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It is widely accepted that different forms of stress activate a
common target, p53, yet different outcomes are triggered in
a stress-specific manner. For example, activation of p53 by
genotoxic agents, such as camptothecin (CPT), triggers
apoptosis, while non-genotoxic activation of p53 by
Nutlin-3 (Nut3) leads to cell-cycle arrest without significant
apoptosis. Such stimulus-specific responses are attributed
to differential transcriptional activation of various promo-
ters by p53. In this study, we demonstrate that CPT, but not
Nut3, induces miR-203, which downregulates anti-apoptotic
bcl-w and promotes cell death in a p53-dependent manner.
We find that acetylation of K120 in the DNA-binding domain
of p53 augments its association with the Drosha micropro-
cessor and promotes nuclear primary miRNA processing.
Knockdown of human orthologue of Males absent On the
First (hMOF), the acetyltransferase that targets K120 in p53,
abolishes induction of miR-203 and cell death mediated by
CPT. Thus, this study reveals that p53 acetylation at K120
plays a critical role in the regulation of the Drosha micro-
processor and that post-transcriptional regulation of gene
expression by p53 via miRNAs plays a role in determining
stress-specific cellular outcomes.
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Introduction

Cellular stress responses occur due to sudden environ-
mental changes. Such changes can damage macromolecules,
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including DNA, mRNA, proteins, and lipids, which need to be
replenished (Kultz, 2005). Depending on the stress
encountered, cells either re-establish cellular homeostasis
or adopt an altered state in the new environment. Stress
responses are mediated by multiple mechanisms, including
induction of cell death, growth arrest, and activation of
specific gene expression programmes through various mole-
cular mechanisms (Kultz, 2005). The tumour suppressor p53
(also known as TP53 in humans and Trp53 in mice) is a
confirmed sensor of different types of cellular stress, such
as DNA damage, oncogenic activities, erosion of telomeres,
and hypoxia. It can modulate gene expression to co-
ordinate various cellular responses to control cell survival,
DNA repair, senescence, cell-cycle regulation, or elimination
of damaged cells by promoting apoptotic cell death or
autophagy. In the wunstressed steady state, cellular
expression of p53 is kept low by negative regulators, such
as human double minute 2 (HDM2 in humans and MDM2 in
mice) and HDMX2 (MDMX in mice) (Toledo and Wahl, 2006).
A small molecule that inhibits the interaction between HDM2
and p53, Nutlin-3 (Nut3), is able to de-repress and activate
p53 similarly to genotoxic stimuli, such as topoisomerase
inhibitors (doxorubicin (DXR), camptothecin (CPT), and
etoposide (ETP)) and the transcription inhibitor actino-
mycin D (ActD). Upon DNA damage, p53 is stabilized and
activated. Mutations of p53 directly or indirectly modulate its
expression and/or activity and are found in nearly all human
cancers, illustrating the central role of p53 as a gatekeeper of
the human genome. Mechanistically, p53 acts as a
transcription factor, binding DNA in a sequence-specific
manner. It is composed of several domains critical for its
transcription activity, such as an amino (N)-terminal
transactivation domain (TAD), a DNA-binding domain
(DBD), and a carboxyl (C)-terminal regulatory domain
(CRD). Cellular responses by p53 are mediated by
transcriptional regulation of protein-coding genes as well as
small non-coding microRNA (miRNA) genes.

miRNAs are ~22-nt regulatory RNAs that negatively mod-
ulate the stability and/or translational potential of target
mRNAs (Siomi and Siomi, 2010). As miRNA-dependent
gene regulation requires neither transcription nor protein
synthesis, miRNAs are well positioned to play a significant
gene regulatory role in the rapid restoration of homeostasis
upon stress responses that have compromised the
transcription or translation machineries (Mendell and
Olson, 2012). Following DNA damage, p53 induces the
primary transcripts of specific miRNAs (pri-miRNAs), such
as miR-34a and miR-107. In turn, these miRNAs collectively
repress a number of genes, and in this way contribute to
promote growth arrest and apoptosis (Hermeking, 2007). In
addition, p53 can control the processing of a limited
population of pri-miRNAs by associating with RNA helicase
p68 (also known as DDX5), a component of the Drosha
microprocessor complex. Drosha and its cofactors are
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essential for the processing of pri-miRNAs to generate
precursor miRNAs (pre-miRNAs) in the nucleus during
miRNA biogenesis (Suzuki et al, 2009). Consequently, we
can speculate that deregulation of p53 expression or function
due to a mutation of p53 or p53 regulatory proteins can lead
to altered expression of miRNAs in addition to changes in
transcriptional targets of p53. However, the contribution of
p53-modulated miRNAs during DNA damage response is
unclear.

Given the essential role of p53 in a wide variety of cellular
processes, it is understandable that p53 is constrained by a
complex regulatory network that includes positive and nega-
tive effector proteins. Many conserved amino-acid residues in
p53 undergo different types of post-translational modifica-
tions, including phosphorylation, ubiquitination, acetylation,
methylation, sumoylation, and neddylation (Dai and Gu,
2010). The impact of these post-translational modifications
on the miRNA processing function of p53 has not been
addressed previously. Accumulating evidence suggests that
the acetylation of lysine (K) residues significantly affects p53
activity during stress responses by modulating the stability
and the transcriptional activity of p53 (Dai and Gu, 2010).
Currently, 10 acetylated lysine residues (K120, K164, K305,
K320, K370, K372, K373, K381, K382, and K386) have been
identified in p53 (Dai and Gu, 2010). The acetylation of six of
these lysines (K370, K372, K373, K381, K382, and K386), all
clustered in the CRD, is mediated by the acetyltransferase
p300/CREB-binding protein (p300/CBP) (Dai and Gu, 2010).
These six acetylation sites are not only critical to the
specificity of the DNA binding and transcriptional activation
ability of p53, but also contribute to the stabilization and
subsequent elevation of total p53 levels, as acetylation of
these lysine residues inhibits ubiquitination by HDM2/HDMX
and subsequent degradation of p53 (Dai and Gu, 2010).
However, mutations in lysines in the CRD have not been
found in human cancers (according to the UMD_TP53
Mutation database at http://p53.free.fr/). Recently, two
additional acetylation sites (K120 and K164) were identified
in the DBD (Sykes et al, 2006; Tang et al, 2006). Although
rare, K120R and K164R mutations can be found in tumours
and cancer cell lines (from the UMD_TP53 Mutation
database). Acetylation of K120 is mediated by the human
orthologue of Males absent On the First (hMOF) and Tat-
Interactive Protein of 60 kDa (Tip60), and K164 is acetylated
by CBP/p300 similarly to the C-terminal acetylation sites (Dai
and Gu, 2010). An acetylation-defective mutation at K120
(K120R) abrogates p53-mediated apoptosis, but not growth
arrest or senescence, suggesting that K120 acetylation can
determine the type of cellular outcome mediated by p53
(Sykes et al, 2006; Tang et al, 2006; Li et al, 2012).
However, the molecular mechanism by which acetyl-K120
p53 triggers a specific outcome is not fully understood.

In this study, we demonstrate that DNA damaging agents
activate both the transcriptional activity and the miRNA
processing activity of p53, ultimately resulting in cell death.
On the other hand, Nut3 inactivates HDM2, an E3 ubiquitin
ligase, which results in p53 degradation and induces p53-
dependent transcription, but shows little effect on the miRNA
processing activity of p53. Likewise, Nut3 does not cause cell
death, suggesting that miRNA processing by p53 is required
for the induction of apoptosis. Acetylation of K120, induced
by DNA damaging agents, plays a critical role in the stimula-
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tion of miRNA processing by p53 through an enhanced
association with p68 and Drosha and cropping of
pri-miRNA. Our study suggests that CPT-mediated cell death
is due to the induction of miR-203, which downregulates
pro-survival Bcl-w (BCL2L2) and mediates the apoptotic
response. Thus, the acetylation of the K120 in p53 is critical
for the post-transcriptional regulation of miRNAs and for
determining the specificity of the pS53-dependent cellular
response.

Results

The DNA damaging agent CPT mediates apoptosis via
downregulation of Bcl-w

It has been shown previously that the DNA damaging agents
CPT and doxorubicin DXR induce p53 accumulation and
cause apoptosis. Nut3 stabilizes p53 and induces the accu-
mulation of p53, but fails to promote apoptosis and mediate
cell-cycle arrest. In agreement with a previous report, in
human colon carcinoma HCT116 cells carrying a wild-type
p53 gene (p5S3(+) cells), elevation of caspase-3/7 activity
was observed upon CPT treatment but not upon Nut3 treat-
ment (Figure 1A). CPT triggers apoptotic cell death in a p53-
dependent manner, as HCT116 cells with a homozygous
deletion of p53 (p53(—) cells) did not have elevated cas-
pase-3/7 activity upon CPT treatment.

To elucidate the molecular mechanism of CPT-induced,
p53-dependent cell death, we examined the expression of
pro-apoptotic proteins Puma and Bax and the pro-survival
protein Bcl-w (a member of the Bcl-2 family) upon CPT or
Nut3 treatment. As previously reported (Toledo and Wahl,
2006), both Puma and Bax, which are transcriptional targets
of p53, were induced by both CPT and Nut3 treatment to
similar levels (Figure 1B). Unlike Puma and Bax, Bcl-w
mRNA was reduced to ~20% of the control level by CPT
but not by Nut3 (Figure 1B). When Bcl-w was experimentally
downregulated, Nut3 was able to mediate cell death similarly
to CPT (Supplementary Figure S1). These results suggest that
the downregulation of Bcl-w in combination with the induc-
tion of Puma and Bax might play a critical role in the
induction of cell death by CPT.

Induction of miR-203 mediates Bcl-w downregulation
and cell death upon CPT treatment

It has been reported that miR-203 targets an evolutionarily
conserved miR-203 recognition element (MRE) located at the
3’ untranslated region (UTR) of Bcl-w mRNA and down-
regulates Bcl-w expression in bladder cancer cells (Bo et al,
2011). Thus, we hypothesized that the induction of miR-203
by CPT might lead to the downregulation of Bel-w in p53(+)
cells (Bo et al, 2011). We found that miR-203 in p53(+ ) cells
is upregulated ~3-fold over steady-state levels after CPT
treatment (Figure 2A). The miR-203 level in p53(—) cells
was unchanged upon CPT treatment (Figure 2A), indicating
that induction of miR-203 by CPT is p53 dependent.
Interestingly, treatment of p53(+) cells with Nut3 did not
induce miR-203 (Figure 2A), supporting our hypothesis that
regulation of the miR-203-Bcl-w axis is CPT specific and p53
dependent. To test whether miR-203 targets Bcl-w in p53(+)
cells, we transfected cells with either a chemically modified
RNA with the mature miR-203 sequence (miR-203 mimic),
which elevates endogeneous miR-203 three-fold (Figure 2B,
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bottom panel), or antisense oligonucleotides against miR-203
(anti-miR-203), which downregulate miR-203 to <10% of
endogeneous level (Figure 2B, middle panel), followed by
analysis of Bcl-w mRNA and protein. Four previously vali-
dated targets of miR-203 (Akt2, Saini et al, 2011; Abll, Bueno
et al, 2008; Craig et al, 2011; Src, Saini et al, 2011; and SOCS3,
Ru et al, 2011) were repressed by miR-203 mimic and induced
by anti-miR-203, confirming the expected gain- and loss-of-
function effects of these reagents in p53(+) cells (Supple-
mentary Figure S2). Transfection of miR-203 mimic reduced
endogeneous Bcl-w mRNA to ~50%, and expression of anti-
miR-203 derepressed Bcl-w mRNA by ~60% (Figure 2B, top

protein level (Figure 2B, bottom panel). We also confirmed
that the luciferase activity of a reporter construct containing
the MRE identified in the 3'UTR of Bcl-w mRNA (Bo et al,
2011) at the 3’ end of the luciferase reporter gene (WT) was
reduced by miR-203 mimic (Supplementary Figure S3, WT).
Conversely, a reporter construct with four substitutions in the
MRE (MUT) that disrupt complementarity with the miR-203
seed sequence was resistant to overexpression of miR-203
(Supplementary Figure S3, MUT), indicating that miR-203
targets the MRE in the 3’'UTR of Bcl-w mRNA in p53(+) cells.

To confirm the induction of miR-203 leading to cell death in
a p53-dependent manner, miR-203 mimic was transfected
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panel). Similar results were obtained by analysing the Bcl-w into p53(+) or p53(—) cells, followed by CPT or Nut3
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Figure 1 CPT mediates apoptotic cell death. (A) Caspase-3/7 activities were measured using a luminescent assay by adding a profluorescent
caspase-3/7 consensus substrate to cell lysates from p53(+) cells treated with DMSO (mock), CPT, or Nut3 for 16h. *P<0.01; error bars
represent standard deviation (s.d.). n=3. Total cell lysates from the same samples were subjected to immunoblot analysis with anti-p53 or
anti-GAPDH (loading control) antibodies. (B) mRNA levels of pro-apoptotic genes (PUMA and BAX), which are transcriptional targets of p53,
and anti-apoptotic Bcl-w normalized to GAPDH were monitored by qRT-PCR analysis in p53(+) cells treated with DMSO (mock), CPT,
or Nut3 for 16 h. Source data for this figure is available on the online supplementary information page.

Figure 2 Downregulation of Bcl-w by miR-203 leads to apoptosis. (A) p53(+) or (—) cells were treated with DMSO (mock), CPT, or Nut3 for
16 h. Total RNA was extracted after drug treatment and analysed by qRT-PCR to examine miR-203 levels normalized to U6 snRNA levels (right
panel). *P<0.05; error bars represent standard deviation (s.d.). n=3. miR-203 levels were quantified by qRT-PCR from total RNA extracted
following drug treatment (bottom panel). (B) p5S3(+ ) cells were transfected with control mimic, miR-203 mimic, control antisense (anti-GFP),
or anti-miR-203, followed by qRT-PCR analysis to examine Bcl-w mRNA levels normalized to GAPDH (top panel) and miR-203 normalized to
U6 snRNA (middle panel). *P<0.05; error bars represent standard deviation (s.d.). n = 3. Immunoblot analysis of Bcl-w protein in the presence
of miR-203 mimic or anti-miR-203 was also examined in the same cells (bottom panel). (C) p53(+ ) cells were transfected with control mimic or
miR-203 mimic, followed by treatment with DMSO (mock), CPT, or Nut3 for 24 h, followed by examining caspase-3/7 activities (top panel).
miR-203 level normalized to U6 snRNA was examined by qRT-PCR analysis (bottom panel). *P<0.05; error bars represent standard deviation
(s.d.). n=3. (D) p53(+) cells were transfected with control antisense (anti-GFP) or anti-miR-203 followed by treatment with DMSO (mock),
CPT, or Nut3 for 24 h, followed by examining caspase-3/7 activities (top panel). Results are the average of three independent experiments
performed in triplicate. miR-203 levels were measured by qRT-PCR to confirm effective silencing of miR-203 by anti-miR-203 (bottom panel).
*P<0.01; error bars represent standard deviation (s.d.). n=3. (E) p53(+) cells were transfected with empty vector (mock), Bcl-w cDNA
expression construct bearing mutations in the miR-203 MRE (Bcl-w(MUT)) or deleted in 3'UTR (Bcl-w-A) constructs and treated with DMSO
(mock) or CPT for 16h. Cell death was assessed by trypan blue uptake in a minimum of 200 cells (left panel). Transfection efficiency was
assessed by qRT-PCR of Bcl-W mRNA (normalized to GAPDH) from remaining cells after trypan blue staining. *P<0.01; error bars represent
standard deviation (s.d.). n=3. Source data for this figure is available on the online supplementary information page.
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treatment. Exogeneous expression of miR-203 triggered cell

death in both p53(+) and p53(—

) cells as measured by

caspase-3/7 activity (Figure 2C). Transfection of miR-203
mimic in p53(+) cells was sufficient to weakly induce the
activation of caspase-3/7, and miR-203 mimic with CPT
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treatment synergistically increased the caspase activity
(Figure 2C). Consistent with the results shown in
Figure 1A, Nut3 treatment alone did not promote cell
death; however, miR-203 mimic with Nut3 treatment in
p53(+) led to cell death (Figure 2C), suggesting that miR-
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203-mediated repression of Bcl-w in addition to transcrip-
tional induction of pro-apoptotic Puma and Bax by CPT or
Nut3 treatment synergistically promotes cell death.
Conversely, we examined whether anti-miR-203 transfection,
which abrogates endogeneous miR-203 activity, also abro-
gates apoptotic cell death induced by CPT. To this end,
endogeneous miR-203 was blocked by transfection of anti-
miR-203, followed by CPT treatment. Transfection of anti-
miR-203, which decreased the amount of miR-203 induced
upon CPT treatment by 70% (Figure 2D, bottom panel),
prevented CPT-mediated cell death in p53(+) cells as mea-
sured by caspase-3/7 activity (Figure 2D, top panel). Neither
CPT nor Nut3 induced cell death, and anti-miR-203 showed
little effect in p53( —) cells (Figure 2D, top panel). Finally, to
provide evidence that miR-203-mediated downregulation of
Bcl-w is responsible for CPT-mediated cell death in p53(+)
cells, Bcl-w expression constructs either lacking the 3'UTR
(Bcl-w-A) or containing a 3'UTR bearing nucleotide substitu-
tions within the MRE (Bcl-w(MUT)) (see Supplementary
Figure S3), were transfected into p53(+) cells, followed by
stimulation with CPT (Figure 2E). Unlike cells transfected
with empty vector (mock), which suffered from induced cell
death, Bcl-w-A or Bcl-w(MUT)-transfected cells were resis-
tant to cell death upon CPT treatment (Figure 2E). These
results indicate that the CPT-mediated activation of p53
induces miR-203, which downregulates Bcl-w and promotes
cell death.

Genotoxic stimuli specifically elevate the activity of p53
to promote pri-miRNA processing

A number of post-translational modifications modulate the
activity of p53 and are implicated in contributing to specific
cellular outcomes (Kruse and Gu, 2009). It was recently
identified that upon DXR treatment, p53 post-transcription-
ally induces a subset of miRNAs, including miR-203, miR-16,
miR-103, and miR-206, by facilitating the first cropping
step from pri-miRNA to pre-miRNA catalysed by Drosha in
the nucleus (Suzuki et al, 2009). Therefore, we hypothesized
that CPT but not Nut3 mediates the induction of miR-203
and promotes cell death. p53(+) cells were treated with
DXR, CPT, or Nut3 for 6 h and then harvested for pre-miRNA
analysis. As previously reported, DXR induced the express-
ion of a set of pre-miRNAs, including miR-203 (Figure 3A,
top panel). Similarly, CPT induced expression of these
pre-miRNAs, whereas Nut3 treatment did not, despite the
fact that similar levels of p53 protein were detected in all
conditions (Figure 3A, bottom panel). Induction of these
miRNAs upon CPT or DXR treatment is p53 dependent, as
these agents failed to induce miRNAs in p53(—) cells
(Supplementary Figure S4). Consistent with the amount of
p53 protein, the induction of transcriptional targets of
p53 (p21, Puma, Bax, pri-miR-341, and pri-miR-107) was
comparable in DXR-, CPT-, and Nut3-treated cells
(Figure 3A, middle panel), illustrating that DXR/CPT-
mediated activation of p53 leads to the activation of both
the transcription and the miRNA processing activity of
p53, whereas Nut3-mediated activation of p53 selectively
activates its transcriptional activity. Induction of pre-
miRNAs by CPT and DXR is a post-transcriptional effect of
p53, as pri-miRNA levels of these miRNAs were not altered
by CPT or DXR treatment (Figure 3B). Induction of pre-
miRNAs was observed when cells were treated with CPT or
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DXR in the presence of the RNA polymerase II inhibitor
Actinomycin D (Act D) (Figure 3C). As a control of specificity,
miRNAs regulated by the signal transducers of the TGFf
signalling pathway, Smad proteins (miR-21, miR-199a, and
miR-421) (Davis et al, 2008, 2010), have been examined after
DXR treatment in p53( + ) cells and were not affected by DXR
(Supplementary Figure S5), indicating the specificity
of miRNAs that are regulated by p53 upon DXR or CPT
stimulation.

Next, we performed immunoprecipitation (IP) of p53 fol-
lowed by detection of associated RNAs in p53(+) cells
treated with CPT or Nut3. The results indicated that treatment
with CPT, but not with Nut3, promotes the association of p53
with pri-miRNAs of p53-regulated targets (miR-203 and miR-
143), whereas no interaction was detected with control pri-
miRNA (miR-34a) (Figure 3D).

Acetylation of K120 is critical for the miRNA processing
activity of p53

Among the various post-translational modifications that have
been identified in p53, the acetylation of the K120 residue in
the DBD has been found to play a critical role in mediating
apoptosis, as a single amino-acid substitution at K120 to Arg
(K120R) abrogates p53-dependent apoptosis with no major
effect on mediating cell-cycle arrest (Sykes et al, 2006; Tang
et al, 2006; Li et al, 2012). Thus, we examined whether this
modification plays a role in facilitating the miRNA processing
activity of p53. Wild-type p53 (WT) or two acetylation-
deficient K mutants in the DBD (K120R and K164R) were
transiently expressed in p53(—) cells, followed by the
quantitative analysis of p53-regulated targets (pre-miRNA-
16, -103, -143, and -203), transcriptional targets (p21,
Puma, Bax, and pri-miR-34a) or control miRNA (pri-
miRNA-21 and -214) (Figure 4A, left panel). K to R mutation
in the C-terminal region (CTD) of p53 (K373/382R double
mutant) was used as a control (Figure 4A). K120R mutant
expressed at a level similar to WT and K372/382R p53
(Figure 4A, right panel), greatly reduced CPT-mediated
miRNA processing (Figure 4A, Processing targets) while still
being able to mediate the induction of transcriptional targets,
such as p21 and pri-miR-34a (Figure 4A). Similar result was
obtained in p53-deficient human lung carcinoma H1299 cells
exogeneously expressing p53(K120R)  (Supplementary
Figure S6). As previously reported (Sykes et al, 2006; Tang
et al, 2006), induction of Puma and Bax was reduced in
K120R cells (Figure 4A). Control miRNAs were not affected
by the introduction of WT or K120R p53 (Figure 4A).
A mutation of K164, which is also a known site of acetylation
(Tang et al, 2006), had miRNA processing ability similar to
WT (Figure 4A, K164R). RNA-IP analysis demonstrated that
WT and K164R were recruited to pri-miRNAs of the p53
processing targets (miR-203 and miR-143) upon CPT stimula-
tion, but K120R was unable to associate with these
pri-miRNAs (Figure 4B). This result is in agreement with
the lack of miRNA processing in K120R mutant-expressing
cells (Figure 4A). Therefore, K120 in the p53 DBD is critical
for association with the miRNA processing target and induc-
tion of miRNA processing.

Next, using two independent stable clones of p53( —) cells
expressing WT or K120R p53 at levels similar to endogeneous
p53 in p53(+) cells (Figure 4C, bottom panel), we examined
the CPT-mediated regulation of Bcl-w. In WT clones,
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(miR-21, -199a, and -421) and levels of transcriptional targets of p53 (p21, Puma, Bax, pri-miR-34a, and pri-miR-107) were examined. Results
are shown as the fold induction upon treatment with DXR, CPT, or Nut3 as compared to DMSO treatment. Immunoblot analysis of total p53
protein level after DMSO (mock), DXR, CPT, or Nut3 treatment for 6 h is shown from p53(+ ) cell lysates. GAPDH is shown as a loading control
(bottom panel). (B) gqRT-PCR analysis of pri-miRNA regulated by p53 (miR-16, -103, -143, -203, and -206) with 6h of DXR, CPT, or Nut3
treatment in p53(+) cells. (C) gqRT-PCR analysis of pre-miRNA induced by p53 (miR-16, -103, -143, -203, and -206) with 6 h of co-treatment
with actinomycin D (ActD) and DXR, CPT, or Nut3 in p53(+) cells. (D) p53(+) cells were treated with DMSO (mock), CPT, or Nut3 for 8 h,
followed by RNA-IP analysis. Results are shown as the fold enrichment of pri-miRNA of processing targets of p53 (miR-203 and miR-143) in the
IP samples with anti-p53 antibody over control IP samples with non-specific IgG. The transcriptional target of p53, pri-miR-34a, was measured
as a control. Total cell lysates from the same samples were subjected to immunoblot analysis with anti-p53 or anti-GAPDH (loading control)
antibodies. Source data for this figure is available on the online supplementary information page.

a 2- to 3-fold induction of miR-203 led to ~50% repression of K120R clones to a level similar to mock-transfected cells
Bcl-w upon CPT treatment (Figure 4C, top panel). Unlike in (Figure 4D), confirming that the K120R mutant of p53 is
WT clones, downregulation of Bcl-w was blunted in K120R unable to mediate apoptotic cell death due to its inability to
clones to a similar degree as clones transfected with empty promote miR-203-mediated downregulation of Bcl-w. Thus,
vector (mock) (Figure 4C, top panel), suggesting that K120 our study uncovers novel mechanistic insight into the critical
acetylation plays a critical role in CPT-induced downregula- role of the acetyl-K120 form of p53 upon DNA damage stress
tion of Bcl-w. In agreement with the lack of downregulation in the regulation of miRNA biogenesis and the induction of
of Bcl-w, activation of caspase-3/7 by CPT was reduced in apoptosis.
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Figure 4 Modification at the K120 residue is critical for the miRNA processing activity of p53. (A) p53(—) cells were transfected with empty
expression vector (mock), expression vector carrying wild-type p53 (WT), K120R mutant, K164R mutant, or K373/382 double mutant (K373/
382R), followed by DMSO or CPT treatment for 16 h. Total RNA was subjected to qRT-PCR analysis of p53-processed targets (miR-16, 103, -143,
and -203), p53 transcriptional target (p21, Puma, Bax, and pri-miR-34a), or control (pri-miR-214 and pre-miR-21). Results are shown as the fold
change of pre-miRNA upon CPT treatment as compared to DMSO treatment (left panel). Total lysates of the same cells or p53(+) cells
following DMSO treatment were subjected to immunoblot analysis of p53 and GAPDH (loading control; right panel). (B) RNA-IP was
performed on p53( — ) cells transfected with the expression vector carrying p53 WT, K120R, or K164R. pri-miRNA levels of processing targets of
p53 (miR-203 and miR-143) or control (miR-21) associated with p53 WT or mutants were analysed by qRT-PCR. Results are shown as the fold
induction of p53-associating pri-miRNAs upon CPT treatment for 8 h over DMSO treatment. Immunoblot analysis of p53 and GAPDH is shown
in (B). (C) Two independent clones of p53( —) cells stably expressing an empty vector (mock), WT, or K120R were treated with DMSO (mock)
or CPT for 16 h and subjected to qRT-PCR analysis of pre-miR-203 and Bcl-w mRNA normalized to GAPDH. Result is shown as % repression and
fold induction of Bcl-w and pre-miR-203 by comparing the levels in CPT-treated cells with DMSO-treated cells. The levels of p53 and GAPDH
(loading control) protein following DMSO (mock) or CPT treatment were examined by immunoblotting using the same stable clones.
(D) p53(—) cells stably expressing empty vector (mock), WT, or K120R were treated with DMSO (mock) or CPT for 16 h and subjected to the
caspase-3/7 activity assay. *P<0.01; error bars represent standard deviation (s.d.). n=3. Source data for this figure is available on the online
supplementary information page.
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The acetyltransferase hMOF is required for induction of
the miRNA processing activity of p53

To provide evidence that the regulation of miRNA processing
by CPT relies on acetylation of K120 instead of other types of
K modifications, we tested whether treatment with CPT (and
not Nut3) induces acetylation of K120 by immunoblot ana-
lysis using antibodies against total p53 or acetyl-K120,
-K373, or -K382 p53 (Figure 5A). Levels of total p53,
Ac-K373, and Ac-K382 were similar following both CPT and
Nut3 treatment; only CPT elevated acetylation of K120
(Figure SA). Next, we tested whether forced expression of
an acetyltransferase responsible for K120 acetylation could
augment the levels of p53-processed miRNAs in p53(+)
cells. Unlike K164 and the C-terminal K residues (K370,
372, 373, 381, 382, and 386), which are acetylated by CBP/
p300, K120 is acetylated by a distinct acetyltransferase hMOF
or the closely related protein Tip60 (Brooks and Gu, 2011).
We transfected WT, KI120R, or K373R/K382R p53 into
p53(—) cells with or without an hMOF expression plasmid.
Overexpression of hMOF (4.5-fold over endogeneous)
elevated K120 acetylation (Figure 5B, bottom panels) as
well as the miRNA processing activity of WT and K373R/
K382R with the exception of K120R (Figure 5B, top left
panel). Marginal increase in caspase-3/7 activity was
observed in WT cells but not in K120R cells upon over-
expression of hMOF (Figure 5B, top right panel). When
>80% of endogeneous hMOF protein was downregulated
by siRNA (si-hMOF) in p53(—) cells stably expressing
WT p53 (Figure 5C, bottom panels), CPT-dependent induc-
tion of pre-miR-203, downregulation of Bcl-w (Figure 5C, top
panel), and apoptosis (Figure 5D, WT) were abrogated.
si-hMOF exhibited a small effect on the transcriptional
activity of p53 (Figure 5C; Supplementary Figure S7, p21).
No significant effect was observed by si-hMOF in K120R
cells (Figure 5C and D). These results indicate that acetyla-
tion of K120 by hMOF is critical for the p53-dependent
induction of miRNA processing and cell death upon CPT
treatment.

We also generated an acetyl-K120 mimic by replacing K120
with glutamine (Q) (K120Q), as K-to-Q substitutions in
histone H4 (Hecht et al, 1995) and p53 (Luo et al, 2004)
are known to be functionally comparable to acetylated K
residues. In contrast to WT p53, which required CPT
stimulation to promote pri-miR-203 processing, K120Q
expressed at a similar level to WT (Figure 5E, right panel),
was able to mediate pri-miR-203 processing in the absence of
CPT stimulation (Figure SE, left panel), suggesting that
acetylation of K120 is sufficient for the induction of miRNA
processing by p53. Consistently with the elevated level of pre-
miR-203 in the absence of CPT treatment, Bcl-w expression
was reduced in K120Q cells in comparison with WT or K120R
mutant cells (Figure SE, left panel). Unlike pri-miR-203
processing, Puma mRNA was not significantly altered in
K120Q cells (Figure SE, left panel). Despite the reduction in
Bcl-w in K120Q cells, the basal activity of caspase-3/7 was
similar to WT p53 cells (Figure 5F), suggesting that K120Q-
mediated downregulation of Bcl-w is not sufficient to promote
cell death. These results indicate that acetylation of K120 is
sufficient for the miRNA processing activity of p53, but not
for the transcriptional activation of p53. It also indicates that
the induction of apoptosis by DNA damage agents requires
both miRNA processing-mediated gene regulation, i.e., down-
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regulation of Bcl-w, and the transcriptional induction of Puma
or Bax.

Acetylation of K120 facilitates stable interaction with
p68 and Drosha

p53 associates with the Drosha complex through RNA heli-
case p68 (DDXS5), a subunit of the Drosha microprocessor
complex (Suzuki et al, 2009). We tested whether K120
acetylation of p53 stabilizes the interaction with p68, in
turn promoting p53-dependent pri-miRNA processing. p68
was immunoprecipitated from nuclear extracts of cells
stimulated with CPT or Nut3, followed by immunoblot
analysis using antibodies against total p53 or KI120-
acetylated p53 (p53-Ac-K120) (Figure 6A). Although levels
of total p53 and K382-acetylated p53 were similar following
both CPT and Nut3 treatment, only CPT increased K120
acetylation (Figure 6A, input) and the interaction between
p53 and p68 (Figure 6A, IP: p68). We also confirmed that the
p53 associated with p68 upon CPT treatment was K120
acetylated (Figure 6A, p53-Ac-K120). Lysine acetylation of
p68 was not detected following CPT or Nut3 treatment
(Figure 6A, Ac-p68). These results suggest that the differen-
tial effect of CPT and Nut3 on p53-mediated miRNA proces-
sing is due to acetyl-K120, which facilitates stable association
between p53 and the Drosha complex. The acetyl-K120
mimic K120Q was constitutively associated with p68 and
Drosha in the absence of CPT treatment (Figure 6B), while
WT p53 associated with p68 upon DNA damage stress
(Figure 6A), suggesting that K120 acetylation is sufficient to
promote interaction of p53 with the Drosha complex. K120R
mutant of p53 was unable to interact with p68 both in the
presence and absence of CPT stimulation (Figure O6B;
Supplementary Figure S8). Finally, we performed in vitro
pri-miRNA processing assays by adding biotin-labelled pri-
miR-203 with total cell lysates from p53-null, p53(WT, K120Q
or K120R) stable clones with or without CPT treatment
(Figure 6C). In accordance with the result of RT-PCR analysis
of pre-miR-203 (Figure 4A), two-fold induction of a band
corresponding to pre-miR-203 was detected in the reaction
with p53(WT) cell lysates upon CPT treatment (Figure 6C,
WT). Cell lysates of K120Q cells in the absence of CPT
treatment exhibited a high level of pre-miR-203 band simi-
larly to the level of CPT-treated pS3(WT) cells, which was not
significantly augmented by CPT (Figure 6C, K120Q). The
levels of pre-miR-203 band in K120R cells were low and
unchanged upon CPT treatment (Figure 6C, K120R). These
results provide direct evidence of functional significance of
K120 acetylation of p53 in the regulation of the Drosha
microprocessor activity upon DNA damage stimuli. In sum-
mary, this study uncovers a critical role of K120 acetylation
in the DBD of p53 in regulating the miRNA biogenesis
pathway and in determining a stress-specific cellular outcome
(Figure 6D).

Discussion

The mechanism of stimulus-specific regulation of p53, in
particular the different consequences mediated by genotoxic
stimuli and the HDM2 inhibitor, has been investigated pre-
viously (Donner et al, 2007). One proposed mechanism for
the varying responses is the differential accessibility of the
genomic binding sites of p53, which in turn controls different
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subsets of downstream targets in distinct cellular
environments. However, genome-wide analysis of p53
occupancy suggests that the regulation of specific subsets of
p53 targets cannot be attributed to the association of p53 to
specific target genes, as the pattern of p53 occupancy
does not change dramatically between different stimuli,
despite different biological outcomes (Wei et al, 2006).
Our study shows that the p53-dependent modulation

of miRNA biogenesis is a defining mechanism for the speci-
ficity of DNA damaging agent-dependent cell death as a
consequence of K120 acetylation.

It has been shown that p53 modulates miRNA biogenesis
through associating with p68 to enable processing of pri-
miRNA to pre-miRNA by Drosha, similarly to the function of
TGFp signal transducers, the Smad proteins. In response to a
DNA damage stimulus, the level of a small subset of miRNAs
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is post-transcriptionally upregulated (Suzuki et al, 2009). In
addition to this miRNA processing regulation, p53 also
transcriptionally regulates the level of some miRNAs, such
as miR-34a, miR-107, miR-125b, miR-149*, miR-146, miR-192,
miR-215, and miR-1246. Conversely, p53 itself is regulated by
a miRNA, miR-125b (Le et al, 2009), which decreases upon
DNA damage (Junttila and Evan, 2009). Therefore, during
DNA damage, a decrease in the miRNA-dependent repression of
p53 is coupled with p53 activation, which results in the
upregulation of protein-coding genes and miRNAs, as well as
the downregulation of miRNA targets to promote cell-cycle arrest
and apoptosis. This post-transcriptional mechanism of miRNA
regulation might be critical and relevant to a rapid modulation of
the expression of a large number of genes under various stress
stimuli that can compromise transcription activities.

Interestingly, pS3 mutants frequently identified in cancers,
such as C135Y, R175H, and R273H, fail to interact with the
Drosha complex and to facilitate miRNA processing (Suzuki
et al, 2009), suggesting that the tumorigenesis caused by
these p53 mutants might be, in part, due to deregulation of
miRNA biogenesis. We propose that the K120R mutant found
in tumours may also contribute to tumorigenesis and
resistance to chemotherapy through deregulation of miRNA
biosynthesis.

Although multiple lysine residues in p53 are acetylated, the
observation that only K120 and K164 mutations can be found
in tumours and tumour-derived cell lines supports the
physiological significance of the modification of these two
amino acids. It has been reported that acetyl-K120 is essential
for the induction of apoptosis but dispensable for cell-cycle
arrest or senescence (Sykes et al, 2006; Tang et al, 2006; Li
et al, 2012). On the basis of the observation that the K120R
mutant can activate p2I but not the pro-apoptotic gene Puma,
it has been suggested that K120 acetylation conveys the
transactivation of specific gene promoters, thus prompting
specific cellular outcomes (Sykes et al, 2006; Tang et al, 2006;
Li et al, 2012). Consistently, the crystal structure of the K120-
acetylated form of the p53 DBD indicates that acetyl-K120
does not alter the overall structure of the DBD but instead
increases DBD binding to a specific DNA sequence (Arbely
et al, 2011). In addition to affecting DNA binding, our study
reveals that K120 acetylation of p53 mediates the stable
association of p53 with the Drosha complex, and thus
stimulates miRNA processing. Other transcription factors,
such as the Smad proteins and oestrogen receptor (ER) o,
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also interact with the Drosha complex via p68 and modulate
the processing activity of Drosha (Davis-Dusenbery and Hata,
2010). The N-terminus Mad-homology 1 (MH1) domain of
Smads, already known as a sequence-specific DBD, directly
interacts with a double-stranded region of several pri-
miRNAs in a sequence-dependent manner (Davis et al,
2010). Therefore, it is intriguing to speculate that K120
acetylation may contribute to p53 binding affinity and
specificity not only to DNA, but also to a double-stranded
region of pri-miRNAs.

Downregulation of miR-203 has been reported in wide a
range of malignancies, including cancers of the bladder,
breast and prostate, gastric and colorectal cancers, hepato-
carcinomas, melanomas and lymphomas, suggesting that
miR-203 functions as a tumour suppressor (Bueno et al,
2008; Lena et al, 2008; Furuta et al, 2010; Craig et al, 2011;
Li et al, 2011; Luzna et al, 2011; Saini et al, 2011; Chen et al,
2012; Xu et al, 2012). miR-203 levels are also modulated by
Epstein-Bar virus and human papilloma virus type 16
(HPV10) infection (Yu et al, 2012). Interestingly, the HPV16
oncoproteins E6 and E7 modulate miR-203 expression in
human foreskin keratinocyte (HFK) in a p53-dependent
manner; in fact, E6/E7 cannot induce miR-203 in HFK in
which p53 has been reduced by short-hairpin RNAs
(McKenna et al, 2010). This finding is consistent with our
observation that p53-mediated processing is critical for the
induction of miR-203.

Downregulation of anti-apoptotic Bcl-w by miR-203 is
necessary for cell death upon CPT treatment, as an expres-
sion construct of Bcl-w lacking the MRE blocked CPT-
mediated apoptosis. Gene targeting of Bcl-w in mouse indi-
cates that Bcl-w has an essential function in spermatogenesis
and survival of damaged epithelial cells in the gut, but it has a
dispensable role in the physiological cell death process of
other tissues (Pritchard et al, 2000; Yan et al, 2000). In
addition to regulating Bcl-w expression, p53 is known to
transcriptionally activate the pro-apoptotic genes Bax and
Puma (Dai and Gu, 2010). Previous studies demonstrate
that the p53-dependent induction of Bax and Puma upon
stress is greatly decreased in cells expressing the K120R
mutant, while activation of HDM2 and p2l is unaltered
compared to WT p53-expressing cells, suggesting that K120
acetylation of p53 promotes preferential binding and
transcriptional activation of the promoters of these pro-
apoptotic genes (Sykes et al, 2006; Tang et al, 2006). Thus,

Figure 5 Acetylation at K120 by hMOF facilitates miRNA processing. (A) Total cell lysates from p53(+ ) cells treated with DMSO (mock), CPT, or
Nut3 for 6h were subjected to immunoblot analysis with anti-Ac-K120-p53, anti-Ac-K373-p53, anti-Ac-K382-p53, total p53 antibody, and anti-
GAPDH (control) antibodies. (B) p53(— ) cells were transfected with the expression vector carrying wild type (WT), K373/382R, or K120R mutant
p53 with co-transfection of control plasmid or hMOF expression plasmid, followed by CPT treatment for 16 h. gRT-PCR analysis of pre-miRNAs of
the p53-processed miRNAs (miR-203) or hMOF mRNA normalized to GAPDH are shown. *P<0.05; error bars represent standard deviation (s.d.).
Total cell lysates of WT-transfected cells with control plasmid or hMOF expression plasmid were subjected to immunoblot analysis using anti-p53-
Ac-K120, anti-hMOF, and anti-GAPDH antibodies (loading control). (C) p53(—) cells stably transfected with the expression vector carrying WT or
K120R mutant p53 were transfected with siRNA against hMOF (si-hMOF) or control siRNA (si-Control), followed by DMSO or CPT treatment for
16 h. gqRT-PCR analysis of pre-miR-16, -103, -143, -203, Bcl-w, p21 mRNA (control), or hMOF mRNA normalized to GAPDH are shown. Results are
shown as the fold induction of pre-miRNAs or p21 upon CPT treatment as compared to DMSO treatment. *P<0.01; error bars represent standard
deviation (s.d.). n=3. (D) p53(—) cells stably transfected with the expression vector carrying WT or K120R mutant p53 were transfected with
siRNA against hMOF (si-hMOF) or control siRNA (si-Control). After DMSO or CPT treatment for 16 h, cells were subjected to caspase-3/7 assay.
*P<0.05; error bars represent standard deviation (s.d.). (E) p53(—) cells were transfected with the empty expression vector (mock), the
expression vector carrying wild-type (WT) p53, the K120 acetylation mimic (K120Q), or the K120 acetylation-deficient mutant (K120R), followed
by qRT-PCR analysis of pre-miR-203, Bcl-w, and Puma normalized to GAPDH. Immunoblot analysis of p53 and GAPDH (control) is also shown.
*P<0.05; error bars represent standard deviation (s.d.). n=3. (F) p53(—) cells stably expressing empty vector (mock), WT, or K120Q were
treated with DMSO (mock) or CPT for 16h and subjected to the caspase-3/7 activity assay. *P<0.01; error bars represent standard deviation
(s.d.). n=3. Source data for this figure is available on the online supplementary information page.
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Figure 6 Acetylation at K120 of p53 promotes stable interaction with the Drosha complex. (A) Nuclear extracts from p53(+ ) cells treated with
DMSO (mock), CPT, or Nut3 for 6 h were subjected to IP with anti-p68 antibody, followed by immunoblotting with anti-p53-Ac-K120, anti-p53,
anti-Ac-p68, or anti-p68 antibody. Input samples were subjected to immunoblotting with anti-p53, anti-p53-Ac-K120, anti-p53-Ac-K382, or anti-
p68 antibody. (B) pS3(—) cells were transfected with the expression vector carrying the wild-type p53 (WT) or the K120 acetylation mimic
(K120Q) mutant. Nuclear extracts were subjected to IP with anti-p53 antibody or the anti-GAPDH antibody (Ctr) as a negative control, followed
by immunoblotting with anti-p68, anti-Drosha, or anti-p53 antibodies. Nuclear extracts (input) were subjected to immunoblotting with anti-
p53, anti-p68, anti-Drosha, and anti-proliferating cell nuclear antigen (PCNA) antibody as the loading control for nuclear extracts. (C) In vitro
pri-miR-203 processing assays were performed by applying biotin-labelled pri-miR-203 with total cell lysates from p53(null), pS3(WT), or p53
mutant (K120Q and K120R) cells following DMSO (mock) or CPT treatment (top panel). Relative amount of pre-miR-203 quantitated by LI-COR
is shown (bottom panel). (D) Schematic diagram of the mechanism of DNA damage stress-induced cell death mediated by the acetyl-K120 form
of p53. Upon DNA damage stimuli, such as DXR and CPT, K120 of p53 is acetylated, which preferentially promotes miRNA processing activity
of p53. One of the p53 miRNA processing targets, miR-203, downregulates anti-apoptotic Bcl-w and induces apoptotic cell death. Source data
for this figure is available on the online supplementary information page.

we speculate that induction of K120 acetylation by CPT
promotes cell death through the combined effects of
(i) downregulation of pro-survival Bcl-w by miR-203 and
(ii) induction of pro-apoptotic Bax/Puma proteins.

Materials and methods

Cell culture

HCT116 p53(+/+) and HCT116 p53-null cell lines were provided
by Lieberman’s laboratory and cultured as previously described
(Bunz et al, 1998). Cos7 cells were purchased from American Type
Culture Collection (ATCC). All cell cultures were maintained in
DMEM supplemented with 10% fetal bovine serum (FBS; Hyclone).
Genotoxic drugs were purchased from Sigma-Aldrich and used at
the following concentrations: 4 uM (S)-(+ )-Camptothecin (CPT);
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1 ul/ml dimethyl sulfoxide (DMSO); 10 uM Nutlin-3 (Nut3); 0.1 png/
ml Doxorubicin (DXR); 400nM Trichostatin-A (TSA); 20uM
Etoposide (ETP); 0.2 pg/ml Actinomycin D (ActD).

Antibodies and siRNAs

Anti-p53 (DO-1) (Cat. No. OP43, EMD Millipore; Clone FL-393,
Santa Cruz); anti-GAPDH (Clone MAB374, EMD Millipore); anti-p68
(Clone 05-850, Upstate); anti-p53-Ac-K373 (Clone 04-1137, EMD
Millipore); anti-acetylated-lysine (Clone 9441, Cell Signaling); anti-
p53-Ac-K382 (Clone 04-1146, EMD Millipore); anti-p53-Ac-K120 (a
gift from Gu laboratory; Tang et al, 2006); anti-c-kit (used as a
negative control for RNA-IP; Clone H-300, Santa Cruz); anti-cleaved
Caspase-3 (Clone SA1E, Cell Signaling); and anti-Bcl-w (Clone
31H4, Cell Signaling) antibodies were used. Non-targeting control
siRNA was purchased from Qiagen (#1027280). siRNAs against
hMOF#1: 5'-AAAGACCATAAGATTTATT-3', hMOF#2: 5'-GTGTCCAG
TCTCGAGTGA-3'.
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Immunoblotting

Cells were lysed in TNE buffer (1% Nonidet P-40, 10 mM Tris-HCl,
pH 7.5, 1mM EDTA, 150 mM NaCl) or low stringency RIPA buffer
(50mM Tris-HCI, pH 7.5, 150mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS). Total cell lysates or proteins
immunoprecipitated with antibodies were separated by SDS-
PAGE, transferred onto PVDF or nitrocellulose membranes (EMD
Millipore), immunoblotted with antibodies, and visualized using an
enhanced chemiluminescence detection system (Amersham
Bioscience or Pierce).

miRNA mimic

miR-203 mimic was purchased from Invitrogen. Negative control
siRNA was purchased from Qiagen (1022076). Both mimic and
negative controls were used according to the manufacturer’s direc-
tions.

Antisense miRNA

2'-O-methyl modified RNA oligonucleotides complementary to
miRNA (anti-miR) or GFP (control) sequence were purchased
from IDT. Anti-miRNAs were transfected to host cells at a concen-
tration of 106 nM using RNAiMax (Invitrogen) according to the
manufacturer’s instructions. Anti-miR-203: 5-CUAGUGGUCCUA
AACAUUUCAC-3'; Anti-GFP: 5-AAGGCAAGCUGACCCUGAAGU-3'.

Transfection of plasmid DNA and miRNA mimic/anti-miRNA
HCT116 p53(+/+), p53-null, and Cos7 cells were transfected with
FuGENE 6 (Roche or Promega) for plasmid DNA and RNAiMax for
miRNA mimics or anti-miRNAs. miRNA mimics and anti-miRNAs
were transfected at a concentration of 20 uM. Transfection was
performed according to the manufacturer’s specifications.

Stable p53 cell lines

Flag epitope-tagged cDNA encoding WT or K120R p53 was cloned
into pcDNA6.2/V5/GW/D-TOPO (Life Technologies). HCT116 p53-
null cells were transfected with these plasmids or empty vector
(control), and multiple stable clones were selected in the media
containing 10 pg/ml of Blasticidin S (Life Technologies).

Quantitative real-time PCR assay

Quantitative real-time PCR (qQRT-PCR) assays were performed for
measurement of the expression levels of pri- and pre-miRNAs as
described previously (Kruse and Gu, 2009). In brief, total RNA was
extracted with Trizol (Invitrogen) and subjected to reverse
transcription with the iScript c¢cDNA Synthesis Kit (Bio-Rad)
according to the manufacturer’s instructions. Quantitative analysis
of expression levels was performed with the iQ5 real-time PCR
machine (Bio-Rad). Expression levels of mature miRNAs were
quantified with the TagMan MicroRNA Assay Kit (Applied
Biosystems) following the manufacturer’s instructions. An average
of three experiments was performed in triplicate, with standard
errors presented.

PCR primer sets: Human GAPDH: 5-ACCACAGTCCATGCC
ATCAC-3' and 5-TCCACCACCCTGTTGCTGTA-3’; Human Bcl-w:
5'“TGTCAACAAGGAGATGGAAC-3’ and 5'-CCCGTATAGAGCTGT
GAACT-3'; Human pri-miR-143: 5'-CCCTCTAACACCCCTTCT-3’ and
5“TGGAGTCTGGAAACACTCTG-3'; Human pre-miR-143: 5'-CAGTG
CTGCATCTCTGGT-3" and 5-CAGAACAACTTCTCTCTTCCTG-3';
Human pri-miR-16-1: 5-ACAAAAACAAAGGAAAAGGA-3' and
5'-TCGTTTTATGTTTGGATGAA-3’; Human pri-miR-214: 5-CTGCT
TTCTTTCAATGGCTGGTTGT-3’ and 5'-CTGATTGTATCTGTCTATGAG
CAAA-3'; Human pri-miR-107: 5-TTGTATGTCACCAGCTCCAC-3’
and 5-GTGTCCACTGAAATGTGAGG-3'; Human pri-miR-34a: 5'-ATC
TCTCGCTTCATCTTCC-3' and 5-CCCACATTTCCTTCTTATCA-3';
Human miR-pri-miR-199a: 5-GCCAACCCAGTGTTCAGACTA-3’ and
5’-CCTAACCAATGTGCAGACTA-3’; Human p21/CIP: 5'-CATGTGGA
CCTGTCACTGTC-3" and 5'-TTCCTCTTGGAGAAGATCAG-3’; Human
pre-miR-16-1: 5'-AGCAGCACAGTTAATACTGGA-3" and 5'-GCAGCAC
GTAAATATTGG-3’; Human pre-miR-103: 5-TCTTTACAGTGCTG
CCTTG-3' and 5'-TCATAGCCCTGTACAATGCT-3'; Human pre-miR-
203: 5'-TGGTCCTAAACATTTCACAA-3" and 5-TCCAGTGGTTCTTAA
CAGTTC-3'; Human pre-miR-206: 5'-GCTTCTTTATATCCCCATA-3’
and 5-CACACACTTCCTTACATTCCA-3’; Human pre-miR-21: 5'-TGT
CGGGTAGCTTATCAGAC-3' and 5-TGTCAGACAGCCCATCGACT-3;
Human pri-miR-421: 5'-ATCATTGTCCGTGTCTATGG-3’ and 5'-CATT
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CTGAAGAGAGCTTGGA-3; Human pri-miR-21: 5-TTTTGTTTTGC
TTGGGAGGA-3" and 5'-AGCAGACAGTCAGGCAGGAT-3'.

Plasmid constructs

p53 K120R and K164R single lysine mutants were provided by the
Gu laboratory. The K120/164R double lysine mutant and K120Q
mutant were generated using the Single-Site Mutagenesis Kit
(Agilent). The Bcl-w expression construct was generated by cloning
a full-length Bcl-w cDNA without the 3'UTR into a pCMVS5 construct.
Bcl-w 3'UTR luciferase constructs were synthesized by cloning Bel-w
full-length 3’'UTR (2794 nucleotides) into the firefly luciferase pISO
vector, which was purchased from Addgene. Human pri-miR-203
expression construct was generated by amplifying ~400bp geno-
mic fragments encoding the pri-miR-203 by following primers: 5'-
CTAGGATCCGGCGGTCCCAAGGGC-3" and 5'-CTAGAATTCGCGCAC
CCCTGACTGT-3'. The genomic fragment was digested with BamHI
and EcoRI and ligated into the pCDNA3.1(+ ) vector.

In vitro miRNA processing assay

Pri-miR-203 expression plasmid DNA was linearized with Xhol. In
vitro transcription reaction was incubated for 2 h at 37°C using the
Biotin RNA labelling mix (Roche) according to the manufacturer’s
protocol. In vitro transcribed RNAs are treated with DNase 1 40U
(Roche 10U/pl) at 37°C for 30min, followed by inhibition of
DNAase I by addition of EDTA (final concentration 25mM). In
vitro transcribed RNAs were purified by ethanol/lithium chloride
precipitation. In vitro processing was performed with total cell
lysate from HCT-116 cells with or without stimulation with 4 uM
CPT for 8h. Cells were washed with ice-cold phosphate saline
buffer, harvested and lysed by sonication in the lysis buffer
(20 mM Tris-HCI pH 8.0, 100 mM KCI and 0.2 mM EDTA), followed
by centrifugation for 15min at 4°C. Protein concentration of the
supernatant was determined by Bradford assay. In vitro processing
was performed by incubating 800 ng of in vitro transcribed RNA in
the processing buffer (20mM Tris-HCl pH7.9, 0.1M KCl, 10%
glycerol, 5mM DTT, 0.2 mM PMSF) supplemented with ATP buffer
containing 6.5 mM MgCl,, 10 mM ATP, 200 mM Creatine Phosphate
and 20U RNasin Plus RNase inhibitor (Promega) at 37°C for 90 min.
In vitro processing products were purified with Phenol-Chloroform
extraction, followed by ethanol precipitation. RNA samples were
resuspended in 5pl RNA Loading Buffer. After heat denaturing at
90°C for 10 min and chilled on ice for 10 min, RNA samples were
separated by polyacrylamide gel electrophoresis (PAGE). After
PAGE, the 7M Urea-6% Polyacrylamide gel was soaked in SYBR
Gold (1:20 000 dilution) in 1 x TBE for 15 min at room temperature,
followed by a transfer onto Nylon membrane. Biotinylated-RNA was
UV cross-linked to the Nylon membrane for 30's at 120000 mJ/cm?
and incubated with a LI-COR blocking buffer with 0.1% SDS and
0.01% Tween for 30 min. Streptavidin staining was performed for
1h incubation in a blocking buffer, followed by visualization by
Odssey (LI-COR).

Luciferase reporter assay

After a 24-h transfection of the reporter construct together with
LacZ plasmid as an internal control, cells were supplied with fresh
media (DMEM/10% FBS) for 4 h. Cells were then transfected with
miR-203 mimic, anti-miR-203, or their corresponding controls. After
24h of transfection with mimic, anti-miRNAs, or controls, cells
were reseeded onto 12-well plates and allowed to attach for 24 h.
Luciferase assays were carried out using the Promega’s Luciferase
assay system. Luciferase activity was normalized to LacZ activity.

Apoptosis assay

HCTI116 cells were treated with 50uM CPT, 10 uM, Nutlin-3, or
vehicle for 16h followed by counting trypan blue-positive cells.
Briefly, both attached and unattached cells were collected, and a
minimum of 200 cells for each condition were examined for trypan
blue uptake. RNA was extracted from the remaining cells using
Trizol (Invitrogen). Cleaved caspase-3 levels were also assessed by
western blotting. Activity of caspase-3/7 was measured using
Caspase-Glo 3/7 assay (Promega) according to the manufacturer’s
protocol.

RNA immunoprecipitation

RNA-IP was performed as described previously (Furuta et al, 2010).
All buffers were supplemented with 0.5 U/ul Superase-In (Ambion).
HCT116(p53(+)) or HCT116(p53(—)) cells were first fixed with
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1% formaldehyde for 10 min. Formaldehyde-fixed cells were then
collected and sonicated for chromatin fragmentation and cell lysis.
After IP with anti-p53 or anti-c-kit antibody (as a negative control),
washing, and elution, RNA was purified with Trizol (Invitrogen).
Purified RNA was resuspended in 88 pl of nuclease-free water, 1 pl
of Superase-In (Ambion), 1 ul of DNase I (Roche), and 10 ul of 10 x
DNase I Reaction Buffer (Roche). The mixture was incubated at
37°C for 25min, and the RNA was purified again by phenol
extraction and isopropanol precipitation (Invitrogen). One
microgram RNA was used for a 20-ul ¢cDNA synthesis reaction.
Quantitative PCRs were then performed in the iQ5 real-time PCR
machine (Bio-Rad). Primer sets used for RNA-IP were Human miR-
203: 5'-TCAGAGTCACAGTCAGGGGT-3’ and 5'-GTCTTCCCTGGCA
GCAGG-3'.

Statistical analysis

The results presented are the average of at least three experiments
performed in triplicate with standard errors. Statistical analyses
were performed by ANOVA, followed by Tukey’s multiple compar-
ison test or by Student’s t-test as appropriate, using Prism 4
(GraphPAD Software Inc.). P-values of <0.05 were considered as
significant and are indicated with asterisks.
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