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Integrated high-throughput analysis identifies Sp1 as a
crucial determinant of p53-mediated apoptosis

H Li1, Y Zhang2, A Ströse3, D Tedesco4, K Gurova3 and G Selivanova*,1

The restoration of p53 tumor suppressor function is a promising therapeutic strategy to combat cancer. However, the biological
outcomes of p53 activation, ranging from the promotion of growth arrest to the induction of cell death, are hard to predict, which
limits the clinical application of p53-based therapies. In the present study, we performed an integrated analysis of genome-wide
short hairpin RNA screen and gene expression data and uncovered a previously unrecognized role of Sp1 as a central modulator
of the transcriptional response induced by p53 that leads to robust induction of apoptosis. Sp1 is indispensable for the
pro-apoptotic transcriptional repression by p53, but not for the induction of pro-apoptotic genes. Furthermore, the p53-
dependent pro-apoptotic transcriptional repression required the co-binding of Sp1 to p53 target genes. Our results also highlight
that Sp1 shares with p53 a common regulator, MDM2, which targets Sp1 for proteasomal degradation. This uncovers a new
mechanism of the tight control of apoptosis in cells. Our study advances the understanding of the molecular basis of
p53-mediated apoptosis and implicates Sp1 as one of its key modulators. We found that small molecules reactivating p53 can
differentially modulate Sp1, thus providing insights into how to manipulate p53 response in a controlled way.
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The malfunction of the p53 tumor suppressor pathway is
required for the development of most cancers.1 Reinstate-
ment of p53 in vivo exerts an efficient suppression of different
types of established tumors,2–4 supporting the idea of
pharmacological restoration of p53 to combat cancer.
A set of p53-reactivating compounds, including PRIMA-1MET/
Apr-246, nutlin, RITA, MI compounds, tenovins and others,
have been identified and some of them are currently being
tested in clinical trials.1 However, the consequences of p53
activation vary, ranging from cell death to cell survival, and are
difficult to predict. As the induction of apoptosis, but not
growth arrest, is the preferable outcome of pharmacological
activation of p53, it is imperative to understand the mechan-
ism of p53-mediated cell fate decisions for the efficient clinical
application of p53-targeting drugs.
It is well established that the induction of pro-apoptotic

genes (that is, Puma, Noxa etc) is required for the initiation of
apoptosis by p53.5,6 However, p53 activated by the MDM2
inhibitor nutlin, in spite of the induction of pro-apoptotic Puma
and Noxa, induces cell cycle arrest in a number of cancer
lines, with no signs of apoptosis.7,8 Hence, the induction of
pro-apoptotic genes by p53 is necessary, but not sufficient to
induce efficient cell death. Several other mechanisms have
been reported to contribute to p53-mediated apoptosis,
including the inhibition of survival factors,8 the repression of
pro-survival pathways, such as Akt-PI3K8 and IGFR,9 and the
inhibition of glycolytic enzymes.10,11 But how p53 orchestrates

these distinct sets of genes to induce apoptosis remains
unclear. Our previous analysis of genome-wide chromatin
occupancy by p53 revealed a similar binding pattern of p53
upon nutlin, RITA and 5-fluorouracil (5-FU) treatment,
regardless of the differences in transcriptional program and
biological outcome.12 This finding implies the importance of
cofactors in p53-mediated cell fate decisions. For example,
Sp1, a ubiquitous transcription factor (TF), has been shown to
cooperate with p53.12–15

Recent development of the genome-wide loss-of-function
screen using pooled siRNA or short hairpin RNA (shRNA)
libraries facilitates the understanding of p53-mediated cell
cycle arrest.7,16,17 In the present study, using genome-wide
shRNA screen integrated with transcriptomic and chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq)
analysis, we addressed the mechanisms of p53-induced
apoptosis in human cancer cells and identified Sp1 as one of
its essential determinants.

Results

Genome-wide shRNA screen indicates Sp1 as a central
modulator of p53-mediated apoptosis. We tested the
biological effect of five well-studied p53-activating chemical
compounds, nutlin, RITA, actinomycin D (ActD), cisplatin
(CDDP) and 5-FU, in three wild-type p53-expressing human
cancer cell lines of different origin, including MCF-7 breast
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carcinoma cells, SJSA osteosarcoma cells and HCT116
colorectal cancer cells, and an isogenic derivative of
HCT116 cells with p53 deletion (HCT116 TP53� /� cells),
as shown in Supplementary Figures S1A and B. In MCF-7 and
HCT116 cells, RITA induced apoptosis (Figures 1a and b),
with no signs of cell cycle arrest (Figure 1c). p53-dependence
of apoptosis was confirmed by using HCT116 TP53� /� cells
(Figure 1a). Furthermore, p53-mediated apoptosis induced by
RITA was transcription-dependent, because it was totally
halted by pifithrin (PFT)-a, a chemical inhibitor of the p53
transcriptional activity,18 but not affected by PFT-m, which
inhibits p53 binding to mitochondria by reducing its affinity to
anti-apoptotic proteins Bcl-xL and Bcl-2 but has no effect on
p53-dependent transactivation19 (Figure 1b). Therefore,
we have chosen MCF-7 and HCT116 cells treated with RITA
to investigate the cofactors needed for p53-mediated apopto-
sis. Nutlin, which predominantly induced cell cycle arrest in
MCF-7 and HCT116 cells, was selected for comparison.
Next, we performed genome-wide shRNA screen in MCF-7

cells treated with RITA using a pool of lentiviral shRNA
constructs, composed of 27 290 shRNAs targeting 5046
known human genes (Figure 1d, see Supplementary
Information Methods for details). By deep sequencing,
we obtained 20 million individual measurements of the
abundance of shRNAs after treatment with RITA, which
reflect the effect of shRNA on apoptosis induced by RITA
(Supplementary Table S1). We identified 8753 shRNAs
whose abundance was significantly different in control
(DMSO) and RITA-treated cells based on following criteria:
(i) P-valueo0.1, (ii) FDRo0.3 and (iii) P-values of the
weighted Z-scores, P(wZ)o0.1, which integrate the informa-
tion from multiple shRNAs targeting a single gene, thus
minimizing the impact of possible off-target effects. Fifteen out
of these genes were selected for validation. We created cell
lines stably expressing independent shRNAs (obtained from
Sigma, St. Louis, MO, USA) against these genes and
determined their viability after RITA treatment relative to a
control cell line expressing a nontargeting shRNA
(Supplementary Table S2). Validation studies showed that
the depletion of 9 of 15 candidate genes changed cell viability
on RITA treatment (Supplementary Table S2). Thus, our
screening approach successfully identified new genes that
modulate apoptosis induced by p53. To decrease the false
positives, we selected amore stringent cutoff based on criteria
(i) P-valueo0.05, (ii) FDRo0.1 and (iii) P(wZ)o0.1 for further
analysis and identified 520 shRNAs. Hierarchical clustering
analysis demonstrated the efficient clustering of the biological
replicates of control and RITA-treated cells and revealed two
groups of genes: synthetic lethal nodes (SLNs), depletion of
which sensitized cells to RITA treatment (the ratio of read
counts between DMSO and RITA 41), and resistance nodes
(RNs), depletion of which rendered cells resistant to RITA
treatment ( the ratio of read counts between DMSO and
RITA o1). Our screen for factors modulating p53-induced
apoptosis revealed much less RNs than SLNs (40 RNs, 0.8%
of total number of genes tested versus 445 SLNs, 8.03% of
total number of genes) (Figure 1e). This observation is
different from previous genome-wide shRNA screen8 study-
ing p53-mediated cell cycle arrest, which identified a similar
number of SLNs and RNs (Supplementary Figure S2).

First, we focused our efforts on the RNs, whose depletion
results in bypass of p53-mediated apoptosis.We did not identify
pro-apoptotic genes (selected according to KEEG: hsa04210)
among RNs (Supplementary Table S3). This suggests that the
depletion of a single pro-apoptotic gene has little effect on p53-
mediated apoptosis. Pathway analysis using DAVID tool could
not identify any known pathway overrepresented among RNs.
Therefore, we performed the analysis of functional connections
between proteins encoded by RNs using STRING software.
Twenty-two out of 40 RNs had at least two connections, as
shown in Figure 1f. Notably, these 22 RNs were all directly or
indirectly connected with Sp1. Among them, nine genes have
been identified as direct transcriptional targets of Sp1, including
AKR1C1, TBXAS1, SULT1A1, HDP, SCAP, Sp3, FCER1A,
CITED2 and Sp1 itself (Supplementary Table S4). In addition,
TAF1-mediated histone acetylation has been shown to be
required for the binding of Sp1 to cyclin D1 promoter.20 Similar
analysis performed with all SLNs and RNs resulted in p53 being
at the center of the network together with several TFs including
Sp1, AP1, SAMD2 and RXRA (Supplementary Figure S3).
Among these TFs, only Sp1 was identified as RN by genome-
wide shRNA screen (Supplementary Table S3). Thus, our
analysis indicates that Sp1 may serve as a crucial modulator of
p53-mediated apoptosis.

Sp1 is a key determinant of p53-mediated apoptosis but
is not required for p53-mediated cell cycle arrest. Next,
we addressed the effects of Sp1 on p53-induced apoptosis.
Sp1 depletion resulted in a greater than 50% reduction of the
apoptosis induced by RITA (Figure 2a), which was also
evident in a long-term viability assay (Supplementary Figures
S4A and B). Furthermore, p53-induced apoptosis upon
CDDP or 5-FU treatment was rescued by Sp1 depletion as
well, which excluded the possibility of a compound-specific
effect (Figure 2a). Nutlin and ActD, which induced p53-
mediated cell cycle arrest in MCF-7 cells, did not initiate
apoptosis after Sp1 depletion (Figure 2a). However,
Sp1 overexpression converted growth arrest into robust
apoptosis in nutlin-treated MCF-7 and HCT116 cells
(Figure 2b, Supplementary Figure S4C). This outcome was
p53 dependent, as no apoptosis was induced by nutlin in
p53-null cells on Sp1 overexpression (Figure 2b,
Supplementary Figure S4C).
Considering the previously reported role of Sp1 in cell cycle

control,21 we examined the effect of Sp1 depletion on cell
cycle in MCF-7 and HCT116 cells treated with RITA or nutlin.
Although Sp1 depletion itself slightly increased G1 population
in MCF-7, it did not change the cell cycle distribution upon
RITA treatment (Figure 2c). In line with these data, an
equivalent level of cell cycle arrest was induced by nutlin in
Sp1-depleted and -nondepleted cells (Figure 2d), suggesting
that Sp1 is not required for p53 to induce cell cycle arrest.

Integrated analysis suggests Sp1 involvement in
p53-mediated transcriptional repression. As the apoptosis
induced by p53 activation is transcription-dependent in our
system, we performed the genome-wide analysis of gene
expression profiles to investigate the effect of Sp1 on
p53-mediated transcriptional program. Sp1 depletion signifi-
cantly affected the p53 transcriptional response induced by
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RITA (Figure 3a and Supplementary Figure S5): 57.53% of
induced genes and 41.91% of repressed genes were not
differentially expressed in the absence of Sp1. Moreover,
37.31% of induced genes were repressed and 48.42% of
repressed genes were induced in RITA-treated cells on Sp1
depletion (Figure 3b). Interestingly, the induction upon RITA
treatment of some well-known p53 pro-apoptotic targets such
as Noxa (PMAIP1), Puma (BBC3), Fas, Tp53I3, BAX,
TNFRSF10A and TNFRSF10B was not reversed by Sp1
depletion (Figure 3a). Our combined analysis of shRNA
screen data and microarray data showed that, when taken
individually, none of these pro-apoptotic genes was absolutely
required for the induction of apoptosis (Supplementary Figure S6).
Actually, the expression of these pro-apoptotic p53 targets
was activated both by RITA (triggering apoptosis) and nutlin

(inducing cell cycle arrest) (Figure 3a), although the expres-
sion profile induced by p53 on RITA treatment was quite
different from that induced by nutlin, regardless of Sp1 status
(Supplementary Figures S7A and B). These results provided a
further evidence for the minor role of these pro-apoptotic
genes in the rescue of cells from p53-induced apoptosis on
Sp1 depletion.
In addition, genes important for cell cycle arrest,GADD45a,

CDKN1A, SESN1 andBTG2, were also induced by both nutlin
and RITA. Moreover, the expression of these genes was still
activated by RITA in Sp1-depleted cells (Supplementary
Figure S7C). Thus, the induction of this set of growth arrest
genes was not sufficient to induce cell cycle arrest upon RITA
treatment, most probably due to the MDM2-mediated
degradation of p21 and hnRNP K, as we have reported.22

Figure 1 Genome-wide shRNA screen for identifying modulators of p53-mediated apoptosis. (a and b) Induction of apoptosis by RITA or nutlin in MCF-7, HCT116 and
HCT116 TP53� /� cells, as assessed by FACS of Rho123-PI-stained cells. Apoptosis was assayed also by FACS of Annexin V-PI-stained cells or sub-G1 population
detection using PI staining. In each experiment, at least two methods were used, and conclusions were only made when similar results had been obtained with both methods.
Detailed results are shown in Supplementary Figure S1B. (b) Induction of apoptosis by RITA was halted by blocking the p53 transcriptional activity with PFT-a,18 but not by
blocking the cytoplasmic function of p53 with PFT-m.19 (c) Effect of RITA and nutlin on cell cycle in MCF-7, HCT116 and HCT116 TP53� /� cells was assessed by FACS
using PI staining. (d) Schematic representation showing the design of the genome-wide shRNA screen in MCF-7 cells. (e) Hierarchical clustering analysis of the shRNA screen
data identifies two groups of hits: SLNs and RNs. Light blue indicates low abundance of shRNA (SLNs) and dark blue reflects high abundance (RNs). Rows indicate shRNAs.
Raw data were normalized within each shRNA. Po0.05, FDRo0.1 and P(wZ)o0.1. (f) Analysis of functional interactions between the RNs reveals Sp1 as a central
modulator of p53-mediated apoptosis. In b, c and d, data are presented as mean±S.D., n¼ 3
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Although we did not find a pathway enriched within RNs
(Figure 3c), there were 18 pathways enriched within SLNs
(Supplementary Figure S8). This implies that the inhibition of
certain genes from these pathways will be synthetic lethal with
RITA. Besides ‘cell cycle’ and ‘apoptosis’, there are several
pathways also related to apoptosis, such as ‘Wnt signaling’,
‘TGFb signaling’, ‘MAPK signaling’, ‘Cell adhesion’ and
pathways involved in metabolism.11,23–26

Pathway analysis of the microarray data revealed that 6 of
these 18 synthetic lethal pathways were uniquely enriched
with p53-downregulated genes upon RITA treatment, but not
with p53-upregulated genes or genes altered by nutlin
(Figure 3c). These data indicate the importance of
p53-mediated transcriptional repression of genes involved in
six pathways for the induction of apoptosis. Importantly, these
six pathways were regulated in a Sp1-dependent manner, as
evidenced from the analysis of microarray data in
Sp1-depleted cells (Figure 3c).
In our previous study, we have demonstrated that the

transcriptional repression of survival genes by p53 is required

for robust apoptosis, but we have not identified cofactors
required for it.8 Our results presented above suggest Sp1 as
an important cofactor conferring the pro-apoptotic transcrip-
tional repression by p53.

Sp1 cooperation at p53 target genes is required for the
p53-mediated pro-apoptotic transcriptional repression.
To address the mechanism of co-regulation of repressed
genes by p53 and Sp1, we analyzed the p53 genome
occupancy on the 1078 genes, which were co-repressed by
p53 and Sp1 upon RITA but not nutlin treatment (Figure 4a),
using the p53 ChIP-seq data previously reported by us.12

Among these genes, 227 genes were bound by p53 after
RITA treatment (Figure 4b) and were enriched in 10
pathways (Supplementary Figure S9). Thus, these genes
and pathways are under the direct transcriptional control of
p53. Three out of these 10 pathways, ‘pathways in cancer’,
‘Wnt signaling pathway’ and ‘TGF-beta signaling pathway’,
were identified as being synthetic lethal with p53-mediated
apoptosis (compare Figures 3c and 4d). The other 851 genes

Figure 2 Sp1 is a key determinant of p53-mediated apoptosis, but not cell cycle arrest. (a) Left panel, the depletion of Sp1 in MCF-7 and HCT116 cells with two shRNAs
targeting different sequences of Sp1 was assessed by immunoblotting. Actin was used as loading control. The depletion of Sp1 reduces apoptosis induced by p53-activating
compounds after 48 h in MCF-7 (middle panel) and HCT116 (right panel) cells as assessed by FACS performed as in Figure 1a. (b) Right panel, ectopic expression of Sp1
promotes apoptosis induced by nutlin in MCF-7 and HCT116 cells but not in HCT116 TP53� /� cells as assessed by FACS performed as in Figure 1a. Left panel, the
efficiency of ectopic expression of Sp1 was assessed by immunoblotting. (c and d) Cell cycle distribution was not affected by Sp1 depletion in MCF-7 and HCT116 cells
exposed to RITA (c) or nutlin (d) as assessed by FACS performed as in Figure 1c. FACS data are presented as mean±S.D., n¼ 3
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that were not bound by p53 are most likely repressed in an
indirect way. Among the 227 p53-bound genes, 173 genes
were also bound by p53 after nutlin treatment, leaving 54
unique targets for p53 activated by RITA (Figure 4b).
Using oPOSSUM, we performed motif analysis to find Sp1

response elements (RE) in p53-bound genes. Forty-eight of
the 54 ‘RITA-unique’ p53 targets and 162 of the 173 p53
targets ‘common for RITA and nutlin’ have been found to
contain conserved Sp1 RE, thus identifying them as potential
common target genes of p53 and Sp1 (Supplementary Tables
S5 and S6). Interestingly, further investigation of ChIP-seq
data showed that around 71% of these potential common
targets contained p53-binding sites in the vicinity (±500bp) of
the putative Sp1 RE (Figure 4c). Analysis of functional protein
association among these 227 p53 targets produced a network
centered by p53 and Sp1 and including MAPK8,
RARA, SAMD3, CREBBP, RUNX1, BTRC and NCOA3
(Supplementary Figure S10).
Next, we randomly selected three genes, DSP, KIAA0513

and LARP1, from the 54 ‘RITA-unique’ targets, and three
genes, MAPK8, ARNT2 and RARA, from the 173 ‘common
RITA/nutlin’ targets. For each gene, we detected the binding
levels of p53 and Sp1 by ChIP-PCR, using the same primers.
The binding profile of p53 and the location of amplified region
are shown in Supplementary Figure S11. Regardless of
stimuli, p53 was bound to ‘RITA-unique’ genes as well as to
‘common RITA/nutlin’ genes tested (Figure 4e). This is
consistent with our previous study showing that the majority
of p53-bound sites are similar on RITA and nutlin treatment.12

In line with the predicted overlap of p53-bound sites and Sp1
RE, the binding of Sp1 to all genes was significantly increased
after RITA treatment (Figure 4f), suggesting a recruitment of
Sp1 upon p53 activation. Furthermore, the presence of p53 at
these genes was significantly reduced in Sp1-depleted cells
on RITA treatment (Figure 4e). In contrast, the binding of Sp1
to these genes was not increased after nutlin treatment and

became even lower than control at RARA first intron
(Figure 4f), indicating that p53 activated by nutlin does not
recruit Sp1 to its binding sites.
We assayed the expression of selected genes by qPCR.

p53 repressed these genes on RITA, but not on nutlin
treatment, in spite of being present at these genes in both
cases (Figure 4g). p53-mediated repression required Sp1,
because the suppression of all genes tested was halted by
Sp1 depletion (Figure 4g). These results confirmed the data
obtained using microarray analysis.
Notably, on nutlin treatment, ectopic expression of Sp1

promoted the binding of Sp1 to MAPK8, ARNT2, RAR, DSP,
KIAA0513 and LARP1 and repressed their transcription
(Supplementary Figure S12), indicating that Sp1 overexpres-
sion may facilitate apoptosis in nutlin-treated cells via similar
mechanism as that used by RITA.
Taken together, our results demonstrate that the binding of

Sp1 to p53 target genes is required for the pro-apoptotic
transcriptional repression by p53.

Nutlin induces MDM2-mediated degradation of Sp1. In
line with the different binding of Sp1 to p53-repressed targets
in cells treated with RITA and nutlin, we found that the protein
level of Sp1 was downregulated by nutlin, but not by RITA in
both MCF-7 and HCT116 cells (Figure 5a). The same results
were obtained in HCT116 p53-null cells, indicating that the
reduction in Sp1 protein level by nutlin was not p53
dependent (Figure 5a).
As the transcription of Sp1 was not affected by nutlin

(Figure 5b), we studied the downregulation of Sp1 on
posttranscription level. The half-life of the Sp1 protein was
decreased by nutlin (Figure 5c). This effect was rescued via
pretreatment with a proteasome inhibitor MG132 (Figure 5e),
indicating proteasome-dependent degradation of Sp1.
Despite the suppression of Sp1 transcription (Figure 5b), the
stability of Sp1 protein was increased by RITA treatment

Figure 3 Sp1 is indispensable for the pro-apoptotic transcriptional repression by p53. (a) Heatmap representation of the genome-wide gene expression profiles (left panel)
and the expression profiles of pro-apoptotic genes (right panel) in MCF-7 cells with or without Sp1 depletion on RITA or nutlin treatment. Columns indicate arrays and rows indicate
genes. (b) Venn diagram shows the intersection of genes significantly changed by RITA treatment in MCF-7 cells with or without Sp1 depletion. Po0.001. (c) Combination of
pathways identified via shRNA screen data and via analysis of microarray data. Pathways enriched with SLNs are presented in the left part of the panel. The overlap of pathways
identified via analysis of the genome-wide shRNA screen data and the microarray data (MCF-7 cells treated with RITA or nutlin and Sp1-depleted MCF-7 cells treated with RITA) is
shown in the right part of the panel. Red indicates the pathways enriched with induced genes; green indicates the pathways enriched with repressed genes. Po0.05
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Figure 4 p53-mediated pro-apoptotic transcriptional repression requires the co-binding of Sp1 to p53 target genes. (a) Heatmap representation of the 1078 genes whose
repression by RITA was lost in Sp1-depleted cells. (b) Proportion of p53-bound genes (p53 targets) among these 1078 genes is illustrated via Venn diagram. (c) Heatmap shows
p53 occupancy within ±500 bp of the putative Sp1 RE in 227 p53-bound genes. ‘0’ indicates the position of the putative Sp1 RE, rows indicate p53 binding (red: high peaks/
binding; white: no peaks/binding). (d) Synthetic lethal pathways enriched with 227 p53-bound genes after RITA treatment. Po0.05. (e and f) Binding of p53 (e) and Sp1 (f) to
selected genes was assessed by ChIP-PCR. (g) The transcriptional level of selected genes was examined by qPCR. In e, f and g, data are presented as mean±S.D., n¼ 3
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(Figure 5d), which most probably contributes to unaffected
steady-state level of the Sp1 protein upon RITA treatment.
As shown by co-immunoprecipitation assay, nutlin, but not

RITA, reduced the binding of Sp1 to p53 (Supplementary
Figure S13A), which was rescued by Sp1 overexpression
(Supplementary Figure S13B), suggesting that the formation of
p53/Sp1 complex could be directly affected by the level of Sp1.
Along with the downregulation of Sp1 by nutlin, we detected

a marked induction of the MDM2 protein, a key negative
regulator of p53,27 on nutlin treatment in both MCF-7 and
HCT116 cells (Figure 5a). We obtained similar results in
HCT116 p53-null cells (Figure 5a, right panel), which is
consistent with the previous study showing that nutlin can
stabilize MDM2 protein in a p53-independent manner.28

It has been shown previously that Sp1 could enhance p53
degradation by MDM2 through formation of a Sp1/p53/MDM2
triple protein complex.13 Given the negative correlation between
Sp1 and MDM2 protein levels after nutlin treatment, we
hypothesized that, on its release from p53, MDM2 stabilized
by nutlin could bind to Sp1 and mediate its degradation.
A prediction from this hypothesis is that the inhibition of MDM2
would restore Sp1 level on nutlin treatment.
To address this idea, two strategies were employed. First,

we compared the effect of nutlin in mouse embryonic
fibroblasts (MEFs) deficient for both MDM2 and p53 with that
in wild-type MEFs. In wild-type MEFs, the depletion of p53 by
siRNA could not prevent the induction of MDM2 and the
downregulation of Sp1 by nutlin (Figure 6a). These data
further confirmed that the effects of nutlin on MDM2 and Sp1
proteins were p53 independent. In contrast, in MDM2� /�
TP53� /�MEFs, the downregulation of Sp1 by nutlin was
compromised, in line with our prediction (Figure 6a). Further,
we depleted MDM2 using pooled siRNA in HCT116
TP53� /� cells, which also lead to the rescue of Sp1 level
on nutlin treatment (Figure 6b). On the other hand, the

overexpression of MDM2 resulted in a decreased level of
Sp1 protein in MCF-7 cells, regardless of nutlin treatment,
suggesting that the effect of MDM2 on Sp1 is not stimuli
dependent (Figure 6c). Finally, consistent with our hypothesis,
a co-immunoprecipitation assay revealed an increased level of
MDM2 bound to Sp1 after nutlin, but not RITA treatment
(Figure 6d). Taken together, our data demonstrate that Sp1
downregulation is mediated by nutlin-stabilized MDM2.
Next, we addressed whether MDM2-mediated repression of

Sp1 on nutlin treatment is ubiquitination-dependent using
MCF-7, HCT116 and HCT116 TP53� /� cells with MDM2
knockdown. We found that Sp1 ubiquitination was promoted by
nutlin in all three cell lines, but not in cells withMDM2 knockdown
(Figure 6e). Similarly, we observed the induction of Sp1
ubiquitination by nutlin in HCT116 TP53� /� cells expressing
ectopic HA-tagged ubiquitin and the absence of enhanced Sp1
ubiquitination in MDM2-depleted cells (Figure 6f). These results
support the notion that nutlin-stabilized MDM2 suppresses Sp1
via ubiquitin-dependent degradation.
Although both nutlin and RITA induced MDM2 mRNA

(Supplementary Figure S14), the protein level of MDM2 was
increased by nutlin, but not by RITA (Figure 5a), in line with
previously published study.29 We believe that this might
contribute to the observed stabilization of Sp1 protein by RITA
(Figure 5d). Furthermore, Sp1 was not required for the
induction of either MDM2mRNA or protein in cells treated with
RITA or nutlin (Figure 6g and Supplementary Figure S14),
suggesting that MDM2 is not downstream of Sp1 in the
pathway that determines the cell fate upon p53 activation.

Discussion

The pleiotropic character of the p53 network makes it hard to
predict the consequence of p53 activation. The discovery
of the mechanisms governing p53-mediated biological

Figure 5 Nutlin decreases Sp1 protein stability in p53-independent manner. (a) Protein levels of MDM2, Sp1 and p53 in MCF-7, HCT116 and HCT116 TP53� /� cells
with RITA or nutlin treatment were assessed by immunoblotting. (b) mRNA level of Sp1 in MCF-7 cells with or without Sp1 depletion on RITA or nutlin treatment was examined
by qPCR. Data are presented as mean±S.D., n¼ 3. (c and d) MCF-7 cells were pretreated with nutlin (c) or RITA (d) followed by incubation with cycloheximide (CHX). Cells
were collected at indicated time points after CHX treatment. Sp1 levels at different time points were measured by immunoblotting. (e) MCF-7 cells were pretreated with
proteasome inhibitor MG132 followed by RITA or nutlin treatment, and Sp1 level was assessed by immunoblotting
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outcomes is extremely important for the clinical application of
p53-based therapies. Here, utilizing genome-wide shRNA
screen in combination with transcriptomic and ChIP-seq
analysis, we identified Sp1 as an essential determinant of
p53-mediated apoptosis. We suggest the model depicted in
Figure 7 showing that, upon activating stimuli, p53 induces
pro-apoptotic genes encoding Puma, Noxa, Fas and others.
In cells with low level of MDM2, activated p53 mediates pro-
apoptotic transcriptional repression via recruitment of Sp1 to
its RE in p53 target genes, which together with the induction of
pro-apoptotic genes triggers efficient apoptosis. However,
in cells with high level of MDM2, SP1 degradation is promoted
by MDM2. Without recruitment of Sp1, p53 fails to confer
pro-apoptotic transcriptional repression and, although
pro-apoptotic genes are induced, efficient apoptosis is not
triggered.

Although RITA treatment significantly altered the transcrip-
tion of around 50% of genes in MCF-7 cells, surprisingly, no
particular gene or pathway was found to be absolutely
necessary for p53-mediated apoptosis. Therefore, the inacti-
vation of a single p53-induced gene or pathway is unlikely to
confer resistance in a clinical setting. In contrast, we
observed a cumulative effect of RITA-repressed genes on
p53-mediated apoptosis, indicating the importance of
p53-mediated transcriptional repression for therapeutic
effect.
The major efforts to awaken p53-mediated apoptosis in

cancer cells are focused on the prevention of the binding of
MDM2 to p53. However, the consequences of MDM2
inhibition vary depending on cell type. Here we show that
the protection of p53 cofactor Sp1 from MDM2-mediated
degradation is crucial for the efficient induction of apoptosis by

Figure 6 MDM2 is required for the repression of Sp1 by nutlin. (a) MEFs were treated with pooled siRNA targeting p53. Protein levels of MDM2, Sp1 and p53 in wild-type
MEFs and MDM2� /� TP53� /�MEFs treated with nutlin were detected by immunoblotting. GAPDH was used as loading control. (b) HCT116 p53-null cells were treated
with pooled siRNA targeting MDM2. Protein levels of MDM2 and Sp1 in cells treated with nutlin were detected by immunoblotting. (c) Levels of MDM2 and Sp1 in MCF-7 cells
with overexpression of Sp1 or MDM2 were assessed by immunoblotting. (d) The amount of MDM2 bound to Sp1 was detected by co-immunoprecipitation followed by
immunoblotting. Right panel: equal amount of immunoprecipitated Sp1 was loaded to assess bound MDM2. (e) MCF-7, HCT116 and HCT116 TP53� /� cells were
pretreated with pooled siRNA targeting MDM2. The level of ubiquitinated Sp1, Sp1 and MDM2 proteins was assessed in cells treated with proteasome inhibitor MG132 and
nutlin by immunoblotting with anti-Sp1 and anti-MDM2 antibodies. (f) HCT116 TP53� /� cells expressing ectopic HA-tagged ubiquitin were pretreated with pooled siRNA
targeting MDM2. The amount of HA-tagged ubiquitin attached to Sp1 was detected by the immunoprecipitation of Sp1 followed by the immunoblotting with anti-HA antibody.
Actin was used as loading control. (g) Levels of MDM2, Sp1 and p53 in MCF-7 cells and Sp1-depleted MCF-7 cells on RITA or nutlin treatment were assessed by
immunoblotting
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p53. Our study indicates that further elucidation of MDM2
substrates involved in p53 signaling may provide new targets
and help to develop more efficient strategies for p53-MDM2-
based therapies.

Materials and Methods
Cells, plasmid and transfections. HCT116 and HCT116 TPp53� /�
cells were a gift from B Vogelstein (John Hopkins University, USA). MDM2 and
p53 siRNA was from Santa Cruz (Dallas, TX, USA), and GFP siRNA was from
Oligoengine (Seattle, WA, USA). pUC-hSp1 and pUC-empty plasmids were gifts
from Dr. D Xu (Karolinska Institute, SE). Plasmid transfections and siRNA
transfections were performed using Lipofectamine 2000 (Invitrogen, Grand Island,
NY, USA) according to manufacturer’s instructions. All shRNAs, except the library
for shRNA screen, were from Sigma, Sp1-depleted cell line was established as
previously described.11 All cells were grown in IMDM medium with 10% FBS
(Invitrogen) as previously described28 and were treated with compounds for 8 h for
molecular biology assays and 3 days for fluorescence-activated cell sorting
(FACS) assay, except special indication.

Reagents. RITA was obtained from National Cancer Institute (NCI). Nutlin,
5-FU, ActD, CDDP, PFT-a, PFT-m, cycloheximide, MG132, propidium iodide (PI)
and Rhodamine 123 (Rho123) were from Sigma.

Growth suppression assays. FACS was performed on BD FACScan.
Analysis was performed using a FACScan with CellQuest software version 4.0.2
(BD, Mountain View, CA, USA). Apoptosis was assayed by FACS using Annexin
V-PI staining, Sub-G1 population detection using PI staining as described in Enge
et al.22 or Rho123-PI staining as described in Ferlini et al.30 Cell cycle and colony
formation assay were detected as described in Enge et al.22

Microarray analysis, ChIP-seq, qPCR and chromatin immuno-
precipitation. Expression profiling of MCF-7 cells was performed using
Affymetrix (Santa Clara, CA, USA) human genome 219 arrays as previously
described.11 ChIP-seq data in MCF-7 cells have been reported in Nikulenkov
et al.12 Real-time qPCR and ChIP-PCR were performed as described in Li et al.31

Primer sequences are presented in Supplementary Table S7.

Protein extraction and western blots. Western blots were performed
according to procedures described in Zawacka-Pankau et al.11 Following
antibodies were used for western blotting: p53 (DO-1, Santa Cruz); MDM2
(2A10), Sp1 (PEP2), HA (sc-7392) and GAPDH (H-12) (all from Santa Cruz

Biotechnology); Actin (Sigma). For the ubiquitination assay, 10 mM NEM was
added to the lysis buffer.

High-throughput data analysis. Microarray data were analyzed with R
(http://www.r-project.org/). Pathway analysis was performed with DAVID
(gene-enrichment analysis using EASE score, a modified Fisher exact P-value,
as threshold).32 ChIP-seq data were analyzed with a web-based tool, Galaxy.33

Functional protein network analysis was performed with STRING.34 Putative
binding sites of Sp1 were predicted using oPOSSUM.35

Genome-wide pooled shRNA screen. Genome-wide pooled shRNA
screen was performed in MCF-7 cells treated with RITA using a lentivirus-
delivered pool of 27 290 shRNAs targeting 5046 known human genes.
The experimental procedure and the data processing are described in
Supplementary Information Materials and Methods.

Statistics. The SPSS software package (SPSS for Windows, Release 13.0 for
Windows, SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Data
obtained from several experiments are reported as mean±S.D. Student’s t-test
was used to determine statistical significance. A P-value of o0.05 was considered
significant.
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