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Mutant p53-R273H gains new function in sustained
activation of EGFR signaling via suppressing
miR-27a expression

W Wang1,3, B Cheng1,3, L Miao2, Y Mei*,1 and M Wu*,1

p53 is a major tumor suppressor whose function is pivotal for protection against cancer. In over half of human cancers, p53 is
inactivated due to either point mutation or loss of p53 gene. It has been well established that in addition to abrogating the tumor-
suppressive function of wild-type p53, mutant p53 gains new functions and actively contributes to various stages of tumor
progression. However, little is known about whether microRNA (miRNA) is involved in the gain-of-function of mutant p53. Here
we report miR-27a as a novel downstream transcriptional target of mutant p53-273H. Mutant p53 binds to the miR-27a promoter
region and suppresses its expression. We also identify epidermal growth factor receptor (EGFR) as a direct target of miR-27a. Via
the miR-27a/EGFR axis, mutant p53-273H promotes a sustained EGF-induced extracellular signal–regulated kinase 1/2
activation, thereby facilitating cell proliferation and tumorigenesis. Collectively, this work reveals a direct link between the gain-
of-function of mutant p53 and miRNA and uncovers a novel mutant p53-273H/miR-27a/EGFR pathway that has an important role
in promoting tumor development.
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p53, one of the most important tumor suppressors, has a
pivotal role in preventing tumor development. Under onco-
genic stress, wild-type p53 is activated to inhibit cell growth
through inducing either cell-cycle arrest or apoptotic cell
death.1 In almost all human cancers, the normal p53 pathway
is compromised.2 Somatic mutation of p53 occurs in450% of
human cancers. Even in those cancers which retain wild-type
p53, the function of p53 is often inactivated due to alterations
in its regulators and/or mediators.2 Unlike most other
tumor-suppressor genes, whose inactivation occurs mainly
by biallelic deletions or truncations, p53 gene always
carries a single monoallelic missense mutation that mainly
resides in its DNA-binding domain.3 Most p53 gene mutations
in human cancers abolish its ability to bind to specific
DNA sequences recognized by wild-type p53.4 Thus, these
mutant p53 lose their tumor-suppressive function that is
mostly dependent on the transcriptional activity.5 Moreover,
the mutant p53 proteins frequently exhibit a dominant-
negative activity over the wild-type p53 allele by interacting
with wild-type p53 and reducing cellular concentration of
functional wild-type p53.6–8

However, as the field of p53 research evolves, increasing
evidence demonstrates that mutant p53 proteins not only lose
their tumor-suppressive functions and acquire dominant-
negative activities but also gain new transforming abilities
that promote tumorigenesis, which are independent of
wild-type p53.9–11 In support of this notion, in vivo knock-in

mice harboring tumor-derived mutants of p53 tend to develop
multiple types of tumors as well as more metastatic and
invasive tumors compared with p53 null mice.12,13 Several
potential mechanisms leading to gain of oncogenic function of
mutant p53 have been proposed.8,10,14,15 For instance,
although most missense mutations in DNA-binding domain
are supposed to abolish the transcriptional activity of p53,4

mutant p53 is still able to modulate gene transcription, thereby
contributing to its gain-of-function.14,16,17 On the one hand,
several mutant p53 obtain the ability to bind specific non-B
DNA structure with high affinity.18 On the other hand, many
mutant p53 acquire transcriptional activities by interacting with
and modulating other sequence-specific transcription factors,
such as p53 family members p63 and p73,19,20 NF-Y,21 and
vitamin D receptor.22 However, the molecular details involved
in the gain-of-function of mutant p53 still remains largely
unknown.
microRNAs (miRNAs), which regulate the stability and

translational efficiency of partially complementary target
mRNAs, are small RNA molecules, typically 19–23 nucleo-
tides in length.23,24 It has been shown that more than
half of miRNA genes are located in cancer-associated
genomic regions or in fragile sites.25 Increasing evidence
has documented nearly ubiquitous dysregulation of miRNA
expression in cancer cells.26–28 Altered expression of specific
miRNAs has been shown to promote tumorigenesis.27,28 It
has been recently reported that miRNA also has an important
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role in mutant p53 gain-of-function.29–31 However, the details
of how mutant p53 promotes tumorigenesis through miRNA
are still largely unknown.
Here, we report that miR-27a, an miRNA that exhibits

altered expression in various disease states including
carcinoma,32–35 is transcriptionally repressed by the human
mutant p53-273H. Epidermal growth factor receptor (EGFR)
is identified as a novel target of miR-27a. We also demon-
strate that p53-273H-mediated suppression of miR-27a
expression increases EGFR levels and enhances EGF-
induced sustained extracellular signal–regulated kinase 1/2
(ERK1/2) activation, thus facilitating cell proliferation and
tumor growth. Taken together, our data reveal a novel miR-
27a/EGFR pathway that contributes to the gain-of-function of
mutant p53 in promoting tumorigenesis.

Results

Mutant p53 represses expression of miR-27a. To identify
the novel miRNA(s) involved in the gain-of-function of mutant
p53, we established a p53-inducible system where wild-type
p53 (H1299-Tet-On-p53) or mutant p53-273H (H1299-Tet-
On-p53-273H) can be induced by the addition of doxycycline.
After incubation of the cells with doxycycline, p53 expression
was markedly increased (Figure 1a). Along with the induced
expression of wild-type of p53, levels of its downstream
target gene p21 was strongly upregulated (Figure 1a);
however, induced expression of mutant p53-273H failed to
stimulate p21 expression (Figure 1a), indicating the specifi-
city of these two p53-inducible H1299 cell lines. We next
performed custom miRNA microarray analysis to compare
the miRNA expression profiles between wild-type p53- and
mutant p53-expressing H1299 cells. Compared with wild-
type p53, mutant p53-273H exhibited differential expression
of multiple miRNAs (Supplementary Table S1). One of these
miRNAs, miR-27a, has been implicated in the suppression of
certain types of cancers.34,36–38 We therefore focused on the
study of miR-27a. The subsequent real-time reverse
transcriptase–PCR analysis showed that miR-27a was
indeed repressed by mutant p53-273H (Figure 1b). In
contrast to mutant p53-273H, wild-type p53 did not repress
miR-27a expression (Figure 1b). To further confirm the
repressive effect of p53-273H on miR-27a expression, we
knocked down p53-273H in MDA-MB-468 breast cancer cells
that harbor mutant p53-273H. This led to the increased
expression of miR-27a (Figure 1c). These results
demonstrate that miR-27a is specifically downregulated by
p53-273H. We also examined the effects of different
tumor-associated p53 mutants on miR-27a expression.
All three p53 mutants p53-175H, p53-273H and p53-
G279E, but not wild-type p53, exhibited the inhibitory
effects on miR-27a expression (Figure 1d), indicating that
acquisition of the repressive effect on miR-27a is specific to
mutant p53.

Mutant p53 binds to and represses the miR-27a promo-
ter. To determine whether miR-27a is a bona fide target
gene of mutant p53-273H in vivo, we first attempted to
identify the potential binding site(s) responsible for activation
by mutant p53-273H. The consensus p53-responsible

element has been well defined for wild-type p53,39,40 yet
the defined responsible element for mutant p53 has not been
characterized. We therefore performed chromatin immuno-
precipitation (ChIP) assays with five pairs of primers to
survey for the potential binding site(s) within the miR-27a
promoter region (Figure 2a). Mutant p53 exhibited the strong
binding to the amplicon C located within the miR-27a
promoter (nt � 2899 to � 2675), but showed the relatively
weak binding to the amplicons A, B, D and E (Figure 2b). The
subsequent analysis further revealed that mutant p53 but not
wild-type p53 was capable of interacting with the fragment
between nt � 2899 and � 2675 of the miR-27a promoter
(amplicon C; Figure 2c). To confirm the physiological associ-
ation of endogenous mutant p53 and miR-27a promoter,
MDA-MB-468 cells that retain mutant p53-273H were used
for ChIP assays. The amplicon C was readily amplified from
chromatins in anti-p53 immunoprecipitates but not in control
immunoglobulin G immunoprecipitates (Figure 2d, lane 4
versus 5). Together, these results suggest that mutant p53
specifically and preferentially binds to the miR-27a promoter
region from nucleotides � 2899 to � 2675.
Next, we performed a luciferase reporter assay to deter-

mine whether the miR-27a promoter is responsive to mutant
p53-273H. The miR-27a promoter region (nts � 3556 to
� 2675), which was shown to interact with p53-273H by ChIP
assays, was cloned into the pGL3-based luciferase reporter
plasmid (Figure 2e). This construct was introduced into H1299
cells together with either mutant or wild-type p53. We found
that the transcriptional activity of the miR-27a promoter was
repressed by p53-273H but not by wild-type p53 in a dose-
dependent manner (Figure 2f). Taken together, these data
strongly suggest that mutant p53-273H specifically binds to
the miR-27a promoter and transcriptionally represses its
expression.

miR-27a targets EGFR and downregulates its cellular
levels. We next searched the TargetScan 5.1 database for
the potential targets of miR-27a. We found that the 30

untranslated region (30-UTR) of the egfr gene contains two
putative sites (nucleotides 200–207 and 430–436) that
matched to the miR-27a seed region (Figure 3a). We thus
constructed a luciferase reporter plasmid containing the wild-
type 30-UTR of EGFR and also three mutant reporter
constructs in which putative binding sites 1 and 2 were
either singly (mut1 and mut2) or doubly (mut1/2) mutated
(Figures 3a and b). These reporter constructs were
transfected into H1299 cells together with miR-27a mimics.
Induction of miR-27a reduced the reporter activity of the
construct containing wild type 30-UTR of EGFR. MiR-27a
also showed the similar repressive effect on mut2 reporter
activity. However, the mut1 or mut1/2 reporter activity was
little affected by miR-27a induction (Figure 3c). These
indicate that miR-27a is targeted to the region 1 (nucleotides
200–207) of EGFR 30-UTR.
To determine whether miR-27a downregulates EGFR

expression, miR-27a mimics or inhibitors were utilized.
Treatment of miR-27a inhibitors resulted in the elevated
protein levels of EGFR, whereas miR-27a mimics showed the
opposite effect (Figure 3d). However, neither miR-27a
inhibitors nor miR-27a mimics caused any change in EGFR
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mRNA levels. These results suggest that EGFR is post-
transcriptionally regulated by miR-27a.

Mutant p53-273H promotes sustained EGF-induced ERK
activation via the miR-27a/EGFR axis. As mutant p53
suppresses miR-27a expression and miR-27a, in turn,
downregulates EGFR cellular levels, we sought to investi-
gate whether mutant p53 regulates function of EGFR through
miR-27a. As shown in Figure 4a, induction of mutant
p53 resulted in an increase in the levels of EGFR; however,
this was reversed by introduction of miR-27a mimics,
indicating that mutant p53 upregulates EGFR expression
via miR-27a. This was further confirmed by the finding that
protein levels, but not mRNA levels, of EGFR were
decreased by p53 knockdown in MDA-MB-468 cells
(Figure 4b). To determine whether the effect of mutant
p53-273H on miR-27a expression is confined to the EGFR,
we examined the protein levels of zinc finger and BTB
domain containing 10 (ZBTB10), forkhead box O1 (FOXO1)

and myelin transcription factor 1 (Myt-1), which were
previously reported as the targets of miR-27a,41,42 in p53-
273H-expressing H1299 cells and p53-273H knockdown
MDA-MB-468 cells. As shown in Supplementary Figure S1,
the protein levels of ZBTB10, FOXO1, and Myt-1 were not
affected by either over-expression or knockdown of mutant
p53-273H.
Given the important role of EGFR in mediating EGF-

initiated cellular signaling cascade, we next determined
whether mutant p53-273H regulates EGF-induced AKT or
ERK activation. H1299-Tet-On-p53-273H cells were incu-
bated with doxycycline to induce p53-273H expression and
then treated with EGF for a prolonged period of time. p53-
273H-expressing H1299 cells displayed, as compared with
the control cells, a prolonged activation of ERK1/2 but not of
AKT upon EGF stimulation (Figures 4c and d). By contrast,
wild-type p53 failed to promote EGF-induced sustained
ERK1/2 activation (Figure 4e). Furthermore, in MDA-MB-
468 cells, the sustained ERK1/2 activation upon EGF
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stimulation was weakened by p53-273H knockdown
(Figure 4f). To determine whether p53-273H-promoted
sustained ERK1/2 activation upon EGF stimulation is EGFR
dependent, we knocked downEGFR expression in p53-273H-
expressing H1299 cells. As shown in Supplementary Figure
S2, EGF-induced sustained ERK1/2 activation in p53-273H-
expressing H1299 cells was largely abolished by EGFR
knockdown, indicating that mutant p53-273H promotes
sustained EGF-induced ERK1/2 activation through EGFR.
To further examine whether the promoting effect of mutant

p53 on EGF-induced sustained ERK1/2 activation is due to

enhanced phosphorylation of ERK1/2 or decreased depho-
sphorylation of phosphorylated-ERK1/2 (p-ERK1/2), p53-
273H-expressing or control H1299 cells were pre-treated with
EGF before the addition of MEK-1 (MAP ERK kinase) inhibitor
U0126 at the different time points. As shown in Figure 4g, EGF
treatment resulted in the expected ERK1/2 activation in both
p53-273H-expressing and control cells. Interestingly, after
U0126 treatment, p53-273H-expressing and control H1299
cells exhibited comparable levels of activated ERK1/2
(Figure 4g). These results indicate that upstream activators
of ERK1/2 likely have a primary role for the observed
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sustained activation of ERK1/2. This notion is consistent with
the finding that mutant p53-273H is able to upregulate EGFR
protein expression (Figures 4a and b).
We next investigated whether miR-27a regulates EGF-

induced ERK1/2 activation. Introduction of miR-27a inhibitors
into H1299 cells was shown to recapitulate the promoting
effect of mutant p53 on EGF-induced sustained ERK1/2
activation by increasing the expression levels of EGFR
(Figures 4c and h). This result suggests that mutant p53
may promote EGF-induced sustained ERK1/2 activation via
the miR-27a/EGFR axis. In support of this, in p53-273H-
expressing H1299 cells, induction of miR-27a by its mimics
substantially attenuated EGF-initiated sustained ERK1/2
activation, which was correlated with the decreased levels of
EGFR (Figure 4i).
Previous studies have demonstrated that sustained ERK1/2

activation is required for EGF-promoted cell proliferation.43–46

To study the effect of mutant p53-mediated miR27a/
EGFR regulation on cell proliferation, we performed an
5-ethynyl-20-deoxyuridine (EdU) incorporation assay. MDA-
MB-468 cells stably expressing control small harpin RNA

(shRNA), p53- or EGFR-specific shRNAwere transfected with
miR27a mimics or inhibitors as indicated, followed by EGF
stimulation. Induction of miR-27a by its mimics resulted in a
noticeable decrease in cell proliferation (Figures 4j and k).
Knock down of p53 also inhibited cell proliferation in a similar
way as miR-27a (Figures 4j and k). However, addition of miR-
27a inhibitors greatly recovered the growth retardation of p53
knockdown cells (Figures 4j and k). These results indicate that
p53-273H supports cell proliferation via miR-27a. We also
showed that miR-27a inhibitors showed no effect on cell
proliferation inhibition caused by EGFR knock down (Figures
4j and k), indicating that EGFR mediates the downstream
effect of miR-27a on cell proliferation. Taken together,
these results suggest that mutant p53-273H may promote
EGF-stimulated cell proliferation via the miR-27a/EGFR axis.

ThemiR-27a/EGFR axis contributes to the gain-of-function
of p53-273H in promoting tumor formation. To evaluate the
effects of miR-27a and EGFR on anchorage-independent
growth of mutant p53-expressing tumor cells, we performed a
soft agar assay. We used MDA-MB-468 cells individually
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expressing miR-27a mimics, p53 shRNA, p53 shRNA plus anti-
miR-27a, EGFR shRNA, or EGFR shRNA plus anti-miR-27a.
These cells were separately plated in six-well plates coated
with soft agar. After 30 days of incubation, the developed
colonies were counted. MDA-MB-468 cells expressing miR-

27a mimics, p53 shRNA, or EGFR shRNA formed fewer
colonies than control cells (Figure 5b) and was accompanied
by the deceased levels of EGFR (Figure 5a). Anti-miR-27a
induction greatly recovered the colony-forming ability of p53
knockdown cells (Figure 5b), correlating well with the increased
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levels of EGFR in these cells (Figure 5a). However, when
EGFR was knocked down in MDA-MB-468 cells, induction of
anti-miR-27a did not show any effect on their colony-forming
ability (Figure 5b). These combined results indicate the
important role of miR-27a and EGFR as downstream effectors
of mutant p53 in promoting cell growth.
To determine the role of mutant p53-regulated miR-27a and

EGFR in tumor formation, we used a xenograft mouse model.
MDA-MB-468 cells stably expressing miR-27a mimics, p53-
specific shRNA, p53-specific shRNA plus anti-miR-27a,
EGFR-specific shRNA, or EGFR-specific shRNA plus anti-
miR-27a were injected subcutaneously into the dorsal flanks
of nudemice. Twenty days after injection, micewere killed and
tumors were excised (Figures 5c and d). miR-27a mimics-
expressing cells gave rise to smaller tumors than control cells.
MDA-MB-468 cells with p53-273H knockdown also dramati-
cally reduced tumor growth; however, this was partially
reversed by induction of anti-miR-27a. In addition, knock
down of EGFR in MDA-MB-468 cells greatly attenuated tumor
growth, recapitulating the effect of miR-27a induction or p53
knockdown. Nonetheless, this tumor growth inhibition by
EGFR knockdown was unable to be rescued by expression of
anti-miR-27a (Figures 5c and d). Taken together, these
results suggest that the miR-27a/EGFR axis contributes to
the gain-of-function of mutant p53-273H in promoting tumor
formation.
To further validate the biological significance of the miR-

27a/EGFR axis in tumorigenesis in vivo, we analyzed the
expression levels of p53, miR-27a, EGFR, p-ERK1/2, and
p-Akt in human primary gastric tumors (T) and their matched
adjacent normal tissues (N). We found that five out of six
examined gastric tumors (T1–T5) expressed high levels
of EGFR and p-ERK1/2 along with the decreased levels of
miR-27a compared with their matched adjacent normal
tissues (N1–N5) (Figure 5e). Interestingly, high expression
of p53 (an indicator of the presence of mutant p5347) was also
found in these tumor samples. However, only two out of six

examined gastric tumors (T2 and T3) exhibited increased
expression of p-Akt compared with the control normal tissues
(N2 and N3). These results indicate that dysregulation of the
miR-27a/EGFR/ERK1/2 axis driven by p53-273H could have
an important role in promoting human tumor formation.

Discussion

Previous studies have suggested that the gain-of-function of
mutant p53 is largely attributed by the transcriptional regula-
tion of some cancer-related genes, such as MDR1, c-MYC
and NFKB2.48–50 In this study, we provide evidence demon-
strating that miRNA also has an important role in the gain-of-
function of mutant p53. We show that miR-27a is transcrip-
tionally repressed by mutant p53, therefore contributing to the
gain-of-function of mutant p53 in promoting cell proliferation
and tumorigenesis. Mechanistically, mutant p53-mediated
miR-27a suppression increases cellular levels of EGFR and
promotes EGF-induced ERK1/2 sustained activation.
Although mutant p53 loses the activity to bind DNA

sequence specific to wild-type p53, it is well accepted that
mutant p53 is still able to influence gene expression by
regulating function of other transcriptional factors, such as
p63, p73, nuclear transcription factor Y (NF-Y), and vitamin D
receptor.19–22 In this study, we show that mutant p53 binds to
the � 2899 to � 2675 miR-27a promoter region and
suppresses miR-27a expression, although the detailed
mechanism still needs to be further characterized. Of note,
a recent study has reported that in SaoS-2 sarcoma cells,
mutant p53 is able to transcriptionally upregulate EGFR
expression by binding to its promoter.51 However, EGFR
appears not to be transcriptionally regulated by mutant p53 in
MDA-MB-468 breast cancer cells. Instead, we find thatmutant
p53 increases EGFR expression via miR-27a in these cells.
This discrepancy could be explained by the specific difference
in the cellular context.

Figure 4 Role of the p53 273H/miR-27a/EGFR pathway in EGF-induced sustained ERK activation. (a) H1299-Tet-On-p53 273H or control cells were transfected with
either miR-27a mimics or scramble RNA as indicated. Twenty-four hours after transfection, cells were incubated with doxycycline for another 24 h. Cell lysates were then
subjected to western blot analysis with the indicated antibodies. (b) Lysates and total RNA from MDA-MB-468 cells expressing control or p53 shRNA were subjected to
western blot and quantitative reverse transcriptase–PCR analyses, respectively. (c) H1299-Tet-On-p53 273H or control cells were treated with or without doxycycline for 24 h
before they were serum-starved for an additional 12 h. The cells were then stimulated with EGF (100 ng/ml) for the indicated periods of time. Cell lysates were analyzed by
western blot with the indicated antibodies. The blots were quantified using the Gel-Pro analyzer software (MediaCybernetics, Rockville, MD, USA). The relative p-Akt/Akt and
p-ERK1/2/ERK1/2 ratios were also shown. (d) EGF-induced ERK activation in p53-273H-expressing and control cells were determined based on the expression levels of
p-ERK1/2 (c) in these cells upon EGF stimulation. The data are represented as mean±S.D. of three independent experiments. (e) H1299-Tet-On-p53 or control cells were
incubated with doxycycline for 24 h before they were starved for another 12 h. The cells were then stimulated with EGF for the indicated periods of time. Cell lysates were
analyzed by western blot. The blots were quantified using the Gel-Pro analyzer software (USA). The relative p-ERK1/2/ERK1/2 ratio was also shown. (f) MDA-MB-468 cells
expressing control or p53-specific shRNA were serum-starved for 12 h before they were stimulated with EGF for the indicated periods of time. Cell lysates were then subjected
to western blot analysis with the indicated antibodies. The blots were quantified using the Gel-Pro analyzer software (USA). The relative p-ERK1/2/ERK1/2 ratio was also
shown. (g) H1299-Tet-On-p53 273H or control cells were incubated with doxycycline for 24 h, followed by serum starvation for an additional 12 h. The cells were then treated
with EGF and UO126 in the indicated combinations. Cell lysates were analyzed by western blot with the indicated antibodies. (h) H1299 cells were transfected with scramble or
miR-27a inhibitors. Twenty-four hours after transfection, cells were serum-starved for another 12 h. The cells were then stimulated with EGF for the indicated periods of time,
followed by western blot analysis with the indicated antibodies. The blots were quantified using the Gel-Pro analyzer software (USA). The relative p-ERK1/2/ERK1/2 ratio was
also shown. (i) H1299-Tet-On-p53 273H cells were transfected with scramble or miR-27a mimics. Twenty-four hours after transfection, cells were treated with doxycycline for
another 24 h. The cells were then serum-starved for 12 h before they were stimulated with EGF for the indicated periods of time. Cell lysates were then analyzed by western
blot. The blots were quantified using the Gel-Pro analyzer software (USA). The relative p-ERK1/2/ERK1/2 ratio was also shown. (j and k) MDA-MB-468 cells expressing contol,
p53 or EGFR-specific shRNA were transfected with miR-27a mimics or inhibitors as indicated. Twenty-four hours after transfection, cells were serum-starved for 12 h. The cells
were then incubated with EGF for 24 h. (j) Cells were stained with EdU. The nuclei were also visualized by Hoechst 33342 staining. (k) The percentage of proliferating cells was
expressed as the ratio of EdU-positive cells to total Hoechst 33342-positive cells. The data are represented as mean±S.D. from three independent experiments. The data
were also statistically analyzed. *Po0.05 and **Po0.01
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Figure 5 Role of the p53 273H–miR-27a–EGFR pathway in tumorigenesis. (a) MDA-MB-468 cells were infected with lentiviruses expressing control shRNA, p53 or EGFR-
specific shRNA, miR-27amimics or anti-miR-27a in the indicated combinations. Forty-eight hours after infection, cell lysates were analyzed by western blot. (b) The cells generated in
(a) were subjected to soft agar assays. After growing in soft agar for 30 days, cells were fixed and stained with crystal violet. The numbers of colonies were counted and plotted. The
mean numbers of colonies were from three independent experiments. (c) The cells generated in (a) were subcutaneously injected into the dorsal left (Left) or right flanks (Right)
of nude mice as indicated (n¼ 6). Representative pictures of tumor-bearing nude mice were taken 20 days after injection. The volumes of the excised tumors were also compared.
(d) Mass of the indicated xenografts excised from nude mice. (e) Expression levels of EGFR, p53 and miR-27a in gastric tumors (T) and their surrounding normal tissues (N) were
determined by western blot and quantitative reverse transcriptase–PCR analyses, respectively. (f) A schematic illustration of the proposed model depicting a unique p53 mutant-
mediated pro-survival pathway in tumor
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miR-27a has been reported to be significantly upregulated
in several types of human cancers such as renal, cervical, and
breast cancers.42,52,53 Increased expression of miR-27a was
shown to promote tumor development by targeting multiple
cellular factors, including ZBTB10, FOXO1, and Myt-1.41,42

These studies support the oncogenic role of miR-27a.
However, miR-27a was also shown to be downregulated in
certain types of cancers, including acute promyelocytic
leukemia, colorectal cancer, malignant melanoma, and
gastric cancer.33,34,36–38 In addition, induction of miR-27a
elicits caspase-dependent and -independent apoptosis in
human embryonic kidney cells.54 In agreement with these
data, we have shown that induction of miR-27a strongly
decreases cell proliferation in vitro and tumor formation
in vivo. Our data add the complexity to miR-27a function in
regulating tumorigenesis. Taken together, it is conceivable
that miR-27a could act either as an oncogene or a tumor-
suppressor gene by targeting different cellular proteins in
different situations.
Previous reports have shown that mutant p53 is able to

enhance EGFR/PI3K-AKT signaling pathway and promote
cell migration.55 Additionally, a recent report by Muller et al.56

has demonstrated that mutant p53 enhances met proto-
oncogene (MET)-dependent ERK1/2 phosphorylation in
response to hepatocyte growth factor treatment.56 Interest-
ingly, our data reveal that in response to EGF stimulation,
mutant p53-273H promotes sustained activation of ERK1/2
but not AKT and thus increases cell proliferation. Taken
together, these findings indicate the complexity of the
mechanisms underlying mutant p53 gain-of-function and
suggest that activation of the EGFR/PI3K-AKT and EGFR/
ERK1/2 pathways may have a distinct role in tumor
development.
Upregulation of EGFR occurs in a range of cancers such as

breast and lung cancers, which correlates with high metas-
tases and a poor prognosis.57,58 Consistent with this, we have
demonstrated that increased levels of EGFR were detected in
a higher proportion of clinical gastric tumor samples, which
was correlated well with the decreased expression of miR-
27a. This result suggests that miR-27a inhibitionmay promote
tumor development via upregulating EGFR. We also show
that these tumor samples exhibit high expression of p53
compared with their adjacent normal tissues, indicating that
these tumors may harbor mutant p53.47 Therefore, these
combined data suggest that the mutant p53/miR-27a/EGFR
pathway may have an important role in promoting tumorigen-
esis and also indicate miR-27a as a valuable target for
treatment of cancers with mutant p53. In summary, we
propose a hypothetic model as shown in Figure 5f, which
depicts miR-27a and EGFR as downstream effectors of
mutant p53-273H-promoted proliferation of tumor cells.

Materials and Methods
Cell culture and reagents. H1299 and MDA-MB-468 cell lines were
cultured in DMEM (Dulbecco’s modified Eagle’s medium) medium containing 10%
fetal bovine serum. Antibodies against GAPDH (glyceraldehyde 3-phosphate
dehydrogenase), phospho-AKT (S473), AKT, and p53 were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Antibodies against EGFR, phospho-ERK1/
2, and ERK1/2 were obtained from Cell Signaling (Danvers, MA, USA). Anti-p21
antibody, EGF, and UO126 were ordered from Sigma Aldrich (St Louis, MO, USA).

Mimics and inhibitors of miR-27a and siRNA against p53 were purchased from
GenePharma (Shanghai, China).

RNA isolation and miRNA profiling. H1299-Tet-On-p53 and H1299-Tet-
On-p53 273H cells were treated with or without doxycycline for 24 h. Total RNA
from these cells was isolated with TRIzol reagent (Invitrogen, Grand Island, NY,
USA). To compare the miRNA expression profiles between wild-type p53- and
mutant p53-expressing H1299 cells, the mParaflo MicroRNA microarray analysis
was performed by LC Sciences (Houston, TX, USA). The fold change of each
miRNA induced by mutant p53 (Fold-change cutoff: 2.5, P-value cutoff: 0.05) from
the microarray was presented as the means of three biological replicates. The fold
changes of these miRNAs on wild-type p53 induction were also shown.

Overexpression of miR-27a and knockdown of miR-27a, p53,
and EGFR. To stably knock down p53 and EGFR, shRNAs against p53 and
EGFR were first constructed into pLKO.1 vector. The targeted sequences are
50-GACTCCAGTGGTAATCTAC-30 (p53) and 50-GTGGAGCGAATTCCTTTGGA
A-30 (EGFR). Similarly, to stably overexpress miR-27a, the fragments containing
pre-miR-27a were amplified using primers 50-GTACCGGTAATCACATTGCCAGG
GATTTCC-30 and 50-GTGAATTCTTTTTGTGTTTCAGCTCAGTAGGCAC-30 and
cloned into pLKO.1 vector. These pLKO.1 constructs were then individually
transfected into HEK293T cells together with pREV, pGag/Pol/PRE, and
VSVG for lentivirus generation. Twenty-four hours after transfection, cells
were cultured with DMEM medium containing 20% fetal bovine serum for
another 24 h. The culture medium containing lentivirus particles was cleaned by
centrifugation to get rid of the cell debris at 12 000� g for 5 min and was used to
infect the target cells. To stably knock down miR-27a, the method was used as
previously described.

Quantitative reverse transcriptase–PCR analysis. Total RNA was
isolated using TRIzol reagent (Invitrogen). The assay was performed as previously
described. MiR-27a was detected by using Hairpin-it miRNAs qPCR Quantitation
Kit (GenePharma, Shanghai, China).

ChIP. H1299 or MDA-MB-468 cells were cross-linked with 1% formaldehyde for
10min. The ChIP assay was performed by using anti-p53 and the ChIP assay kit
(Upstate/Millipore, Billerica, MA, USA) according to the manufacturer’s instruc-
tions. Anti-mouse immunoglobulin G was also used as a negative control.
The bound DNA fragments were subjected to quantitative-PCR or PCR reactions
using the following primer pair: Amplicon A, 50-gcctgtctgtgctggcct-30 and 50-gga
acatctggcgtccact-30; Amplicon B, 50-tgggaaggatgttgagcgg-30 and 50-gccacagctc
agtgaccac-30; Amplicon C, 50-acgcacacgctgtctgga-30 and 50-caggtgcccaggagaca
g-30; Amplicon D, 50-ggtcaggaggtcgagacc-30 and 50-ccaggctggagtgcaatgg-30; and
Amplicon E, 50-ggcctgtatcttggagcttggatc-30 and 50-cgccacttcctagaagcctg-30. PCR
products were separated by gel electrophoresis on 2% agarose gel.

Luciferase reporter assay. To determine the effect of wild-type or mutant
p53 on miR-27a promoter, the increasing amounts of either pcDNA3.0-Flag-p53 or
pcDNA3.0-Flag-p53 273H constructs were cotransfected into H1299 cells together
with PGL3-miR-27a promoter and Renilla luciferase reporter plasmids by using
lipofectamine 2000 (Invitrogen). Firefly and Renilla luciferase activity were
measured by a Dual-Luciferase Reporter Assay System (Promega, Madison, WI,
USA). To evaluate the effect of miR-27a on EGFR 30-UTR, the psi-CHECK2
vectors containing EGFR 30-UTR or different EGFR 30-UTR-muts were
cotransfected with miR-27a mimics into H1299 cells using oligofectamine
(Invitrogen). The data were analyzed as previously described.59

EdU incorporation assay. The EdU incorporation assay was performed
with an EdU Assay Kit (Guangzhou RIBOBIO, Guangzhou, China) according to
the manufacturer’s instructions. Briefly, the cells were incubated with DMEM
medium containing 50mM EdU for 2 h. The nuclei were also stained with Hoechst
33342 (Sigma, St Louis, MO, USA), and the images were acquired with an
Olympus DP71X microscope (Olympus, Tokyo, Japan).

Xenograft mouse model. In all, 1� 107 MDA-MB-468 cells, stably
expressing miR-27a mimics, p53 shRNA, p53 shRNA plus anti-miR-27a, EGFR
shRNA, or EGFR shRNA plus anti-miR-27a were subcutaneously injected into the
dorsal flanks of male nude mice (MARC of Nanjing University; n¼ 6 mice per
group). Mice were killed and tumors were excised at 20 days after transplantation.
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Studies on animals were conducted with approval from the Animal Research
Ethics Committee of the University of Science and Technology of China.

Reproducibility. All the data were repeated at least three times. The western
blot and ChIP analyses were representatives of three independent experiments.

Statistical analysis. Statistical analysis was carried out using Microsoft
Excel software (Microsoft, Redmond, WA, USA) and GraphPad Prism (GraphPad
Software, La Jolla, CA, USA) to assess differences between experimental groups.
Statistical significance was analyzed by Student’s t-test and expressed as P-value.
P-values o0.05 were considered to be statistical significant.

Conflict of Interest
The authors declared no conflict of interest.

Acknowledgements. We thank Professor Tao Zhu for breast cancer cell
lines. This work was supported by grants from the Ministry of Science and
Technology of China (2010CB912804 and 2011CB966302); National Natural
Science Foundation of China 31030046 and 81101525; and the Fundamental
Research Funds for Central Universities (USTC, WK2060190018). Doctoral Fund of
Ministry of Education of China (20123402130006).

1. Vousden KH, Prives C. Blinded by the light: the growing complexity of p53. Cell 2009; 137:
413–431.

2. Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature 2000; 408: 307–310.
3. Petitjean A, Achatz MI, Borresen-Dale AL, Hainaut P, Olivier M. TP53 mutations in human

cancers: functional selection and impact on cancer prognosis and outcomes. Oncogene
2007; 26: 2157–2165.

4. Kato S, Han SY, Liu W, Otsuka K, Shibata H, Kanamaru R et al. Understanding
the function-structure and function-mutation relationships of p53 tumor suppressor
protein by high-resolution missense mutation analysis. Proc Natl Acad Sci USA 2003; 100:
8424–8429.

5. Beckerman R, Prives C. Transcriptional regulation by p53. Cold Spring Harbor Perspect
Biol 2010; 2: a000935.

6. Milner J, Medcalf EA. Cotranslation of activated mutant p53 with wild type drives the wild-
type p53 protein into the mutant conformation. Cell 1991; 65: 765–774.

7. Milner J, Medcalf EA, Cook AC. Tumor suppressor p53: analysis of wild-type and mutant
p53 complexes. Mol Cell Biol 1991; 11: 12–19.

8. Sigal A, Rotter V. Oncogenic mutations of the p53 tumor suppressor: the demons of the
guardian of the genome. Cancer Res 2000; 60: 6788–6793.

9. Dittmer D, Pati S, Zambetti G, Chu S, Teresky AK, Moore M et al. Gain of function
mutations in p53. Nat Genet 1993; 4: 42–46.

10. Brosh R, Rotter V. When mutants gain new powers: news from the mutant p53 field. Nat
Rev Cancer 2009; 9: 701–713.

11. Oren M, Rotter V. Mutant p53 gain-of-function in cancer. Cold Spring Harbor Perspect Biol
2010; 2: a001107.

12. Lang GA, Iwakuma T, Suh YA, Liu G, Rao VA, Parant JM et al. Gain of function of a p53 hot
spot mutation in a mouse model of Li-Fraumeni syndrome. Cell 2004; 119: 861–872.

13. Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA, Bronson RT et al. Mutant p53 gain of
function in two mouse models of Li-Fraumeni syndrome. Cell 2004; 119: 847–860.

14. Weisz L, Oren M, Rotter V. Transcription regulation by mutant p53. Oncogene 2007; 26:
2202–2211.

15. Muller PA, Vousden KH, Norman JC. p53 and its mutants in tumor cell migration and
invasion. J Cell Biol 2011; 192: 209–218.

16. Kim E, Deppert W. Transcriptional activities of mutant p53: When mutations are more than
a loss. J Cell Biochem 2004; 93: 878–886.

17. Strano S, Dell’Orso S, Di Agostino S, Fontemaggi G, Sacchi A, Blandino G. Mutant p53: An
oncogenic transcription factor. Oncogene 2007; 26: 2212–2219.

18. Göhler T, Jäger S, Warnecke G, Yasuda H, Kim E, Deppert W. Mutant p53 proteins bind
DNA in a DNA structure-selective mode. Nucleic Acids Res 2005; 33: 1087–1100.

19. Su X, Chakravarti D, Cho MS, Liu L, Gi YJ, Lin Y-L et al. TAp63 suppresses metastasis
through coordinate regulation of Dicer and miRNAs. Nature 2010; 467: 986–990.

20. Leong C-O, Vidnovic N, DeYoung MP, Sgroi D, Ellisen LW. The p63/p73 network mediates
chemosensitivity to cisplatin in a biologically defined subset of primary breast cancers.
J Clin Invest 2007; 117: 1370–1380.

21. Di Agostino S, Strano S, Emiliozzi V, Zerbini V, Mottolese M, Sacchi A et al. Gain of
function of mutant p53: The mutant p53/NF-Y protein complex reveals an aberrant
transcriptional mechanism of cell cycle regulation. Cancer Cell 2006; 10: 191–202.

22. Stambolsky P, Tabach Y, Fontemaggi G, Weisz L, Maor-Aloni R, Siegfried Z et al.
Modulation of the vitamin D3 response by cancer-associated mutant p53. Cancer Cell
2010; 17: 273–285.

23. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 2004; 116:

281–297.
24. Carrington JC, Ambros V. Role of microRNAs in plant and animal development. Science

2003; 301: 336–338.
25. Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, Yendamuri S et al. Human

microRNA genes are frequently located at fragile sites and genomic regions involved in

cancers. Proc Natl Acad Sci USA 2004; 101: 2999–3004.
26. He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, Goodson S et al.

A microRNA polycistron as a potential human oncogene. Nature 2005; 435: 828–833.
27. Chen C-Z. MicroRNAs as oncogenes and tumor suppressors. N Engl J Med 2005; 353:

1768–1771.
28. Chang TC, Yu D, Lee YS, Wentzel EA, Arking DE, West KM et al. Widespread microRNA

repression by Myc contributes to tumorigenesis. Nat Genet 2008; 40: 43–50.
29. Neilsen PM, Noll JE, Mattiske S, Bracken CP, Gregory PA, Schulz RB et al.

Mutant p53 drives invasion in breast tumors through up-regulation of miR-155. Oncogene

2012; e-pub ahead of print 16 July 2012; doi:10.1038/onc.2012.305.
30. Donzelli S, Fontemaggi G, Fazi F, Di Agostino S, Padula F, Biagioni F et al. MicroRNA-

128-2 targets the transcriptional repressor E2F5 enhancing mutant p53 gain of function.

Cell Death Differ 2012; 19: 1038–1048.
31. Dong P, Karaayvaz M, Jia N, Kaneuchi M, Hamada J, Watari H et al. Mutant p53 gain-of-

function induces epithelial-mesenchymal transition through modulation of the miR-130b-

ZEB1 axis. Oncogene 2012; e-pub ahead of print 30 July 2012; doi:10.1038/onc.2012.334.
32. Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi M et al. Unique microRNA

molecular profiles in lung cancer diagnosis and prognosis. Cancer Cell 2006; 9: 189–198.
33. Xi Y, Shalgi R, Fodstad O, Pilpel Y, Ju J. Differentially regulated micro-RNAs and actively

translated messenger RNA transcripts by tumor suppressor p53 in colon cancer. Clin

Cancer Res 2006; 12: 2014–2024.
34. Saumet A, Vetter G, Bouttier M, Portales-Casamar E, Wasserman WW, Maurin T et al.

Transcriptional repression of microRNA genes by PML-RARA increases expression of key

cancer proteins in acute promyelocytic leukemia. Blood 2009; 113: 412–421.
35. Chhabra R, Dubey R, Saini N. Cooperative and individualistic functions of the microRNAs

in the miR-23aB27aB24-2 cluster and its implication in human diseases. Mol Cancer

2010; 9: 232.
36. Feng DD, Zhang H, Zhang P, Zheng YS, Zhang XJ, Han BW et al. Down-regulated miR-

331-5p and miR-27a are associated with chemotherapy resistance and relapse in

leukaemia. J Cell Mol Med 2011; 15: 2164–2175.
37. Schultz J, Lorenz P, Gross G, Ibrahim S, Kunz M. MicroRNA let-7b targets important cell

cycle molecules in malignant melanoma cells and interferes with anchorage-independent

growth. Cell Res 2008; 18: 549–557.
38. Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F et al. A microRNA expression

signature of human solid tumors defines cancer gene targets. Proc Natl Acad Sci USA

2006; 103: 2257–2261.
39. Inga A, Storici F, Darden TA, Resnick MA. Differential transactivation by the p53

transcription factor is highly dependent on p53 level and promoter target sequence. Mol

Cell Biol 2002; 22: 8612–8625.
40. Qian H, Wang T, Naumovski L, Lopez CD, Brachmann RK. Groups of p53 target genes

involved in specific p53 downstream effects cluster into different classes of DNA binding

sites. Oncogene 2002; 21: 7901–7911.
41. Guttilla IK, White BA. Coordinate regulation of FOXO1 by miR-27a, miR-96, and miR-182

in breast cancer cells. J Biol Chem 2009; 284: 23204–23216.
42. Mertens-Talcott SU, Chintharlapalli S, Li X, Safe S. The oncogenic microRNA-27a targets

genes that regulate specificity protein transcription factors and the G2-M checkpoint in

MDA-MB-231 breast cancer cells. Cancer Res 2007; 67: 11001–11011.
43. Yamamoto T, Ebisuya M, Ashida F, Okamoto K, Yonehara S, Nishida E. Continuous ERK

activation downregulates antiproliferative genes throughout G1 phase to allow cell-cycle

progression. Curr Biol 2006; 16: 1171–1182.
44. Joslin EJ, Opresko LK, Wells A, Wiley HS, Lauffenburger DA. EGF-receptor-mediated

mammary epithelial cell migration is driven by sustained ERK signaling from autocrine

stimulation. J Cell Sci 2007; 120(Pt 20): 3688–3699.
45. Giambartolomei S, Covone F, Levrero M, Balsano C. Sustained activation of the Raf/MEK/

Erk pathway in response to EGF in stable cell lines expressing the Hepatitis C Virus (HCV)

core protein. Oncogene 2001; 20: 2606–2610.
46. Meloche S, Pouyssegur J. The ERK1/2 mitogen-activated protein kinase pathway as a

master regulator of the G1- to S-phase transition. Oncogene 2007; 26: 3227–3239.
47. Alsner J, Jensen V, Kyndi M, Offersen BV, Vu P, Borresen-Dale AL et al. A

comparison between p53 accumulation determined by immunohistochemistry and TP53

mutations as prognostic variables in tumours from breast cancer patients. Acta Oncol 2008;

47: 600–607.
48. Chin KV, Ueda K, Pastan I, Gottesman MM. Modulation of activity of the promoter of the

human MDR1 gene by Ras and p53. Science 1992; 255: 459–462.
49. Frazier MW, He X, Wang J, Gu Z, Cleveland JL, Zambetti GP. Activation of c-myc gene

expression by tumor-derived p53 mutants requires a discrete C-terminal domain. Mol Cell

Biol 1998; 18: 3735–3743.
50. Scian MJ, Stagliano KER, Anderson MAE, Hassan S, Bowman M, Miles MF et al. Tumor-

derived p53 mutants induce NF-kB2 gene expression.Mol Cell Biol 2005; 25: 10097–10110.

Role of miR-27a in mutant p53 gain of function
W Wang et al

10

Cell Death and Disease



51. Ludes-Meyers JH, Subler MA, Shivakumar CV, Munoz RM, Jiang P, Bigger JE et al.
Transcriptional activation of the human epidermal growth factor receptor promoter by
human p53. Mol Cell Biol 1996; 16: 6009–6019.

52. Wang X, Tang S, Le S-Y, Lu R, Rader JS, Meyers C et al. Aberrant expression of
oncogenic and tumor-suppressive microRNAs in cervical cancer is required for cancer cell
growth. PloS one 2008; 3: e2557.

53. Gottardo F, Liu CG, Ferracin M, Calin GA, Fassan M, Bassi P et al. Micro-RNA profiling in
kidney and bladder cancers. Urol Oncol 2007; 25: 387–392.

54. Chhabra R, Adlakha YK, Hariharan M, Scaria V, Saini N. Upregulation of miR-23a-27a-24-
2 cluster induces caspase-dependent and -independent apoptosis in human embryonic
kidney cells. PloS one 2009; 4: e5848.

55. Muller PA, Caswell PT, Doyle B, Iwanicki MP, Tan EH, Karim S et al. Mutant p53 drives
invasion by promoting integrin recycling. Cell 2009; 139: 1327–1341.

56. Muller PA, Trinidad AG, Timpson P, Morton JP, Zanivan S, van den Berghe PV et al.Mutant p53
enhances MET trafficking and signalling to drive cell scattering and invasion. Oncogene 2013;
32: 1252–1265.

57. Scagliotti GV, Selvaggi G, Novello S, Hirsch FR. The biology of epidermal growth factor
receptor in lung cancer. Clin Cancer Res 2004; 10: 4227s–4232s.

58. Richard J, Sainsbury C, Needham G, Farndon J, Malcolm A, Harris A. Epidermal-growth-
factor receptor status as predictor of early recurrenceof and death from breast cancer.
Lancet 1987; 329: 1398–1402.

59. Jin L, Hu WL, Jiang CC, Wang JX, Han CC, Chu P et al.MicroRNA-149*, a p53-responsive
microRNA, functions as an oncogenic regulator in human melanoma. Proc Natl Acad Sci
USA 2011; 108: 15840–15845.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 3.0 Unported License. To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-nd/3.0/

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Role of miR-27a in mutant p53 gain of function
W Wang et al

11

Cell Death and Disease

http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.nature.com/cddis

	Mutant p53-R273H gains new function in sustained activation of EGFR signaling via suppressing miR-27a expression
	Main
	Results
	Mutant p53 represses expression of miR-27a
	Mutant p53 binds to and represses the miR-27a promoter
	miR-27a targets EGFR and downregulates its cellular levels
	Mutant p53-273H promotes sustained EGF-induced ERK activation via the miR-27a/EGFR axis
	The miR-27a/EGFR axis contributes to the gain-of-function of p53-273H in promoting tumor formation

	Discussion
	Materials and Methods
	Cell culture and reagents
	RNA isolation and miRNA profiling
	Overexpression of miR-27a and knockdown of miR-27a, p53, and EGFR
	Quantitative reverse transcriptase–PCR analysis
	ChIP
	Luciferase reporter assay
	EdU incorporation assay
	Xenograft mouse model
	Reproducibility
	Statistical analysis

	Acknowledgements
	Notes
	References




