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1Medizinische Klinik, Technische Universität München, München 81675, Germany, 2Departments of Medicine and of
Microbiology and Immunology, The Research Institute of the McGill University Health Centre, McGill University,
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ABSTRACT

The c-MYC (MYC afterward) oncogene is well known
for driving numerous oncogenic programs. However,
MYC can also induce apoptosis and this function of
MYC warrants further clarification. We report here
that a clinically relevant proteasome inhibitor signifi-
cantly increases MYC protein levels and that endoge-
nous MYC is necessary for the induction of apop-
tosis. This kind of MYC-induced cell death is medi-
ated by enhanced expression of the pro-apoptotic
BCL2 family members NOXA and BIM. Quantitative
promoter-scanning chromatin immunoprecipitations
(qChIP) further revealed binding of MYC to the pro-
moters of NOXA and BIM upon proteasome inhibi-
tion, correlating with increased transcription. Both
promoters are further characterized by the presence
of tri-methylated lysine 4 of histone H3, marking ac-
tive chromatin. We provide evidence that in our apop-
tosis models cell death occurs independently of p53
or ARF. Furthermore, we demonstrate that recruit-
ment of MYC to the NOXA as well as to the BIM gene
promoters depends on MYC’s interaction with the
zinc finger transcription factor EGR1 and an EGR1-
binding site in both promoters. Our study uncovers
a novel molecular mechanism by showing that the
functional cooperation of MYC with EGR1 is required
for bortezomib-induced cell death. This observation
may be important for novel therapeutic strategies en-
gaging the inherent pro-death function of MYC.

INTRODUCTION

One important response of tumor cells toward current can-
cer therapies is the induction of the cell death program. Ac-
cordingly, resistance to apoptosis is a hallmark of cancer
that contributes to treatment failure (1). A plethora of intra-
cellular stresses can engage the mitochondrial death path-
way, which is critically controlled by the B-cell lymphoma-
2 (BCL-2) protein family (1). This family comprises three
groups including the pro-survival BCL-2 members, the
BAX subfamily multidomain death inducers and the pro-
death BH3-only proteins. Different cellular stresses are pri-
marily sensed by certain BH3-only proteins and once ac-
tivated, BH3-only proteins initiate the mitochondrial cell
death program (1).

The basic helix-loop-helix leucine-zipper transcription
factor c-MYC (MYC afterward) heterodimerizes with
MAX (MYC-associated factor X) (2). MYC binds to the
consensus element CACGTG, the so-called E-box, in pro-
moters of genes that control cellular processes such as
growth, proliferation or differentiation (2). MYC is fre-
quently overexpressed or dysregulated in cancer cells, in
which it drives genetic programs that are required for
the progression and maintenance of tumors. Accordingly,
apoptosis in response to increased expression of MYC
is an important cell-intrinsic fail-safe mechanism to re-
strain MYC’s oncogenic properties and tumorigenesis (3,4).
Moreover, pro-death functions of MYC are not limited to
carcinogenesis. Endogenous MYC also sensitizes cells to
undergo apoptosis in response to diverse danger signals
compromising cellular integrity (5). MYC-dependent apop-
tosis involves p53-dependent and -independent mechanisms
(6). For example, MYC induces the expression of the tu-
mor suppressor ARF. ARF inhibits the E3 ubiquitin ligase
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MDM2/HDM2, which catalyzes the proteasomal degrada-
tion of p53 (7). How MYC induces p53-independent apop-
tosis programs is incompletely understood. This mecha-
nism likely involves various pathways and acts in a stimulus-
and context-dependent manner.

The aim of this study was to characterize direct MYC tar-
get genes in relevant models of apoptosis. We demonstrate
that specifically endogenous MYC is necessary for the in-
duction of cell death after cellular stress caused by the inhi-
bition of the proteasome. We show that the genes encoding
for the BH3-only proteins NOXA and BIM are direct targets
of MYC and we demonstrate that MYC and the transcrip-
tion factor early growth response 1 (EGR1) act in a complex
at both genes.

MATERIALS AND METHODS

Cell culture, reagents, RNAi, transfection, lentiviral trans-
duction, viability assay, FACS and apoptosis assays

Bortezomib was purchased from LC Laboratories and 4-
hydroxytamoxifen was obtained from Sigma-Aldrich. Cul-
turing of DanG, MiaPaCa2, BxPc3 and p53-deficient and
-proficient HCT116 cells was described (8–10). Mouse
embryonic fibroblasts (MEFs) deficient for NOXA were
provided by Dr A. Strasser and immortalized as de-
scribed (10). HEK293FT cells were purchased from Invit-
rogen. Murine 3T9-MYClox/lox-CreER fibroblasts were pro-
vided by Dr B. Amati/Dr A. Trumpp (11). The murine
p53-deficient primary dispersed pancreatic tumor (PPT)
cell line PPT-W22 (genotype: Ptf1aCre/+; LSL-KrasG12D/+;
p53lox/lox; LSL-R26Tva-lacZ/+) was described (8,12). The
murine primary dispersed Cdkn2a-deficient pancreatic can-
cer cell line PPT-AA728 (genotype: Ptf1aCre/+; LSL-
KrasG12D/+; Cdkn2alox/lox; LSL-R26Tva-lacZ/+) was isolated
from a murine pancreatic cancer as described (13). The fol-
lowing genetically defined mouse strains were used to gen-
erate pancreatic cancers: LSL-KrasG12D/+ (14), Ptf1aCre/+

(15), LSL-R26Tva-lacZ (16), p53lox (17) and Cdkn2alox (18).
Identity of the murine pancreatic cancer cell lines was
verified using genotyping PCR and loss of ARF ex-
pression in PPT-AA728 cells was documented by qPCR
(data not shown). All animal studies were conducted in
compliance with European guidelines for the care and
use of laboratory animals and were approved by the lo-
cal authorities. Lentiviral transduction of cell lines was
performed as described (10). siRNAs were purchased
from Eurofins. Target sequences of shRNAs and siR-
NAs are shown in Supplementary Table S1. The fol-
lowing plasmids were purchased from Addgene (see also
Supplementary Table S1): pcDNA3-Egr1 (#11729) (19),
mEgr1/LZRS (#27783) (thanks to D. Wiest), MSCV-Myc-
IRES-RFP (#35395) (20), pD40-His/V5-c-Myc (#45597)
(21). pLKO.1, pLKO.1-shp53#1 and pLKO.1-shp53#2 were
kindly provided by Dr von Burstin. PPT-AA728 cells
transduced with pLKO.1, pLKO.1-shp53#1 and pLKO.1-
shp53#2 were selected with puromycin (1 �g/ml) (Santa
Cruz Biotechnology, sc-108071B). Further vectors are de-
scribed in Supplementary Table S1. Plasmids and siRNAs
were transfected as described (22). Viability of the cells was
measured using MTT-assays (9). To determine Annexin V,

cells were stained with propidium iodide (PI) and FITC-
labeled anti-Annexin V using the Apoptosis Detection Kit I
(BD Biosciences) and analyzed by FACS (23). Samples were
analyzed using an FACScalibur flow cytometer (BD Bio-
sciences) (23). A MoFlo (Beckman Coulter) cell sorter was
used for sorting of red and/or green fluorescent cells. Cas-
pase 3/7 activity was determined using Promega’s Caspase-
Glo 3/7 assay (23).

Total cell lysates, nuclear extracts, Western blot, immunopre-
cipitation and avidin-biotin-complex DNA assay

Whole cell lysates and nuclear extracts were prepared
and western blots were carried out as described (9,24).
A formaldehyde-based cross-linking protocol was used for
immunoprecipitations as described by Klockenbusch and
Kast (25). In brief, protein complexes were cross-linked
with 1% formalin (Sigma-Aldrich) for 10 min at room tem-
perature. The reaction was quenched with the addition of
glycin (125 mM final concentration) for 5 min. Cells were
washed in PBS at 4◦C, scraped and lysed for 60 min on ice
in RIPA buffer (50 mM Tris HCl (pH 8.0), 150 mM NaCl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
1 mM EDTA, protease inhibitors (Complete mini, EDTA-
free, Roche Diagnostics)). For immunoprecipitations, an-
tibodies were coupled to Protein G Sepharose beads (GE
Healthcare, 17-6002-35). Forty microliters of 100 mg/ml
Protein G Sepharose beads, equilibrated in 50 mM Tris-
HCl (pH7.5), 150 mM NaCl, 0.05% Triton-X 100 were cou-
pled to 2 �g of the respective antibody and nutated at 4◦C
overnight. This antibody coupled beads were added to the
protein lysate overnight, washed three times in Q1 (50 mM
Tris-HCl, 150 mM NaCl, pH7.4) and eluted in E1 (0.1 M
glycine HCl, pH 3). Supernatant was transferred into E2
(0.5 M Tris-HCl (pH 7.4) with 1.5 M NaCl) and protein
loading buffer (60 mM Tris-HCl pH 6.8, 2% SDS, 10% glyc-
erol, 5% �-mercaptoethanol, 0.01% bromophenol blue) was
added. For V5-tag immunoprecipitations, anti-V5 coupled
beads were purchased from Sigma-Aldrich (Anti-V5 beads,
Sigma-Aldrich A7345). Antibodies are shown in Supple-
mentary Table S1. Avidin-Biotin-Complex DNA-(ABCD)
assay was done as described (24). Sequences of the 5′ bi-
otinylated oligonucleotides are listed in Supplementary Ta-
ble S1.

Quantitative reverse-transcriptase PCR

Total RNA was isolated from pancreatic carcinoma cell
lines using the RNeasy kit (Qiagen) (23). Quantitative
mRNA analysis by qPCR was performed as previously
described (StepOnePlus, PE Applied Biosystems) (23,26).
Primer sequences are listed in Supplementary Table S1.

Quantitative chromatin immunoprecipitation and qChIP-Re-
ChIP

Chromatin immunoprecipitations were performed using
SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling
Technology, #9003) as described (23). Used antibodies are
listed in Supplementary Table S1. For qChIP-Re-ChIP as-
says, the conventional ChIP assay was modified according
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to Metivier et al. (27). In brief, after the first precipitation
the protein/DNA complexes were eluted in 10 mM DTT for
0.5 h at 37◦C. After magnetic separation, supernatants were
diluted with RC buffer (1% Triton X-100, 2 mM EDTA, 150
mM NaCl, 20 mM Tris-HCl, [pH 8.1]) and subsequently
subjected to the second precipitation. Binding of the precip-
itated target proteins was determined by quantitative PCR
and the fold difference between the experimental sample
and the negative control (IgG) was determined as described
(23). Histone marks were normalized to native histone H3.
Primers with similar amplification efficiencies (E), calcu-
lated by E = 10−1/slope, were used and sequences are shown
in Supplementary Table S1.

Gene expression profiling

Gene expression profiling was performed as described (26).
In brief, DanG cells were treated for 2 h with 50 nM borte-
zomib or were treated with an equivalent volume of DMSO
as a vehicle-treated control. Afterward, total RNA was
prepared and labeled cRNA was produced and hybridized
onto the GeneChip Human Genome U133 Plus 2.0 ac-
cording to Affymetrix standard protocols. Expression pro-
files of murine pancreatic cancer cells were generated on an
Affymetrix GeneChip Mouse Genome 430 2.0 platform and
are in part described (26).

Virtual promoter analysis, gene set enrichment analysis
(GSEA) and STRING analysis

For detection of CpG pattern rich sequence regions,
the standard settings of the cpgplot program were used
(28). Predicted CpG islands in the NOXA and BIM pro-
moters are shown in Figure 4A and C. Using GSEA
software (www.broadinstitute.org/gsea), microarray data
were analyzed with the gene set matrix composed file
c2.all.v4.0.symbols.gmt (29). Significant gene sets enriched
by bortezomib treatment in DanG cells were identified us-
ing an FDR q-value < 0.05 and a nominal P-value < 0.05.
For prediction of protein–protein interactions, STRING
9.1 was used (30) and a combined score of < 0.3 is consid-
ered to have a low confidence, 0.3–0.7 medium confidence,
> 0.7 high confidence (31).

Statistical methods

A two-sided Student’s t-test with a correction for multiple
testing according to Bonferroni or a one-way ANOVA test
followed by a Tukey´s multiple comparison test was used
to investigate statistical significance, as indicated. P-values
were calculated with GraphPad Prism5 and * in the figures
denotes a P-value of at least < 0.05. Spearman r was cal-
culated with GraphPad Prism5 using collapsed microarray
data sets for MYC and pro-death BCL2 family probes. All
results are presented as mean and SEM.

RESULTS

MYC mediates cell death upon proteasome inhibition

Proteasome inhibitors like bortezomib are potent inducers
of apoptosis (32). When we analyzed gene expression pro-
files of bortezomib-treated pancreatic cancer cells (DanG,

Figure 1A and Supplementary Figure S1), we found a sig-
nificant enrichment of various apoptosis gene signatures.
In addition, MYC signatures were significantly enriched
in bortezomib-treated cells (Figure 1A and Supplementary
Figure S1)

In line, increased MYC protein expression (Figure 1B)
and binding of MYC to an E-box oligonucleotide (Supple-
mentary Figure S2C) upon proteasome inhibition was ob-
served in DanG cells. Stabilization of MYC was also found
in another pancreatic cancer cell line (MiaPaCa2, Supple-
mentary Figure S2A) and in immortalized MEFs (Supple-
mentary Figure S2B). Therefore, we conclude that increased
MYC levels are generally seen upon proteasomal inhibition.

The elimination of MYC by siRNA (Figure 1B) signif-
icantly reduced caspase 3/7 activity in DanG cells upon
bortezomib treatment (Figure 1C), demonstrating a pro-
apoptotic contribution of endogenous MYC. To further
prove the relevance of MYC for stress-induced apoptosis
caused by proteasome inhibition, we used 3T9-MYClox/lox-
CreER MEFs. This conditional model enables inactivation
of the floxed MYC gene due to tamoxifen-induced CreER
activation. In line, MYC expression was completely blocked
in these cells after treatment with 4-hydroxytamoxifen
(TAM) (Figure 1D). Remarkably, the loss of MYC dis-
tinctly reduced apoptosis (Figure 1E) induced by protea-
some inhibition. The observation that endogenous MYC is
necessary for the apoptotic effects of bortezomib in differ-
ent systems and species shows that this death modality is a
robust model to investigate MYC’s pro-death functions.

NOXA and BIM contribute to MYC’s pro-death function

The BH3-only protein NOXA is controlled by MYC in
response to proteasome inhibition (33). In agreement, in-
creased NOXA expression in DanG cells treated with borte-
zomib correlated well with MYC expression levels (Supple-
mentary Figure S3A). Bortezomib induced NOXA protein
and mRNA expression in a dose-dependent fashion (Sup-
plementary Figure S3B and S3C). Thus, proteasomal block-
ade induces both, the accumulation of NOXA as well as the
expression of the NOXA gene.

NOXA siRNAs efficiently reduced bortezomib-induced
NOXA levels (Supplementary Figure S3D) and diminished
apoptosis (Supplementary Figure S3E). Consistently, im-
mortalized NOXA knock-out MEFs (Supplementary Fig-
ure S3F) were partially protected from bortezomib-induced
loss of viability (Supplementary Figure S3G). However,
compared to the MYC siRNA experiments (Figure 1C),
siRNA mediated knockdown of NOXA (Supplementary
Figure S3E) reduced bortezomib-induced caspase activa-
tion in DanG cells less efficiently. Such findings suggest a
contribution of additional MYC-regulated factors.

In NOXA-deficient MEFs, we detected a time-dependent
induction of the BIM protein (Supplementary Figure
S4A). Knockdown of BIM (Supplementary Figure S4B)
in NOXA-proficient and -deficient MEFs decreased
bortezomib-induced caspase activation (Supplementary
Figure S4C), arguing for the contribution of BIM to
apoptosis due to proteasome inhibition. Induction of
BIM occurred transcriptonally in NOXA-proficient and
deficient MEFs (Supplementary Figure S4D) as well as
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Figure 1. Stabilized MYC induces apoptosis. (A) Gene set enrichment analysis (GSEA) of transcriptome profiles of DanG cells. Cells were treated with
50 nM bortezomib (left) or vehicle (right) for 2 h. NES: normalized enrichment score; q: false discovery rate. All p values were <0.05. (B) DanG cells
were siRNA transfected for 66 h as indicated. Afterward, cells were treated with 50 nM bortezomib for additional 6 h or were left as a vehicle-treated
control. Western blot analysis of MYC expression (�-actin: loading control). (C) DanG cells were transfected as indicated. After 48 h, cells were treated
with bortezomib for additional 24 h or were left as a vehicle-treated control. Caspase activity was measured using caspase 3/7 activity assays. Student´s
t-test *P < 0.05. (D) 3T9 MYClox/lox-CreER mouse embryonic fibroblasts cells were treated for 3 days with 4-hydroxytamoxifen (TAM; 250 nM). Western
blot analysis of MYC expression (�-actin: loading control). (E) 3T9 MYClox/lox-CreER MEFs were treated for 3 days with TAM, followed by bortezomib
for additional 24 h. Cells were stained with propidium iodide (PI) and FITC-labeled anti-Annexin V and subsequently analyzed by FACS. Depicted is the
Annexin V positive fraction (early apoptosis = Annexin V+/PI− and late apoptosis = Annexin V+/PI+). Student´s t-test *P < 0.05, n = 3.
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in DanG cells (Supplementary Figure S4E). Microarray
data of bortezomib-treated DanG cells revealed the up-
regulation of several pro-death BCL2 family members
(Supplementary Figure S1). Consistently, using microarray
expression data of 53 murine pancreatic cancer cell lines,
we detected a significant positive correlation of basal MYC
mRNA expression with basal mRNA expression of BAX,
NOXA, BIM and BID (Supplementary Table S2). However,
the potential MYC target gene BAX was not regulated
at the protein level in DanG cells upon the blockade of
the proteasome (Supplementary Figure S4F), suggesting
that bortezomib induces regulatory circuits beyond the
mRNA level. Since NOXA and BIM are regulated at the
protein and mRNA level upon bortezomib treatment and
significantly contribute to bortezomib-induced apoptosis,
we focused on these BH3-only genes.

To test whether MYC contributes to the bortezomib-
induced expression of BIM and NOXA, we used RNAi.
Expression of BIM and NOXA protein (Figure 2A)
and mRNA (Figure 2B) was blocked by two different
MYC siRNAs in DanG and MiaPaCa2 cells (Supplemen-
tary Figure S5) after proteasome inhibition. In addition,
bortezomib-induced BIM expression was decreased in 4-
hydroxytamoxifen (TAM) treated 3T9-MYClox/lox-CreER
MEFs (Figure 2C). The induction of MYC mRNA levels in
the investigated human pancreatic cancer cell lines suggests
a positive feed-forward loop occurring upon proteasome in-
hibition (Figure 2B and Supplementary Figure S5A).

To elucidate the impact of both MYC controlled BH3-
only proteins toward bortezomib-induced apoptosis, we
used stable BIM shRNA expressing cells and transfected
these cells transiently with a NOXA-specific siRNA (Fig-
ure 2D). As shown in Figure 2E, apoptosis induction of
DanG cells in response to proteasome inhibition was de-
creased upon attenuation of BIM. Interestingly, combined
depletion of BIM and NOXA reduced caspase activation in
DanG cells to the same extent as depletion of MYC (com-
pare Figures 1E and 2C), arguing that NOXA and BIM
are important MYC-dependent contributors to cell death
induced by proteasome inhibition.

Bortezomib-induced expression of NOXA and BIM is not re-
stricted in p53- and Cdkn2a-deficient models

MYC-dependent apoptosis involves p53-dependent and -
independent mechanisms (6,7). Furthermore, the tumor
suppressor Arf, encoded by the Cdkn2a locus, can con-
tribute to both arms of MYC’s pro-death response by
either increasing p53 protein levels or by directly bind-
ing and modulating MYC (34–37). To investigate whether
bortezomib-induced expression of NOXA and BIM de-
pends on p53 and/or ARF, we used well-characterized
models and generated novel cell systems (Supplementary
Table S3). Since an unbiased siRNA screen demonstrated
the contribution of MYC to bortezomib-induced apopto-
sis in HCT116 cells (38) and due to the availability of
an isogenic p53-deficient HCT116 cell line (39), we first
used this colon cancer cell line (Figure 3A). Protein lev-
els of p53 become stabilized in p53-proficient HCT116 cells
upon bortezomib treatment (Figure 3A). Interestingly, in-
dependent of the p53 status, the BIM and NOXA mRNAs

are induced upon bortezomib treatment (Figure 3B). As
in the human pancreatic cancer cell lines, MYC mRNA
is increased in bortezomib treated p53-proficient and -
deficient HCT116 cells, arguing afresh for a positive feed
forward loop activated by the proteasome inhibitor (Fig-
ure 3B). HCT116 cells express ARF mRNA, which is re-
duced upon bortezomib treatment (Figure 3B). Together,
these data argue that bortezomib treatment activates the
expression of NOXA and BIM independent of p53. To
further explore the contribution of p53 and ARF toward
bortezomib-induced apoptosis, we used cell lines isolated
from genetically engineered pancreatic cancer mouse mod-
els. Bortezomib treatment induced BIM expression in the
murine p53-deficient pancreatic cancer cell line PPT-W22,
isolated from a Ptf1aCre/+; LSL-KrasG12D/+; p53lox/lox;
R26LSL-TVA-LacZ/+ mouse (Figure 3C) (9,12). To investigate
the contribution of ARF, we generated a murine pancre-
atic cancer cell line from a Ptf1aCre/+; LSL-KrasG12D/+;
Cdkn2alox/lox;R26LSL-TVA-LacZ/+ mouse, PPT-AA728. BIM
protein expression was robustly induced by the proteasome
inhibitor in this cell line (Figure 3C). To analyze the contri-
bution of p53 in this Arf-deficient cell line, we used RNAi.
Treatment with the proteasome inhibitor stabilized p53 in
control cells (Figure 3D); this effect was diminished in p53
shRNA transduced cells. The appearance of cleaved cas-
pase 3 in response to the treatment with bortezomib was
increased upon the p53 knockdown in PPT-AA728 cells
(Figure 3D). Absolut basal as well as induced NOXA and
BIM mRNA expression levels were lower in p53 shRNA
expressing PPT-AA728 cells, compared to controls (data
not shown). However, NOXA and BIM mRNA is compara-
bly induced upon the treatment with bortezomib in control
PPT-AA728 cells as well as in cells expressing two different
p53 shRNAs (Figure 3E). Together, these data support the
conclusion that in the investigated models, bortezomib can
activate NOXA and BIM expression independent of the p53
or ARF status.

MYC is recruited to NOXA and BIM gene promoters

Since the regulation of pro-death genes downstream of
MYC is understood incompletely, we investigated whether
MYC is recruited to both genes using promoter-scanning
quantitative chromatin immunoprecipitations (qChIP).
Figure 4A and C show location of the primer pairs used
and CpG islands predicted by cpgplot (28) for the NOXA
and BIM promoters. As shown in Figure 4B, MYC was re-
cruited 6 h after proteasome inhibition to the NOXA pro-
moter in DanG cells with a peak at the binding site (BS) 5.
Binding of MYC correlated with the recruitment of RNA
polymerase II (Pol II), demonstrating transcriptional acti-
vation (Figure 4B). In addition, MYC was recruited to the
proximal BIM promoter (BS 5) 6 h after proteasome inhibi-
tion in DanG cells (Figure 4D). Again, MYC binding cor-
related with Pol II binding to the BIM promoter (Figure
4D). These data demonstrate that both BH3-only genes are
directly bound by MYC. In agreement with these results,
genome-wide MYC ChIP assays of the ENCODE project
revealed MYC binding to the proximal promoters of the
NOXA and BIM gene (40). Also in accordance with previ-
ous data, all MYC peaks are located in CpG islands, which
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Figure 2. Both NOXA and BIM contribute to MYC-dependent apoptosis. (A) DanG cells were siRNA transfected as indicated. Sixty hours after the
transfection, cells were treated with bortezomib for additional 12 h. Western blot of MYC, BIM and NOXA. Same extracts were transferred to two
membranes and both were controlled by �-actin for equal loading. (B) DanG cells were treated as in (A). NOXA, BIM and MYC mRNA expression was
determined by qPCR using PPIA mRNA as reference. Student’s t-test *P < 0.05, n = 3. (C) 3T9 MYClox/lox-CreER mouse embryonic fibroblasts cells
were treated for 3 days with 4-hydroxytamoxifen (TAM; 250 nM) and subsequently treated with bortezomib for additional 12 h or left as vehicle-treated
controls. Western blot analysis of MYC and BIM expression (�-actin: loading control). (D) Stable transfected sh control and shBIM DanG cells were
transiently transfected with a control siRNA or a NOXA siRNA. After 60 h, cells were treated with bortezomib for additional 12 h. Western blot of BIM,
NOXA and �-actin (loading control). (E) Relative caspase 3/7 activity of stable transduced sh control and shBIM DanG cells, which were transiently
transfected with a control siRNA or a NOXA siRNA for 48 h. Caspase 3/7 activity was measured 24 h after bortezomib treatment. One-way ANOVA *P
< 0.05, n = 3.

are thought to have high affinity for MYC (41) (Figure 4A
and C). Furthermore, MYC binds efficiently to promoters
within euchromatic marks, like tri-methylated lysine 4 of
histone H3 (H3K4me3) (42,43). Consistently, we detected
binding of H3K4me3 to the proximal regions of both pro-
moters (Figure 4B and D). Fitting to transcriptional acti-
vation, we observed preferential acetylation of histone H4
after MYC binding to both promoters, whereas acetylation

of histone H3 was not significantly changed upon treatment
with bortezomib (Figure 4B and D).

EGR1 contributes to bortezomib-induced apoptosis

The BS5 amplicon of the NOXA promoter contains no E-
box sequences. Since the Ets motif was recently shown to
be significantly bound by MYC (44), we investigated the
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Figure 3. Proteasome inhibition induces BIM and NOXA independent of ARF and p53. (A) p53-deficient and -proficient HCT116 cells were treated with
vehicle control and 50 nM bortezomib for 6 h. Western blot of p53 and �-actin (loading control) expression. (B) p53-proficient and -deficient HCT116
cells were treated with vehicle control and 50 nM bortezomib for 12 h. Relative BIM, NOXA, MYC and p14ARF mRNA expression was determined by
qPCR using PPIA mRNA as reference, n = 3. (C) The murine pancreatic cancer cells PPT-W22 (p53-deficient) and PPT-AA728 (Cdkn2a-deficient) were
treated with vehicle control and 50 nM bortezomib for 12 h. Western blot of BIM and �-actin (loading control) expression. (D) PPT-AA728 (deficient for
Cdkn2a) were lentiviral transduced with pLKO.1, pLKO.1-shp53#1 and pLKO.1-shp53#2 and selected with puromycin (1 �g/ml). Cells were treated with
50 nM bortezomib for 12 h. Western blot of p53, cleaved caspase 3 and �-actin (loading control) expression. (E) Transduced PPT-AA728 cells described in
(D), were treated with 50 nM bortezomib for 12 h. Relative BIM and NOXA mRNA expression was determined by qPCR using Ppia mRNA as reference,
n = 3.

BS5 amplicon of the human NOXA promoter for Ets bind-
ing sites. In addition, EGR1 binding sites are overrepre-
sented in MYC target gene promoters (45) and as some
EGR1 motifs are significantly enriched in MYC immuno-
precipitations (44). Therefore, we also scanned for EGR1
motifs. As shown in Figure 5A, the BS5 amplicon of the
NOXA promoter contains Ets and EGR1 binding motifs.
Although a noncanonical E-box is located 3′ of the BS5 am-
plicon in the BIM promoter, the core BS5 amplicon of the
BIM promoter also contains potential Ets and EGR1 bind-
ing sequences (Figure 5A). To test the contribution of Ets
factors and of EGR1 in MYC-dependent transcription of
both genes, we used RNAi. Among Ets factors, we tested

Ets1 due to a previously described role in apoptosis (46).
However, we detected no significant influence of Ets1 on
bortezomib-induced expression of NOXA and BIM (Sup-
plementary Figure S6A and S6B). In contrast, RNAi tar-
geting EGR1 prevented NOXA and BIM protein (Figure
5B) and mRNA (Figure 5C) induction upon proteasome
inhibition in DanG cells, respectively. The influence of the
EGR1 knockdown toward bortezomib-induced expression
of NOXA and BIM was also observed in MiaPaCa2 cells
(Supplementary Figure S7A). Consequently, bortezomib-
induced activation of caspase 3/7 is prevented in EGR1
siRNA-transfected DanG (Figure 5D) and MiaPaCa2 cells
(Supplementary Figure S7B).
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Figure 4. NOXA and BIM are direct MYC target genes. Schematic illustration of (A) the NOXA and (C) the BIM promoter. Location of the used primer
pairs and CpG islands are depicted. (B) NOXA promoter qChIP and (D) BIM promoter qChIP of MYC, tri-methylated lysine 4 of histone H3, acetylated
histone H4 and histone H3 and RNA Polymerase II (Pol II) binding after 6 h of bortezomib treatment. The enrichment of MYC and Pol II was normalized
to input and IgG. Modified histones were normalized to pan histone H3 and IgG. Each point in the qChIP represents the mean and SEM from three
independent immunoprecipitations.
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Figure 5. EGR1 contributes to bortezomib-induced apoptosis. (A) DNA sequences of the BS5 amplicon of human NOXA and BIM promoters. Primers
are indicated by lines. Boxes show potential binding motifs for EGR1, Ets and MYC transcription factors. (B) DanG cells were transfected with control
siRNA or two specific EGR1 siRNAs. After 66 h, cells were treated for 12 h as indicated. Western blot detected expression of EGR1, BIM and NOXA.
Same extracts were transferred to two membranes and both were controlled by �-actin for equal loading. (C) DanG cells were treated as described in (B).
Relative BIM, NOXA and EGR1 mRNA expression was determined by qPCR using PPIA mRNA as reference. Student’s t-test *P < 0.05, n = 3. (D) DanG
cells were transfected as indicated. Forty eight hours after the transfection, cells were treated with bortezomib for additional 24 h. Caspase activity was
measured using caspase 3/7 activity assays. Student’s t-test *P < 0.05, n = 3. (E) Working scheme: 3T9-MYClox/lox-CreER cells were transfected each with
MYC-IRES-RFP, EGR1-IRES-GFP and combined. After 72 h, cells were FACS sorted. Cells were passaged and analyzed for expression of MYC and
EGR1. Afterward, cells were treated with vehicle (EtOH) or 4-Hydroxytamoxifen (250 nM, TAM) for 72 h and subsequently treated with vehicle (DMSO)
or bortezomib for additional 24 h and assayed for caspase 3/7 activity. (F) 3T9-MYClox/lox-CreER cells were transfected each with MYC-IRES-RFP,
EGR1-IRES-GFP as outlined in (E). Western blot detected expression of EGR1, MYC and histone H3 (loading control). (G) 3T9-MYClox/lox-CreER
cells were treated as described in (E) and relative caspase 3/7 activity was measured 24 h after bortezomib treatment (100 nM). One-way ANOVA *P <

0.05, n = 3.

To further corroborate the functional interaction of
EGR1 and MYC to execute bortezomib-induced apopto-
sis, we performed an experiment outlined in Figure 5E.
In short, 3T9-MYClox/lox-CreER MEFs were transiently
transfected with bicistronic IRES vectors driving MYC
and red fluorescent protein (RFP) expression, EGR1 and
green fluorescent protein (GFP) expression or both vectors.
Transfected cells were FACS sorted and propagated. Be-
fore the treatment with 4-hydroxytamoxifen (TAM), cells
were probed for expression of MYC and EGR1 (Figure 5F).
Afterward, the cells were treated with 4-hydroxytamoxifen
(TAM) for 3 days to delete the floxed MYC alleles. Fi-
nally, both cell populations were treated with bortezomib
for 24 h and caspase 3/7 activity was measured. As

expected, genetic deletion of MYC in this setting dis-
tinctly reduced bortezomib-induced caspase activity (Fig-
ure 5G). Although, EGR1 alone was insufficient to substi-
tute MYC in bortezomib-induced apoptosis, reconstitution
of MYC alone completely restored proteasome inhibitor-
induced caspase activation (Figure 5G). The observation
that co-transfection of EGR1 and MYC further increased
bortezomib-induced caspase activity (Figure 5G), argues
for the synergistic function of both transcription factors in
the investigated apoptosis model.
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MYC binds to the EGR1 binding site of the NOXA and BIM
gene promoters

Due to the functional cooperation of MYC and EGR1 in
bortezomib-induced apoptosis, we tested for their DNA
binding and interaction in a complex. To investigate the
binding of MYC to the EGR1 binding sites of the NOXA
and BIM promoters, we used DNA-pull down (ABCD-)
assays. The sequences of the biotinylated oligonucleotides
corresponding to the wild-type and mutated EGR1 binding
sites of the NOXA and BIM promoters are shown in Figure
6A. Low basal binding of MYC to the EGR1 sites of both
promoters was increased after treatment with bortezomib in
DanG cells (Figure 6B). Oligonucleotides with mutations in
the EGR1 consensus were not bound by MYC, demonstrat-
ing specificity (Figure 6B). To investigate the direct binding
of EGR1 to both promoters, we performed qChIP in con-
trol and EGR1 siRNA transfected DanG cells. A signifi-
cant recruitment of EGR1 to the BS5 of the NOXA and
the BIM promoter was observed (Figure 6C). Bortezomib-
induced binding of EGR1 to both promoters was reduced
by the EGR1 siRNA. Furthermore, we detected a clear drop
in the loading of RNA polymerase II, arguing for a role
of EGR1 in transcriptional activation (Figure 6C). In ad-
dition, recruitment of MYC to both promoters is consid-
erably impaired in EGR1 siRNA transfected DanG cells
(Figure 6C). These data suggest the simultaneous binding
of EGR1 and MYC to the BS5 region of the NOXA and
BIM promoter. Since bortezomib-induced MYC stabiliza-
tion is only slightly reduced in DanG cells transfected with
the EGR1 siRNA used in the qChIP assay (Supplementary
Figure S8A), the presence of EGR1 seems to be specifically
required for the proper MYC recruitment and activation of
both genes.

To further corroborate a functional linkage of MYC with
EGR1, we performed a STRING database analysis, includ-
ing MYC, MAX, Ets1 and EGR1 (Figure 6D) (30). Here, a
combination score of 0.417 was calculated for murine MYC
and EGR1, suggesting a protein–protein association with
medium confidence in mice. As a comparison, the combi-
nation score was 0.997 for murine MAX with MYC and
no functional link was suggested by the STRING analy-
sis for murine Ets1. To test the direct interaction of MYC
with EGR1, we used MYC immunoprecipitations. Using
conventional immunoprecipitation protocols, we failed to
detect a physical interaction of MYC with EGR1. However,
using a formaldehyde-based cross-linking protocol (25), we
observed that bortezomib-induced a complex containing
MYC and EGR1 in extracts of DanG cells and HCT116
cells (Figure 6E). Accordingly, we detected both proteins in
a complex in whole cell extracts of HEK293FT cells, which
were transiently transfected with V5-tagged MYC and Flag-
tagged EGR1 (Figure 6E). In this overexpression model, the
MYC-EGR1 interaction was independent of the treatment
of HEK293FT cells with bortezomib (Figure 6E).

To further determine the co-localization of EGR1 and
MYC in a complex at the same chromatinized DNA sites
in cis, we used sequential qChIP assays (qChIP-Re-ChIP)
with antibodies specifically recognizing EGR1 and MYC.
The precipitation of EGR1 followed by an MYC precipi-
tation as well as the precipitation of MYC followed by an

EGR1 precipitation enriched the BS5 of the NOXA and the
BIM promoter in bortezomib-treated DanG cells (Figure
6F). A similar result was obtained in p53-deficient HCT116
cells (Supplementary Figure S8B), arguing that EGR1 and
MYC co-localize in a complex in cis upon bortezomib treat-
ment in vivo.

DISCUSSION

Aberrant expression of MYC induces apoptosis in both,
cultured cells (47) and animals (48,49). On the other hand,
the loss of endogenous MYC dramatically reduces apop-
tosis induction upon treatment with topoisomerase II in-
hibitors in cultured cells (50) and upon ionizing irradiation
and cisplatin treatment in vivo (51). Such findings disclose a
particular relevance of endogenous MYC in apoptotic path-
ways. Many genes of the pro-death BCL2 family, like BIM
(37,52,53), BID (54), NOXA (33,55) or BAX (56,57), were
described to act downstream of MYC to execute its pro-
death function. However, how these genes are regulated by
MYC is in many cases unclear. In an appropriate model of
apoptosis signaling, we show here that two pro-death BCL2
family genes, NOXA and BIM, are direct MYC targets. Fur-
thermore, we demonstrate an interaction and functional co-
operation of MYC with the transcription factor EGR1 in
apoptosis signaling.

To induce apoptosis, MYC expression must exceed a
threshold, which is defined by BCL2 family proteins in
a cell type and milieu-specific fashion (49). For investiga-
tion of MYC’s pro-death function, we increased MYC lev-
els with the proteasome inhibitor bortezomib. Our data,
which were collected in human and murine pancreatic can-
cer cells, colon cancer cells and, genetically defined murine
fibroblasts reveal an important contribution of endogenous
MYC toward bortezomib-induced apoptosis. A genome-
wide siRNA screen supports our conclusions. It defines
MYC as an essential pro-death mediator upon bortezomib
treatment in HCT116 cells (58). Likewise, malignant pleural
mesothelioma cell lines with secondary resistance toward
bortezomib revealed lower MYC expression accompanied
with a loss of MYC binding to the NOXA promoter (55),
further corroborating the notion that endogenous MYC is
necessary in the apoptosis model investigated and that this
model is relevant to study aspects of endogenous MYC’s
pro-death (patho)-biology.

The development of sophisticated techniques in the last
decade demonstrated that several thousand sites in the hu-
man genome were occupied by MYC. This makes it extraor-
dinarily complex to define biologically important MYC tar-
get genes. Moreover, the existence of definite and specific
MYC target genes was challenged by recent ChIP-Seq ex-
periments demonstrating that MYC can bind to each ac-
tively transcribed gene in a specific cellular context, caus-
ing the sole amplification of a pre-existing genetic program
(59,60). However, existing data equally suggest that some
MYC target genes have an outstanding role to execute MYC
biology, since their ectopic expression is able to substitute
MYC in a certain biological process or their loss defini-
tively impairs a specific function of MYC. For instance,
MYC-deficient Rat1 fibroblasts exhibit a distinct extension
of the G1-phase of the cell cycle and reveal an insufficient
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Figure 6. MYC interacts with EGR1 and binds to the EGR1 binding sites in the NOXA and BIM promoter. (A) DNA sequence of the EGR1 binding site
of human NOXA and BIM gene promoters. Mutations of the EGR1 binding sites are depicted in gray. (B) ABCD assay of MYC binding to the wild-type
and mutated EGR1 binding site of the NOXA and BIM promoters in nuclear extracts of DanG cells after 0 and 1 h of 50 nM bortezomib treatment. (C)
DanG cells were transfected with the indicated siRNAs. After 48 h, cells were treated with bortezomib for 6 h or were left as a vehicle-treated control.
NOXA and BIM promoter qChIP of EGR1, MYC and RNA Polymerase II (Pol II). One way ANOVA *P < 0.05, n = 3. (D) STRING analysis of murine
Myc, Max, Egr1 and Ets1 proteins. The combination score for murine Myc-Max and Egr1-Myc is depicted. (E) Co-immunoprecipitations of endogenous
MYC and EGR1 in DanG, HCT116 cells and Flag-tagged EGR1/V5-tagged MYC in HEK293FT cells after 6-h vehicle control or 50 nM bortezomib
treatment. HEK293FT were transfected as indicated and after 48 h, the cells were treated with 50 nM bortezomib for additional 6 h. SN: supernatant. (F)
NOXA and BIM promoter qChIP-Re-ChIP of EGR1 and MYC in DanG after 6-h bortezomib (50 nM) treatment. Graph represents the mean and SEM
from three independent qChIP-Re-ChIP assays.
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induction of the MYC target gene CDK4 upon mitogenic
stimulation (61). The observation that restoring CDK4 ex-
pression in these cells partially corrects the cell cycle defect
(61) supports the notion that CDK4 is important for MYC-
dependent proliferation.

Considering MYC-induced tumorigenesis, Nilsson and
colleagues discovered a critical role of the ornithine de-
carboxylase (Odc) gene, an MYC-target gene involved
in the polyamine biosynthesis pathway (62). A marked
delay in lymphomagenesis in the E�-Myc model after
the genetic or pharmacological interference with normal
expression/function of Odc was detected (62). In addition,
an MYC-repressed gene, Tristetraprolin, was demonstrated
to be of noteworthy importance in the E�-Myc model. Tris-
tetraprolin is an AU-rich element binding protein, leading
to the destabilization of mRNAs important for tumorige-
nesis. The rescue of the MYC-dependent repression of this
gene in the E�-Myc model distinctly impaired lymphoma-
genesis in vivo (63). Together these studies bring forward the
argument that Odc and Tristetraprolin belong to a core set
of target genes contributing to MYC-driven lymphomage-
nesis. Consistent with a concept of core MYC target genes,
which drive certain biological processes, we defined NOXA
and BIM as critical mediators out of numerous regulated
genes with the potential to induce cell death. The observa-
tions that (i) NOXA and BIM are upregulated upon pro-
teasome inhibition in human and murine models, (ii) MYC
directly binds to the promoters of NOXA and BIM and (iii)
a similar rescue of bortezomib-induced apoptosis by the
MYC knockdown and the combined NOXA/BIM knock-
down occurs, argues that NOXA and BIM are core genes
mediating MYC’s pro-death function in the investigated
model. The concept of the regulation of a specific subset
of genes by MYC, important to change the state of a cell, is
also supported by recent ChIP-Seq data (64).

Recruitment of MYC to a +87 (relative to the tran-
scriptional start) binding site in the human NOXA pro-
moter upon proteasome inhibition in melanoma cells was
described (33). In DanG cells, we detected an MYC peak
in the −277 to −197 region of the proximal NOXA pro-
moter after proteasome inhibition. These observations in-
dicate an important contribution of this promoter region
for MYC-dependent regulation. MYC binds to canonical
as well as to noncanonical E-box sequences (44,65–67). In-
terestingly, the −277 to −197 region of the human NOXA
promoter contains none of the six E-box sequences, arguing
for an E-box-independent transcriptional activation. Con-
sistently, genome wide analysis of MYC target genes sug-
gested that up to 40% of MYC bound promoters lack E-box
sequences (68). In silico analysis of the MYC bound NOXA
promoter regions revealed the existence of conserved bind-
ing sites for EGR1 and Ets transcription factors. In agree-
ment, recent ChIP-sequencing experiments showed a signif-
icant enrichment of the Ets motif and some EGR1 motifs in
MYC precipitations (44). In addition, EGR1 binding sites
are overrepresented on MYC target gene promoters (45).
Whereas we observed no influence of ETS1 for MYC-driven
NOXA transcription and apoptosis, we detected a signifi-
cant contribution of EGR1. As predicted by the STRING
database for murine MYC and EGR1, we observed low-
affinity interaction of MYC with EGR1 upon proteasome

inhibition. Furthermore, qChIP-Re-ChIP data provide evi-
dence that MYC and EGR1 act in the same complex in cis
and that EGR1 expression is needed for binding of MYC
to the NOXA promoter. This is necessary for a functional
cooperation of both transcription factors.

Consistent with published observations (69), we describe
here that neither NOXA knock-out MEFs nor NOXA
siRNA transfected cancer cells are completely protected
from bortezomib-induced apoptosis, which argues that fur-
ther pro-death programs are executed. We demonstrate here
that BIM is an important contributor. Wild-type MYC can
induce BIM expression in MEFs, murine pro-B-cell lym-
phoid FL5.12 cells, hematopoietic stem cells and transgenic
B cells of E�-Myc mice (37,52,53). However, in most in-
stances the mode of regulation of BIM -direct or indirect- is
still unclear. We demonstrate now that BIM is a direct tar-
get gene of MYC in pancreatic cancer and in colon cancer
cells upon bortezomib treatment. A proteasome inhibitor-
induced MYC peak was observed at the −300 to −203
amplicon of the BIM promoter and analog to the NOXA
promoter, in silico analysis shows the presence of poten-
tial EGR1 as well as potential ETS binding sites. Again,
we observed dependency of MYC recruitment to the BIM
promoter onto EGR1 expression. We provide evidence that
MYC and EGR1 act in the same complex in cis and that
the cooperation of MYC and EGR1 is needed to activate
the BIM gene. In line, activation of the BIM gene by EGR1
was demonstrated in a model of deprivation-induced neu-
ronal apoptosis (70). Our data show a striking similarity
in the promoter structure, in the epigenetic shape and in
functional cooperativeness of MYC with EGR1 to acti-
vate the NOXA and the BIM gene, arguing for a common
mode of MYC-dependent transcriptional activation during
bortezomib-induced apoptotic signaling. Consistent with
our observations, MYC recruitment to the BIM promoter
was detected in unstimulated BT474 breast cancer cells (71).
This is also in agreement with our observation that the ex-
pression of MYC and BIM mRNAs is positively correlated
in murine pancreatic cancer cell lines. Consistently, recent
ChIP-Seq data show that the NOXA and BIM genes are
bound by MYC in murine pancreatic cancer cells (72).

MYC is known to interact with several transcription fac-
tors (2). Here we demonstrate a functionally relevant low-
affinity interaction of MYC with EGR1 in response to
stress inducing apoptosis. In agreement with these data,
EGR1 knockout MEFs are protected from MYC-induced
apoptosis (36,37) and bortezomib-induced death depends
on EGR1 in the myeloma cell lines U266 and OCI-My5
(38). These data suggest a common involvement of the
MYC-EGR1 pathway in MYC’s pro-death functions. Nev-
ertheless, we are aware that proteasome inhibition increases
MYC protein expression to unphysiological levels and in-
duces specific intracellular stress signaling pathways, which
in sum might limit the generality of the described path-
way. However, projects such as the The Cancer Genome At-
las compellingly demonstrate that MYC belongs to the top
three genes with a high frequency of copy number varia-
tions across human cancers (73). MYC amplification is cor-
related with high protein expression and work in a large
cell line resource demonstrated that MYC amplified cell
lines respond significantly different from not amplified cell
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lines toward certain cancer therapeutics (74) (see also: http:
//www.cancerrxgene.org/translation/Gene/1250). These ob-
servations argue that cellular responses induced by high
MYC levels are important and engaged by specific drugs.
Furthermore, in such a scenario it is likely that E-boxes
are saturated (60,75) and MYC uses low affinity interaction
partners, like EGR1, to drive a tumor cell response. There-
fore, it is important to decipher and understand molecular
vulnerabilities induced by high MYC expression.

The MYC-EGR1 pathway was reported to operate in a
p53-independent manner (36). In agreement, we observed
induction of the MYC target genes NOXA and BIM in hu-
man and murine p53-deficient as well as in p53-mutated cell
lines upon bortezomib treatment. The zinc finger transcrip-
tion factor EGR1 can induce apoptosis upon various cel-
lular stresses (76). Of note, Boone and colleagues demon-
strated that MYC induces the EGR1 gene p53 indepen-
dently, but dependent on the tumor suppressor ARF (36).
ARF is known to interact with MYC (34,35) and to in-
crease binding of MYC to the EGR1 promoter (36). We
did not detect a significantly increased expression of EGR1
upon MYC activation in the human pancreatic cancer cell
lines DanG and MiaPaCa2, which might be explained by
the lack of ARF expression in these cellular models. Con-
gruently, murine Arf-deficient pancreatic cancer cells ac-
tivate the expression of pro-apoptotic MYC target genes
in response to bortezomib. In sum, our data support the
notion that endogenous MYC can induce context-specific
apoptosis by acting in a complex with EGR1 in a p53- or
ARF-independent manner. Continuation of this concept
awaits the investigation of genetically defined p53-/Arf-
double knock-out models.

The carboxy-terminal basic helix-loop-helix leucine zip-
per (bHLH/LZ) domain of MYC is responsible for its
hetrodimerization with MAX. In addition to DNA bind-
ing, the MYC-MAX dimeric bHLH/LZ provides a dock-
ing platform for the interaction with other proteins, like
the zinc finger transcription factor MIZ-1 (77,78). Interest-
ingly, a chimeric MYC protein containing the bHLH/LZ of
the MYC-antagonistic MAX dimerization partner MAD1,
fails to induce apoptosis, arguing that MYCs bHLH/LZ
confer a specific pro-apoptotic characteristic (79). Indeed,
enforced MYC expression under serum deprivation induces
apoptosis in human fibroblasts, a feature not conducted by
the MYC V394D mutant, defective in binding to MIZ-1
(80). This shows that proteins binding to the MYC-MAX
docking platform can modulate a specific cellular response.
Therefore it is attractive to speculate that in the bortezomib-
induced apoptosis models, the zinc finger protein EGR1
uses the MYC-MAX dimeric bHLH/LZ docking platform
to allow recruitment of the complex to the investigated
BH3-only gene promoters. However, this speculation needs
further experimentation including the mapping of poten-
tial interaction domains in EGR1 and MYC as well as
the demonstration of a direct contribution of MAX to
bortezomib-induced apoptosis, since some MYC directed
cell death pathways depend on its dimerization with MAX
(81).

Taken together our results show for the first time a
functional cooperation of MYC with EGR1, leading to
the activation of BH3-only gene promoters in a model

of bortezomib-driven apoptosis. Increasing the knowledge
about such MYC-dependent pathways might face the av-
enue to novel therapeutic strategies.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online.
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