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Introduction

p53 mutations are common in lung cancer and range from 
33% in adenocarcinomas to 70% in small cell lung cancers. 
In general, tumors with p53 mutations have poor progno-
sis.1-6 The majority of clinical studies suggest that lung can-
cers with p53 alterations carry a worse prognosis and may 
be relatively more resistant to chemotherapy and radiation.7 
More than 50% of the p53 mutations found in cancer are 
missense mutations, and in most human cancers, only the 
mutant protein is expressed.8 We and others have identified 
several genes important for their involvement in growth 
and oncogenesis that are regulated at the level of expression 
by gain-of-function (GOF) mutant p53.9-15

Important phenotypes ascribed to GOF activity of 
mutant p53 are increased tumorigenicity,16,17 increased 
growth rate and motility,8,18 increased metastasis and inva-
siveness,19 increased growth in soft agar,20 and decreased 
sensitivity to chemotherapeutic drugs.9,21,22 It appears that 
its mutational status determines the efficacy of many of the 
chemotherapeutic drugs.22-26 The GOF phenotypes can be 
partially explained by a dominant-negative effect of mutant 
p53 on p73 and p63.27-31

Receptor tyrosine kinases (RTKs) play an important role 
in the growth and differentiation of normal cells and repre-
sent a major class of proto-oncogenes that are involved in 
the progression and metastasis of cancer.32 Axl/Mer/Sky 
represents a comparatively recent class of the RTK family 
that induces extracellular signals inside cells.33 Axl is a 
RTK with transforming activity34,35 and may be used as a 
target for therapy.36

The antiapoptotic, cell adhesion, and chemotactic activi-
ties of Axl have been ascribed to an increased expression of 
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Abstract
p53 mutations are present in up to 70% of lung cancer. Cancer cells with p53 mutations, in general, grow more aggressively than those with wild-
type p53 or no p53. Expression of tumor-derived mutant p53 in cells leads to up-regulated expression of genes that may affect cell growth and 
oncogenesis. In our study of this aggressive phenotype, we have investigated the receptor protein tyrosine kinase Axl, which is up-regulated by p53 
mutants at both RNA and protein levels in H1299 lung cancer cells expressing mutants p53-R175H, -R273H, and -D281G. Knockdown of endogenous 
mutant p53 levels in human lung cancer cells H1048 (p53-R273C) and H1437 (p53-R267P) led to a reduction in the level of Axl as well. This effect 
on Axl expression is refractory to the mutations at positions 22 and 23 of p53, suggesting that p53’s transactivation domain may not play a critical 
role in the up-regulation of Axl gene expression. Chromatin immunoprecipitation (ChIP) assays carried out with acetylated histone antibodies 
demonstrated induced histone acetylation on the Axl promoter region by mutant p53. Direct mutant p53 nucleation on the Axl promoter was 
demonstrated by ChIP assays using antibodies against p53. The Axl promoter has a p53/p63 binding site, which however is not required for mutant 
p53–mediated transactivation. Knockdown of Axl by Axl-specific RNAi caused a reduction of gain-of-function (GOF) activities, reducing the cell 
growth rate and motility rate in lung cancer cells expressing mutant p53. This indicates that for lung cancer cell lines with mutant p53, GOF activities 
are mediated in part through Axl.

Keywords
mutant, p53, Axl, lung

Original Article



492		  Genes & Cancer / vol 3 no 7-8 (2012)

Axl and its increased interaction with Gas6.37 The invasive-
ness and metastasis in various cancer cell types are associ-
ated with an elevated level of Axl expression, which is also 
correlated with a poor prognosis of patients with various 
cancers such as myeloid leukemia,34,38 metastatic lung can-
cer,39,40 breast cancer,41 and gastric cancer.42 Use of RNAi 
techniques and dominant-negative receptor mutants of Axl 
have resulted in the growth suppression of cancer cells in a 
xenograft model.43,44

Here, we show that the receptor protein tyrosine kinase 
Axl is up-regulated by p53 mutants in H1299 lung cancer 
cells expressing mutant p53-R175H, -R273H, and -D281G. 
Knockdown of Axl by Axl-specific RNAi caused a reduc-
tion of GOF activities in lung cancer cells expressing 
endogenous mutant p53, suggesting that mutant p53 may 
induce Axl as one of the target genes to execute its GOF 
activities.

Results
The transactivation-deficient mutant p53-D281G (L22Q/

W23S) is effective in up-regulating many mutant p53 target 
genes. We focused our attention on potential mechanisms of 
GOF mutant p53 by studying the role of p53’s transactiva-
tion domain in gene regulation. We determined whether the 
triple amino acid substitution mutant p53-D281G (L22Q/
W23S) has retained the ability to up-regulate the expression 

of mutant p53 target genes identified by our expression 
analysis.9 We compared gene expression profiles of 3 
H1299 cell lines stably transfected with a vector alone 
(HC5), stably expressing mutant p53-D281G, and the trans-
activation domain mutant p53-D281G (L22Q/W23S) using 
Affymetrix GeneChip arrays (Santa Clara, CA). The data 
shown in Table 1 show a list of example genes induced by 
p53-D281G and not affected by the 22Q/23S mutations  
(P = 3 × 10–24). This indicates that a substantial part of the 
mutant p53 gene expression signature is independent of the 
transactivation domain at codons 22 and 23.

Interaction between mutant p53 and p63 has been dem-
onstrated and shown to be independent of the transactiva-
tion domain mutants.45 The mutant p53–induced genes that 
we identified that are not dependent on the transactivation 
domain might involve a mutant p53-p63 interaction. We 
analyzed mutant p53–induced genes for the overrepresenta-
tion of genes that contain putative p63 binding sites. The 
Axl gene was selected for further study based on the pres-
ence of a p63 binding site, its known role in oncogene-
sis,34,40,43,46,47 and its potential role in mutant p53 GOF 
activities. We first verified the microarray data by perform-
ing RT-qPCR analysis of the Axl mRNA, confirming induc-
tion by mutant p53. Data presented in Figure 1A show the 
presence of more Axl RNA in the H1299 cells expressing 
mutant p53 compared to vector-transfected cells (compare 
lanes HC5 with R175H, R273H, D281G, and D281G 

Table 1.  H1299 Cells Expressing Transactivation-Deficient Mutant p53-D281G (L22Q/W23S) Are Efficient in Up-Regulating Mutant 
p53 Targets

Symbol Fold over the control   P value Gene

ACTN4 5.47 0.001 Actinin, α 4
AXL 7.04 0.0007 AXL receptor tyrosine kinase
BTG1 0.49 0.0009 B-cell translocation gene 1, antiproliferative
CDC25B 0.51 0.001 Cell division cycle 25B
EEF1A2 0.28 0.0008 Eukaryotic translation elongation factor 1 α 2
ERCC1 5.23 1.04E-05 Excision repair cross-complementing rodent repair deficiency,  

complementation group 1
ERCC2 2.85 0.003 Excision repair cross-complementing rodent repair deficiency,  

complementation group 2
ERF 3.72 1.40E-05 Ets2 repressor factor
FN1 0.27 0.002 Fibronectin 1
GARS 5.26 0.002 Glycyl-tRNA synthetase
GDI2 0.29 0.001 GDP dissociation inhibitor 2
GPR126 0.43 0.0001 G protein–coupled receptor 126
IGFBP6 17.25 0.0004 Insulin-like growth factor binding protein 6
PRAME 0.28 0.0002 Preferentially expressed antigen in melanoma
PRKAR1A 0.19 8.78E-05 Protein kinase, cAMP-dependent, regulatory, type I, α (tissue-specific 

extinguisher 1)
PSMB6 0.31 0.0002 Proteasome (prosome, macropain) subunit, β type, 6
RAB31 0.22 0.001 RAB31, RAS oncogene family member
RELB 4.77 3.82E-05 v-Rel
SRPX 0.37 0.0009 Sushi repeat–containing protein, X-linked
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[L22Q/W23S]). We also tested the Axl expression at the 
protein level by performing immunoblot analysis as 
described in Materials and Methods. Protein expression 
analysis shown in Figure 1B demonstrates that cell lines 
expressing mutant p53 have higher levels of the Axl protein 
compared to the vector-transfected cells. This induction of 
Axl protein expression by mutant p53 remains when the 
transactivation domain mutations at codons 22 and 23 are 
present, confirming our RNA expression analysis. Similar 
data were also observed when we compared Axl levels in 
H1299 cells expressing p53-R273H and -R273H with addi-
tional mutations at codons 22 and 23 (Fig. 1C and 1D).

We investigated that if the converse were true, reduced 
expression of endogenous mutant p53 would result in 
reduced expression of Axl. We studied the Axl RNA level in 
2 lung cancer cell lines with endogenous mutant p53, 
H1437 (p53-R267P), and H1048 (p53-R273C) after knock-
down of the mutant p53 levels in these lines by generating 
stable cell clones using lentivirus vectors expressing p53 
shRNA in comparison to control cells expressing green 
fluorescence protein (GFP) shRNA. Data depicted in 

Figure 2A show that a reduction of 
mutant p53 levels is accompanied by 
a reduction in Axl levels, suggesting 
that along with the mutant p53 induc-
tion studies, mutant p53 regulates 
Axl expression.

Lung tumor cells expressing mutant 
p53 show higher Axl levels. Since we 
observed that mutant p53 up-regu-
lates Axl expression in lung cancer 
cell lines studied, we investigated 
whether this is also valid in human 
lung tumors expressing mutant p53. 
Figure 2B depicts the Axl level of 
different human lung tumors col-
lected in the Virginia Commonwealth 
University cancer tissue repository. 
On average, there was significantly 
more Axl expression in samples with 
mutant p53 versus samples with 
wild-type p53 (average 5.63-fold;  
P = 0.013), corroborating our cell 
culture data that mutant p53 up- 
regulates Axl expression.

Axl up-regulation mediates GOF activ-
ities of mutant p53. Axl is known to be 
involved in promoting the growth and 
movement of cells.37,39,43,44,47-49 There-
fore, we tested whether mutant p53–
induced enhancement of growth and 
motility has any relationship with the 

fact that mutant p53 up-regulates the expression of Axl. We 
used the lung cancer cell line H1048 expressing a mutant p53 
(-R273C) for testing its growth rate and motility as described 
in Materials and Methods. To test whether the level of Axl 
affects the properties affected by GOF of mutant p53 expres-
sion, we transfected this cell line with siRNA against Axl (or 
control-scrambled siRNA) and performed the growth and 
motility assays. Figure 3A shows a representative example of 
the growth effect, showing a reduction of the growth rate 
(shown as cell doubling per day) when the Axl level is 
reduced (P = 0.0065). This suggests a correlation between 
mutant p53–mediated up-regulation of the Axl level and the 
growth rate enhancement induced by mutant p53. We also 
tested the relationship between cell motility rate and Axl 
level in these cells. As shown in Figure 3B, there is a signifi-
cant reduction in cell mobility rate as measured by scratch 
assays when the Axl level is reduced by Axl siRNA, even 
though the mutant p53 level remains unchanged. Similar data 
have been obtained from H1793 cells as well (Fig. 3C and 
3D). Thus, mutant p53 may induce some of its GOF activities 
via the induction of Axl.
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Figure 1.  H1299 cells expressing gain-of-function mutant p53 up-regulate protein receptor tyrosine 
kinase Axl. (A, C) RT-qPCR analysis of Axl levels in H1299 cells stably transfected with a vector or 
mutant p53 expression plasmids. RT-qPCR was performed for Axl with cDNA from indicated cell 
lines. qPCR was performed for GAPDH and was used to normalize with Axl values. (B, D) Western 
blot analysis of Axl levels in H1299 cells stably transfected with a vector or mutant p53 expression 
plasmids. PAGE followed by Western blot analysis was performed with extracts made from cells stably 
transfected with a vector or mutant p53 expression plasmids. Immunoblots were developed for Axl 
(using an antibody against Axl from Abnova) and Erk2. Data show mutant p53–induced Axl expression 
both at RNA and protein levels in H1299 cells, and this induction is not disturbed by mutations 
at amino acids 22 and 23. Experiments were performed in technical triplicates. Experiments were 
performed multiple times with similar trends. Error bars showing standard deviations are indicated.
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Mutant p53 up-regulates the Axl promoter. We have evi-
dence that mutant p53–expressing cells have higher Axl 
levels both at RNA and protein levels (see above); 

therefore, we determined whether the 
upstream sequences of the human 
Axl gene can act as a faithful regula-
tory promoter in a transient promoter 
assay. We have cloned a 2,000-bp-
long fragment encompassing the 
upstream sequences of Axl into the 
pGL3 basic luciferase reporter vector 
(Promega, Madison, WI) and tested 
its promoter activity by transient 
transfection analysis. We transfected 
p53-null human lung cancer H1299 
cells with Axl–pGL3 basic in the 
presence and absence of different 
p53 expression plasmids and, after 
48 hours, performed luciferase assays 
as described.9,50 The data shown in 
Figure 4 indicate that mutant p53 up-
regulates the Axl upstream sequences 
as expected. The Axl promoter 
sequence contains a putative p53/p63 
binding site on the Axl upstream 
sequences, raising the possibility of 
its involvement in mutant p53–medi-
ated transactivation since some stud-
ies of GOF functions have implicated 
p63–mutant p53 interactions.27-29,51 
Data shown in Figures 4 and 5  
also show that p63 (full-length p63γ) 
and wild-type p53 could transacti-
vate the Axl promoter depending on 
the presence of the p53/p63 binding 
site.

Mutant p53 up-regulates the Axl 
promoter in H1299 cells independent 
of the p63 binding site. We generated 2 
Axl promoter deletion mutants with 
and without the p63 binding site and 
tested whether transactivation by 
mutant p53 requires the p63 binding 
site. The data presented in Figure 5 
show that p63-mediated transactiva-
tion is lost by a deletion of the p63 
binding site; however, mutant p53–
induced transactivation remained 
undisturbed even in the absence of 
the p63 binding site, while the nega-
tive control (pGL3 basic alone) did 
not get activated at all. This suggests 

that GOF mutant p53 transactivates the Axl promoter inde-
pendent of the p63 binding sites in transient transfection 
assays.

Figure 2.  Lung tumor cells expressing p53 mutations show higher Axl levels. (A) RT-qPCR of Axl 
mRNA levels in lung cancer cell lines H1437 and H1048. Lung cancer cell lines H1048 and H1437 
were infected with control shRNA or p53 shRNA lentivirus to generate mutant p53 knockdown cell 
lines. Western blot analysis was performed on isolated clones to identify p53 knockdown clones. Erk2 
was used as a loading control. These clones were further analyzed for Axl mRNA expression by qPCR 
using primers specific for the Axl gene and normalized by GAPDH. The data indicate that a decrease 
in mutant p53 levels lowers Axl levels. (B) RT-qPCR of Axl levels in lung tumors. cDNA was prepared 
from human lung tumor RNA (labeled “VLU” to protect patient identity) and a normal tissue sample 
(labeled “2N”) using the SuperScript III cDNA synthesis kit (Invitrogen) and qPCR performed using 
primers specific for Axl. The degree of expression was quantitated using a relative standard curve and 
normalized to GAPDH corresponding to the cDNA batch. Experiments were performed in technical 
triplicates as described in the text. Error bars showing standard deviations are indicated.
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Mutant p53 induces acetylation of histones on the Axl pro-
moter. We used H1299 cells expressing mutant p53-R273H 
as a model to study the mechanism of up-regulation of Axl 
expression by mutant p53. We performed chromatin immu-
noprecipitation (ChIP) assays using H1299 cells stably trans-
fected with an empty vector alone or H1299 cells expressing 
mutant p53-R273H using an antibody directed against acety-
lated histone to assay for the extent of histone modification 
as a measure of transcriptional activity at this gene. The data 
shown in Figure 6A and 6B demonstrate that mutant p53 
induces the enhanced formation of acetylated histones H3 
and H4 on the Axl promoter in H1299 cells expressing 
mutant p53-R273H, suggesting that the up-regulation of Axl 
expression by mutant p53 seen in these cells may occur via a 
transactivation role of mutant p53 through chromatin modifi-
cation at the Axl promoter location.

Knockdown of mutant p53 reduces histone acetylation on 
the Axl promoter. Since the overexpression of mutant p53 

induces the acetylation of histones on the Axl promoter, we 
wanted to see if the reduction of mutant p53 would produce 
the opposite effect. We used 2 lung cancer cell lines, ABC-1 
(p53-P278S) and H1048 (p53-R273C), after knockdown of 
their endogenous mutant p53 using shRNA lentivirus 
directed against p53 or control GFP. The data shown in Fig-
ure 6C and 6D show a decrease of histone acetylation upon 
mutant p53 reduction compared to GFP control in both 
ABC-1 (Fig. 6C) and H1048 (Fig. 6D) cell lines. This fur-
ther supports the idea that mutant p53 up-regulates Axl 
expression via chromatin modification.

Nucleation of mutant p53 on the Axl promoter. Next, we 
examined if we could locate mutant p53 on the Axl pro-
moter sequences using the ChIP and H1299 cell systems 
described above (Fig. 6). Here, chromatins were immuno-
precipitated using p53 antibodies D01 and FL-393 (Santa 
Cruz Biotechnology, Santa Cruz, CA), or corresponding 
antibody controls, as described in Materials and Methods. 

Figure 3.  Axl up-regulation by mutant p53 has physiological significance. (A, C) Growth rate of H1048 and H1793 lung cancer cells depends on the 
Axl level. H1048 and H1793 cells were transfected with control or Axl-specific siRNA, plated in equal numbers, and harvested each day for 5 days to 
determine the rate of doubling. In parallel, p53, Axl, and Erk2 levels were determined by immunoblotting (right). (B, D) Motility of H1048 and H1793 
cells depends on the Axl level. H1048 and H1793 cells were transfected as above. Forty-eight hours later, standard scratch assays were carried out as 
described in Materials and Methods and migrating cells stained and counted. Bar = ±1 standard deviation. Experiments were performed in triplicate. Error 
bars showing standard deviations are indicated.
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Immunoprecipitated DNA was quan-
tified by qPCR, and data are shown 
in Figure 7A. It is clear that mutant 
p53 was localized on the sequences 
upstream to the Axl gene, either 
directly or indirectly binding to 
DNA. To locate the site or sites of 
mutant p53 binding to the Axl pro-
moter, the full-length promoter was 
divided into 5 fragments, and prim-
ers were designed. Fold activation by 
mutant p53 on the Axl promoter was 
determined, and the percentage of 
p53 binding was calculated (Fig. 
7B). The data shown indicate major 
mutant p53 interactions distal to 
ATG.

Transcription factor binding is 
enhanced by mutant p53 on the Axl pro-
moter. Next, we wanted to check 
whether we could determine the tran-
scription factor(s) that bind more effi-
ciently on the Axl promoter in the 
presence of mutant p53. For that pur-
pose, we performed ChIP assays using 
antibodies against transcription fac-
tors p300, E2F1, and CREB, which 
putatively may interact with the Axl 
promoter. ChIP assay data carried out 
using vector-transfected cells and 
mutant p53 (-R273H) expressing 
H1299 cells and corresponding anti-
bodies against these transcription fac-
tors show that binding all transcription 
factors is increased: p300, 2.5-fold; 
E2F1, 4.3-fold; and CREB, 8-fold. 
Increased binding of transcription fac-
tors is likely to contribute to the 
induced Axl expression mediated by 
mutant p53.

Discussion
We and others have shown that the 
expression of tumor-derived mutant 
p53 in cells leads to the up-regulation 
of expression of a set of genes, some 
of which are involved in oncogene-
sis; this is accompanied with GOF 
phenotypes. However, the mecha-
nism of up-regulation of gene expres-
sion and the relationship to the GOF 
phenotype are only starting to be 
defined. Earlier, we had suggested 
that the GOF activities observed in 
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H1299 cells after the expression of 
mutant p53 can be explained in part 
by mutant p53’s ability to enhance 
the expression of NF-κB2.9 Axl has 
been identified as another player, 
which has previously been impli-
cated in oncogenesis35 and is signifi-
cantly up-regulated by tumor-derived 
p53 mutants (Figs. 1 and 2) in lung 
cancer cell lines and human lung 
tumors. One interesting and impor-
tant aspect of Axl being up-regulated 
by p53 mutants is the fact that p53 
mutants do not apparently require an 
intact transactivation domain for this 
up-regulation (Fig. 1). Thus, this 
mutant p53 target seems to be a good 
candidate for a gene that has been up-
regulated by mutant p53 perhaps 
through interaction with p63/p73.52 
We note that there is a second trans-
activation subdomain that may  
contribute to transactivaton, or alter-
natively, mutant p53 may be utilizing 
another transcriptional activator sub-
domain as a surrogate for transacti-
vation. Using human lung cancer  
cell lines and lung tumor samples 
expressing mutant p53, we demon-
strate that the expression of GOF 
mutant p53 induces Axl expression 
(Fig. 2). We found that knocking 
down Axl levels by RNAi in H1048 
cells led to a decrease in cell motility 
and growth rate (Fig. 3) while mutant 
p53 levels remained constant. This 
suggests that GOF mutant p53 may 
induce part of its GOF activity via 
the induction of Axl.

We have examined the promoter 
sequences of Axl and identified puta-
tive transcription factor binding sites 
(Fig. 4, top) and have undertaken an 
in vivo transient transcriptional anal-
ysis to determine the mechanism of 
activation of the promoter by GOF 
mutant p53. Analysis showed that 
mutant p53 indeed transactivated the 
Axl promoter in H1299 cells (Fig. 4). 
Interestingly, our promoter deletion 
analysis indicated that the p53/p63 
binding site present is not needed for 
in vivo transactivation by mutant p53 
in H1299 cells (Fig. 5). This shows 
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Materials and Methods, cells were cross-linked with formaldehyde, harvested, and DNA sonicated to 
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that GOF p53 mutants transactivate the Axl promoter with-
out the necessity of p63 binding to the promoter, suggesting 
that mutant p53 is not activating the Axl promoter by p63 
interaction.

ChIP assay analysis demonstrated that GOF mutant p53 
induces histone acetylation at the Axl promoter (Fig. 6), 
suggesting that mutant p53 causes chromatin modifications 
on the promoter, indicative of increased transcriptional 
activity. Transcription factor ChIP analyses indicated that 
mutant p53 induced interactions between p300, CREB, and 
E2F1 and the Axl promoter (Fig. 8), suggesting their 
involvement, in general, in the transactivation of Axl by 
mutant p53. The observed increased histone acetylation 
may lead to increased interactions of the transcription fac-
tors p300, CREB, and E2F1 with their consensus binding 
sites on the Axl promoter, which may lead to increased Axl 
promoter activity. Since CBP/p300 has histone acetylase 
activity associated with it, these data suggest that mutant 
p53 may be enhancing histone acetylation through the use 
of CBP/p300. Interestingly, interactions of CBP/p300 and 
E2F1 and CREB53 may further nucleate p300 on the Axl 
promoter and lead to further acetylation of histones, increas-
ing its promoter activity.

ChIP assays using p53 antibodies demonstrate unequiv-
ocally that mutant p53 in H1299 cells expressing the p53-
R273H protein is nucleated on the Axl regulatory sequences 
(Fig. 7). We have demonstrated that there is more mutant 

p53–mediated activation of the Axl 
promoter further away from the tran-
scription start site, indicating that 
mutant p53 may bind to an enhancer-
like region to regulate transcription. 
Our transient transcriptional analysis 
(Figs. 4 and 5) demonstrates that Axl 
promoter activation by mutant p53 
does not require the p53/p63 binding 
site. When we examined the in vivo 
interaction of p63 with the Axl pro-
moter by ChIP assays, we could 
detect a marginal increase in binding 
over the background in the chromatin 
setting in the presence of mutant p53 
(data not shown). This may suggest 
that mutant p53 helps to open up the 
Axl promoter region, enhancing the 
interaction of transcription factors 
with the promoter. Thus, one has to 
speculate the involvement of other 
transcription factors in this transacti-
vation unless it is assumed (an 
unlikely event) that mutant p53 itself 
interacts with the DNA. Further in 
vivo and in vitro work is needed to 

clarify the mechanism of transactivation by mutant p53.
At present, we envision 3 ways that mutant p53 may 

induce the up-regulation of target gene expression (Fig. 9). 
1) Mutant p53 may induce histone acetylase(s) and/or 
inhibit histone deacetylase(s) and thereby cause the acetyla-
tion of histones (Fig. 9A) and chromatin reorganization on 
the promoters of mutant p53 target genes; this would lead to 
activation of the promoter and transactivation. 2) Mutant 
p53 may induce interactions of one or more transcription 
factor(s) with the promoter, leading to transactivation of the 
target gene (Fig. 9B). 3) Mutant p53 itself is nucleated on 
the target promoter directly or indirectly (Fig. 9C) through 
another transcription factor and then modulates the recruit-
ment of other factors on the promoter with eventual pro-
moter activity enhancement. A combination of these 
possible mechanisms may also be at work.

Materials and Methods
Cell lines. Five human lung cancer cell lines, H1299  

(p53-null, non–small cell lung cancer [NSCLC]), H1048 
(p53-R273C, small cell lung cancer), H1437 (p53-R267P, 
NSCLC), ABC-1 (p53-P278S, adenocarcinoma), and H1793 
(p53-R273H, NSCLC), were used in these studies. H1299, 
H1048, and H1437 were grown in RPMI media supple-
mented with 10% fetal bovine serum, while H1793 was 
grown in DMEM supplemented with 5% fetal bovine serum.
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Figure 8.  ChIP assay shows the mutant p53–mediated increase in transcription factor binding on the 
Axl promoter. ChIP analysis was performed on H1299 cells stably transfected with a vector (HC5) 
or mutant p53-R273H (R273H) as described for Figure 6 to test whether transcription factors are 
preferentially binding to the Axl promoter. Cells were cross-linked with formaldehyde, harvested, and 
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against CREB, E2F1, and p300. Experiments were performed in triplicate. Error bars showing standard 
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Mutant p53 elevates Axl expression / Vaughan et al.	 499

Generation of H1299 cells expressing GOF p53 mutants. To 
determine whether the expression of mutant p53 leads to 
GOF phenotypes in human cells, we have used the H1299 
(p53-null) lung cancer cell line and generated cells express-
ing mutant p53-R175H, -R273H, and -D281G.54 These 
GOF p53 mutants are commonly found in human cancer 
(http://www.iarc.fr/p53/Index.html).

Generation of mutant p53 knockdown cell lines. The inde-
pendent cell lines H1048, ABC-1, and H1437 were used to 
make stable p53 knockdown cell lines. They were gener-
ated by using lentivirus expressing short hairpin RNA 
(shRNA) against p53 utilizing lentivirus systems (Open 
Biosystems, Huntsville, AL) following the manufacturer’s 
protocol. Clones were isolated using puromycin selection at 
1 µg/mL.

Expression analysis. Microarray analysis was carried out 
as described previously9,55 after isolating RNA from H1299 
cells expressing p53 mutants or stably transfected with a 
vector alone. We analyzed the expression of different genes 
using Affymetrix U95Av2 arrays as described earlier.9,55 
qPCR analyses of RNA levels were also performed as 
described previously.9,55

Tumor RNA analysis and p53 sequencing. Tumor RNA was 
provided by the Tissue and Data Acquisition and Analysis 

Core repository (Virginia Common-
wealth University) under an Institu-
tional Review Board–approved 
protocol; cDNA was prepared using 
the SuperScript III cDNA synthesis 
kit (Invitrogen, Carlsbad, CA) and 
qPCR performed using primers spe-
cific for Axl (F: 5′-TGT TTG GTG 
TTT CTG GGA CA-3′ and R: 5′-
TCG CAG GAG AAA GAG GAT 
GT-3′). The degree of expression was 
quantitated using a relative standard 
curve and normalized to GAPDH (F: 
5′-GTC AAC GGA TTT GGT CGT 
ATT-3′ and R: 5′-GAT CTC GCT 
CCT GGA AGA TGG-3′) corre-
sponding to the cDNA batch. The 
p53 gene was sequenced following 
the method described by Sjogren  
et al.56 Whenever a mutation was 
found, a new PCR reaction was per-
formed and the fragment resequenced 
to verify the sequence information 
obtained previously. The AXL levels 
in the 2 populations of tumors, one 
with wild-type p53 and one with 

mutant p53, were compared and found to be different with 
a statistically significant difference based on the Student  
t test.

siRNA transfection. Lung cancer cells were transfected 
with Lipofectamine 2000 (Invitrogen) 2 times (once every 
24 hours) with RNAi directed against a specific or nonspe-
cific gene (luciferase) following the manufacturer’s proto-
col. Sequences used were the following: control (C): 
5′-CAU GUC AUG UGU CAC AUC ACT T-3′ and 5′-GAG 
AUG UGA CAC AUG ACA UGT T-3′ and Axl siRNA, 
which was purchased from Santa Cruz Biotechnology. 
Forty-eight hours after transfection, cells were trypsinized, 
counted, and plated, and growth or migration assays were 
carried out as described below.

Growth assay. Growth assays were carried out as 
described by us earlier with slight modifications.9,10 Cells 
were plated at 50,000 cells/6-cm dish in triplicate for 5 time 
points and harvested after incubation with trypsin and 
counted using a Coulter Counter (Beckman Coulter, Brea, 
CA). Each set of triplicate plates was counted 3 times, giv-
ing a total of 9 counts per siRNA treatment per day. To 
determine the number of cell doublings, the ratio of Axl and 
control (Scram) siRNA-treated cells was calculated to be 
the number of cells counted on day 2 divided by day 1 and 
so on for the 5 time points. The ratios throughout the assay 

Figure 9.  Model of up-regulation of gene expression by mutant p53. Three different molecular 
mechanisms of how mutant p53 may activate transcription from its target promoter are depicted. (A) 
Mutant p53 may induce histone acetylase(s) and/or inhibit histone deacetylase(s) and thereby cause 
the acetylation of histones and chromatin reorganization on the promoters of mutant p53 target 
genes; this would lead to activation of the promoter and transactivation. (B) Mutant p53 may induce 
the interaction of one or more transcription factor(s) with the promoter, leading to transactivation of 
the target gene. (C) The third possibility is that mutant p53 itself is nucleated on the target promoter 
and then modulates the recruitment of other factors on the promoter with eventual promoter 
activity enhancement. These 3 possibilities are not mutually exclusive.
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were averaged and plotted, and the standard deviation was 
calculated to be the difference in ratios from the triplicate 
counts per time point. All experiments were performed in 
triplicate and repeated multiple times. The cell lines were 
analyzed for the growth rate using replicates based on expo-
nential growth. The statistical difference between growth 
rates was determined by the Student t test.

Axl promoter cloning and transient promoter assays. The 
Axl promoter and its deletion mutants were cloned in a 
pGL3 basic vector using sequence information available  
at the National Center for Biotechnology Information 
(Bethesda, MD). The primers used to generate the Axl pro-
moter deletions were the following: 0-959: 5′-CCG GGG 
TAC CCG CAG GCA GCA GAT CTG CAA TAA C-3′ and 
0-200: 5′-CCG GTT ACC GGG AGT GAG GGA AGG 
AGG CAG GGG TGC TGA-3′. Transient transfection was 
performed with 200 ng of the promoter and 1 ug of the 
expression plasmid using Lipofectamine 2000 (Invitrogen) 
following the manufacturer’s instructions. Luciferase anal-
ysis was carried out using the luciferase assay system 
(E1500) and instructions from Promega. Both transfection 
and luciferase assays were as described previously in 
triplicate.57

Chromatin immunoprecipitation. ChIP was performed as 
described.55 To cross-link protein and DNA, cell cultures 
were incubated in 2% formaldehyde for 10 minutes at 37°C, 
and then 200 mM of glycine was added for a further 10 
minutes. Cells were washed in cold phosphate buffered 
saline (PBS), scraped, and centrifuged. Pellets were resus-
pended in lysis buffer containing 1% protease inhibitors 
and then sheared by 6 passages through a 27.5-gauge nee-
dle followed by 25 minutes of sonication on ice such that 
the chromatin was fragmented to 500 to 2,000 bp in length. 
Following centrifugation, the protein content of the super-
natants was determined and equal amounts used for immu-
noprecipitation overnight at 4°C with gentle tilting with 
protein-specific antibodies or IgG as a control. Immune 
complexes were captured using protein A agarose and then 
washed sequentially in RIPA buffer (150 mM NaCl, 50 mM 
Tris, pH 8, 0.1% SDS, 0.5% sodium deoxycholate, 1% 
NP-40), high salt buffer (500 mM NaCl, 50 mM Tris, pH 8, 
0.1% SDS, 1% NP-40), twice in LiCl buffer (250 mM LiCl, 
50 mM Tris, pH 8, 0.5% sodium deoxycholate, 1% NP-40), 
and then twice in TE buffer. Protein was eluted from beads 
in fresh elution buffer (20% SDS, 10 mM DTT, 100 mM 
NaHCO

3
), cross-linking was reversed overnight at 65°C in 

the presence of NaCl, and then samples were ethanol pre-
cipitated. Following centrifugation, pellets were resus-
pended in TE buffer and incubated sequentially with 10 mg/
mL RNase A (30 minutes) and 20 mg/mL proteinase K (1 
hour). Samples were phenol extracted and ethanol precipi-
tated, and the pellets were washed in 70% ethanol, dried, 

and resuspended in sterile water. Acetyl histone H3 (17-
615), acetyl histone H4 K8 (07-328), and normal rabbit IgG 
were from Millipore (Billerica, MA). p300 (sc-585), CREB 
(sc-186), E2F1 (sc-22820), p53 DO1 (sc-126), and p53 
FL393 (sc-6243) were obtained from Santa Cruz Biotech-
nology. PCR primers used to analyze ChIP samples were 
the following: Axl (5 kb) F: 5′-CCT TGA CTG AGG CTT 
TAC CA-3′ and R: 5′-TTT TCA AAG TGC ACC GAC 
AT-3′, and Axl F: 5′-GAT GCA GCA GTT CCC AAA AT-3′ 
and R: 5′-TAT CAT CCC TTC TCC ATC GC-3′. The Axl 
promoter scanning primers were the following: Axl 2,200-
2,000 bp are the same primers indicated above; 1-400 bp F: 
5′-CCC CGT CTC TAC CAA AAA TA-3′ and R: 5′-GGC 
CCT TCA CCG TTG T-3′; 401-800 bp F: 5′-GAA GGG 
GCA GGT AGA AGA GA-3′ and R: 5′-AGC CCT GAT 
CAT TCC ACT G-3′; 801-1,200 bp F: 5′-AGC GAT CCT 
CCC ACC TT-3′ and R: 5′-ATC TTC AGA CAC GCC 
AAA AC-3′; 1,201-1,600 bp F: 5′-TCT GCG TGT CTC 
TGC TTG TC-3′ and R: 5′-TCT GGG CTC TGT GTC 
TGG TA-3′; and 1,601-2,000 bp F: 5′-GGT CCC CTT CCC 
CCT CCT CA-3′ and R: 5′-CCC AGC AGC CGC CTT 
CTC A-3′. Axl (5 kb) corresponds to a sequence 5 kb 
upstream of the Axl gene without any regulatory sequences 
in it. This was used to normalize the qPCR values. The per-
centage of p53 binding was calculated by determining the 
fold activation of the Axl promoter by mutant p53 (v. con-
trol) for each region of the promoter. Five sets of ChIP 
experiments were averaged, and the percentage of binding 
was calculated by setting the Axl ChIP primers (2,200-
2,000 bp) as equal to 100%. The standard deviation was 
calculated between the 5 sets of experiments and plotted.

Western blotting. Immunoblotting was carried out as 
described.9 Axl levels were detected using an antibody from 
Abnova (H00000558-M01, Taipei, Taiwan). Erk2 (sc-154) 
and β-tubulin (sc-5274) levels were detected by antibodies 
from Santa Cruz Biotechnology. p53 was detected using the 
p53 antibody PAb 1801.9 Western blots were developed by 
the ECL method (GE Healthcare, Piscataway, NJ).

Migration assays. Cell migration was carried out using 
wound-healing (scratch) assays, as previously described.58 
Briefly, cells were trypsinized, plated in quadruplicate in 
12-well cell culture plates, and incubated at 37°C until cells 
were completely confluent. At this time, a sterile pipette tip 
was used to scratch across the surface of the plate, remov-
ing the complete layer of cells within the scratch area. Fol-
lowing cell removal, each well was washed once with PBS 
and then replaced with growth medium. Immediately fol-
lowing, the width of the scratch was measured at 6 specific 
points under a 5× objective using a light microscope and 
AxioVision software (Carl Zeiss Microimaging, Thorn-
wood, NY). Cells were incubated at 37°C from 20 to 60 
hours depending on the cell line under study, at which time 
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the scratch width was measured at the same position as at 
time 0.
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