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The histone deacetylase SIRT2 stabilizes Myc
oncoproteins
PY Liu1,10, N Xu1,10, A Malyukova1,10, CJ Scarlett2,3, YT Sun1, XD Zhang4, D Ling1, S-P Su 1, C Nelson1, DK Chang2,5,6, J Koach1,
AE Tee1, M Haber1, MD Norris1, C Toon2, I Rooman2, C Xue1, BB Cheung1, S Kumar7, GM Marshall1,8, AV Biankin2,5,6 and T Liu*,1,9

Myc oncoproteins are commonly upregulated in human cancers of different organ origins, stabilized by Aurora A, degraded
through ubiquitin–proteasome pathway-mediated proteolysis, and exert oncogenic effects by modulating gene and protein
expression. Histone deacetylases are emerging as targets for cancer therapy. Here we demonstrated that the class III histone
deacetylase SIRT2 was upregulated by N-Myc in neuroblastoma cells and by c-Myc in pancreatic cancer cells, and that SIRT2
enhanced N-Myc and c-Myc protein stability and promoted cancer cell proliferation. Affymetrix gene array studies revealed that
the gene most significantly repressed by SIRT2 was the ubiquitin–protein ligase NEDD4. Consistent with this finding, SIRT2
repressed NEDD4 gene expression by directly binding to the NEDD4 gene core promoter and deacetylating histone H4 lysine 16.
Importantly, NEDD4 directly bound to Myc oncoproteins and targeted Myc oncoproteins for ubiquitination and degradation, and
small-molecule SIRT2 inhibitors reactivated NEDD4 gene expression, reduced N-Myc and c-Myc protein expression, and
suppressed neuroblastoma and pancreatic cancer cell proliferation. Additionally, SIRT2 upregulated and small-molecule SIRT2
inhibitors decreased Aurora A expression. Our data reveal a novel pathway critical for Myc oncoprotein stability, and provide
important evidences for potential application of SIRT2 inhibitors for the prevention and therapy of Myc-induced malignancies.
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The Myc family of oncoproteins are commonly upregulated in
human cancer. MYCN oncogene amplification and consequent N-Myc oncoprotein overexpression occur in 20–25% of
neuroblastoma and correlate with a poor patient outcome.1–3
MYC oncogene amplification occurs in 54% of human
pancreatic cancer cell lines4 and 33% of human primary
pancreatic tumors,5 and significant c-Myc oncoprotein overexpression is seen in B50% of human primary pancreatic
tumors.6
Stabilization and degradation of Myc oncoproteins are
controlled by ordered phosphorylation at serine 62 (S62)
and threonine 58 (T58) and consequent ubiquitin–
proteasome pathway-mediated proteolysis.7–9 Aurora
A interacts with both N-Myc and ubiquitin, and blocks
ubiquitin-regulated N-Myc protein degradation.8 Myc oncoproteins induce malignant transformation by binding to
cognate DNA sequences and consequently modulating gene
transcription10–13 as well as by enhancing ribosome biogenesis and consequently upregulating protein expression,14,15
leading to cell proliferation.

Recruitment of histone deacetylase (HDACs) to gene
promoters induces histone hypoacetylation and transcriptional repression, particularly of tumor suppressor genes.16 In
a comprehensive panel of normal cells, cancer cell lines,
normal tissues, and primary tumors, global loss of monoacetylation of histone H4 at lysine 16 (H4K16) is seen only in
cancer cells and is associated with early stages of
tumorigenesis.17
One of the HDACs that cause H4K16 deacetylation is the
class III HDAC SIRT2, which shows a strong preference for
acetylated H4K16.18 Mouse embryonic fibroblasts deficient
for SIRT2 show higher levels of H4K16 acetylation in mitosis.
The enzymatic conversion of acetylated H4K16 to its
deacetylated form may be pivotal to the formation of
condensed chromatin.19
In the current study, we demonstrate that the Myc
oncoproteins N-Myc and c-Myc upregulate SIRT2 expression
in neuroblastoma and pancreatic cancer cells. In a positive
feedback loop, SIRT2 represses gene transcription of the E3
ubiquitin–protein ligase NEDD4, leading to reduced N-Myc
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and c-Myc protein ubiquitination and degradation. Additionally, SIRT2 upregulates and small molecule SIRT2 inhibitors
decrease Aurora A expression.
Results
Upregulation of SIRT2 by Myc oncoproteins promotes
neuroblastoma and pancreatic cancer cell proliferation.
Myc oncoproteins not only modulate gene expression by
directly binding to target gene promoters,11 but also
modulate protein expression by enhancing ribosome biogenesis and mRNA translation to protein.14,15 As H4K16
deacetylation is a common hallmark of cancer17 and SIRT2
causes H4K16 deacetylation,18 we examined whether Myc

modulated SIRT2 gene and protein expression. As shown in
Figures 1a and b, transfection of MYCN-amplified BE(2)-C
human neuroblastoma cells with two different N-Myc siRNAs
(N-Myc siRNA-1 and N-Myc siRNA-2) significantly reduced
N-Myc mRNA and protein expression, and transfection of
c-Myc overexpressing MiaPaca-2 human pancreatic cancer
cells with c-Myc siRNA-1 or c-Myc siRNA-2 significantly
reduced c-Myc mRNA and protein expression. While showing no effect on SIRT2 mRNA expression, N-Myc siRNA-1
and N-Myc siRNA-2 reduced SIRT2 protein expression in
BE(2)-C cells, and c-Myc siRNA-1 and c-Myc siRNA-2
reduced SIRT2 protein expression in MiaPaca-2 cells
(Figure 1b). Consistently, N-Myc siRNAs significantly
reduced the expression of SIRT2 protein, but not SIRT2

Figure 1 Upregulation of SIRT2 expression promotes neuroblastoma cell proliferation. (a and b) BE(2)-C and MiaPaca-2 cells were transfected with scrambled control
siRNA, N-Myc siRNA-1, N-Myc siRNA-2, c-Myc siRNA-1, c-Myc siRNA-2, SIRT2 siRNA-1 or SIRT2 siRNA-2 for 48 h, followed by RNA and protein extraction, real-time
RT-PCR (a) and immunoblot (b) analyses of N-Myc, c-Myc, and SIRT2 mRNA and protein expression. (c-e) BE(2)-C and MiaPaca-2 cells were transfected with scrambled
control siRNA, N-Myc siRNA-1, N-Myc siRNA-2, c-Myc siRNA-1, c-Myc siRNA-2, SIRT2 siRNA-1 or SIRT2 siRNA-2 (c), or treated with vehicle control, the SIRT2-selective
inhibitor AC-93253 (d) or the SIRT1/SIRT2 inhibitor Salermide (e). Seventy-two hours later, relative cell numbers were examined by Alamar blue assays, and expressed as
percentage change in cell numbers. Error bars represented S.E. ***Po0.001
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mRNA, in MYCN-amplified CHP134 human neuroblastoma
cells (Supplementary Figures S1A and B). These data
demonstrate that N-Myc and c-Myc upregulate SIRT2 protein
expression through a post-transcriptional mechanism.
We next examined whether upregulation of SIRT2 contributed to a Myc-induced cancer phenotype. Alamar blue
assays revealed that N-Myc siRNA-1, N-Myc siRNA-2, c-Myc
siRNA-1, c-Myc siRNA-2, SIRT2 siRNA-1 or SIRT2 siRNA-2
all significantly reduced the numbers of viable BE(2)-C,
MiaPaca-2 (Figure 1c) and CHP134 cells (Supplementary
Figure S1C) in 3 days. Cell cycle analyses revealed that
SIRT2 siRNAs consistently reduced the percentage of cells at
S phase, but did not consistently increase the percentage of
cells at pre-G1 phase (Supplementary Figure S2,
Supplementary Tables S1 and S2), indicating that repression
of SIRT2 decreased cell proliferation but did not result in cell
death. To exclude potential off-target effects of the siRNAs,
we treated BE(2)-C and MiaPaca-2 cells with AC-93253, a
small molecule SIRT2-selective deacetylation inhibitor,20 or
the SIRT1/SIRT2 inhibitor Salermide, which inhibits SIRT2
but not SIRT1 at 25–50 mM.21 As shown in Figures 1d and e,
treatment with AC-93253 or 25–50 mM Salermide induced a
dose-dependent growth inhibition in BE(2)-C and MiaPaca-2
cells.
SIRT2 stabilizes Myc oncoproteins. Surprisingly, our
immunoblot analyses showed that SIRT2 siRNAs reduced
N-Myc protein expression in BE(2)-C (Figure 1b) and
CHP134 (Supplementary Figure S3A) neuroblastoma cells,
and reduced c-Myc protein expression in MiaPaca-2 pancreatic cancer cells (Figure 1b) without affecting N-Myc and
c-Myc mRNA expression (Figure 1a and Supplementary
Figure S1A). To exclude potential off-target effects of the
siRNAs, we treated BE(2)-C and MiaPaca-2 cells with the
SIRT2-selective inhibitor AC-93253 at 0.6 mM20 or the SIRT1/
SIRT2 inhibitor Salermide at 50 mM, at which Salermide
inhibits SIRT2 but not SIRT1.21 Real-time RT-PCR and
immunoblot analyses showed that treatment with 0.6 mM AC93253 or 50 mM Salermide considerably reduced N-Myc and
c-Myc protein expression, even though 0.6 mM AC-93253
and 50 mM Salermide increased c-Myc mRNA expression
(Figures 2a and b).
As Myc oncoproteins are degraded through ubiquitin–
proteasome pathway-mediated proteolysis, we treated
BE(2)-C and MiaPaca-2 cells with the proteasome inhibitor
MG-132 after siRNA transfection. We have previously shown
that MG-132 does not increase Myc protein expression in cells
transfected with Myc siRNAs, which ablates Myc mRNA.22 As
shown in Figure 2c, MG-132 significantly upregulated N-Myc
and c-Myc protein expression in BE(2)-C and MiaPaca-2 cells
transfected with SIRT2 siRNA-1 or SIRT2 siRNA-2 for 48 h.
We next treated the cells with 50 mM cycloheximide at different
time points after transfection with control siRNA or SIRT2
siRNA-1 for only 30 h, when the effect of SIRT2 siRNA-1 on
Myc protein expression was minimal. Immunoblot analysis
showed that N-Myc protein half-life was reduced from B50
min in BE(2)-C cells transfected with control siRNA to
B32 min in BE(2)-C cells transfected with SIRT2 siRNA-1
(Figure 2d). Consistently, immunoblot analysis demonstrated
that c-Myc protein half-life was reduced from B35 min in

MiaPaca-2 cells transfected with control siRNA to B20 min in
MiaPaca-2 cells transfected with SIRT2 siRNA-1 (Figure 2d).
Taken together, these data suggest that SIRT2 reduces
ubiquitin–proteasome pathway-mediated Myc protein degradation and consequently stabilizes Myc oncoproteins.
SIRT2 stabilizes Myc proteins without modulating ERK
protein phosphorylation and GSK3 protein expression.
Myc oncoproteins are well known to be stabilized when
phosphorylated at S62 by phosphorylated extracellular
signal-regulated protein kinase (ERK), and destabilized when
phosphorylated at T58due to glycogen synthase kinase 3
(GSK3).7,8,23 We therefore examined whether SIRT2
increased Myc protein stability by modulating GSK3 protein
expression, ERK protein phosphorylation, and Myc protein
phosphorylation. As shown in Figure 3a and Supplementary
Figure S3A, transfection of BE(2)-C, MiaPaca-2, and
CHP134 cells with SIRT2 siRNA-1 or SIRT2 siRNA-2
reduced S62-phosphorylated, T58-phosphorylated, and total
N-Myc and c-Myc protein. Moreover, SIRT2 siRNA-1 and
siRNA-2 did not consistently reduce ERK protein phosphorylation and did not consistently increase GSK3 protein
expression (Figure 3b and Supplementary Figure S3B). We
next cotransfected HEK293 primary embryonic kidney cells,
which do not express endogenous N-Myc protein, with a
construct expressing empty vector or SIRT2, together with a
construct expressing empty vector, S62 mutant (S62A)
N-Myc, T58 mutant (T58A) N-Myc, or wild-type N-Myc.
Immunoblot analysis showed that overexpression of SIRT2
consistently upregulated the expression of T58-phosphorylated N-Myc and total N-Myc protein in cells transfected with
S62 mutant N-Myc or wild-type N-Myc, but not in cells
transfected with T58 mutant N-Myc (Supplementary Figure
S3C). These data suggest that SIRT2 stabilizes N-Myc and
c-Myc proteins without modulating ERK protein phosphorylation and GSK3 protein expression, and that SIRT2 stabilizes
Myc protein downstream of Myc protein phosphorylation
at T58.
SIRT2 represses NEDD4 gene transcription by directly
binding to NEDD4 gene promoter and repressing NEDD4
promoter activity. The class III HDAC SIRT2 directly
deacetylates histone H4K16,18 and could therefore directly
repress gene transcription. To identify transcriptional target
genes potentially responsible for SIRT2-induced Myc protein
stabilization, we performed differential gene expression
studies with Affymetrix gene array in BE(2)-C cells 30 h after
transfection with scrambled control siRNA or SIRT2 siRNA-1.
As shown in Supplementary Tables S3 and S4, the gene
most significantly reactivated by SIRT2 siRNA-1 was the
ubiquitin–protein ligase NEDD4. To validate the Affymetrix
gene array data, we performed real-time RT-PCR and
immunoblot analyses of NEDD4 expression in BE(2)-C and
CHP134 neuroblastoma, and MiaPaca-2 and BXPC3 pancreatic cancer cells after transfection with control siRNA,
SIRT2 siRNA-1 or SIRT2 siRNA-2, or in BE(2)-C and
MiaPaca-2 cells after transfection with a construct expressing empty vector or SIRT2. As shown in Figure 4a and
Supplementary Figure S4, the expression of NEDD4 was
upregulated by SIRT2 siRNA-1 and SIRT2 siRNA-2 in
Cell Death and Differentiation

SIRT2 stabilizes Myc oncoproteins
PY Liu et al

506

Figure 2 SIRT2 upregulates N-Myc and c-Myc protein expression by blocking their degradation. (a and b) BE(2)-C and MiaPaca-2 cells were treated with control, the
SIRT2-selective inhibitor AC-93253 at 0.6 mM or the SIRT1/SIRT2 inhibitor Salermide at 50 mM, followed by real-time RT-PCR (a) and immunoblot (b) analyses of N-Myc and
c-Myc mRNA and protein expression. Error bars represented standard error. **Po0.01 and Po0.001. (c) BE(2)-C and MiaPaca-2 cells were transfected with scrambled
control siRNA, SIRT2 siRNA-1 or SIRT2 siRNA-2 for 48 h, followed by treatment with the proteasome inhibitor MG-132 (10 mM) for 3 h. N-Myc and c-Myc protein expression
was analyzed by immunoblot. (d) BE(2)-C and MiaPaca-2 cells were transfected with scrambled control siRNA or SIRT2 siRNA-1 for 30 h, and treated with 50 mM
cycloheximide (CHX) for the last 0, 15, 30, 45, or 60 min in BE(2)-C cells and for the last 0, 10, 20, 30, or 45 min in MiaPaca-2 cells. Protein was extracted from the cells and
subjected to immunoblot analysis of N-Myc and c-Myc. N-Myc and c-Myc protein levels were normalized by actin, the ratio of N-Myc protein/actin protein as well as the ratio of
c-Myc protein/actin protein were artificially set as 1.0 for samples untreated with CHX, and half-life (T1/2) of N-Myc and c-Myc proteins was obtained from the line chart

BE(2)-C, MiaPaca-2 (Figure 4a), CHP134, and BXPC3
(Supplementary Figure S4A) cells, and the expression of
NEDD4 was downregulated by a SIRT2 overexpression
construct in BE(2)-C and MiaPaca-2 cells (Supplementary
Figure S4B). Consistently, repression of SIRT2 activity with
the SIRT2 inhibitor AC-93253 or Salermide also reactivated
NEDD4 expression (Figure 4b and Supplementary Figure
S5). These data demonstrate that NEDD4 is transcriptionally
repressed by SIRT2, and that SIRT2 inhibitors can be
applied to reverse the effect.
Cell Death and Differentiation

We have previously shown that the histone deacetyase
HDAC1, HDAC2, and SIRT1 repress gene transcription by
binding to target gene promoters.6,22,24 We therefore performed chromatin immunoprecipitation (ChIP) assays with an
anti-SIRT2 antibody (Ab), an anti-acetylated histone H4 lysine
16 (acetyl H4K16) Ab or a control Ab and PCR with primers
targeting upstream control region or core promoter region of
the NEDD4 gene promoter. The ChIP assays showed that the
anti-SIRT2 and the anti-acetyl H4K16 antibodies efficiently
immunoprecipitated the region of NEDD4 gene core promoter
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Figure 3 SIRT2 stabilizes Myc proteins without modulating ERK protein phosphorylation and GSK3 protein expression. (a and b) BE(2)-C and MiaPaca-2 cells were
transfected with scrambled control siRNA, SIRT2 siRNA-1 or SIRT2 siRNA-2, followed by protein extraction. (a) The expression of total N-Myc/c-Myc protein, N-Myc/c-Myc
protein phosphorylated at S62 (S62-phos) and N-Myc/c-Myc protein phosphorylated at T58 (T58-phos) was analyzed by immunoblot with specific antibodies. (b) The
expression of GSK3 protein, total ERK protein and phosphorylated ERK protein (phos-ERK) was analyzed by immunoblot with specific antibodies

in BE(2)-C and MiaPaca-2 cells (Figure 4c), and that knocking
down SIRT2 expression with SIRT2 siRNA-2 increased the
presence of acetyl H4K16 at the NEDD4 gene core promoter
by B2-fold in BE(2)-C and MiaPaca-2 cells (Figure 4d). To
confirm that SIRT2 repressed NEDD4 gene promoter activity,
we transfected BE(2)-C cells with control siRNA or SIRT2
siRNA-2 for 24 h, followed by transfection with a luciferase
reporter construct carrying wild-type or mutant NEDD4 gene
core promoter for another 24 h. Luciferase assays showed
that repression of SIRT2 expression significantly activated the
wild-type promoter, compared with the mutant NEDD4 gene
promoter (Figure 4e). The data suggest that SIRT2 represses
NEDD4 gene transcription by directly binding to NEDD4 gene
core promoter, deacetylating histone H4K16 at NEDD4 gene
core promoter, and represses NEDD4 gene transcription.
Repression of NEDD4 gene expression contributes to
SIRT2-induced upregulation of Myc proteins. As a HECT
ubiquitin–protein ligase, NEDD4 directly binds to substrate
proteins and targets them for ubiquitination, leading to
proteasome-mediated substrate protein degradation.25,26
We therefore examined whether NEDD4 reduced Myc
protein expression. As shown in Figure 5a, knocking down
NEDD4 expression by NEDD4 siRNA reduced the expression of NEDD4 mRNA and protein, and increased the
expression of N-Myc and c-Myc protein, but not N-Myc and
c-Myc mRNA, in BE(2)-C and MiaPaca-2 cells. Importantly,
cotransfection with SIRT2 siRNA blocked NEDD4 siRNAmediated N-Myc and c-Myc protein upregulation (Figure 5a).
We next cotransfected SHEP neuroblastoma cells, which do
not express N-Myc or c-Myc oncoprotein, with an empty

vector, N-Myc-overexpressing construct,24 and/or NEDD4overexpressing construct.27 Immunoblot analysis revealed
that transfection with the NEDD4 expression construct
reduced N-Myc protein expression (Figure 5b). These data
suggest that SIRT2-modulated transcriptional repression of
NEDD4 leads to the upregulation of Myc proteins.
NEDD4 reduces N-Myc protein expression by targeting
N-Myc protein for ubiquitination. Next, we investigated
whether NEDD4 directly binds to N-Myc and targets N-Myc
for ubiquitination. As Myc oncoproteins are nuclear proteins
and NEDD4 protein can be found in both the cytoplasm and
the nucleus,28 we separated cellular protein from BE(2)-C
and MiaPaca-2 cells into cytoplasmic and nuclear fractions.
Immunoblot analyses revealed that SIRT2 and NEDD4
proteins localized in both the cytoplasm and the nucleus
(Figure 6a and Supplementary Figure S6), indicating the
possibility of NEDD4 protein binding to N-Myc protein in the
nucleus. To demonstrate that N-Myc and NEDD4 form a
protein complex, we transfected human embryonic HEK293
cells with Flag-tagged empty vector, an N-Myc-expressing
construct, and/or a NEDD4-expressing construct; we then
extracted protein from the cells and performed protein coimmunoprecipitation (IP) assays. Results showed that antiN-Myc Ab could efficiently co-IP NEDD4 protein (Figure 6b).
To demonstrate that the binding of NEDD4 to N-Myc leads to
N-Myc protein ubiquitination in cells, we transfected HEK293
cells with a Flag-tagged empty vector, a HA-tagged ubiquitin
expressing construct, a Flag-tagged N-Myc expressing
construct, and/or a Flag-tagged NEDD4 expressing construct. Protein co-IP experiments with an anti-N-Myc Ab and
Cell Death and Differentiation
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Figure 4 SIRT2 represses NEDD4 gene transcription by directly binding to NEDD4 gene promoter and repressing NEDD4 promoter activity. (a and b) BE(2)-C and
MiaPaca-2 cells were transfected with scrambled control, SIRT2 siRNA-1 or SIRT2 siRNA-2 (a), or treated with vehicle control or 0.6 mM AC-93253 (b). NEDD4 mRNA and
protein expression was analyzed by real-time RT-PCR and immunoblot. (c) ChIP assays were performed in BE(2)-C and MiaPaca-2 cells with a control, anti-SIRT2 or antiacetyl H4K16 Ab, and real-time PCR with primers targeting control region (  2500 bp upstream of the NEDD4 gene transcription start site) or primers targeting part of the
NEDD4 gene core promoter region (  394 to  263 bp upstream of the NEDD4 gene transcription start site). Fold enrichment of NEDD4 gene core promoter by control, antiSIRT2 or anti-acetyl H4K16 Ab was calculated by dividing PCR products from primers targeting the NEDD4 gene core promoter by PCR products from primers targeting
control region. Fold enrichment by control Ab was artificially set as 1.0. (d) BE(2)-C and MiaPaca-2 cells were transfected with scrambled control siRNA or SIRT2 siRNA-2 for
48 h, followed by ChIP assays with an anti-acetyl H4K16 Ab and real-time PCR with primers targeting control region or primers targeting the NEDD4 gene core promoter
region. Fold change in acetylated H4K16 at NEDD4 gene core promoter was obtained after dividing fold enrichment of acetylated H4K16 at NEDD4 gene core promoter in
SIRT2 siRNA-2-transfected samples by fold enrichment of acetylated H4K16 at NEDD4 gene core promoter in control siRNA-transfected samples. (e) BE(2)-C cells were
transfected with control siRNA or SIRT2 siRNA-2 for 24 h, followed by transfection with a wild-type or a mutant NEDD4 gene promoter construct for another 24 h. Luciferase
activity was measured and expressed as relative luciferase activity (wild-type NEDD4 promoter construct/mutant NEDD4 promoter construct). Error bars represented standard
error. *Po0.05

immunoblot with an anti-HA Ab showed that protein ladders
and smears representing polyubiquitinated N-Myc (N-MycUBn) were detectable by immunoblot, and that NEDD4
dramatically enhanced N-Myc protein ubiquitination
(Figure 6c). These data suggest that NEDD4 protein binds
Cell Death and Differentiation

to N-Myc protein and negatively regulates N-Myc protein
stability by increasing its ubiquitination.
To demonstrate that NEDD4 protein can directly target
N-Myc protein for ubiquitination and to identify the E2
ubiquitin–protein ligases involved in the ubiquitination
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Figure 5 Repression of NEDD4 gene expression contributes to SIRT2-induced upregulation of Myc proteins. (a) BE(2)-C and MiaPaca-2 cells were transfected with
scrambled control siRNA, NEDD4 siRNA or SIRT2 siRNA-1. NEDD4, N-Myc and c-Myc gene, and protein expression were analyzed by real-time RT-PCR and immunoblot.
Error bars represented standard error. ***Po0.001. (b) SHEP neuroblastoma cells, which do not express N-Myc and c-Myc protein, were transfected with an empty vector,
N-Myc-expressing construct and/or NEDD4-expressing construct. N-Myc protein expression was analyzed by immunoblot

process, we performed in vitro ubiquitination assays. Flagtagged N-Myc was incubated with recombinant human E1
enzyme, a panel of E2 enzymes, Flag-tagged NEDD4, HAtagged ubiquitin, and ATP. As can be seen in Figure 6d, clear
accumulation of N-Myc-UBn was observed with a specific
family of E2 enzymes, UbcH5 (UbcH5a and UbcH5b). Other
E2 enzymes tested produced little or no N-Myc polyubiquitination. In the reaction where wild-type NEDD4 was substituted with a mutated, catalytically inactive mutant NEDD4
(C894A) or empty vector, this N-Myc polyubiquitination was
abolished (Figure 6e). Taken together, these experiments
demonstrate that NEDD4 targets N-Myc protein for ubiquitination and degradation.
SIRT2 upregulates the expression of Aurora A. Aurora A
interacts with N-Myc and blocks N-Myc protein degradation.8
While SIRT2 has recently been reported to exert tumor
suppressor effects by inducing Aurora A protein degradation,29 our Affymetrix gene array data showed that Aurora A
was one of the genes significantly downregulated by SIRT2
siRNA-1 in BE(2)-C cells (Supplementary Table S4). We
therefore performed RT-PCR and immunoblot analysis of

Aurora A expression in BE(2)-C and MiaPaca-2 cells after
transfection with control siRNA, SIRT2 siRNA-1, or SIRT2
siRNA-2. Results showed that knocking down SIRT2
expression slightly reduced Aurora A mRNA but considerably
reduced Aurora A protein expression (Figure 7a). We next
treated BE(2)-C and MiaPaca-2 cells with vehicle control, the
SIRT2 inhibitor AC-93253 at 0.8 mM or the SIRT1/SIRT2
inhibitor Salermide at 50 mM, at which Salermide inhibits
SIRT2 but not SIRT1.21 RT-PCR and immunoblot analyses
showed that inhibition of SIRT2 deacetylation activity with
AC-93253 or Salermide significantly reduced Aurora A
mRNA and protein expression (Figures 7b and c). The data
suggest that SIRT2 can stabilize Myc protein and exert
tumorigenic effects partly through upregulating Aurora A
expression.
Discussion
Recent studies demonstrate that Myc oncoproteins can
upregulate protein expression without modulating gene
transcription by enhancing ribosome biogenesis, the formation of 7-methylguanosine caps on mRNAs and mRNA
Cell Death and Differentiation
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Figure 6 NEDD4 protein directly binds to N-Myc protein and targets N-Myc protein for ubiquitination. (a) BE(2)-C cells were transfected with control siRNA, NEDD4 siRNA
or SIRT2 siRNA for 48 h. Cytoplasmic and nuclear protein was separated and analyzed by immunoblot with anti-NEDD4, anti-SIRT2, anti-GAPDH (marker for cytoplasmic
protein), and anti-E2F1 (marker for nuclear protein) antibodies. (b) HEK293 cells were transfected with constructs expressing empty vector, N-Myc and/or NEDD4. Protein
from the cells was immunoprecipitated with an anti-N-Myc Ab or a control mouse Ab, and IPproducts were analyzed by immunoblot with an anti-NEDD4 Ab. (c) HEK293 cells
were transfected with constructs expressing HA-ubiquitin, Flag-N-Myc and/or Flag-NEDD4. Upper panel: protein from the cells was immunoprecipitated with an anti-N-Myc Ab,
and co-IP products were analyzed by immunoblot with an anti-HA Ab. Lower panel: 5% of whole-cell lysates was used as input and probed with an anti-Flag Ab. (d) HEK293
cells were transfected with constructs expressing Flag-N-Myc and Flag-NEDD4. Protein from the cells was precipitated with anti-Flag M2 beads and incubated with E1, a panel
of E2 enzymes, HA-ubiquitin (HA-Ub), and ATP. Polyubiquitinated protein was detected by immunoblot (IB) with an anti-HA Ab (upper panel). The indicated smear appearing
above 110 kDa represented polyubiquitinated NEDD4 and N-Myc (N-Myc-UBn), and the smear/ladder between 76 and 110 kDa represented N-Myc-UBn. Immunoblot results
with an anti-Flag M2 Ab showing Flag-tagged products are shown in the lower panel. (e) HEK293 cells were transfected with constructs expressing Flag-N-Myc, Flag-NEDD4,
mutant Flag-NEDD4, or empty vector. Protein from the cells was precipitated with anti-Flag M2 beads, and precipitated protein was incubated with E1, UbcH5a, HA-ubiquitin,
and ATP, followed by immunoblot analysis with an anti-HA Ab

translation to protein.14,15 In this study, we have shown that
N-Myc and c-Myc oncoproteins upregulate the expression of
SIRT2 protein, but not mRNA, in N-Myc overexpressing
neuroblastoma and c-Myc overexpressing pancreatic cancer
cells. The data suggest that Myc oncoproteins upregulate the
expression of SIRT2 through a post-transcriptional mechanism, possibly by enhancing SIRT2 protein synthesis.
This study demonstrates that knocking down SIRT2 gene
expression with siRNAs or repressing SIRT2 deacetylation
activity with the SIRT2 inhibitor AC-93253 or Salemide
reduces BE(2)-C neuroblastoma and MiaPaca-2 pancreatic
cancer cell proliferation without inducing cell death. As SIRT2
is known to block programmed cell death by deacetylating p53
protein,30 we hypothesize that repression of SIRT2 does not
induce significant cell death in BE(2)-C and MiaPaca-2 cells
because p53 is mutated in the two cell lines.6,24
One surprising finding of this study is that knocking down
SIRT2 gene expression with siRNAs considerably reduces
N-Myc protein expression in neuroblastoma cells and c-Myc
Cell Death and Differentiation

protein expression in pancreatic cancer cells, but shows no
effect on N-Myc and c-Myc mRNA expression. Consistently,
the SIRT2 inhibitor AC-93253 and Salermide decrease the
expression of N-Myc and c-Myc protein, but not mRNA. We
have previously shown that the proteasome inhibitor MG-132
does not increase Myc protein expression in cancer cells
transfected with Myc siRNAs, which ablates Myc mRNA.22
Here we show that MG-132 significantly increases Myc
protein expression in cancer cells transfected with SIRT2
siRNAs, the repression of SIRT2 significantly decreases
N-Myc and c-Myc protein half-life, and SIRT2 has no effect on
the expression of phosphorylated ERK and GSK3 proteins.
We conclude that SIRT2 upregulates Myc protein expression
through blocking Myc protein degradation without modulating
ERK protein phosphorylation and GSK3 protein expression.
This study has identified the ubiquitin–protein ligase
NEDD4 as the gene most significantly repressed by SIRT2,
and verified that NEDD4 gene expression can be reactivated
by the SIRT2 deacetylation inhibitor AC-93253 and
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Figure 7 SIRT2 upregulates Aurora A expression. (a) BE(2)-C and MiaPaca-2 cells were transfected with scrambled control siRNA, SIRT2 siRNA-1 or SIRT2 siRNA-2 for
48 h, followed by real-time RT-PCR and immunoblot analyses of Aurora A mRNA and protein expression. (b and c) BE(2)-C and MiaPaca-2 cells were treated with vehicle
control, the SIRT2 inhibitor AC-93253 at 0.8 mM (b), or Salermide at 50 mM (c) for 48 h, followed by real-time RT-PCR and immunoblot analyses of Aurora A mRNA and protein
expression. Error bars represented standard error. *Po0.05

Salermide. Importantly, repression of NEDD4 with siRNA
upregulates and overexpression of NEDD4 reduces the
expression of N-Myc and c-Myc protein, but not mRNA.
These data indicate that SIRT2 stabilizes N-Myc and c-Myc
protein in neuroblastoma and pancreatic cancer cells at least
partly by repressing NEDD4 gene transcription.
We have previously demonstrated that histone deacetyases HDAC1, HDAC2, and SIRT1 repress gene transcription by binding to target gene core promoters.6,22,24 Our
present study shows that SIRT2 represses NEDD4 gene
expression in neuroblastoma and pancreatic cells, that SIRT2
binds to NEDD4 gene core promoter and SIRT2 siRNA
increases the presence of acetylated histone H4K16 at

NEDD4 gene promoter, and that SIRT2 siRNA enhances
NEDD4 promoter activity. These data suggest that SIRT2
represses NEDD4 gene transcription by direct binding to
NEDD4 gene core promoter region, deacetylating histone
H4K16 and, repressing NEDD4 gene promoter activity.
Myc oncoproteins are well known to be degraded through
the ubiquitin–protein ligases Fbxw7, which degrades Myc
protein after its phosphorylation at T58 by GSK3,31 and Skp2,
which interacts with a non-phospho-dependent binding site
of Myc oncoproteins.32,33 Recently, the HectH9/Huwe1
ubiquitin–protein ligase has been shown to degrade N-Myc
protein during neuronal differentiation.34 In the current study,
we have identified the ubiquitin–protein ligase NEDD4, which
Cell Death and Differentiation
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is a member of the HECT ubiquitin–protein ligase family,25,26
as a novel regulator of Myc protein ubiquitination and
degradation. Our data demonstrate that NEDD4 directly binds
to N-Myc protein, and targets N-Myc protein for ubiquitination
by the ubiquitin conjugating enzymes (E2) UbcH5a and
UbcH5b. Our findings therefore reveal a novel pathway
through which Myc oncoproteins are ubiquitinated for proteasome-mediated degradation.
Aurora A binds to N-Myc and blocks N-Myc protein
degradation.8 Kim et al.29 have recently reported that SIRT2
indirectly enhances the activity of anaphase-promoting complex/cyclosome (APC/C), a multi-subunit member of the RING
finger family of ubiquitin ligases, leading to Aurora A protein
ubiquitination and degradation. In contrast, in this study, we
have confirmed that knocking down SIRT2 gene expression
with two independent siRNAs and suppressing SIRT2 deacetylation activity with AC-93253 or Salermide consistently
reduces Aurora A mRNA and protein expression in neuroblastoma and pancreatic cancer cells. While the mechanisms for the
discrepancy between Kim et al. ’s finding29 and our finding are
unknown, we hypothesize that SIRT2 can either reduce or
increase Aurora A expression, depending on whether SIRT2
predominantly interacts with APC/C or predominantly mediates
Aurora A gene expression. Our own data suggest that SIRT2
can stabilize Myc oncoproteins and exert oncogenic effects by
upregulating Aurora A expression.
The role of SIRT2 in tumorigenesis is currently controversial. An early study suggests that downregulation of SIRT2
confers glioma cell resistance to microtubule inhibitors, such
as nocodazole.35 However, a recent study demonstrates that
knocking down SIRT2 expression results in caspase
3-dependent apoptosis in glioma cells.36 Furthermore, a
number of other recent papers demonstrate that SIRT2 is
an oncogenic factor and a novel target for cancer therapy.
SIRT2 mRNA and protein expression is significantly upregulated in primary acute myeloid leukemia (AML) blasts
compared to counterpart normal cells from healthy individuals, and SIRT2 induces leukemia cell proliferation and
resistance to apoptosis.37 SIRT2-deficient cells display
increased susceptibility to apoptotic cell death induced by
oxidative stress and the chemotherapeutic drug cisplatin and
staurosporine.38 Although FoxO1 induces cell death and
shows tumor suppressor activity, its function as a tumor
suppressor is abrogated when it is bound and deacetylated by
SIRT2.39 Importantly, small molecule SIRT2 inhibitors have
unanimously shown anticancer effects. For example, the
SIRT2-selective inhibitor AC-93253 induces apoptosis in
cancer cells originating from various organs,20 and a number
of 1,2-dihydrobenzochromen-derived SIRT2-selective inhibitors cause apoptosis and/or differentiation in leukemic cells.19
Additionally, the pan-SIRT inhibitor nicotinamide suppresses
growth of carcinogen-induced mouse and human bladder
cancer by reducing the deacetylation activity of SIRT2.40
Consistent with literature,41,22,42–45 our data suggest that
repression of SIRT2 alone or simultaneous repression of
SIRT1 and SIRT2 with small molecule inhibitors, such as AC93253, Salermide, Cambinol, and Tenovin-6, could be
an effective strategy for the prevention and therapy of
Myc-induced neuroblastoma and pancreatic cancer, and
possibly other Myc-induced malignancies.
Cell Death and Differentiation

In summary, this study demonstrates that a novel pathway,
involving post-transcriptional upregulation of SIRT2, repression of NEDD4, upregulation of Aurora A, and consequent
decreased Myc protein ubiquitination contributes to N-Myc
and c-Myc oncoprotein stability, neuroblastoma, and pancreatic cancer cell proliferation. Moreover, the SIRT2 inhibitor
AC-93253 and Salermide upregulate NEDD4 expression,
decrease Aurora A expression, reduce N-Myc and c-Myc
protein expression, and induce neuroblastoma and pancreatic
cancer cell growth inhibition. Our findings therefore identify
upregulation of SIRT2 and repression of NEDD4 as important
cofactors for Myc oncogenesis, and provide important
evidence for the potential application of SIRT2 inhibitors for
the prevention and therapy of Myc-induced neuroblastoma
and pancreatic cancer.

Materials and Methods
Cell culture. Neuroblastoma BE(2)-C, CHP134, pancreatic cancer MiaPaca-2
cells, primary embryonic kidney HEK293 cells were cultured in RPMI or
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.
siRNA and plasmid transfection. Cells were transfected with siRNAs
from Qiagen (Hamburg, Germany) or Ambion (Austin, TX, USA) or plasmids using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) reagent with the protocol we
described previously.6,46 The sequences of siRNA targets are: 50 -CCCGGAC
GAAGATGACTTCTA-30 for N-Myc siRNA-1; 50 -CGTGCCGGAGTTGGTAAAGAA
30 for N-Myc siRNA-2; 50 -CAGCGCGTTTCTTCTCCTGTA-30 for SIRT2 siRNA-1;
50 -AATCTCCACATCCGCAGGCAT-30 for SIRT2 siRNA-2; 50 -ATGGAGTTGATTA
GATTACAA-30 for NEDD4 siRNA.
RT-PCR and immunoblot analyses. Gene expression in tumor
cells was examined by quantitative real-time RT-PCR as we described
previously.22 For the analysis of protein expression by immunoblot, cells were
lysed for either total cellular protein extraction with RIPA buffer or for nuclear/
cytoplasmis protein fractionation with Nuclear Protein Extraction kit (Pierce,
Rockford, IL, USA). After gel electrophoresis and western transfer, membranes
were probed with mouse anti-N-Myc (1 : 1000), mouse anti-c-Myc (1 : 1000),
mouse anti-SIRT2 (1 : 1000) (all from Santa Cruz Biotech, Santa Cruz, CA, USA),
rabbit anti-NEDD4 (1 : 200), rabbit anti-Aurora A (1 : 500) (from Cell Signaling,
Danvers, MA, USA), mouse anti-phosphorylated ERK (1 : 1000), rabbit anti-total
ERK (1 : 1000) (both from Millipore, Billerica, MA, USA), mouse anti-total GSK3,
rabbit anti-S62 phosphorylated c-Myc (N-Myc) (1 : 1000) (from Bethyl Laboratories,
Montgomery, TX, USA) or rabbit anti-T58 phosphorylated c-Myc (N-Myc) Ab
(Abcam, Cambridge, MA, USA), followed by horseradish peroxidase-conjugated
anti-mouse (1 : 10 000) or anti-rabbit (1 : 20 000) antiserum (Santa Cruz Biotech).
Protein bands were visualized with SuperSignal (Pierce). The membranes were
lastly re-probed with an anti-actin Ab (Sigma, St Louis, MO, USA) as loading
controls.
Affymetrix gene array study. BE(2)-C neuroblastoma cells were
transfected with scrambled control siRNA or SIRT2 siRNA-1. Thirty hours after
transfection, RNA was extracted from the cells with RNeasy mini kit (Qiagen).
Differential gene expression was examined with Affymetrix GeneChip Gene 1.0 ST
Arrays (Affymetrix, Santa Clara, CA, USA), according to the manufacturer’s
instruction. Results from the microarray hybridization were analyzed with
GeneSpring software (GeneSpring, Santa Clara, CA, USA) as we described.22
Alamar blue assays. Cell proliferation was examined with Alamar blue
assays.47 Briefly, cells were plated into 96-well plates, transfected with various
siRNAs or treated with different dosages of AC-93253 or Salermide in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum without
antibiotics. Seventy-two hours later, cells were incubated with Alamar blue
(Invitrogen) for 5 h, and plates were then read on a micro-plate reader at 570/
595 nm. Results were calculated according to the optical density absorbance units
and expressed as percentage change in cell number.
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Cell cycle analysis. Seventy-two hours after siRNA transfection, cells were
harvested and then resuspended at a concentration of 2  106 cells/ml in solution
containing 2 mg/ml RNase (Sigma) and 50 mg/ml propidium iodide (Sigma). Cells
were then run on FACScan (Becton Dickinson, Bedford, MA, USA), and cell cycle
was analyzed with CellQuest software (Becton Dickinson).
ChIP assays. ChIP assays were performed with an anti-SIRT2 Ab, anti-acetyl
H4K16 Ab or control mouse Ab and PCR with primers targeting upstream control
region or core promoter region of NEDD4 gene promoter with the protocol we
have described.24 Fold enrichment of NEDD4 gene promoter by the anti-SIRT2
Ab, anti-acetyl H4K16 Ab and control Ab was calculated by dividing the PCR
product from NEDD4 gene core promoter region by the PCR product from
upstream control region.
Luciferase assays. Modulation of NEDD4 gene promoter activity by SIRT2
was analyzed by luciferase assays. A wild-type NEDD4 gene core promoter
construct was generated by cloning the NEDD4 gene core promoter region
(  680 bp upstream to þ 212 bp downstream of the NEDD4 gene transcription
start site) into a pLightSwitch_Prom construct (SwitchGear Genomics, Menlo Park,
CA, USA). A mutant NEDD4 gene promoter construct was generated by cloning a
DNA fragment  1335 to  392 bp upstream of the NEDD4 gene transcription
start site. BE(2)-C neuroblastoma cells were transiently transfected with control
siRNA or SIRT2 siRNA-2 for 24 h, followed by transfection with the wild-type or the
mutant NEDD4 gene promoter construct for another 24 h. Luciferase activity was
measured with Luciferase Assay System (SwitchGear Genomics) according to the
manufacturer’s instructions and as described previously.6
Co-IP assays. Human embryonic HEK293 cells were transiently cotransfected
with pShuttle empty vector or pShuttle-N-Myc24 together with pCDNA3.1-empty
vector or pcDNA3.1-NEDD427 with Lipofectamine 2000 (Invitrogen) for 36 h.
Cellular protein was then extracted and incubated overnight with 2 mg of a control
or anti-N-Myc Ab (from Cell Signaling). Eluted proteins were immunoblotted with
an anti-NEDD4 Ab.
In vivo ubiquitination assays. HEK293 cells were transiently cotransfected with pcDNA3.1-HA-ubiquitin plus pCDNA3.1-empty vector or pCDNA3.
1-Flag-NEDD4 plus pShuttle empty vector or pShuttle-Flag-N-Myc with
Lipofectamine 2000 (Invitrogen). Thirty-six hours after transfection, cells were
treated with 30 mM MG-132 to preserve multiubiquitin chains of N-Myc. Three
hours later, the cells were lysed under denaturing conditions to disrupt noncovalent interactions. Total cell lysates were then immunoprecipitated with 2 mg of
anti-N-Myc Ab. Eluted proteins were immunoblotted with an anti-HA Ab (Santa
Cruz Biotech).
In vitro ubiquitination assays. HEK293 cells were transfected with Flagtagged N-Myc, NEDD4, mutant NEDD4 (C894A) or empty vector expression
constructs. 36 h after transfection, cells were harvested in NP40 buffer (50 mM
Tris-HCl, pH 8; 100 mM NaCl; 5 mM EDTA; 0.5% NP-40) with protease and
phosphatase inhibitors. Three milligram of total protein was used for IP with antiFlag M2 beads (Sigma), followed by several washes with in vitro ubiquitination
buffer (25 mM Tris-HCl, pH 7.6, 5 mM MgCl2, 100 mM NaCl) containing protease
and phosphatase inhibitors. Flag-tagged NEDD4, mutant NEDD4 (C894A), or
empty vector were eluted from the beads using 3  Flag peptide (Sigma). Flag-NMyc protein bound to the beads were then incubated for 90 min at 321C in in vitro
ubiquitination buffer containing 100 ng of E1, 150 ng of E2 enzyme, eluted
NEDD4, mutant NEDD4 (C894A), or empty vector, 5 mg of HA-Ub, 2 mM ATP and
2 mM DTT. After incubation, the samples were washed and resolved by SDSPAGE and analyzed by western blot using anti-HA and anti-Flag antibodies.
Statistical analysis. All experiments were repeated for at least three times in
duplicates. All data for statistical analysis were calculated as mean±S.E.
Differences were analyzed for significance using ANOVA among groups or
unpaired t-test for two groups. A probability value of 0.05 or less was considered
significant.
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