a key role of de novo NOXA mRNA transcription
in the response of cancer cells to bortezomib.

p53, HIF-1a, and E2F-1 Are Not Essential Modulators of Bortezomib-
Driven NOXA Accumulation. The human NOXA promoter contains
a p53 binding site and a hypoxia response element (HRE) at
positions —195 and —1110, respectively, from the transcriptional
starting site (ENSG00000141682) (Fig. 14). The impact of E2F-1
on human NOXA has not been addressed, but the E2F-1 binding
site GTTCCCGG at position —48 in the mouse noxa promoter
(ENSMUSG00000024521) can be found at nucleotide +130 in the
human NOXA sequence (Fig. 14).

NOXA can be induced by bortezomib in a variety of tumor cell
lines with defective p53 signaling (see SI Fig. 74). Moreover, a
variety of clinical studies indicate that bortezomib can block tumor
growth in a p53-independent manner (2, 22). However, cooperative
effects between p53 and bortezomib have been described in refs. 9
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Fig. 2. No functional interdependence of NOXA and HIF-1a or E2F-1. (A)
Schematic representation of the shRNAs to down-regulate HIF-1a by shRNA.
Exons are indicated with gray boxes, and the coding region is indicated with a
horizontal black bar. Numbers correspond to nucleotide positions from the
transcriptional starting site. (B) Immunoblots corresponding to SK-Mel-19 or
SK-Mel-103 infected with lentiviruses coding for control (shC) or HIF-1a short
hairpins (sh HIF-1a) and treated with vehicle (=) or 50 nM bortezomib (+).
shHIF1« (1) was found inactive and served as a control for unspecific events of
lentiviral infection. (C) Pools of siRNAs used to inhibit E2F-1 expression and their
complementarity sites depicted as in A. (D) Levels of E2F-1 and the indicated
proteins in SK-Mel-103 transduced with control or E2F-1 siRNAs pools (A or B) and
incubated in vehicle (—) or 25 nM bortezomib (—) for 10 h. N.I., noninfected cells.

and 23. Therefore, it is conceivable that, although p53 is not strictly
required for transcription of NOX4 mRNA, it can still contribute
as a cofactor to the accumulation of NOXA protein in bortezomib-
treated cells. However, abrogation of p53 expression by short
interfering RNAs (shRNAs) had no impact on the induction of
NOXA and subsequent induction of cell death by bortezomib (SI
Fig. 7 B and C).

Next, we analyzed the relative expression of HIF-1a and E2F-1
at different time points after bortezomib treatment of melanocytes
and a panel of 13 melanoma cell lines (to account for intraspecimen
variability). Surprisingly, no obvious correlation was found between
NOXA and HIF-1a or E2F-1 across cell lines (Fig. 1B). Impor-
tantly, down-regulating the endogenous levels of HIF-1a with
highly efficient siRNAs (Fig. 24 and B) or increasing HIF-1a levels
by placing cells in hypoxia (SI Fig. 84, right image), failed to alter
the induction of NOXA by bortezomib in melanoma cells. Hypoxia
was also not sufficient to allow for NOXA accumulation in bort-
ezomib-treated melanocytes (SI Fig. 84, left image).

E2F-1 was also found to be dispensable for the induction of
NOXA by bortezomib. Two independent pools of short interfering
RNA duplexes targeting a total of six different sites in the NOXA
mRNA (Fig. 2C) were unable significantly affect the up-regulation
of NOXA by bortezomib in melanoma cells, although the protea-
some was efficiently inhibited (Fig. 2D). Conversely, melanocytes
could not be sensitized to bortezomib-driven NOXA induction,
even on forced expression of E2F-1 (SI Fig. 8 B and C).

Consensus MYC-Binding Sites in NOXA Promoter. Computer-based

analyses performed on sequences spanning 4 kb upstream and
downstream of the NOXA transcriptional starting site rendered a
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Fig. 3. Identification and validation of ¢-MYC binding sites at the NOXA
promoter. (A) Genomic area flanking the NOXA transcriptional starting site
(indicated as + 1 position). Known binding sites for p53, hypoxia (HRE), and E2F-1
are shown in blue, and the newly identified putative MYC binding sites (BS I-1V)
are shown in red. CpG dinucleotides are depicted with small vertical marks and
the CpG island is indicated in light blue. (B) Promoters of human, mouse, and rat
NOXA. The c-MYCbinding site at the GAPDH promoter is shown as a comparison.
(€) -MYC binding to the NOXA promoter by ChlIP. Parallel reactions included
analyses of the c-MYC binding site in GAPDH. The specificity of binding of c-MYC
to each putative site was estimated with respect to the IgG control as described
in Materials and Methods.

large set of consensus binding sites for known transcriptional factors
(data not shown). Therefore, additional restriction criteria were
needed to narrow the list of candidates for subsequent functional
analyses. Because NOXA, as other Bcl-2 proteins, is highly con-
served in mammalian species, we hypothesized that the transcrip-
tional control may also be shared. Therefore, comparative analyses
were extended to mouse and rat NOXA sequences. In addition, we
focused on factors controlled by the proteasome and deregulated
during tumor progression. This approach led to the identification of
the oncoprotein c-MYC as a putative transcriptional modulator of
NOXA mRNA.

As depicted in Fig. 34, four putative c-MYC binding sites
(herein referred to BS I-IV), were found in the human NOXA
promoter at positions —3773, —2246, +87, and +1897 (Fig. 3 4
and B). The BS III (CTCGCG) was found to be particularly
intriguing. First, it is conserved among the three species ana-
lyzed. Second, analysis of the surrounding sequences indicated
that this site mapped within a CpG island (Fig. 34), which is a
frequent feature of c-MYC targets (24). And, finally, this
noncanonical MYC-binding site was shown to be recognized by
¢-MYQC, in vitro and in vivo, as a part of the promoter of the
c-MYC target GAPDH (25, 26).

Endogenous c-MYC Interacts with NOXA Promoter in Vivo. Well

characterized antibodies against c-MYC and IgG (the latter as
negative control) were used to define the binding of c-MYC to the
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NOXA promoter by ChIP. By using SK-Mel-19 as a representative
example of an aggressive melanoma line, a >280-fold higher
enrichment of amplified DNA was detected with the c-MYC
antibody (Fig. 3C). Of note, a similar effective binding was found
for a well defined region of GAPDH promoter (26) containing the
same MYC-binding site (Fig. 3 B and C). BS IT and I'V were bound
less efficiently (i.e., the enrichment of precipitated material pro-
vided by the c-MYC antibody was 5.1- and 7.9-fold, respectively).
No specific c-MYC binding was found at the more distant c-MYC
BS I (Fig. 3C). A similar pattern of recognition of the c-MYC
binding sites was found in HeLa (see Fig. 3C, lower images),
indicating that the binding of c-MYC to the NOXA promoter is not
exclusive of melanoma cells.

Bortezomib-Driven and c-MYC-Dependent Transactivation of the
NOXA Promoter. In cancer cells, c-MYC is regulated in part by
posttranscriptional mechanisms (27, 28). Therefore, we expected
that the induction of NOXA by bortezomib would depend not on
the basal levels of c-MYC mRNA, but on the ability of c-MYC to
bind and recognize the NOXA promoter. In fact, c-MYC mRNA
levels remained rather constant with treatment, whereas a 3- to
6-fold induction in the levels of c-MYC protein was observed in
nearly all cell lines analyzed (Fig. 44 and SI Fig. 94). Intriguingly,
in seven of nine cases (SK-Mel-19, -28, -29, -103, -173, G-361, and
UACC-62), NOXA mRNA and protein increased after progressive
incubation with bortezomib, although there was not a strict linear
correlation with c-MYC protein expression (see representative
immunoblots in Fig. 44 and quantifications of immunoblots and
RT-PCR analyses in SI Fig. 9 4 and B). Therefore, bortezomib may
control not only the expression, but the activity of c-MYC at the
NOXA promoter.

To further characterize the impact of the proteasome at the
NOXA promoter, additional ChIP assays were performed in the
absence and presence of bortezomib. As shown in SI Fig. 10 4 and
B, bortezomib increased by 2- to 3-fold the amount of c-MYC at the
MYC-BS III (either by stabilizing its binding or by enhancing its
effective concentration). This effect of bortezomib was not found at
BS I (where no specific binding of c-MYC was detected). Notably,
a comparable enrichment of acetylated histone H3 was also deter-
mined at the MYC-BS III (SI Fig. 10 A and B), consistent with a
transcriptional active site (29, 30), as described for other c-MYC
targets (31). Mutagenizing the BS III, significantly abrogated the
transcriptional activation by bortezomib at the NOXA promoter in
luciferase-based reporter assays (SI Fig. 10C). Taken together,
these results identify NOXA as a direct target of c-MYC.

Depletion of c-MYC by RNA Interference Abrogates the Tumor Cell-
Selective Induction of NOXA by Bortezomib. The role of the endog-
enous levels of c-MYC on the regulation of NOXA by bortezomib
was analyzed with a previously validated shRNA (32) that has
minor effects on cell viability at least during 6 days after infection
(Fig. 4B). By using this system, c-MYC levels were reduced by 80%.
This inhibition of ¢-MYC abrogated the induction of NOXA by
bortezomib without displaying unspecific effects on the proteolytic
activity of the proteasome (Fig. 4C). For example, the proteasome
targets p53 and MCL-1 were induced with similar kinetics in
melanoma cells expressing c-MYC- or control-shRNA (Fig. 4C).

Aswe previously reported, bortezomib induces NOXA in a broad
spectrum of tumor cell types. Therefore, we expected that the
impact of c-MYC on the regulation of this protein would be tumor
cell type independent. We showed that this was the case by using
representative lines of melanoma (SK-Mel-19, -103, -147), breast
cancer (MDA-MB-231), and cervical carcinoma (HeLa). In all
these lines, c-MYC down-regulation caused a marked reduction
(70-80%) in the amount of NOXA accumulated after bortezomib
treatment (Fig. 4D and results not shown).
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Fig. 4. Functional requirement of ¢-MYC for NOXA regulation. (A) Relative
expression of c-MYC and NOXA visualized by immunoblotting in melanocytes
(Mel) or a panel of melanoma cell lines treated with 25 nM bortezomib for the
indicated time points. Asterisks correspond to the HCT116 colon carcinoma cell
line, used here as internal control for comparable staining of independent blots
(and as an example of cells from other tumor type). Actin and ubiquitinated
proteins are shown as references for protein loading and proteasome inhibition
by bortezomib, respectively. (B) Lack of toxicity of c-MYC shRNA. Cell death is
shown as average of triplicates + SE estimated by trypan blue exclusion at the
indicated times (in days) after infection. (C) Down-regulation of c-MYC by shRNA
and concomitant inhibition of the induction of NOXA by bortezomib. Cells were
treated with the indicated doses of bortezomib for 6 h. p53 and Mcl-1 levels were
tested to assess unspecific effects of the shRNAs on classical proteasome targets
that can affect NOXA function. (D) Blockage of NOXA up-regulation by bort-
ezomib (50 nM) on transduction of shC or shMYC in cells from melanoma
(SK-Mel-147), breast cancer (MDA-MB-231), and cervical carcinoma (HeLa).

¢-MYC Sensitizes Normal Melanocytes to Bortezomib-Induced NOXA
Activation. Next, melanocytes were transduced with exogenous
levels of c-MYC to determine whether this transcription factor is
sufficient to enhance NOXA mRNA in primary cells. To this end,
fresh preparations of normal human skin melanocytes were in-
fected with lentiviruses coding for human c-MYC, at multiplicities
of infection that allow for the expression of c-MYC within four to
eight times the basal levels in tumor cells (Fig. 54). As shown in Fig.
5B, melanocytes overexpressing c-MYC showed a noticeable in-
crease in NOXA mRNA, which was further induced (by 4-fold)
after treatment with bortezomib. Moreover, melanocytes gained
sensitivity to bortezomib in the presence of increased levels of
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Fig.5. Directcontribution of c-MYC to bortezomib/NOXA-driven cell death. (A)
Lentivirus-mediated overexpression of c-MYC in normal melanocytes allows for
NOXA induction after bortezomib treatment. SK-Mel-103 treated with bort-
ezomib is shown as a positive reference. (B) Increased NOXA mRNA by c-MYC
determined by RT-PCR. p-Actin and the classical c-MYC target CAD (carbamoyl-
phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase) are
shown as references. (C) Changes in DNA content induced by 50 nM bortezomib
(12 h), visualized by propidium iodide staining and flow cytometry. The amount
of cells with degraded DNA (sub-G; fraction) is indicated in percentages. (D)
Increased bortezomib-mediated cell death of MYC-overexpressing melanocytes
estimated by trypan blue exclusion and represented as the mean + SE of three
independent experiments. (E-G) Forced expression of c-MYC accelerates NOXA
expression and caspase processing as determined by immunoblotting (E). (F)
(Left) Measurement of cell viability by MTT assays of SK-Mel-19 expressing shC
(white symbols) or shMYC (black symbols), and treated with vehicle control
(circles) or with 10 nM bortezomib (squares). (Right) Representative micropho-
tographs of cells untreated (NT) or treated with bortezomib. (G) Quantification
of the sensitizing effect of c-MYC and the functional requirement of NOXA. The
indicated melanoma cell lines were infected with control lentiviral vectors or
vectors expressing NOXA shRNA. Cells were subsequently transduced with c-MYC
and left untreated or treated with low doses of bortezomib (10 nM). Values
correspond to the amount of dead cells collected 12 h after treatment (repre-
sented as means * SD of three experiments). The t test was used to determine the
statistical significance of NOXA down-regulation in the response to bortezomib
of control and c-MYC-overexpressing cells.

c-MYC (Fig. 5 C and D). Thus, c-MYC shifted the response of
melanocytes from a Go/M cell cycle arrest to an effective killing, as
measured by an increase in sub-G; DNA content (Fig. 5C), and an
enhanced amount of cell death after treatment (Fig. 5D).

Functional Impact of c-MYC in Bortezomib-Induced Melanoma Cell
Death. Bortezomib is not a rapid death inducer, and at bioavailable
doses, it is not sufficient to provide complete responses in mela-
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noma (4, 33) and other aggressive cancer types (22). From a
therapeutic point of view, it would be important if the occupancy
of the NOXA promoter in tumor cells was not saturated (i.e., if
increasing the levels of ¢-MYC could further enhance NOXA
expression and, subsequently, cell death). This possibility was
evaluated by transducing ectopic c-MYC in representative mela-
noma cells. Notably, exogenous c-MYC increased the sensitivity to
bortezomib by reducing the amount of drug required for the
induction of NOXA (Fig. 5E). Importantly, ectopic c-MYC favored
the response to low doses of bortezomib, increasing caspase pro-
cessing (Fig. 5E), and enhancing by 2-fold the extent of cell death
(e.g., compare 85% of viable cells in control-treated populations
with 30% when c-MYC is overexpressed) (Fig. 5F).

¢-MYC was estimated to bind to 10-15% of transcriptionally
active genes in the human genome (28), and affect cell viability and
apoptosis at multiple levels (34, 35), which may act independently
from NOXA. To define the relative contribution of this protein to
¢-MYC enhanced response to bortezomib, we blocked the endog-
enous expression of NOXA by a sShRNA that we have previously
validated (4). Interestingly, this NOXA shRNA reduced the c-
MYC-driven killing by bortezomib to the levels of the control
parental lines (Fig. 5G; P = 0.009 in SK-Mel-19 and P = 0.015 in
SK-Mel-103; see figure legend for statistical analyses). Note that a
complete inhibition of cell death was not expected because NOXA
is not the sole driver of bortezomib-induced cell death, as previously
reported in ref. 4. Therefore, despite the multiple putative targets
of c-MYC, the fact that blocking one single gene (NOXA) affects
bortezomib-driven killing by c-MYC is highly significant. Together,
these results support the potential of enhancing the intrinsic surplus
of ¢-MYC in melanoma cells to activate NOXA, and favor cell
death on proteasome inhibition. These data identify a role of
¢-MYC that may have translational implications for drug design.

Discussion

Complete and sustained proteasome blockage is incompatible
with life (36). Even transient inactivation of the proteasome can
elicit a variety of changes in gene expression in normal and tumor
cells (3). How such a pleiotropic approach can provide a
therapeutic index for clinical intervention is poorly understood
(2). Here, we identified an unexpected interplay between the
proteasome, the proapoptotic protein NOXA, and the oncogene
¢c-MYC that provides a molecular explanation for the preferential
selectivity of proteasome inhibitors toward tumor cells.

Requirement of c-MYC for the Dual Regulation of NOXA mRNA and
Protein by Proteasome Inhibition. Perhaps, one of the most unex-
pected results from this study is that HIF-1«, E2F-1, or p53, all key
proteasomal targets with binding sites at the NOXA promoter (12,
15, 16), are largely dispensable in defining the ultimate expression
of NOXA protein when the proteasome is blocked. Instead, here,
we provide several lines of evidence that support a critical impact
of ¢-MYC on the transcriptional control of NOXA. (i) By using
computational analyses and ChIP methods, we identified and
validated three c-MYC binding sites at the NOXA promoter. Of
those, c-MYC BS III (located at position +84, and within a CpG
island) was found to be the most active. (if) Inactivation of this site
by mutagenesis abrogated the transcriptional regulation by bort-
ezomib of NOXA promoter fragments in luciferase-based reporter
assays. (iif) Moreover, acetylated histone H3 (classical cofactor of
¢-MYC) and marker of transcriptionally active chromatin (29-31)
was also increased at this c-MYC BS III. The transcriptional
regulation of the NOXA promoter by c-MYC was further supported
by (iv) promoter assays with wild-type and mutated c-MYC binding
sites and (v) the induction of NOXA mRNA in cells transduced with
ectopic ¢-MYC. (vi) Finally, RNA inference confirmed a key
functional role of c-MYC to ultimately allow for the accumulation
of this protein on proteasome inhibition.

Our results also emphasize the differential impact of c-MYC on
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apoptotic modulators of the Bcl-2 family. Thus, c-MYC can induce
NOXA mRNA, repress the antiapoptotic proteins Bcl-2 or Bel-xg,
(37), activate the proapoptotic factor Bimgr (38), or promote
conformational changes in BAX (39). Notably, of all these Bcl-2
family members, only NOXA is regulated in a tumor cell-selective
manner (4, 5). The fact that ectopic c-MYC expression can induce
the accumulation of NOXA and shift the mode of action of
bortezomib from cell cycle arrest to cell death, in otherwise poorly
responsive normal melanocytes (Fig. 5 C and D), provides a
molecular explanation for the observation that c-MYC can sensitize
primary cells to proteasome inhibition in vitro and in vivo (40).
The proteasome controls the half-life of the vast majority of
cellular proteins (3). Therefore, it would not be expected that
bortezomib induced NOXA in malignant cells (even at the
mRNA level), solely by stabilizing the endogenous levels of
¢-MYC. For example, proteasome inhibition can up-regulate
various factors (e.g., ERK or JNK) that are frequently hyper-
activated in tumor cells, and can modulate c-MYC function (27,
41). Similarly, the transcriptional activity of c-MYC at the NOXA
promoter can be favored by chromatin remodeling or modifica-
tion proteins (including histone acetyl transferases), which can
be modulated by c-MYC and by the proteasome (41-43). The
enrichment of histone H3 acetylation we found at the MYC BS
IIT is consistent with these cooperating events. Still, the critical
and preferential role of c-MYC for bortezomib-driven accumu-
lation of NOXA, is illustrated by the dramatic inhibitory effect
on NOXA levels on c-MYC shRNA (see model in SI Fig. 11).

Rational Drug Design: Oncogene “Addiction” vs. Oncogene “Surplus.”
For some tumor cells, a strict dependency or “addiction” to specific
oncogenes represents a point of vulnerability that can be exploited
for rational drug design (44, 45). This approach has been proven to
be highly effective when the targeted oncogene is restricted to
tumor cells and controls key events regulating cellular viability.
Compounds that block Ber-Abl, ¢-KIT, Her2, RAF, or EGFR are
some examples of genetically targeted therapies with successful
clinical activity (45). Interestingly, a variety of experimental models
suggest that, at least in certain cancer subtypes, c-MYC may be
required for tumor cell maintenance (reviewed in refs. 34 and 46).
Based on these results, genetic and pharmacological analyses are
being developed to block c-MYC or c-MYC-dependent pathways
(see ref. 46 for a recent review). In fact, bortezomib can kill c-MYC
depleted melanoma cells in a NOXA-independent manner
(M.AN., M.B.R., and M.S.S, unpublished results).

Blocking c-MYC can compromise the proliferative capacity of
normal cells (32, 47). Therefore, instead of targeting c-MYC
addiction, exploiting the “surplus” of this oncogene in tumor cells
may provide an alternative therapeutic approach. For this strategy
to succeed, the molecular circuitry of tumor cells should allow for
an efficient, but tumor-restricted, induction of cell death. In the case
of bortezomib, here we show that this selectivity can be provided by
a preferential activation of NOXA in tumor cells. Importantly,
ectopic expression studies suggest that the c-MYC-dependent con-
trol of NOXA is not saturated in tumor cells (Fig. 5). Thus, it may
be possible to rationally enhance the cytotoxic activity of bort-
ezomib with drugs that further exploit the proapoptotic functions
of this oncogene. This may be particularly important in the treat-
ment of aggressive solid tumors, where bortezomib is not sufficient,
as a single agent, for the induction of tumor regression.

In summary, this study has identified a mechanism of regulation
of NOXA, defined a role of c-MYC in the activation of the
apoptotic machinery of tumor cells, and provided a molecular
framework that supports the notion of enhancing (instead of
blocking) selective oncogenic signals to favor anticancer responses.
Together, our results shed information into how a purportedly
pleiotropic inactivation of the proteasome can be funneled to
discrete oncogenes and their targets. An adroit exploitation of the
inherently altered genetic makeup of tumor cells may provide a

Nikiforov et al.


http://www.pnas.org/cgi/content/full/0708380104/DC1

Lo L

P

1\

=y

powerful strategy to kill malignant cells from “within,” while
minimizing the risk of unwanted secondary toxicities.

Experimental Procedures

Cells. Normal melanocytes were isolated from neonatal foreskins,
as previously described in ref. 4, and maintained in media 254
supplemented with 0.2 mM CaCl,, 16 nM phorbol 12-myristate
13-acetate, and melanocyte growth factors (Cascade Biologics).
Melanoma cell lines, MDA-MB-231, and Hel.a were cultured in
DMEM supplemented with 10% of FBS. Cells were incubated in
7% CO,, except for the low-oxygen content experiments, where
cells were incubated in a hypoxia chamber (Biospherix), supplied
with 95% N, and 5% CO..

Reagents. Bortezomib (Velcade) was obtained from Millennium
Pharmaceuticals. DMSO and ActD were from Sigma; and doxo-
rubicin hydrochloride was from Fisher Scientific. The E2F-1 ade-
novirus has previously been described in ref. 48. shRNAs against
c-MYC or NOXA, and siRNAs to block E2F-1 expression are
described in SI Materials and Methods.

Cell Viability Assays. The percentage of cell death at the indicated
times and drug concentrations was estimated by standard trypan
blue exclusion or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) assays. DNA content was estimated by
propidium iodide-based staining and flow cytometry analyses (4).
For simplicity, control samples treated only with solvent (0.1-
0.05% DMSO) are indicated as NT (nontreated). Processing of
apoptotic caspases was analyzed by monitoring the ratio of the
full-length inactive proform to processed fragments generated on
drug treatment and visualized by Western blotting.

Protein Immunoblots. Total cell lysates were obtained by Laemmli
extraction. Protein samples were separated on 12% or 4-20%
gradient SDS polyacrylamide gels and transferred to Immobilon-P
membranes (Millipore). Protein levels were estimated by densi-
tometry and normalized with respect to Tubulin or B-Actin, used
as loading controls. Antibodies used for protein detection are
described in SI Materials and Methods.
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RNA Expression Analyses. The relative expression of NOXA, c-
MYC, and CAD mRNA in normal and melanoma cells untreated
or treated with bortezomib was determined by RT-PCR using the
following primers: Noxa, 5'-ATG AAT GCA CCT TCA CAT TCC
TCT (forward) and 5'-TCC AGC AGA GCT GGA AGT CGA
GTG T (reverse); c-MYC, TCGGATTCTCTGCTCTCCTC (for-
ward) and TCGGTTGTTGCTGATCTGTC (reverse); CAD, AG-
ATGGAAGCGGCCATCAGGAAG (forward) and GGTG-
GATCTGGAGCATGAGTGG (reverse). Expression levels were
normalized to B-actin or GAPDH.

Promoter Assays. Direct binding of c-MYC to the NOXA promoter
by ChIP was addressed by using the EZ-Chip kit from Millipore
according to the manufacturer’s recommendations. Briefly, 2 X 107
SK-Mel-19 or HeLa cells were fixed in 1% formaldehyde. Chro-
matin was sheared to an average DNA size of 200—-800 bp by
sonication using Microson ultrasonic cell disruptor (10 times of 10-s
pulses, 50% output). Sonicated chromatin was incubated overnight
with 5 ug of anti-c-MYC (N262; Santa Cruz), anti-acetylated
Histone H3 (a gift from David Allis) or rabbit IgG (Upstate)
antibodies. Immunoprecipitated DNA was de-cross-linked, purified
by using columns from the kit and used in a PCR (GC-Rich PCR
System; Roche) with the primers listed in ST Materials and Methods.
PCR products were resolved on 1.5% agarose gel and stained with
ethidium bromide. Generation of reporter assays containing wild-
type and mutagenized c-MY C binding sites, and characterization of
their transcriptional activity are described in SI Materials and
Methods.
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