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Introduction

Aurora kinases are mitotic kinases that play multiple important 
roles in mitosis.1-3 Three different Aurora kinases, Aurora A, B 
and C, exist in mammals. Aurora A is involved in mitotic entry 
and bipolar spindle assembly.4 Aurora B is part of the chromo-
somal passenger complex (CPC), which also contains the inner 
centromere protein INCENP, Survivin and Borealin. The CPC 
shows a characteristic pattern of association with chromatin in 
prophase and centromeric localization in prometaphase and 
metaphase. It then transfers to the midzone and midbody in 
late anaphase and telophase.5 The CPC regulates chromosome 
condensation, is required for chromosome biorientation and for 
assembly of the mitotic spindle. One of the key functions of the 
CPC is to promote the correct attachment of the mitotic spin-
dle by destabilizing defective microtubule-chromosome attach-
ments.6 In addition Aurora B plays a crucial role in cytokinesis, 
the final process of cell division at the end of mitosis. Aurora C 
is also a chromosomal passenger protein; however, it is expressed 
only in testis and its function is not well understood.7

Aurora B is expressed at high levels in various tumors, includ-
ing lung, breast, colon and pancreatic tumors, and its overex-
pression correlates with a poor prognosis.8 Several inhibitors 
of Aurora  kinases have been developed as potential anticancer 
agents.9 Promising results have been obtained in preclinical 
models with Aurora kinase inhibitors, and several Aurora kinase 
inhibitors are currently tested in clinical trials.9

Aurora kinases play important functions in mitosis. They are overexpressed in many cancers and are targets for anticancer 
therapy. Inhibition of Aurora B results in cytokinesis failure and polyploidization, leading to activation of the p53 tumor 
suppressor and its target genes, including p21. The pathways that mediate p21 activation after Aurora B inhibition are not 
well understood. In this study, we identified a role for the p38 MAP kinase in activation of p21 when Aurora B is inhibited. 
We show that p38 is required for the acute cell cycle arrest in G1 and to prevent endoreduplication when Aurora B is 
inhibited. Stabilization of p53 occurs independently of p38, and recruitment of p53 to the p21 promoter also does not 
require p38. Instead, enrichment of the elongating form of RNA PolII at the distal region of the p21 gene is strongly 
reduced when p38 is blocked, indicating that p38 acts in transcriptional elongation of p21. Thus, our results identify 
an unexpected role of p38 in cell cycle regulation in response to Aurora B inhibition, by promoting the transcriptional 
elongation of the cell cycle inhibitor p21.
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Inhibition or depletion of Aurora  B causes premature exit 
from mitosis without cell division as a result of cytokinesis fail-
ure. This results in polyploid cells containing DNA contents of 
4N or more.10-12 Cells that exit mitosis without cell division arrest 
as tetraploid cells in the G

1
 phase of the subsequent cell cycle.13,14 

Ultimately, these tetraploid cells are often eliminated by apop-
tosis. Therefore, prolonged exposure to Aurora B inhibitors has 
been reported to result in loss of cell viability. Arrest in the G

1
 

phase after failed cytokinesis is dependent on the tumor suppres-
sor p53, an important negative regulator of the cell cycle.13,15,16 
Consequently, endoreduplication and polyploidy in response 
to Aurora  B inhibition is enhanced in the absence of p53.10 A 
recent study provided new insights in the relationship between 
Aurora B and p53: it was reported that Aurora B directly phos-
phorylates p53, resulting in its degradation.17 Vice versa, inhibi-
tion of Aurora B increased p53 protein levels and inhibited cell 
cycle progression. However, whether p53-stabilization after inhi-
bition of Aurora B is sufficient to activate p53-target genes is not 
well understood.

In this study we analyzed the activation of the p53 target gene 
p21 (CDKN1A) in response to inhibition of Aurora B. We found 
that activation of p21 and the block of S-phase entry after inhibi-
tion of Aurora B depends on signaling by the p38 MAP kinase 
(MAPK11-14). We further show that p38 is not required for sta-
bilization of p53 or for recruitment of p53 to the p21 promoter. 
Instead, our findings show that p38 plays a crucial role in tran-
scriptional elongation of p21.
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Results

Inhibition of Aurora B results in activation of 
p53 and p21. We used the chemical inhibitor 
ZM447439 to investigate the effect of Aurora B 
inhibition on cell cycle progression. Exposure of 
U2OS cells to ZM447439 for 24 h resulted in 
formation of binucleated cells (Fig. 1A). By flow 
cytometry, an increase in cells with 4N DNA 
content was detected, indicating failure of cyto-
kinesis, consistent with previous studies (Fig. 
1B).11,12 After prolonged exposure to the drug 
for 48 h, the fraction of cells with a DNA con-
tent of > 4N increased, indicating that some cells 
escaped arrest at 4N and continued through 
additional cell cycles.12 The percentage of sub-G

1
 

cells remained low, indicating that inhibition of 
Aurora B does not strongly induce apoptosis in 
U2OS cells. Instead, after prolonged treatment 
with ZM447439, cells became senescent, as evi-
denced by β-galactosidase staining (Fig. 1C).

In response to ZM447439 treatment, p53 
accumulated, and its downstream target p21, a 
cyclin-dependent kinase inhibitor, was induced, 
as reported previously (Fig. 1A and D).10-12 
Depletion of p53 by a p53-specific shRNA pre-
vented upregulation of p21, confirming that 
activation of p21 is p53-dependent (Fig. 1E). 
Treatment of U2OS cells with AZD1152, a 
selective Aurora B inhibitor, or RNAi-mediated 
depletion of Aurora B also resulted in induction 
of p21, confirming that the effects are indeed 
due to Aurora B inhibition and not an artifact 
of pharmacological inhibition (Fig. 1F and G). 
p21 induction and accumulation of cells with 
4N and > 4N DNA content was also observed 
in HCT116 cells treated either with ZM447439 
or with AZD1152, indicating that the effect is 
not specific to one cell line (Fig. 2A and B).

To directly test the role of p21 in limiting 
endoreduplication in response to Aurora B inhi-
bition, we used HCT116 p21−/− cells in which 
both copies of the p21 gene have been disrupted 
by homologous recombination.18 As a control, 
isogenic HCT-116 p21+/+ cells were used. The 
fraction of cells with > 4N after inhibition of 
Aurora  B was significantly increased in p21−/− 
cells, indicating that p21 limits polyploidization 
in response to Aurora B inhibition (Fig. 2C).

p38 MAP kinase is required for activation 
of p21 in response to Aurora B inhibition. The 
p38 MAP kinase has been implicated recently 
in cell cycle inhibition in aneuploid cells.19 We 
therefore next asked whether p38 is involved in 
p21 activation after Aurora B inhibition. Using 
an antibody specific for phosphorylated, active 

Figure 1. Activation of p53 and p21 in response to Aurora B inhibition. (A) U2OS cells were 
treated with 1 μM ZM447439 for 24 h. Nuclei were stained with Hoechst 33258. p21 was 
detected by immunostaining. Bar: 50 μm. (B) U2OS cells treated with 1 μM ZM447439 
for 24 and 48 h were analyzed by FACS. (C) Cells were treated with 1 μM ZM447439 and 
levels of p53 and p21 were determined by immunoblotting. β-actin served as a control for 
equal loading (D) U2OS cells were treated with 1 μM ZM447439 for 72 h. Four days later, 
senescent cells were detected by staining for β-galactosidase. (E) Cells stably express-
ing a control shRNA or a p53-specific shRNA were treated with ZM447439 for 36 h and 
p21 protein levels were determined by immunoblotting. (F) U2OS cells were treated with 
AZD1152 as indicated and p21 levels were determined by immunoblotting. β-actin served 
as a control for equal loading. (G) U2OS cells were transfected with a control siRNA (ctrl) or 
with an Aurora B-specific siRNA. 48 h later, p21 levels were determined by immunoblotting. 
Tubulin served as control.
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time-course of p38 activation correlates with induction of p53 and 
p21, suggesting that inhibition of Aurora B could result in activa-
tion of a p38-p53-p21 pathway that limits the proliferation of cells.

p38, we found increased p38 activity in a time-dependent manner 
after inhibition of Aurora B (Fig. 3A). In contrast, there was no 
effect on the total p38 level after treatment with ZM447439. The 

Figure 2. Polyploidization in response to Aurora B inhibition is increased in the absence of p21. (A) HCT116 cells were treated with ZM447439 or 
AZD1152 for 24 h or 48 h. p21 levels were determined by immunoblotting. β-actin served as a control. (B) FACS assays of HCT116 cells treated either 
with 0.5 μM and 1 μM ZM447439 or with 50 nM and 100 nM AZD1152 for 24 h or 48 h. (C) HCT116 wild type and p21−/− cells were treated with 1 μM 
ZM447439 for 24 or 48 h. Cell cycle distribution was analyzed by FACS.
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the activation of p21 by ZM447439, indicating that 
signaling by p38 contributes to activation of p21 after 
Aurora B inhibition (Fig. 3B). A different, highly spe-
cific pharmacological inhibitor of p38, BIRB796,20 was 
also able to inhibit the activation of p21 in response to 
Aurora B inhibition (Fig. 3C), confirming that p38 is 
required for induction of p21. Furthermore, BIRB796 
inhibited the activation of p21 by either ZM447439 
or AZD1152 in HCT116 cells (Fig. 3D and E). To 
investigate whether p38 is also required for induction 
of p21 following other types of stress, we treated cells 
with the chemotherapeutic drug doxorubicin to induce 
DNA damage. DNA damage robustly induced p21, but 
this p21 accumulation was unaffected by co-treatment 
SB202190, indicating that it does not depend on p38 
(Fig. 3F).

Cell cycle arrest before S-phase in response to 
Aurora  B inhibition requires p38. Next we asked 
whether activation of p38 is required to limit entry into 
S-phase in response to Aurora B inhibition. To address 
this question, we treated U2OS cells with ZM447439 
and measured DNA synthesis by BrdU incorporation. 
DNA synthesis was strongly inhibited after partial inhi-
bition of Aurora B with 0.5 μM ZM447439 (Fig. 4A). 
Significantly, BrdU incorporation was almost com-
pletely restored by co-inhibition of p38 with SB202190, 
demonstrating that p38 is required for cell cycle arrest 
in G

1
 following Aurora  B inhibition. Consistently, 

FACS assays showed that G
1
 arrest induced by low 

doses of ZM447439 was overcome by inhibition of p38 
(Fig. 4B). Furthermore, polyploidization was increased 
when cells were co-treated with ZM447439 and 
SB202190. After prolonged co-treatment with 0.5 μM 
ZM447439 and SB202190, the number of colonies 
in a colony-formation assay were reduced when com-
pared with treatment with 0.5 μM ZM447439 alone 
(Fig. 4C). Furthermore, co-treatment with ZM447439 
and SB202190 increased the percentage of cells that 
stained positive for Annexin V, a marker of apoptosis, 
(Fig. 4D). Taken together, these data suggest that the 
simultaneous inhibition of Aurora B and p38 induces 
apoptosis, which could account for the reduced colony 
formation.

p38 MAP kinase promotes transcriptional elonga-
tion of p21 when Aurora B is inhibited. Interestingly, 
while activation of p21 after inhibition of Aurora  B 
was dependent on p38, p53 accumulation was unaf-
fected by treatment with SB202190 or BIRB796 (see 
Fig. 3B–E). p38 was also not required for localization 
of p53 to the nucleus (Fig. 5A). It has been reported that 
phosphorylation of p21 by p38 increases the stability of 
the p21 protein when cells are arrested in G

1
 by TGF-

β1.21 However, in response to Aurora B inhibition, the half-life 
of p21 was not affected by inhibition of p38, indicating that p38 
does not influence p21 protein stability under these conditions 
(Fig. 5B). In contrast, p21 mRNA levels increased after inhibition 

Figure 3. p38 is required for induction of p21 in response to Aurora B inhibition. 
(A) U2OS cells were treated for the indicated time with 1 μM ZM447439. Levels 
of p53, p21, phosphorylated p38 (p-p38) and total p38 were determined by im-
munoblotting. (B) Cells were pretreated with DMSO or 10 μM SB202190 for 2 h and 
then treated with 1 μM ZM447439 for 24 h. Levels of p21 and p53 were determined 
by immunoblotting. (C) Cells were pretreated with DMSO or 1 μM BIRB796 for 2 
h and then treated with 50 nM AZD1152 for 24 h. Levels of p21 and p53 were de-
termined by immunoblotting. (D) HCT116 cells were pretreated with the p38 MAP 
kinase inhibitor BIRB796 (1 μM) for 2 h and then treated with ZM447439 (1 μM) for 
24 h. p21 and p53 protein levels were determined by immunoblotting. (E) HCT116 
cells were treated as in (D), but with a different Aurora B inhibitor, AZD1152 
(50 nM). (F) Cells were pre-treated with 10 μM SB202190 for 2 h, as indicated. Cells 
were than treated either with DMSO, 1 μM ZM447439 or 1 μM doxorubicin (Dox). 
Levels of p21 were determined by immunoblotting.

Next, we tested whether p38 is required for activation of p53 
and p21 in response to inhibition of Aurora B. To do so, we used 
SB202190, a selective inhibitor of p38α and p38β, but not of 
other MAP kinases. Co-treatment with SB202190 prevented 
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nonspecific IgG. Promoter regions were detected by quantitative 
real-time PCR. Treatment with ZM447439 induced robust bind-
ing of p53 to the high-affinity binding site 1 (BS1) in the p21 
promoter, consistent with increased p21 expression (Fig. 6B). No 
significant binding of p53 was observed at the GAPDH2 pro-
moter, which was used as a control, or at other regions of the 
p21 locus, including the proximal promoter and further down-
stream regions of the p21 gene locus. p53 binding to BS1 was not 
affected by co-treatment with SB202190. Thus p38 is necessary 
for the full expression of p21, and it acts at a step subsequent to 
p53 binding to the p21 promoter.

of Aurora B, and this increase required signaling by p38 (Fig. 5C). 
The stability of the p21 mRNA was not affected by inhibition of 
p38 (Fig. 5D), indicating that p38 affects transcription of p21.

Having established that p38 regulates p21 expression at the 
level of transcription, we further analyzed the underlying mech-
anism. First, we performed chromatin immunoprecipitation 
(ChIP) assays to determine whether p38 signaling is required 
for binding of p53 to the p21 promoter. Chromatin isolated 
from control-treated cells and cells treated with ZM447439 in 
the presence or absence of SB202190 was immunoprecipitated 
with a p53-specific antibody (Fig. 6B). As a control, we used 

Figure 4. p38 is required to prevent entry into S-phase when Aurora B is inhibited. (A) Cells were pretreated with DMSO or 10 μM SB202190 for 2 h 
followed by treatment with 0.5 μM ZM447439 for 3 d. Before analysis, cells were pulse labeled with 15 μg/ml BrdU for 2 h. The percentage of BrdU-
positive cells was determined by immunofluorescence. Error bars represent standard deviation of three independent experiments. At least 800 cells 
were counted. (B) Cells were treated with 0.5 μM ZM447439 and 10 μM SB202190 as indicated. The percentage of cells in the different phases of the cell 
cycle and of polyploid cells (> 4N) was determined by FACS. (C) Cells were plated in 10 cm dishes, pretreated with DMSO or 10 μM SB202190 for 2 h fol-
lowed by treatment with 0.5 μM ZM447439 for 3 d. Ten days later, colonies were fixed and stained with crystal violet. (D) Cells were treated with 0.5 μM 
ZM447439 and 10 μM SB202190 for 6 h, as indicated. Apoptotic cells were determined by Annexin V staining. Four independent experiments were 
performed. The differences between ZM447439- and ZM447439 + SB202190-treated cells were statistically significant (p < 0.0253; Student’s t-test).
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assays with antibodies against RNAPII phosphorylated at Ser2 
(Fig. 6D). Serine 2 phosphorylation of the CTD of RNAPII is a 
hallmark of elongating polymerase.27 We found that RNA phos-
phorylated at Ser2 becomes strongly enriched in the 3' region of 
the p21 gene locus after Aurora B is inhibited with ZM447439. 
Most importantly, the increase in Ser2-phosphorylated RNAPII 
at the distal regions of the p21 gene was impaired when Aurora B 
inhibition was combined with p38 inhibition.

We next analyzed nascent, unprocessed p21 mRNA tran-
scripts after treatment with ZM447439 and SB202190 to further 
confirm that p38 regulates the elongation step of p21 transcrip-
tion (Fig. 6E). Short p21 transcripts were analyzed by RT-qPCR 
with primers specific for an amplicon in the first intron of the 
gene (+507). Long p21 transcripts were analyzed with primers 
specific for the second intron just before the third exon (+7,011). 
We found that short transcripts were induced by inhibition of 
Aurora B and, importantly, their induction was not prevented by 
co-inhibition of p38. Longer p21 transcripts were also induced 
after Aurora B inhibition. Importantly, however, accumulation 
of the longer transcript was significantly reduced when p38 

It has been reported that expression of p21 can be regulated 
at the level of transcriptional elongation.22-25 To investigate 
whether p38 regulates p21 expression at this step, we performed 
ChIP assays using antibodies specific for RNA polymerase II 
(RNAPII). We found robust binding of RNAPII at the core 
promoter region (−20 region) even before inhibition of Aurora B 
(Fig.  6C). Binding of RNAPII to binding to the transcribed 
region was low, consistent with polymerase stalling at the pro-
moter.26 After inhibition of Aurora B, levels of RNAPII at the 
core promoter increased moderately (less than 2-fold), while in 
the coding region a stronger increase (3–4-fold) was observed, 
especially toward distal region of the p21 locus (Fig. 6C). 
Recruitment of RNAPII at the proximal promoter region (−20) 
was not inhibited but even slightly enhanced after co-inhibition 
of p38. In stark contrast, binding of RNAPII to the distal region 
of the gene was prevented when p38 was co-inhibited together 
with Aurora B. These results are consistent with a role for p38 in 
transcriptional elongation of p21 after recruitment of RNAPII.

To confirm that p38 regulates the transcriptional elongation 
of p21 in response to Aurora B inhibition, we performed ChIP 

Figure 5. p38 is required for transcription of p21 but not for nuclear localization of p53 or for p21 protein or mRNA stability. (A) U2OS cells were treated 
with DMSO, 1 μM ZM447439 or 1 μM ZM447439 and 10 μM SB202190 for 24 h and p53 localization was determined by immunostaining. Nuclei were 
counterstained with Hoechst 33258 Scale bar: 25 μM. (B) U2OS cells were treated with ZM447439 or with ZM447439 and SB202190 and then with 
cycloheximide (CHX) for the indicated time points to block protein synthesis. p21 levels were determined by immunoblotting. Tubulin served as a 
control for equal loading. (C) U2OS cells were pretreated with DMSO or 10 μM SB202190 for 2 h and then treated with 1 μM ZM447439 for 24 h. Levels 
of p21 mRNA were determined by RT-qPCR. (D) U2OS cells were treated with ZM447439 or with ZM447439 and SB202190 and then with actinomycin to 
block transcription. p21 mRNA levels were determined by RT-qPCR.
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Figure 6. For figure legend, see page 2058.
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region of osmoresponsive genes and promotes their transcriptional 
elongation in response to osmotic stress.31 Binding of mamma-
lian p38 to chromatin has been demonstrated, for example, dur-
ing skeletal myogenesis p38 is recruited to the promoter regions 
of muscle-specific genes Myog and Ckm.32 However, there is no 
evidence for direct association of p38 with the elongating RNA 
polymerase in mammalian cells. Therefore, downstream path-
ways of p38 may be involved in the control of transcriptional 
elongation.

How p38 activation is triggered after Aurora  B inhibition 
remains also to be investigated. One possibility is that activation 
of p38 is mediated by the DNA damage pathway. Chromosome 
missegregation induced by Aurora B inhibition could result in 
damage to the chromosomes during cytokinesis.33 Other pos-
sible triggers that might result in activation of p38 are damage 
to the spindle apparatus due to mitotic spindle dysfunction or 
proteomic stress due to imbalance in protein synthesis for the 
genes encoded on aneusomic chromosomes.

Aurora  kinases are overexpressed in different human can-
cers and they are being exploited as potential targets for cancer 
therapeutics.34,35 Although Aurora kinase inhibitors worked well 
in preclinical studies, they performed relatively poorly in clini-
cal studies.9 The higher proliferation rate of cell lines may make 
them more susceptible to Aurora B inhibition compared with the 
relative slow growth rate of human tumors. Because p38 contrib-
utes to the inhibition of S-phase entry after Aurora B inhibition, 
inhibition of p38 may increase proliferation and thus sensitize 
tumor cells to anticancer therapy with Aurora  B inhibitors. 
Indeed, we find that co-inhibition of p38 and Aurora B reduces 
colony formation and enhances apoptosis. Therefore, combin-
ing the Aurora B inhibitor with a p38 inhibitor may result in a 
more effective cancer therapy. Lower concentrations of Aurora B 
inhibitor, which are by themself not efficient, may be sufficient to 
kill tumor cells when combined with p38 inhibitors. This could 
not only enhance the effectiveness of Aurora inhibitors, but also 
result in fewer side effects of Aurora B inhibition.

Materials and Methods

Cell culture. U2OS and HCT116 wild type and HCT116 p21−/− 
cells were cultured in DMEM (Invitrogen) containing 10% FCS 
(Invitrogen). Cells were treated with the indicated concentra-
tions of ZM447439 (Enzo), AZD1152 (Selleckchem), SB202190 
(Sigma), BIRB796 (Selleckchem), doxyrubicin (Sigma). siRNA 
oligonucleotides (MWG) were transfected using Lipofectamine 
RNAi Max (Invitrogen).

SA-β-gal staining. Senescence associated β-galactosidase 
activity was detected as described.36

signaling was inhibited (Fig. 6E). Together, these data indicate 
that p38 is required for transcriptional elongation of the p21 gene 
in response to Aurora B inhibition.

Discussion

It has been previously been demonstrated that inhibition of 
Aurora B results in activation of p53 and p21.17,28-30 However, the 
functional significance of this pathway and the molecular require-
ments for induction of p21 were not well understood. Here, we 
report an important role for p38 MAPK in transcriptional elon-
gation of p21 in response to Aurora B inhibition. Our findings 
are summarized in Figure 7. When Aurora B is inhibited, p38 is 
activated in a time-dependent manner, and this activation corre-
lates with the induction of p53 and p21. Pharmacological inhibi-
tion of p38 with two different specific inhibitors prevented the 
induction of p21 in response to Aurora B inhibition. These obser-
vations suggest that the p38 > p53 > p21 pathway limits DNA 
replication in response to Aurora B inhibition. Consistent with 
this notion, polyploidy caused by Aurora B inhibition is exacer-
bated when p21 is deleted or when p38 is inhibited.

While p38 was required for the activation of p21 in response 
to Aurora B inhibition, the stabilization of p53 occurred indepen-
dently of p38. That p53 is stabilized after inhibition of Aurora B 
is consistent with recent reports showing that Aurora B associates 
with p53 and promotes its ubiquitin-dependent degradation.17,28 
When Aurora B was inhibited, p53 bound to the p21 promoter, 
but did not activate transcription without p38 MAPK signaling. 
This indicates a role for p38 downstream of p53.

The expression of p21 is known to be regulated by multiple 
mechanisms and, consistent with previous studies, we find that 
RNA Pol II is paused at the proximal p21 promoter in the basal 
state.22-25 After inhibition of Aurora B, RNA Pol II binding at the 
proximal promoter increased moderately, which was not affected 
by p38 inhibition. In contrast, the failure to activate p21 when 
p38 is inhibited is linked to a defect in transcriptional elongation, 
as determined by ChIP assays for RNA Pol II phosphorylated 
at Ser2. Specifically, enrichment of the elongating form of RNA 
Pol II in the distal region of the p21 gene was prevented when 
p38 was inactive, indicating that the transition from stalled RNA 
Pol II to productive elongation requires p38 signaling. Promoter 
proximal pausing of RNA Pol II may allow for the rapid induc-
tion of p21 in response to stress signals transmitted by p38.

In future experiments, it will be important to determine the 
specific role for p38 in transcriptional elongation of p21. It is pos-
sible that p38 itself performs an active role in transcriptional elon-
gation. In support of this possibility, it is known that the yeast 
p38-related MAP kinase Hog1 associates with the transcribed 

Figure 6 (See previous page). p38 is required for transcriptional elongation of p21 in response to Aurora B inhibition. (A) Schematic diagram of the 
p21 gene locus and position of the amplicons used for ChIP analysis and primary transcript analysis. (B) ChIP assays were performed with chromatin 
from U2OS cells treated with 1 μM ZM447439 and 10 μM SB202190 or with a combination of both drugs. Chromatin was precipitated either with 
nonspecific IgG or with antibodies directed at p53. ChIP enriched DNA was amplified by qPCR using the indicated amplicons. The GAPDH2 promoter 
was analyzed as a control. (C) Cells were treated as described in (C). ChIP assays were performed with antibodies directed at total RNA polymerase 
II. (D) Cells were treated as described in (C). ChIP assays were performed with antibodies directed at RNA polymerase II phosphorylated at serine 2. 
(E) U2OS cells were pretreated with DMSO or 10 μM SB202190 for 2 h and then treated with 1 μM ZM447439 for 24 h. Total RNA was isolated and sub-
jected to RT-qPCR using primers specific for different regions of the primary p21 transcript.
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Antibodies. The following primary antibodies were 
used: p21 (Santa Cruz), p38 and phospho-p38 (Thr 
180/Tyr 182) (Cell Signaling), p53 (DO-1, Santa 
Cruz), BrdU-FITC (BD Bioscience), β-actin (Santa 
Cruz), tubulin (Sigma), RNA PolII (Santa Cruz), 
Ser2-phosphorylated RNA PolII (Abcam).

Oligonucleotide sequences. RT-qPCR. GAPDH. 
5'-GCCCAATACG ACCAAATCC-3' and 
5'AGCCACATCG CTCAGACAC-3'

p21. 5'-TCACTGTCTT GTACCCTTGT GC-3' 
and 5'-GGCGTTTGGA GTGGTAGAAA-3'

ChIP. GAPDH2 promoter. 5'-GGCAGCAAGA 
GTCACTCCA-3'

5'-TGTCTCTTGA AGCACACAGG TT-3'
p21 (−2285, p53BS1). 5'-CTGTGGCTCT 

GATTGGCTTT-3'
5'-CTCCTACCAT CCCCTTCCTC-3'
p21 (−20). 5'-TATATCAGGG CCGCGCTG-3'
5'-GGCTCCACAA GGAACTGACT T C-3'
p21 (+182). 5'-CGTGTTCGCG GGTGTGT-3'
5'-CATTCACCTG CCGCAGAAA-3'
p21 (+507). 5'-CCAGGAAGGG CGAGGAAA-3'
5'-GGGACCGATC CTAGACGAAC TT-3'
p21 (+7011). 5'-CCTGGCTGAC 

TTCTGCTGTC T-3'
5'-CGGCGTTTGG AGTGGTAGA-3'
p21 (+8566). 5'-CCTCCCACAA TGCTGAATAT ACAG-3'
5'-AGTCACTAAG AATCATTTAT TGAGCACC-3'
RT-PCR. Total RNA was isolated with Trizol (Invitrogen), 

reverse transcribed with 0.5 units M-MLV-RT Transcriptase 
(Thermo Scientific) and analyzed with quantitative real-time 
PCR with SYBR green reagents from Thermo Scientific using the 
Mx3000 (Agilent technologies) detection system. Expression dif-
ferences were calculated relative to GAPDH as described before.39

Immunoblotting. Cells were lysed in TNN [50 mM Tris 
(pH 7.5), 120 mM NaCl, 5 mM EDTA, 0.5% NP40, 10 mM 
Na

4
P

2
O

7
, 2 mM Na

3
VO

4
, 100 mM NaF, 10 mg/mL phenyl-

methylsulfonyl fluoride, protease inhibitors (Sigma)]. Proteins 
were separated by SDS-PAGE, transferred to PVDF membrane 
and detected by immunoblotting.

ChIP. Cells were cross-linked with 1% formaldehyde for 10 
min at room temperature. The reaction was stopped by adding 
125 mM glycine. Cells were lysed for 10 min in lysis buffer [5 
mM PIPES (pH 8.0), 85 mM KCl, 0.5% NP40, protease inhibi-
tors (Sigma)]. Nuclei were lysed in nuclei lysis buffer [50 mM Tris 
(pH 8.1), 10 mM EDTA, 1% SDS, protease inhibitors (Sigma)]. 
Chromatin was sonicated to an approximate length of 250–500 
bp, diluted 1:10 with dilution buffer [0.01% SDS, 1.1% Triton, 
1.2 mM EDTA, 16.7 mM Tris (pH 8.2), 167 mM NaCl, protease 
inhibitors (Sigma)] and used for immunoprecipitation overnight. 
Immmunoprecipitates were collected with protein G-dynabeads 
(Life Technologies) for 1 h (blocked with 1 mg/mL BSA and 0.3 
mg/ml ssDNA). Beads were washed seven times with LiCl wash-
ing buffer [0.25 mM LiCl, 0.5% NP40, 0.5% sodium deoxycho-
late, 1 mM EDTA, 10 mM Tris (pH 8.0), protease inhibitors 
(Sigma)] and eluted with elution buffer [50 mM Tris (pH 8.0), 

Immunofluorescence. Cells grown on coverslips were fixed 
for 10 min at room temperature with PFA (PBS, 3% parafor-
maldehyde, 2% sucrose). PFA-fixed cells were permeabilized for 
5 min with 0.2% Triton-X-100 in PBS and washed with PBST 
(0.1% Triton-X-100 in PBS). Slides were blocked for 60 min with 
2% BSA in PBS, washed 3 times in PBS and incubated with pri-
mary antibodies. Coverslips were washed three times with PBS 
and incubated with secondary antibody (Invitrogen) in PBST for 
30 min. Nuclei were stained with Hoechst 33258 (Sigma).

mRNA and protein stability assays. To determine the half-
life of the p21 mRNA, actinomycin D (1 μg/ml) was added to 
the culture medium and at the indicated time-points total RNA 
was isolated and used for RT-qPCR. p21 mRNA levels were nor-
malized to GAPDH mRNA levels. To determine the p21 pro-
tein stability, cycloheximide (20 μg/ml) was added to the culture 
medium treatment with ZM447439 and SB202190. At the indi-
cated time points, total lysates were analyzed by immunoblotting.

Retroviral shRNA. Retroviral infections with a p53-specific 
shRNA were performed as described before.37

Colony-formation assay. For colony-formation assays, 6,000 
cells were plated on 10 cm dishes and treated with the indicated 
drugs for 3 d. Ten days later, cells were fixed and stained with 
crystal violet.

FACS analysis and BrdU incorporation. For FACS analy-
sis cells were stained with propidium iodide and analyzed on a 
Beckman Coulter FC500. To detect apoptotic cells, cells were 
stained with annexin V-FITC (PharMingen) and analyzed by 
flow cytometry. To determine the fraction of cells in S-phase, 
cells were pulsed with 15 μM BrdU for 2 h. BrdU incorporation 
was analyzed by immunostaining.

siRNA. The following siRNA sequence specific for Aurora B 
was used: 5'-AACGCGGCAC UUCACAAUUG A-3'.38

Figure 7. Summary and model for the role of p38 in transcriptional elongation 
of p21 when Aurora B is inhibited. During normal cell cycle progression Aurora B 
phosphorylates p53 resulting in its degradation.17 When Aurora B is inhibited, p53 
is stabilized and recruited to the p21 promoter in a p38-independent manner. Au-
rora B inhibition also results in cytokinesis failure and chromosome missegregation 
triggering p38 activation, which is required for transcriptional elongation of p21.
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1% SDS, 10 mM EDTA]. The cross-link was reversed overnight 
with 0.2 mM NaCl at 65°C. After proteinase K incubation for 
2 h at 55°C, chromatin was purified using Qiagen DNA purifi-
cation spin columns. Chromatin (1 μl) was used as template for 
quantitative real-time PCR.
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