
Mutant p53 cooperates with the SWI/SNF
chromatin remodeling complex to regulate
VEGFR2 in breast cancer cells
Neil T. Pfister,1 Vitalay Fomin,1,11 Kausik Regunath,1,11 Jeffrey Y. Zhou,1 Wen Zhou,1

Laxmi Silwal-Pandit,2,3 William A. Freed-Pastor,1,4 Oleg Laptenko,1 Suat Peng Neo,5 Jill Bargonetti,6

Mainul Hoque,7 Bin Tian,7 Jayantha Gunaratne,5,8 Olav Engebraaten,3,9 James L. Manley,1

Anne-Lise Børresen-Dale,2,3 Paul M. Neilsen,10 and Carol Prives1

1Department of Biological Sciences, Columbia University, New York, New York 10027, USA; 2Department of Genetics, Institute
for Cancer Research, Oslo University Hospital, The Norwegian Radiumhospital, 0310 Oslo, Norway; 3The K.G. Jebsen Center for
Breast Cancer Research, Faculty ofMedicine, Institute for ClinicalMedicine, University of Oslo, 0450Oslo, Norway; 4Department
of Medicine, Massachusetts General Hospital, Boston, Massachusetts 02114, USA; 5Quantitative Proteomics Group, Institute of
Molecular and Cell Biology, Agency for Science, Technology, and Research, Singapore S138673; 6Department of Biological
Sciences, Hunter College, City University of New York, New York, New York 10065, USA; 7Department of Microbiology,
Biochemistry, and Molecular Genetics, Rutgers New Jersey Medical School, Newark, New Jersey 07103, USA; 8Department of
Anatomy, Yong Loo Lin School of Medicine, National University of Singapore, Singapore 117597; 9Department of Oncology, Oslo
University Hospital, 0424 Oslo, Norway; 10Swinburne University of Technology, Kuching 93350, Sarawak, Malaysia

Mutant p53 impacts the expression of numerous genes at the level of transcription to mediate oncogenesis. We
identified vascular endothelial growth factor receptor 2 (VEGFR2), the primary functional VEGF receptor that
mediates endothelial cell vascularization, as a mutant p53 transcriptional target in multiple breast cancer cell lines.
Up-regulation ofVEGFR2mediates the role ofmutant p53 in increasing cellular growth in two-dimensional (2D) and
three-dimensional (3D) culture conditions. Mutant p53 binds near theVEGFR2 promoter transcriptional start site
and plays a role in maintaining an open conformation at that location. Relatedly, mutant p53 interacts with the
SWI/SNF complex, which is required for remodeling theVEGFR2 promoter. By both querying individual genes reg-
ulated by mutant p53 and performing RNA sequencing, the results indicate that >40% of all mutant p53-regulated
gene expression is mediated by SWI/SNF. We surmise that mutant p53 impacts transcription ofVEGFR2 as well as
myriadother genesbypromoter remodeling through interactionwithand likely regulationof theSWI/SNFchromatin
remodeling complex.Therefore,notonlymightmutantp53-expressing tumorsbe susceptible toantiVEGFtherapies,
impacting SWI/SNF tumor suppressor function in mutant p53 tumors may also have therapeutic potential.
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TP53 is the most frequently mutated gene found in hu-
man cancers (Olivier et al. 2010). Wild-type p53 is a se-
quence-specific transcription factor that, when activated
by various stresses such as DNA damage, oncogenic sig-
naling, or nutrient depletion, promotes cellular outcomes
such as cell arrest, cell death, senescence, metabolic
changes, and others, depending on the extent and context
of the stress (Vousden and Prives 2009). In human cancer,
p53 primarily sustains missense mutations in its con-
served DNA-binding domain. The small number of resi-
dues (approximately five to six) within this region that
are mutated with extraordinarily high frequency are

termed hot spotmutations. Thesemutations can be loose-
ly divided into two categories: the contact mutants (e.g.,
R273H), which remain well folded, but whose mutated
residues fail tomake specific contact with elements with-
in the DNA-binding site, and conformational mutants
(e.g., R175H), which are partly unfolded, leading to loss
of zinc coordination and general DNA binding. Evidence
from sources as varied as human epidemiology studies,
mouse models, and cell-based experiments has shown
that these hot spot missense mutant forms of p53, which
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often accumulate to high levels in the cells that they in-
habit, can produce outcomes such as increasedmetastases
in mice and increased motility and invasive characteris-
tics in cultured cells (Brosh and Rotter 2009; Muller and
Vousden 2014). In Li-Fraumeni patients, missense muta-
tion was reported to lead to earlier tumor onset than other
forms of p53 loss (Bougeard et al. 2008). p53 hot spot
mutant proteins have been reported to associate with
chromatin and alter a cell’s transcriptional profile, leading
to oncogenic cellular changes (Di Agostino et al. 2006;
Stambolsky et al. 2010; Do et al. 2012; Freed-Pastor
et al. 2012; Cooks et al. 2013). Although a common view
is that p53 hot spot mutants acquire neomorphic proper-
ties, many activities of mutant p53 are likely conserved
from wild-type p53 and generate different cellular out-
comes due to differences in their distribution within cel-
lular chromatin.
Whenwe reanalyzed the global gene expression analysis

from a previous study (Freed-Pastor et al. 2012), vascular
endothelial growth factor receptor 2 (VEGFR2/KDR/
FLK1) was identified as a gene strongly induced bymutant
p53. VEGFR2 is a receptor tyrosine kinase that is activat-
ed upon VEGF ligand binding and, under normal physio-
logical conditions, mediates angiogenesis (Ferrara 2004).
VEGFR2 is the key receptor for endothelial cell neovascu-
larization and mediates increased cellular proliferation,
migration, and prosurvival signaling (Ferrara 2004). In ad-
dition to the breast tumor vasculature, VEGFR2 is often
aberrantly expressed on the breast tumor epithelia (Ryden
et al. 2003). Increased VEGF or VEGFR2 expression on
breast tumor cells correlates with decreased survival
(Ghosh et al. 2008). The VEGFR2 ligand VEGF is the clin-
ical target of anti-VEGF therapies, including bevacizu-
mab, which in 2011 lost FDA approval for metastatic
breast cancer, revocation of which may have been due to
an inability to distinguish the candidates who would re-
spond to treatment. Interestingly, wild-type p53 is a ca-
nonical repressor of the VEGF pathway through multiple
mechanisms, including transcriptional repression of
VEGFA (Mukhopadhyay et al. 1995) and MDM2-induced
degradation of HIF1A (Ravi et al. 2000). Loss of wild-
type p53 function promotes the angiogenic switch by de-
repressing HIF1A and VEGFA, thereby promoting tumor
neovascularization (Ravi et al. 2000).
We additionally report that mutant p53 regulates the

chromatin architecture of theVEGFR2 promoter bymedi-
ating nucleosomal displacement via cooperation with the
SWI/SNF chromatin remodeling complex (CRC). The
SWI/SNF complex associates genome-wide with tran-
scription regulatory elements (Euskirchen et al. 2011), in-
cluding those associated with wild-type p53 (Lee et al.
2002), to regulate nucleosome occupancy (Tolstorukov
et al. 2013). This complex is composed of either BRG1 or
BRMATPase, a set of core proteins, and other context-spe-
cific components (Wilson and Roberts 2011). SWI/SNF
complexes are subdivided into PBAF and BAF complexes
based on the presence of BAF250A or BAF250B (BAF com-
plex; contains either BRG1 or BRM ATPase) or BAF180
(PBAF complex; contains only BRG1 ATPase), although
this distinction may not be absolute (Ryme et al. 2009;

Wilson and Roberts 2011; Euskirchen et al. 2012). Im-
portantly, inactivating mutations in several SWI/SNF
components are found at high frequency in a variety of
cancers, including breast cancer, implicating SWI/SNF
in tumor suppression (Reisman et al. 2009; Wilson and
Roberts 2011).
We hypothesize that mutant p53 co-opts SWI/SNF

complex function to mediate its gain-of-function tran-
scriptional effects. A model is proposed in which mutant
p53 expression imparts transcriptional plasticity to a tu-
mor that is mediated through interaction with the SWI/
SNF CRC.

Results

Mutant p53 promotes VEGFR2 expression in breast
cancer cell lines

Using a three-dimensional (3D) tissue culture system,
global gene expression profiling was performed in MDA-
468 breast cancer cells that contain a doxycycline-induc-
ible shRNA to the 3′ untranslated region (UTR) of the
p53messenger RNA (MDA-468.shp53 cells) (Freed-Pastor
et al. 2012). MDA-468 cells express only the R273H p53
hot spot mutant from the endogenous TP53 locus. Upon
reanalysis of the gene expression profiling data sets from
our earlier study, VEGFR2 was identified as the number
eight overall most up-regulated gene by mutant p53 and
in the top percentile of up-regulated genes (Supplemental
Table S1). VEGFR2 was chosen for further study because
it is a clinically important gene that is known to mediate
tumor neovascularization and, in breast cancer cells, can
mediate pro-oncogenic signaling through autocrine acti-
vation (Guo et al. 2010).
Using quantitative RT–PCR (qRT–PCR), we confirmed

that VEGFR2 RNA levels are strongly correlated with
mutant p53 protein levels in MDA-468.shp53 cells in 3D
culture conditions (Fig. 1A). We also observed decreased
VEGFR2 expression in two-dimensional (2D) culture con-
ditions (Supplemental Fig. S1A), although to a lesser ex-
tent than was observed in 3D culture (75% depletion to
90% depletion of VEGFR2 transcript in 2D and 3D cul-
tures, respectively). Mutant p53 regulated expression of
VEGFR2 at the level of transcription, as we detected re-
duced expression of intronic VEGFR2 transcript to the
same extent as total VEGFR2 RNA (Supplemental Fig.
S1B). Stepwise depletion of mutant p53 led to increasing
reductions in VEGFR2 levels (Supplemental Fig. S1C).
Reduction of VEGFR2 RNA corresponded to depletion
of VEGFR2 protein isoforms, which differ in migration
pattern based on varying post-translational modifications
(Fig. 1A; Supplemental Fig. S1A,C; Bruns et al. 2010).
Mutant p53 regulated VEGFR2 in two additional breast
cancer cell lines that express endogenous p53 hot spot
mutants. Using MDA-231 cells (p53 R280K), we found
that p53 depletion by two different siRNAs (Fig. 1B) or us-
ing doxycycline to induce p53 shRNA inMDA-231.shp53
cells (see Fig. 3B, below) resulted in significant reduction
in VEGFR2. Depletion ofmutant p53 by two different siR-
NAs in SK-BR-3 cells (p53 R175H) grown in 2D cultures
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also led to reduction in VEGFR2 transcript (Supplemental
Fig. S1D). Thus, mutant p53 is a regulator of VEGFR2 ex-
pression in multiple breast cancer cell lines endogenously
expressing both conformational and contact p53 hot spot
mutations.

To determine whether different p53 hot spot mutants
activate expression of VEGFR2, we engineered MDA-
468.shp53 cells to express hot spot p53 mutants R175H,
G245S, and R248W that lack the targeting region of the in-
ducible p53 shRNA in these cells (Freed-Pastor et al.
2012). In this situation, endogenous p53 R273H was de-
pleted upon addition of doxycycline, so the great majority
of the remaining p53 isoforms in each cell was the respec-
tive ectopic hot spot mutant (Fig. 1C). We found that p53
R175H fully rescued and p53 G245S partially rescued the
ability of the depleted endogenous mutant p53 to up-reg-
ulateVEGFR2RNAexpression as comparedwith untreat-
ed MDA-468.shp53 cells. In contrast, expression of p53

R248W, also a hot spotmutant, failed to increaseVEGFR2
expression (Fig. 1C). With the caveat that these ectopi-
cally expressed proteins were overexpressed compared
with the endogenous mutant p53, these data indicate
that at least three different hot spot mutants can activate
VEGFR2 expression, including a contact mutant (endoge-
nous p53 R273H) and conformational mutants (p53
R175H and p53 G245S) in the MDA-468 cell line. These
data also suggest that different p53 hot spot mutants pos-
sess intrinsically different capacities to activate VEGFR2
transcription.

Mutant p53 status correlates with increased levels
of VEGF pathway components in human breast
cancer samples

A fundamental question is whether mutant p53 impacts
VEGFR2 expression in human breast tumors. To address
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Figure 1. Mutant p53 promotes VEGFR2
expression in breast cancer cells. (A)
MDA-468.shp53 cells were grown in 3D
culture conditions for 8 d with (+DOX) and
without (−DOX) doxycycline to induce
an shRNA targeting mutant p53. Total
VEGFR2 transcript was assayed by qRT–
PCR and normalized to the −DOX condi-
tion. (∗∗) P < 0.001 by one-tailed t-test. Be-
low is the related immunoblot showing
levels of the indicated proteins. (B) MDA-
231 cells were grown in 3D culture condi-
tions and assayed for VEGFR2 expression
following depletion of mutant p53 with
two different siRNAs as described in the
Materials and Methods. Expression was
normalized to control siRNA. (∗) P < 0.05;
(∗∗) P < 0.01 by one-tailed t-test. The immu-
noblot at right shows the indicated pro-
tein levels with control or p53 siRNAs. (C )
MDA-468.shp53 cells were selected to sta-
bly express mutant p53 hot spot mutant
R175H, R245S, or R248W that lacks the
short hairpin sequence used target endoge-
nous mutant p53 R273H. A control cell
line containing empty vector or the cells ex-
pressing the indicated p53 hot spotmutants
were grown in 3D culture in the presence of
doxycycline to deplete the endogenousmu-
tant p53 R273H. Total VEGFR2 messenger
RNA was analyzed by qRT-PCR and nor-
malized to the −DOX control condition.
Corresponding immunoblot of p53 proteins
with actin loading control is shown below.
In A–C, error bars represent the standard
error. In each experiment, at least three
biological replicates were performed. En-
dogenous VEGFR2 was detected with anti-

VEGFR2antibody, andmutant p53was identifiedwith amixture ofmABs1801 andDO-1. (D–F ) TheCancerGenomeAtlas (TCGA) breast
cancer RNA sequencing (RNA-seq) version 2 data set analysis stratified by p53mutational status (wild type, truncationmutation, hot spot
missensemutation, or non-hot spotmissensemutation as indicated). RNAexpressionofVEGFR2 (D),VEGFA (E), andHIF1A (F ) is present-
ed as a box plot,where the box contains the interquartile range. The central line represents themedian gene expression.Median expression
values are delineated for the truncation mutant category inD and the wild-type p53 category in E and F. RNA expression values were an-
alyzed as upper quartile-normalized RNA-seq by expectationmaximization (RSEM) of reads. (∗) P < 0.05 byWelch’s one-tailed t-test inD.
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this, we sorted the Breast Invasive CarcinomaTCGA (The
Cancer GenomeAtlas) provisional data set into p53muta-
tion classes, including wild type, hot spot missense muta-
tion, non-hot spot missense mutation, and truncation
mutation, which includes nonsense, frameshift, in-frame
deletion, and in-frame insertion mutations that are pre-
dicted to alter wild-type p53 activities such as the abil-
ity to repress VEGF (Supplemental Table S2). To extend
our query to other angiogenesis-related genes known to
be affected by p53 status, we analyzed normalized RNA
sequencing (RNA-seq) expression values for VEGFR2,
VEGFA, and HIF1A. Five hot spot mutants of p53 ob-
served in breast cancer (Walerych et al. 2012) were select-
ed prior to analysis and are present in 49 out of 969 tumors
in the data set (R175, Y220, G245, R248, and R273) (Sup-
plemental Table S3). Comparing expression levels of
VEGFR2 with tumors that contain truncation mutations
in p53 showed that hot spot mutant tumors express sig-
nificantly elevated levels of VEGFR2 (P < 0.05) (Fig. 1D).
Note that wild-type p53 tumors also had higher levels of
VEGFR2 than truncation or non-hot spot mutation-con-
taining tumors. Importantly, all classes of inactivating
p53mutations (hot spot, non-hot spot missense, and trun-
cation mutants) correlated with significantly increased
levels of VEGFA andHIF1A (P < 0.05 in each case), which
are potent proangiogenic factors that potentiate VEGFR2
activation (Fig. 1E,F; Ferrara 2004). This suggests that
up-regulation of VEGFA and HIF1A is due to loss of re-
pression by wild-type p53 rather than activation by mu-
tant p53 (Fig. 1E,F). We speculate that hot spot mutant
p53-containing breast tumors are unique in being able to
regulate a pattern of proangiogenic gene expression that
may preferentially potentiate VEGFR2 autocrine signal-
ing compared with tumors with wild-type p53 or other
forms of loss of p53 function.

Cell-autonomous VEGFR2 expression is sufficient
to mediate mutant p53 gain of function

Mutant p53 has been reported to promote cell growth and
invasiveness in 3D culture models of breast cancer (Mul-
ler et al. 2009; Freed-Pastor et al. 2012). To investigate
whetherVEGFR2mediates downstream effects of mutant
p53, including increased cellular growth and invasive
characteristics, we pharmacologically inhibited VEGFR2
with semaxanib (SU5416), a potent inhibitor of VEGFR2
autophosphorylation with an IC50 of 1.23 μM (Fong
et al. 1999). In 3D cultures, inhibition of VEGFR2 with
semaxanib prevented growth of MDA-231 and MDA-468
breast cancer cells but not of MCF10A immortalized
breast cells or MCF7 breast cancer cells that express
wild-type p53 (Supplemental Fig. S2A–D). While this
does not demonstrate that mutant p53-bearing cells are
uniquely sensitive to semaxanib, it supports the findings
below implicating VEGFR2 as being critical for growth
of MDA-231 and MDA-468 cells.
To gain further evidence for a role for VEGFR2 in

3D culture cell growth, we depleted VEGFR2 with two
different siRNAs. MDA-231 and MDA-468 cells were
significantly inhibited in 3D growth upon depletion of

VEGFR2 with siRNA, recapitulating the effect of deple-
tion of mutant p53 (Fig. 2A,B; corresponding immuno-
blots in Supplemental Fig. S2E,F). The MDA-231 cells,
which in 3D cultures form stellate-appearing clusters,
had mostly lost their characteristic invasive-appearing
processes (Fig. 2A; Kenny et al. 2007). These data indicate
that, with respect to 3D culture gross morphology, loss of
VEGFR2 phenocopies loss of mutant p53 and suggest that
VEGFR2 is required for efficient growth of mutant p53-
containing breast cancer cells. The data also suggest that
cell-autonomous VEGFR2 signaling is required for cell
growth in cell lines that contain mutant p53.
We then determined whether VEGFR2 expression can

rescue loss of mutant p53 using MDA-231.shp53 cells ex-
pressing a doxycycline-inducible shRNA to p53 (Freed-
Pastor et al. 2012) that were engineered to stably express
VEGFR2 or a phosphorylation-defective VEGFR2 mutant
(VEGFR2-Y1059F) (Jinnin et al. 2008). As expected, loss
of mutant p53 led to a dramatic reduction in size of the
invasive, stellate-shaped clusters of MDA-231.shp53 cells
(Fig. 3A, top panels). Remarkably, when VEGFR2 was ex-
pressed in cells with reduced endogenous mutant p53,
the growth properties and morphological characteristics
of the cell clusters were restored (P < 0.001) (Fig. 3A–C).
Furthermore, cells expressing phosphorylation-defective
VEGFR2-Y1059F failed to rescue the loss of mutant p53,
indicating that the rescue with VEGFR2 is due to pro-
oncogenic signaling properties mediated by this receptor
tyrosine kinase (Fig. 3A–C). Finally, to gainmore informa-
tion about oncogenic activities ofmutant p53 or VEGFR2,
we performed a wound closure assay in MDA-231 cells.
Our data indicated that VEGFR2 and mutant p53 are
each required for cellular migration (Fig. 3D; Supplemen-
tal Fig. S3A). Note that MDA-468 cells do not migrate ef-
ficiently and are not amenable to such measurements.
These data implicate VEGFR2 as a proto-oncogene in
breast cancer cells that, when transactivated by mutant
p53, functions as an oncogene that can mediate certain
mutant p53 oncogenic effects that are consistent with
characteristic growth and invasive properties of tumor
cells.
To determine whether mutant p53-expressing breast

tumors preferentially respond to anti-VEGF therapy, we
analyzed the response in tumors with wild-type TP53 ver-
sus mutated TP53 from the NeoAva study (Fig. 3E,F; see
the Materials and Methods for further description). Inter-
estingly, across all patients, response ratios were higher in
patients with TP53 mutated tumors (Supplemental Fig.
S3B–D). Relevantly, among patients who received chemo-
therapy and bevacizumab, the pathological complete re-
sponse (pCR) was 33.3% versus 17.1% in TP53 mutated
versus wild-type tumors (Supplemental Fig. S3C). A high-
er pCR rate in TP53mutated tumors compared with wild-
type tumors (27.7% vs. 4.5%) was also observed among
patients receiving chemotherapy alone, so a benefit of
bevacizumab cannot be concluded based on pCR in this
patient cohort (Supplemental Fig. S3C). When treatment
response was analyzed as a continuous variable, however,
a greater reduction in tumor volume was observed when
bevacizumab was combined with chemotherapy in TP53
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mutated tumors but not in tumors with wild-type TP53
(Fig. 3E,F). The P-value of this observation, P = 0.28, sug-
gests that a larger sample size is necessary to confirm a
therapeutic effect of bevacizumab on p53 mutated breast
tumors. Nevertheless, these data suggest that, as predict-
ed by the cell culture data, inclusion of anti-VEGF therapy
in p53 mutated breast tumors might lead to enhanced
anti-tumor response.

Mutant p53 mediates chromatin remodeling at the
VEGFR2 promoter

Because VEGFR2 expression was one of the genes most
strongly activated by mutant p53 in MDA-468.shp53
cells, we sought to define how mutant p53 regulates the
VEGFR2 promoter using this clonal cell line. We used
quantitative promoter scanning chromatin immunopre-
cipitation (ChIP) along 4 kb of the VEGFR2 promoter us-
ing nine primer sets. Mutant p53 was associated with

the VEGFR2 promoter, with peak binding at the proximal
promoter (primer set 150 base pairs [bp]) (Fig. 4A). Peak
binding was approximately fivefold higher than back-
ground levels (normalized to percent input) at the −150
site and threefold above the lowest mutant p53 signal, lo-
cated at the −2350 site (Fig. 4A). The binding signal was
specific in that it was consistently significantly decreased
when mutant p53 was depleted (Fig. 4A; Supplemental
Fig. S4A–C). Mutant p53 could be detected along at least
1.5 kb of theVEGFR2 promoter even though peak binding
was in the vicinity of the transcriptional start site (TSS).
This broad binding pattern is consistent with the view
that mutant p53 is not likely to bind to a specific DNA se-
quence (Kim and Deppert 2007). Rather, the mutant p53-
binding distribution observed is consistent with a more
diffuse association with the proximal VEGFR2 promoter,
a region predicted to be associated with a complex array of
transcription factors, chromatin regulators, transcription-
al machinery, nucleosomes, and other factors.

Figure 2. VEGFR2 inhibition phenocopies
loss of mutant p53. MDA-231 cells (A) and
MDA-468 cells (B) were transfected with
two independent siRNAs to deplete mu-
tant p53 or VEGFR2 and then grown in
3D culture conditions for 8 d. Representa-
tive differential interference contrast imag-
es were acquired at 10× magnification on
live imaging. Relative cell areas of an aver-
age of at least 95 colonies per condition
for three independent replicateswere calcu-
lated and are shown in the corresponding
bar graphs. Error bars represent the stan-
dard deviation. Bar, 100 μm. (∗) P < 0.01 by
one-tailed t-test.
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As wild-type p53 mediates gene expression changes
through complex interaction with multiple chromatin
regulators (Laptenko and Prives 2006), many of which
are known mutant p53-binding partners (Freed-Pastor
and Prives 2012), and because wild-type p53 binding to
DNA leads to nucleosome displacement in vivo (Lidor
Nili et al. 2010; Laptenko et al. 2011), we sought to char-
acterize mutant p53-dependent changes in chromatin ar-
chitecture. The VEGFR2 promoter is a GC-rich, TATA-
less promoter that is tightly regulated and under tissue-
specific control (Patterson et al. 1997). We postulated
that mutant p53 could either mediate a step preceding
promoter activation in which mutant p53 would initiate
or facilitate changes in chromatin architecture (such as
by promoting nucleosomal displacement) or be recruited

to active promoters and augment transcription subse-
quent to and without affecting promoter remodeling.
To distinguish between these two possibilities, we

characterized the chromatin architecture of the VEGFR2
promoter using micrococcal nuclease (MNase) digestion
followed by promoter-scanning qPCR (MNase-PCR).
MNase eliminates DNA that is not allosterically pro-
tected from digestion by association with DNA-binding
proteins and, specifically, core nucleosomes (Noll and
Kornberg 1977). MNase-PCR primers were designed to
span the VEGFR2 promoter from −390 bp to +56 bp rela-
tive to the TSS, with an average amplicon length of 66
bp and an average overlap of 2.5 bp (Supplemental Table
S4). Unfortunately, primers could not be developed for
the region defined by amplicon 5, spanning 63 bp between

Figure 3. Mutant p53 gain of function is
mediated by VEGFR2 and may predict
response to bevacizumab. (A) MDA-231.
shp53 cells were engineered to express con-
trol vector, VEGFR2, or VEGFR2 tyrosine
phosphorylation mutant Y1059F as de-
scribed in the Materials and Methods and
then grown in 3D culture conditions for up
to 8 d. Where indicated, cells were grown
in the presence of doxycycline (DOX; low
Mut p53) to deplete endogenous mutant
p53. Differential interference contrast im-
ages were acquired at 10× magnification
on live imaging. Bar, 100 μm. (B) Immuno-
blot of the indicated proteins from A. (C )
Relative cell areas of an average of at least
85 colonies per condition among four in-
dependent replicates were analyzed. Error
bars represent the standard deviation.
(∗) P < 0.001 calculated by one-tailed t-test.
(D) For wound migration analysis, MDA-
231 cells were transfected with control
siRNA and two independent siRNAs each
to deplete mutant p53 or VEGFR2 and
then seeded to confluency in tissue culture
plates containing inserts. Representative
differential interference contrast images
(Supplemental Fig. 3A) were acquired im-
mediately upon removal of the insert (0 h)
and48h later.Relativemigrationwascalcu-
lated by dividing the total distance migrat-
ed of each sample by the total migration
in the siControl sample. At least three im-
ages were quantitated per sample. The
data are an average of four biological repli-
cates. Error bars represent the standard
deviation. (∗) P < 0.01; (∗∗) P < 0.001 by
two-sided t-test. (E,F ) Response ratio show-
ing reduction in tumor volume in TP53
wild-type tumors (E) and TP53mutated tu-
mors (F ) treated with chemotherapy alone
(Chemo) or chemotherapy plus bevacizu-
mab (Chemo + Bev). Each data point repre-
sents one patient’s response to the
indicated treatment, which was calculated

as the tumor volume of the residual tumor divided by the initial tumor volume. Data are plotted as a box plot, and the sample size is in-
dicated by “n”. P-value was derived from Kruskal-Wallis test. Median values of the chemotherapy-only cohorts are delineated.
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amplicons 4 and 6, as this region has high GC content and
homology with other genomic regions. The average
amplicon was 66 bp, so each amplicon is less than half
the length of DNA associated with a core nucleosome
(which coordinates 147 bp of DNA). Thus, observed
changes were much more defined than they would be by
ChIP that typically has resolution of ∼300–500 bp (Lap-
tenko et al. 2011). Using cross-linked chromatin, MNase
digestion was performed on isolated nuclear fractions
with full or reduced expression of mutant p53. MNase-
treated chromatin were separated via agarose gel electro-
phoresis, and mononucleosomal length (∼147 bp) DNA
was excised, purified, and PCR-amplified using the de-
scribed MNase primer sets (Fig. 4B). Indeed, in the pres-
ence of mutant p53, there was increased chromatin
digestion by MNase that was localized to the proximal
promoter region between amplicons 3 and 6, correspond-
ing to −261 bp to −10 bp from the TSS, but not amplicons
1, 2, or 7 that correspond to flanking regions, suggestive of
a relaxed, transcriptionally permissible, open chromatin

state in the region where mutant p53 was localized (Fig.
4B). Note that amplicon 4, where the greatest difference
in nucleosome occupancy between full and reduced levels
ofmutant p53was observed (∼30%), uses the same primer
set as the −150-bp site where peak mutant p53 binding
was observed in Figure 4A. This is likely an underestimate
because not allVEGFR2 promoters in a pool of cells are ex-
pected to be engaged at the same time by mutant p53.
Because depletion of mutant p53 led to localized resis-
tance to MNase digestion, these data signify that mutant
p53 is associated with remodeled chromatin at the proxi-
mal VEGFR2 promoter, and loss of mutant p53 leads to
promoter closure (Fig. 4B), consistent with the dramatic
decrease in VEGFR2 expression (Fig. 1A).

To confirm and extend these observations with an inde-
pendent enzymatic technique, in vivo DNase I footprint-
ing by LM-PCRwas used. This technique provides a direct
visualization of virtually each nucleotide in the genomic
DNA region being queried. Increased DNase I cleavage
(termed hypersensitivity) is a hallmark of active genes,

Figure 4. Mutant p53 associates with the
VEGFR2 promoter and leads to promoter
remodeling. MDA-468.shp53 cells were
cultured for 8 d in 3D culture in the pres-
ence (−Mut p53; black) and absence (+Mut
p53; red) of doxycycline (DOX). Cells were
treated with formaldehyde to cross-link
chromatin and subjected to the indicated
procedures. (A) Scanning ChIP for mutant
p53 was performed along 4 kb surrounding
the VEGFR2 TSS. ChIP was performed in
the presence and absence of doxycycline
for mutant p53 and also in the absence of
antibodies to p53 using primers correspond-
ing to the indicated data points. Immuno-
precipitated chromatin was subjected to
qPCR, and the percent input-normalized
signal between −DOX and +DOX samples
was plotted relative to the peak binding sig-
nal at the −150-bp VEGFR2 site. Error bars
represent the standard error of the three in-
dependent experiments shown in Supple-
mental Figure S4A–C. (B) For micrococcal
nuclease (MNase), PCR chromatin was di-
gested with MNase, and mononucleo-
some-sized DNA fragments were isolated.
qPCR was performed for six amplicons av-
eraging 66 bp along 446 bp of the VEGFR2
promoter from −390 bp to +56 bp relative
to the TSS, with the signal normalized to
amplicon 1. Error bars represent the stan-
dard error of three independent experi-
ments. (∗) P < 0.05 by one-tailed t-test. (C )
In vivo DNase I footprinting by ligation-
mediated PCR (LM-PCR) was performed
at the VEGFR2 promoter between approxi-
mately −160 bp and +5 bp of the TSS. Den-
sitometry analysis of the relative DNase I
hypersensitivity signal is represented by a
histogram ([red] +Mut p53; [black] −Mut
p53).
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corresponding to an open promoter configuration (for re-
view, see Krebs and Peterson 2000), and is a feature of
wild-type p53 target genes, including p21 (CDKN1A)
(Braastad et al. 2003), for which it is known that the
area surrounding the p53 response element undergoes nu-
cleosomal remodeling subsequent to p53 recruitment
(Laptenko et al. 2011). In the presence and absence of mu-
tant p53, cross-linked chromatin was subjected to DNase
I digestion. Increased DNase I hypersensitivity was de-
tected at the proximal promoter between nucleotides
−160 bp and +5 bp, corresponding to MNase amplicon 6
as well as the area that would theoretically be amplified
by MNase primer set 5, in the presence of mutant p53
(Fig. 4C, red). There were no detectable changes in DNase
I hypersensitivity downstream from the TSS using a sepa-
rate set of nested primers corresponding to VEGFR2 exon
1 (Supplemental Fig. S4D). Since, as mentioned above,
mutant p53 is unlikely to bind directly to DNA within
the VEGFR2 proximal promoter in a sequence-dependent
manner and instead displays a rather wide region of in-
teraction, it is not surprising that the in vivoDNase I foot-
print region is also quite broad. These experiments reveal
that mutant p53 mediates promoter remodeling at the
VEGFR2 promoter and is required to sustain an open chro-
matin conformation.

Mutant p53 interacts with the SWI/SNF CRC

In order to screen for the protein partners that may coop-
erate with mutant p53 to mediate changes in chromatin
architecture, SILAC-based mass spectrometry was per-
formed using an inducible p53 R282W hot spot mutant
that was available in the p53-null H1299 cell line. In
this screen, some subunits of the SWI/SNF CRC were
identified as mutant p53 interactors; namely, BAF53A
(ACTL6A) and a peptide mapping to the ATPase subunits
BRG1 and BRM (Supplemental Table S5). No components
of other transcriptional machinery were identified in this
screen. This is relevant to our study for a number of rea-
sons: First, the SWI/SNF CRC is a well-characterized
ATP-dependent nucleosomal remodeler. Second, multi-
ple components of the SWI/SNF complex have been iden-
tified as wild-type p53-binding partners, including INI1
and BRG1 (Lee et al. 2002; Naidu et al. 2009), BAF60A
and BAF155 (Oh et al. 2008), ARID1A (Guan et al. 2011),
and BRD7 (Burrows et al. 2010). Third, TP53 and SWI/
SNF mutations have a tendency toward mutual exclusiv-
ity in cancers, suggestive of a shared mechanism (Kadoch
et al. 2013). Fourth, mutant p53 has many overlapping in-
teracting partners with SWI/SNF components (Supple-
mental Table S6). Finally, mutant p53 and wild-type p53
often mediate opposing effects on their interacting part-
ners, so, in theory, mutant p53 could dysregulate normal
SWI/SNF complex function that wild-type p53 requires
for transcriptional activities (Lee et al. 2002; Xu et al.
2007) by affecting its activity, interaction with other pro-
teins, or chromosomal location.
Using immunoprecipitation experiments, we were able

to coimmunoprecipitate SWI/SNF components with mu-
tant p53 in several cell lines (Fig. 5; Supplemental Fig. S5).

SWI/SNF core subunit BAF53A was coimmunoprecipi-
tated with p53 R273H in MDA-468 cells and p53 R175H
in SK-BR-3 cells (Fig. 5A,B, respectively). SWI/SNF core
subunit BAF155 was coimmunoprecipitated with p53
R273H in MDA-468 cells and p53 R280K in MDA-231
cells (Supplemental Fig. S5A,B, respectively). Reciprocal
immunoprecipitation was performed for BAF155, which
coimmunoprecipitated mutant p53 in MDA-468 and
MDA-231 cells (Fig. 5C,D, respectively). Additionally,
BRG1 and BAF170 were coimmunoprecipitated with
p53 R273H in HT29 cells (Supplemental Fig. S5C). Hence,
mutant p53 associates with multiple SWI/SNF sub-
units, including core components BAF155, BAF170, and
BAF53A (present in both BAF and PBAF SWI/SNF com-
plexes) as well as core ATPases BRG1 (present in PBAF
and BAF complex subclasses) and BRM (present in BAF
complex subclasses) (Euskirchen et al. 2012). While, at
this point, we cannot conclude that their interaction is di-
rect, the fact that multiple SWI/SNF subunits were coim-
munoprecipitated with mutant p53 suggests that their
association is significant and functional, which is support-
ed by the results described below.

The SWI/SNF CRC mediates nucleosome occupancy
of the VEGFR2 promoter and is required for optimal
mutant p53-associated VEGFR2 expression

As mutant p53 association with the VEGFR2 promoter
mediated promoter remodeling, and mutant p53 inter-
acted with the SWI/SNF CRC, it is plausible that the
SWI/SNF complex facilitates remodeling of the VEGFR2
promoter via nucleosomal repositioning. We first deter-
mined that mutant p53 and the SWI/SNF complex coex-
ist at the VEGFR2 promoter. Two techniques were used
to ascertain their co-occupation of this region: sequential
ChIP (re-ChIP) and immunodepletion ChIP (ID-ChIP) us-
ing MDA-468.shp53 cells. Schematics for these proce-
dures are depicted in Supplemental Figure S5, D and
E. For the re-ChIP, the first immunoprecipitation was per-
formedwith IgG control or anti-p53 antibodies. The pellet
was washed, eluted, and diluted for a second immunopre-
cipitationwith anti-BAF170 or IgG control antibodies.We
found that ChIP-p53–ChIP-BAF170 was significantly ele-
vated over ChIP-p53–ChIP-IgG and ChIP-IgG–ChIP-IgG
signals, formally demonstrating that core SWI/SNF sub-
unit BAF170 and mutant p53 colocalize at the VEGFR2
promoter (Fig. 5E). For the ID-ChIP, lysateswere immuno-
depleted with IgG control antibodies or p53 monoclonal
antibodies to remove chromatin-bound p53 (see Supple-
mental Fig. S5E). Mutant p53 immunodepletion was con-
firmed in total cell extract (Fig. 5H) and at the VEGFR2
locus (Supplemental Fig. S5F). Each lysate was then im-
munoprecipitated with anti-BAF155, anti-BAF170, or
IgG control antibodies. BAF155 and BAF170 were chosen
because they are core SWI/SNF subunits for which ChIP-
grade antibodies are available (Euskirchen et al. 2011).
Both anti-BAF170 (Fig. 5F) and anti-BAF155 (Fig. 5G)
signals were significantly reduced in themutant p53 chro-
matin-depleted samples, confirming that mutant p53 and
BAF155 and mutant p53 and BAF170 are simultaneously
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present at the VEGFR2 proximal promoter (−150-bp site).
We next queried whether mutant p53 recruits the SWI/
SNF complex to the VEGFR2 promoter. Using quantita-
tive ChIP (qChIP) to determine the abundance of SWI/
SNF core components BAF170 and BAF155 at the prox-
imal (−150-bp site) and distal (−2350-bp site) VEGFR2
promoters, corresponding to high and low mutant p53
sites, we found that BAF155 and BAF170 were enriched
at the proximal promoter relative to the distal promoter
(Fig. 6A,B). Supplemental Figure S6A shows that mutant
p53 signal was depleted at the −150-bp site in the ex-
perimental conditions. Since BAF155 and BAF170 signals
did not change when mutant p53 was depleted, this indi-
cated that mutant p53 does not affect the recruitment of
the SWI/SNF complex to the VEGFR2 promoter (Fig.
6A–C; Supplemental Fig. S6A). Three additional intragen-
ic sites as well as one site 30 kb downstream from the
3′ UTR were also analyzed, as the SWI/SNF complex has
been shown to affect transcriptional efficiency by assist-
ing with the RNA polymerase complex, but, again, no
changewas observed in the presence or absence of mutant
p53 (Fig. 6A,B; Supplemental Fig. S6A).

Since SWI/SNF localization to the VEGFR2 promoter
was unaffected by mutant p53, we considered the recipro-
cal possibility that SWI/SNF recruits mutant p53 to the
VEGFR2 promoter to cooperate in initiation of promoter
remodeling. As we found a greater impact of depletion of
BRG1 and BRM together on VEGFR2 expression than of
siRNA-mediated reduction of either alone (see below),
the two SWI/SNF ATPase components were codepleted
for this experiment. In fact, co-reduction of BRG1 and
BRM significantly reduced occupancy of mutant p53 at
its peak binding region in the VEGFR2 promoter (at
−150 bp; P < 0.01) (Fig. 6D), while mutant p53 binding to
a control site 30 kb downstream from the 3′ UTR was
not significantly affected (Fig. 6D). The decrease in mu-
tant p53 binding with SWI/SNF knockdown (∼30%)
should be contextualized by comparison with the maxi-
mal reduction of mutant p53 observed at the same
−150-bp site when mutant p53 was depleted with shRNA
(∼30% to ∼50%) (cf. Figs. 6D and 4A; Supplemental Figs.
S4A–C, S6A). Since mutant p53 levels were unchanged
upon BRG1 and BRM codepletion (Fig. 6J; Supplemental
Fig. S7A), the reduction of mutant p53 presence at the

Figure 5. Mutant p53 is found in protein com-
plexes with members of the SWI/SNF CRC at
the VEGFR2 promoter. Extracts of MDA-468 (A,
C ), SK-BR-3 (B), or MDA-231 (D) cells were sub-
jected to immunoprecipitation (IP) with anti-p53
antibodies (mAb DO-1; A,B) or anti-BAF155 anti-
body (C,D) followed by immunoblotting (IB) with
anti-p53 (mAbs DO-1 [A,B] or DO-1 and 1801 [C,
D]), anti-BAF53A (A,B), or anti-BAF155 (C,D) anti-
bodies. Inputs represent 5% (A,B,D) or 3.3% (C ) of
total extract. (E) ChIP–re-ChIP (sequential ChIP)
was performed in MDA-468.shp53 cells by per-
forming initial ChIP for IgG or mutant p53 fol-
lowed by re-ChIP with BAF170 or IgG antibodies.
qPCR was performed at the VEGFR2 promoter at
site −150 bp from the TSS. Signal is shown as per-
cent of input material. Error bars represent the
standard error of two independent experiments.
(F–H) Immunodepletion ChIP was performed in
MDA-468.shp53 by immunoprecipitating cross-
linked cell extract with IgG or anti-p53 mAbs
(DO-1/1801/PAb421). ChIP was then performed
on the immunodepleted extracts with antibodies
to BAF170 (F ) or BAF155 (G). qRT–PCR was per-
formed at the VEGFR2 promoter as in E. Signal is
shown as fold signal over ChIP for IgG. Error bars
represent the standarderrorof two independent ex-
periments. (H) The immunoblot for mutant p53
with histone 2A as a loading control corresponds
to F andG.
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Figure 6. SWI/SNF is required for maximal VEGFR2 expression, nucleosomal remodeling, and expression of other mutant p53-depen-
dent genes. (A,B) MDA-468.shp53 cells were grown for 5 d in 2D cell culture in the presence (−Mut p53; black) and absence (+Mut
p53; red) of doxycycline (DOX) and then treated with formaldehyde and prepared for scanning ChIP to detect occupancy of BAF155 (A)
or BAF170 (B). IgG was used as a control in either case. Immunoprecipitated chromatin was subjected to qRT–PCR using primers that
spanned the length of the VEGFR2 gene (from −2.35 kb to +30 kb downstream from the coding and the 3′ UTR). The percent input-nor-
malized signal between −DOX and +DOX samples was plotted relative to the peak binding signal at the −150-bp VEGFR2 site. Error bars
represent the standard error of three independent experiments. (C ) Immunoblot of the indicated proteins inA and B. (D) ChIP for mutant
p53 inMDA-468.shp53 cells grown in 2D culturewas performed in the presence and absence of BRG1 and BRM.Negative site corresponds
to +30 kb downstream from the VEGFR2 3′ UTR. (∗∗) P < 0.01 by one-tailed t-test. (E) MNase-assisted ChIP was performed on MDA-468.
shp53 cells grown in 2D culture with control siRNA or siRNA to BAF170. Cells were fixed with formaldehyde, nuclei were extracted and
incubatedwithmicrococcal nuclease, ChIPwas performedusing antibodies to histoneH3 and IgG, and immunoprecipitatedmononucleo-
somal-sized DNAwas purified by agarose gel electrophoresis. qRT–PCR was performed using MNase-PCR primers at the proximal pro-
moter (−78 to −10 bp from the TSS; amplicon 6 [red]) and normalized to the distal promoter (−390 bp to −330 bp from the TSS; amplicon 1
[blue]). Error bars represent the standard error of three independent experiments. (F–I ) MDA-468.shp53 cells grown in 2D culture were
transfected with two independent siRNAs (20 nM) to deplete BRM (F ), BRG1 (G), BAF155 (H) , or BAF170 (I ). Total VEGFR2 transcript
was assayed by qRT–PCR and normalized to control siRNA (Ctrl). Error bars represent the standard error of three independent experi-
ments. Corresponding immunoblots are shown in Supplemental Figure S6D. (J–N) MDA-468.shp53 cells grown in 2D culture were trans-
fected with a mixture of 50 nM siRNA to codeplete BRM and BRG1 or with control siRNA (Ctrl). VEGFR2 protein (J) and RNA (K ) are
shown. Three other mutant p53 transcriptional targets—IGFBP5 (L), ceruloplasmin (M ), andmammaglobin-A (N)—were also assayed by
qRT–PCR and normalized to RPL32 internal control. Error bars represent the standard error of three independent experiments. (∗) P < 0.05;
(∗∗) P < 0.01 by two-tailed t-test.
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VEGFR2 promoter was due to the reduced presence of the
SWI/SNF complex.

To formally demonstrate that the SWI/SNF CRCmedi-
ates nucleosomal displacement at the VEGFR2 pro-
moter, we performed MNase digestion followed by ChIP
for histone H3, a core nucleosomal protein. BAF170 was
chosen for depletion because it is a core SWI/SNF subunit,
present in both BRG1- and BRM-containing SWI/SNF
complexes (Euskirchen et al. 2012). Upon BAF170 deple-
tion, there was a significant increase in histone H3 occu-
pancy at the VEGFR2 proximal promoter (MNase
amplicon 6; −78 to −10 bp) relative to the distal control
site (MNase amplicon 1;−390 to−330 bp), while no signif-
icant change between these sites in the control sample
was detected (Fig. 6E). Because depletion of a core SWI/
SNF component resulted in increased nucleosomedensity
at the VEGFR2 promoter and decreased VEGFR2 expres-
sion, we conclude that the SWI/SNF complex is required
to sustain an open promoter conformation at a mutant
p53 target gene.

The SWI/SNF CRC is required to activate multiple
mutant p53-dependent genes

We hypothesized that mutant p53 enhances expression of
additional genes that are also regulated by SWI/SNF com-
plexes. We first determined whether VEGFR2 expression
requires SWI/SNF activity by using an RNAi approach to
deplete multiple SWI/SNF components, including the
BRM and BRG1 ATPases, only one of which is present
per SWI/SNF complex (BRG1-containing or BRM-contain-
ing), andBAF155 andBAF170,which arecomponents of all
SWI/SNF complexes (Euskirchen et al. 2012). Upon deple-
tion of all four of these SWI/SNFcomponents,weobserved
significant reduction inVEGFR2RNAexpression (Fig. 6F–
I). Interestingly, both BRM (Fig. 6F) and BRG1 (Fig. 6G) in-
dependently reduced VEGFR2 levels, implying that both
BRG1- and BRM-containing SWI/SNF complexes medi-
ate VEGFR2 expression (suggesting that mutant p53 may
cooperate with both PBAF and BAF complexes). We next
determinedwhether codepletion of BRG1andBRMresult-
ed in greater depletion ofVEGFR2 levels than depletion of
either component individually.Comparedwith individual
depletion of BRG1 or BRM, codepletion resulted in even
more dramatic reduction in VEGFR2 levels of up to 60%
(Fig. 6J,K). Note that, in these 2D culture conditions, for
which we observed∼75% depletion ofVEGFR2 transcript
onmutant p53 knockdown (Supplemental Fig. S1A), there
may exist residual mutant p53-dependent transcriptional
activation. This difference may be due to a residual SWI/
SNF complex, retained open promoter conformation, or
unidentified factors. Because SWI/SNF recruits mutant
p53 and because mutant p53 and SWI/SNF are both re-
quired to sustain VEGFR2 promoter conformation and
gene expression, our data indicate that mutant p53 en-
hances SWI/SNF-dependent VEGFR2 expression.

We next sought to generalize the extent to which mu-
tant p53 relies on SWI/SNF complex function to mediate
its transcriptional activities. Using individual depletion of
BRG1 or BRM, three of the top mutant p53 target genes

from the global gene expression analysis were tested for
impact of the SWI/SNF complex on their gene expression
(Supplemental Table S1). Depletion of BRM (Supplemen-
tal Fig. S6B) and BRG1 (Supplemental Fig. S6C) caused a
reduction in the expression of IGFBP5, ceruloplasmin
(CP), andmammaglobin-A (SCGB2A2), whichwe verified
asmutant p53 target genes (Supplemental Fig. S6E). Code-
pletion of both BRG1 and BRM led to greater reduction in
the expression of these genes (Fig. 6L–N).

To extend our findings more globally, we performed
RNA-seq onMDA-468 cells grownwith siRNA to deplete
mutant p53 (Mut p53 knockdown) or siRNAs to codeplete
BRG1 and BRM (SWI/SNF knockdown). From a combined
analysis of two biological replicates, 2470 genes were sig-
nificantly up-regulated and 2177 were down-regulated
uponmutant p53 depletion, while 3823 genes were signif-
icantly up-regulated and 3061 were down-regulated upon
SWI/SNF depletion (Fig. 7A,B). There were 1086 genes
that were co-up-regulated by depletion of SWI/SNF ormu-
tant p53. In total, SWI/SNF can account for 43.97% of the
genes (1086 out of 2470) endogenously repressed by mu-
tant p53 (Fig. 7A,B). There were 883 genes that were co-
down-regulated by depletion of SWI/SNF or mutant p53.
In total, SWI/SNF can account for 40.56% of the genes
(883 out of 2177) endogenously activated by mutant p53.
When we compared the results of the BRG/BRM knock-
down in this RNA-seq experiment with the array data
set from our previous study (Freed-Pastor et al. 2012), we
obtained very similar results such that 48.83% of the
genes regulated by mutant p53 were also regulated by
SWI/SNF (523 of 1071 mutant p53-regulated genes) (Sup-
plemental Fig. S7B). We conclude that a common feature
of numerousmutant p53-dependent genes is their require-
ment for SWI/SNF complex activity for maximal mutant
p53-mediated expression. Mutant p53 likely mediates a
substantial fraction of the genes that it activates by har-
nessing SWI/SNF CRC function to remodel promoters
into transcriptionally active conformations.

Discussion

We reported two aspects of mutant p53 function that
could lead to clinical interventions: (1) Classifying breast
tumors by p53 mutational status could improve response
to anti-VEGF therapy due to the combined effect of inhib-
iting mutant p53-induced proproliferative VEGFR2 sig-
naling compounded with antagonistic effects on tumor
vasculature, and (2) targeting the SWI/SNF complex in
mutant p53 tumors could impede mutant p53 transcrip-
tional gain-of-function effects.

VEGFR2 is a candidate proto-oncogene (Ding et al.
2008) that is correlated with decreased survival in breast
cancer patients (Ghosh et al. 2008). Here we identified
VEGFR2 as a transcriptional target of mutant p53 in
breast cancer cells. In human tumors, hot spot mutation
in TP53 correlates with increased VEGFR2 expression
and elevated HIF1A and VEGFA levels, which are re-
pressed in tumors with wild-type p53 (Fig. 1D–F). Wild-
type p53 is known to inhibit the VEGF pathway by
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multiple mechanisms, including repression of VEGF and
HIF1A, so mutation in TP53 leading to loss of such activ-
ities will promote VEGF pathway signaling (Bergers and
Benjamin 2003). In our experiments, mutant p53-stimu-
lated VEGFR2 expression is necessary and sufficient for
increased growth and migration of cultured breast cancer
cell lines due to cell-autonomous VEGFR2 signaling. That
tumors containing mutant p53 are likely to be more sus-
ceptible to anti-angiogenic therapy because of the added
effect of antagonizing the tumor cell directly in addition
to the vasculature is supported by clinical data shown in
Figure 3F.
Mutant p53 mediates pro-oncogenic transcriptional

profiles (for review, see Brosh and Rotter 2009; Freed-Pas-
tor and Prives 2012). Interestingly, mutant p53 has been
reported to stimulate additional receptor tyrosine kinases,
including EGFR (Ludes-Meyers et al. 1996), IGF1R (Wer-
ner et al. 1996), MET (Muller et al. 2013), and PDGFRB
(Weissmueller et al. 2014), all of which, along with
VEGFR2, promote proproliferative signaling. As a tumor
forms, acquisition of a hot spot mutation in TP53may fa-
cilitate transcriptional plasticity, whereby tumor cells in-
crease capacity for gene expression changes and therefore
undergo selection for the greatest proproliferative tran-
scriptional program for the particular tumor context. We

found that hot spot mutants vary in their capacity to acti-
vate VEGFR2 expression, suggesting that only certain
such mutants may harness VEGFR2 as a proproliferative
gene, while other hot spot mutants may rely on different
factors (Fig. 1C). This hypothesis explains, for instance,
why such a wide array of genes and pathways has been re-
ported to mediate mutant p53 gain of function.
Mutant p53 is associated with decreased overall sur-

vival in breast cancer (Langerod et al. 2007), which is
most likely due to increased rate of metastases, a known
phenotype in mutant p53 mouse models (Lang et al.
2004; Olive et al. 2004; Adorno et al. 2009; Hanel et al.
2013;Weissmueller et al. 2014).TP53mutation facilitates
the angiogenic switch by derepressing HIF1A and VEGFA
expression (Mukhopadhyay et al. 1995; Ravi et al. 2000),
promoting expression of proangiogenic factors that en-
hance tumor angiogenesis, growth, and metastatic poten-
tial (Folkman 2002). Our data suggest that p53 hot spot
mutants may be selected over loss-of-function p53 mu-
tants during the progression of breast cancer in part due
to the advantages conferred by cell-autonomous VEGFR2
signaling.
We point out that the mevalonate pathway previously

shown to be regulated by mutant p53 (Freed-Pastor et al.
2012) and VEGFR2 pathways are not mutually exclusive.

Figure 7. The SWI/SNF complex mediates mutant
p53-dependent transcription at many mutant p53-re-
sponsive genes. (A) RNA-seq was performed on two
independent replicates of MDA-468.shp53 cells
grown for 4 d with either control siRNA, siRNA to
depletemutant p53 (Mut p53 knockdown), or siRNAs
to codeplete BRG1 and BRM (SWI/SNF knockdown).
The top affected genes compared with siControl, us-
ing a false discovery rate value <0.01, were analyzed.
The total number of up-regulated and down-regulated
genes for each knockdown condition are depicted.
The numbers of co-up-regulated or co-down-regulat-
ed genes in both Mut p53 knockdown and SWI/SNF
knockdown conditions are demonstrated by a Venn
diagram. Immunoblots for both replicates are shown
in Supplemental Figure S7A. (B) The table lists the
number of coregulated genes (common genes) from
the RNA-seq data. Percent of coregulated genes was
calculated by dividing the number of coregulated
genes by the number of genes affected in the knock-
down condition. (C ) Proposed model depicting how
mutant p53 interacts with SWI/SNF at mutant p53-
responsive genes to promote transcription. Mutant
p53 is recruited by SWI/SNF to SWI/SNF-regulated
genes.Mutant p53 recruits other transcription factors
(TFs), histone acetyltransferases (HATs), or other
chromatin modifiers that promote SWI/SNF-depen-
dent promoter remodeling.
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VEGFR2 requires multiple products of the mevalonate
pathway to function, including plasma membrane com-
ponents as well as post-translational lipid modifications
to signaling mediators (Mo and Elson 2004; Guo et al.
2010). Indeed, multiple pathways may be altered by
mutant p53 within an individual tumor or even due to
mutual interactions among tumor cells in the microenvi-
ronment to promote proproliferative capacities.

The SWI/SNF complex associates genome-wide with
transcription regulatory elements (Euskirchen et al.
2011) to regulate nucleosome occupancy (Tolstorukov
et al. 2013). We observed SWI/SNF-dependent recruit-
ment of mutant p53 to the VEGFR2 promoter (Fig. 6D).
Since mutant p53 and SWI/SNF complexes are required
to mediate chromatin remodeling at the VEGFR2 proxi-
mal promoter, we propose that mutant p53 stimulates
SWI/SNF-mediated nucleosomal displacement, possibly
by facilitating recruitment of one or more transcriptional
activators or histone modifiers that interact with mutant
p53 (Supplemental Table S6). Conformational and contact
hot spot mutants interact with SWI/SNF components
(Fig. 5A–D; Supplemental Fig. S5A–C), and SWI/SNF func-
tion is required at multiple mutant p53 target genes (Fig.
6K–N), suggestive of a general mutant p53 transcriptional
mechanism. BRG1- and BRM-containing SWI/SNF com-
plexes are each required for maximal expression of these
mutant p53 target genes, as depletion of either ATPase de-
creases expression, while codepletion results in the great-
est repression (Fig. 6F–N; Supplemental Fig. S6B,C). Our
data define a model in which mutant p53 facilitates
gene activation via SWI/SNF-mediated promoter remod-
eling (Fig. 7C).

Mutant p53 has been proposed to facilitate transcrip-
tional plasticity (Quante et al. 2012), and our data supply
amechanism bywhichmutant p53maymediate genome-
wide transcriptional changes by SWI/SNF-mediated nu-
cleosomal remodeling. Because nucleosomal positioning
is a critical factor in gene regulation, promoting or inhib-
iting transcription by regulating access to DNA, mutant
p53may co-opt SWI/SNF activity tomediate both gene ac-
tivation and repression. As the SWI/SNF CRC is reported
to interact with many of the same transcriptional regula-
tors as mutant p53 (Supplemental Table S6), regulation of
mutant p53 target genes could be extraordinarily com-
plex, and protein recruitment patterns among loci or
even at an individual locus may vary.

SWI/SNF proteins are tumor-suppressive in some con-
texts. For instance, PBAF subunit BAF180 mediates p21
expression in breast tumor cells to suppress tumorigenesis
(Xia et al. 2008), BRG1 is necessary for efficient RB-medi-
ated cell cycle arrest (Strobeck et al. 2000), and BRG1
cooperates with ATM to promote the DNA damage re-
sponse (Kwon et al. 2015). Moreover, mutations in SWI/
SNF subunits and TP53 have a tendency toward mutual
exclusivity inmultiple cancer types, including breast can-
cer, suggesting that loss of SWI/SNF function may pheno-
copy p53 loss to mediate oncogenesis (Kadoch et al. 2013).
It is possible that mutant p53 impedes tumor-suppressive
activities of the SWI/SNF complex, such as in the DNA
damage response, which mutant p53 deregulates, leading

to genetic instability (Song et al. 2007). Therefore, in con-
junction with chemotherapy or radiotherapy, restoration
of SWI/SNF tumor suppressor function by targeting mu-
tant p53may be a therapeutic option in cancers expressing
hot spot mutants of p53.

Oncology is headed toward highly adaptable treatment
regimens based on the particular genetic alterations of a
tumor. Defining the contributions of mutant p53 and
VEGFR2 to breast cancer tumorigenicity may be critical
steps toward identifying specific tumor alterations that
can be therapeutically harnessed. Outstanding questions
include how SWI/SNF andmutant p53 positively regulate
each other via recruitment of p53 to promoters and how
the ensuing functional activation of promoter remodeling
occurs. It will be interesting to discern why mutant p53
impacts many but not all target genes in a SWI/SNF-de-
pendent manner. Future directions also include testing
the feasibility of development of small molecules to inter-
rupt the mutant p53–SWI/SNF interaction to impede mu-
tant p53 gain-of-function activities. Finally, it will be of
paramount importance whether patients with mutant
p53-expressing breast tumors demonstrate improved sur-
vival with anti-VEGF treatment or newly developed small
molecules.

Materials and methods

Reagents

Plasmids pLNCX-Flag-p53-R175H, pLNCX-Flag-p53-G245S,
pLNCX-Flag-p53-R248W, and doxycycline-inducible shp53 plas-
mids were generated as previously described (Freed-Pastor et al.
2012). pcDNA3.1-VEGFR2 and pcDNA3.1-VEGFR2-Y1059F
were kind gifts from Dr. Lena Claesson-Welsh and Dr. Bjorn
Olsen, respectively (Jinnin et al. 2008). Constructs were verified
by sequencing using primers listed in Supplemental Table S4.

siRNAs For siRNA knockdown experiments, Silencer Select
siRNAs were purchased from Life Technologies and were as fol-
lows: siRNA to TP53 (s605 and s606), VEGFR2 (s7822 and
s7823), SMARCA4 (Brg1; s13139 and s13140), SMARCA2 (BRM;
s13133 and s13134), SMARCC1 (BAF155; s13145 and s13146),
and SMARCC2 (BAF170; s13148 and s13149). Silencer Select neg-
ative control #1 siRNA (Life Technologies) was used as control
siRNA. DharmaFECT 1 (Thermo Scientific) was used as the
transfection reagent for all siRNA knockdown experiments.
siRNA sequences are listed in Supplemental Table S4.

Antibodies p53 was detected using a combination of mAb 1801/
mAb DO-1 (both in-house-purified from hybridoma superna-
tants) or with polyclonal FL393 (Santa Cruz Biotechnology, sc-
6243). Anti-p53 PAb421 (in-house-purified) was used along with
mAb 1801/mAb DO-1 to deplete p53 in the ID-ChIP. Anti-Actin
(A2066), mouse IgG (I5381), and rabbit IgG (I5006) antibodies
were purchased from Sigma. Anti-VEGFR2 (55B11) rabbit mAb
was purchased from Cell Signaling Technology. Anti-BAF53A
(ab131272), anti-Histone H3 (ab1791), and anti-Histone H2A
antibodies (ab18255) were purchased from Abcam. Anti-BRG1
(G-7; sc-17796), BRM (N-19; sc-6450), BAF170 (H-116; sc-
10757), and BAF155 (H-76; sc-10756) antibodies were purchased
from Santa Cruz Biotechnology.
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Drugs The following drugs were purchased from Sigma Aldrich:
SU5416 (semaxanib, S8442), hydrocortisone (H4001), insulin
(I1882), doxycycline (D9891), DMSO (D5879), and mitomycin C
(Sigma M4287). EGF was purchased from Peprotech (AF-100-
15). For drug treatment experiments, doxycycline was dissolved
in H2O and used at a final concentration of 10 μg/mL, which
was determined to generate maximal depletion of endogenous
mutant p53. SU5416 (semaxanib) was dissolved in DMSO and
added to cell cultures 48 h after plating at the listed experimental
concentrations. DMSOwas used as a vehicle control in untreated
cells.

Cell cultures

Cell lines and generation of stable cell lines MDA-468, MDA-
231, SK-BR-3, HT29, H1299, and MCF7 cells were maintained
in DMEM and 10% fetal bovine serum (FBS) (Gemini Bio-Prod-
ucts). MCF10A cells were maintained in DMEM/F12 supple-
mented with 5% horse serum (Life Technologies), 10 μg/mL
insulin, 0.5 μg/mL hydrocortisone, and 20 ng/mL EGF. All cells
were maintained at 37°C in 5% CO2. Unless otherwise stated,
we refer to these growth conditions as 2D cultures to distinguish
them from 3D culture conditions described below.

Clonal MDA-468.shp53 and clonal MDA-231.shp53 cells as well
as MDA-468.shp53-175H, MDA-468.shp53-245S, andMDA-468.
shp53-248W derivative cell lines were previously described
(Freed-Pastor et al. 2012). Stable MDA-231.shp53 cell lines were
developed to overexpress control vector (pcDNA3.1-GFP),
pcDNA3.1-VEGFR2, and pcDNA3.1-VEGFR2-Y1059F by trans-
fection of linearized pcDNA3.1 vector. Stable clones were select-
ed with G418. To induce shRNA expression, cells were treated
with 10 µg/mL doxycycline from day 0 for the time periods indi-
cated in the figure legends. When overexpressingVEGFR2 or mu-
tant p53 derivatives, MDA-468.shp53 and MDA-231.shp53 cells
lines weremaintained in doxycycline to deplete endogenous mu-
tant p53.

3D cultures The 3D cell culture protocol was performed as pre-
viously described (Debnath et al. 2003). For routine imaging,
eight-well chamber slides were lined with 45 μL of growth fac-
tor-reducedMatrigel (BD Biosciences, 356231). Cells were seeded
at 5000 cells per well in assaymedium (DMEM/F12, 2%horse se-
rum, 10 μg/mL insulin, 0.5 μg/mL hydrocortisone, 2% Matrigel)
with 5 ng/mL EGF supplemented to MCF10A cultures. For
RNA, protein, or chromatin analyses from 3D cultures, 35-mm
plates were lined with 475 μL of Matrigel, and cells were seeded
at a density of 175,000–225,000 cells per plate in assay medium
and 2% Matrigel. Cells were refed with assay medium on day 4
and imaged or collected for analysis on day 8. When siRNA was
used, cells grown in 2D conditions were transfected with 50 nM
siRNA and, 24 h later, plated in 3D culture conditions. Cells
were harvested using cell recovery solution (BD Biosciences).
Where indicated, drug concentrations in 3D cultures were main-
tained when refreshing media. Differential interference contrast
images were acquired by live imaging at 10× magnification using
a LSM 700 confocal microscope with ZEN 2011 software (Zeiss).
Multiple fields of each image were obtained, and representative
images were chosen for presentation. Where needed, the Colony
Blob Count Tool program was used within ImageJ (Schneider
et al. 2012) to calculate the area of cells grown in 3D culture con-
ditions. Areas of each independent replicate were quantitated us-
ing settings to control for background lighting. Incorrect program
measurements, determined by counting an area of greater than

one cell cluster as an individual colony or counting an area in
which no cell cluster exists, were manually excluded.

Migration assay Cell culture inserts (Ibidi, #80209) were placed
in 35-mm tissue culture dishes to form an ∼500-μm cell-free gap.
Approximately 25,000MDA-231 cells that were transfected with
50 nM siRNA to depletemutant p53 or VEGFR2 24 h earlier were
trypsinized, quantitated by MOXI Z automated cell counter
(ORFLO Technologies), and added to each side of the cell culture
insert gap. Approximately 36 h later, after the cells were seeded,
the cell culture insertwas removedwith sterile forceps. Freshme-
diumwas added thatwas supplementedwith 5 μg/mLmitomycin
C (Sigma,M4287) to prevent cell proliferation. Cells were imaged
at 0 and 48 h, which approximated wound closure for the control
sample, using differential interference contrast images acquired
by live imaging at 10× magnification using a LSM 700 confocal
microscope with ZEN 2011 software (Carl Zeiss AG). Total mi-
gration was calculated by measuring with the Adobe Photoshop
ruler tool the total distance migrated by each side of the wound
relative to 0 h for three images per biological replicate.

RNA expression

qRT–PCR For most experiments, RNA was isolated from cells
using the Qiagen RNeasyminikit. For RNA-seq, RNAwas isolat-
ed using the MagJET RNA kit (Thermo Scientific). Complemen-
tary DNA was generated using the Qiagen Quantitect reverse
transcription kit with 1 μg of input RNA as measured by Nano-
Drop spectrophotometer (Thermo Scientific). Real-time PCR
was carried out on an ABI StepOne Plus machine using SYBR
Green dye. Transcript levels were assayed in triplicate and nor-
malized to RPL32 mRNA expression. Relative changes in
cDNA levels were calculated using the comparative Ct method
(ΔΔCTmethod). All qRT–PCRprimerswere designedwith Primer
Express (Applied Biosystems) from genomic DNA sequence from
the University of California at Santa Cruz (UCSC) Human Ge-
nome Browser hg19 assembly. Primer targeting was confirmed
with the UCSC Human Genome Browser in silico PCR tool.
All primer sequences were validated for amplification efficiency
by comparison with a genomic DNA standard curve and ampli-
fied single targets as determined bymelting curve analysis. Prim-
er sequences are listed in Supplemental Table S4. All primers
were purchased from Life Technologies.

Preparation and sequencing of RNA-seq libraries Total RNAex-
tracted using the MagJET RNA kit (Thermo Scientific) was first
checked for integrity on an Agilent Bioanalyzer 2100; samples
with RNA integrity number (RIN) >9.0 were used for subsequent
processing. Total RNAwas subjected to two rounds of poly(A) se-
lection using oligo-d(T)25 magnetic beads (New England Biolabs).
A single-read cDNA library was prepared following the Illumina
TrueSeq small RNA protocol for strand-specific RNA-seq with
minor modifications (Hoque et al. 2013). Briefly, poly(A)+ RNA
was fragmented in an alkaline buffer (NaHCO3 at pH 9.3) for 2
min at 94°C followed by dephosphorylation with recombinant
shrimp alkaline phosphatase (New England Biolabs) and then
phosphorylation with T4 polynucleotide kinase (New England
Biolabs). After addition of 3′ adapter (5′ adenylated) and 5′ adapter
using truncated T4 RNA ligase II (New England Biolabs) and T4
RNA ligase I (New England Biolabs), respectively, RNA was re-
verse-transcribed using 3′ adapter-specific primer. cDNA was
then amplified by PCR for 15 cycles with a universal forward
primer and a reverse primer with bar code. The cDNA libraries
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were purified froman 8%polyacrylamide gel and quantified on an
Agilent Bioanalyzer.

Analysis of RNA-seq libraries RNA-seqwas performed using an
Illumina HiSeq 2000 version 3 instrument. At least 20 million
reads per sample were acquired using 100-bp single-end reads.
HTSeq (Anders et al. 2015) was used to convert reads mapped
with TopHat in SAM format to gene read counts. Readswere con-
verted to gene counts using the hg19 genome as a reference.
HTSeq-converted readcountswereusedasan input fordifferential
gene analysis in the R platform. RUVSeq was used to correct for
variance (see Supplemental Fig. S7C,D; Risso et al. 2014). Briefly,
read countswere filtered and normalized, variancewas corrected,
and differential gene expressionwas calculated using edgeR as de-
scribed in the RUVSeq manual. A Venn diagram program (http
://bioinformatics.psb.ugent.be/webtools/Venn) was used to iden-
tify genes that changed between knockdown conditions.

Protein analysis

Coimmunoprecipitations were performed based on a previously
described method (Noll et al. 2012). Briefly, subconfluent cul-
tures of MDA-468 or SK-BR-3 (1 × 106 cells) were harvested, lysed
in 500 μL of lysis buffer (20 mM Tris–HCl at pH 8, 1 mM EDTA,
0.5% NP-40, 150 mM NaCl, 10% glycerol, protease inhibitors
[Roche]), sonicated, and centrifuged at 16,100g for 15 min at 4°
C. Clarified lysates were incubated with 200 ng of either anti-
p53 antibody (DO-1; Santa Cruz Biotechnology) or mouse IgG
for 2 h at 4°C with agitation followed by the addition of 10 μL
of protein-G-Sepharose beads (GE Healthcare) and incubation
for an additional 2 h at 4°C. Beads were washed three times
with 400 μL of lysis buffer, and protein complexes were eluted
with SDS loading buffer for 5 min at 95°C. Western blot analysis
of inputs and coimmunoprecipitated protein complexes was per-
formed as described previously (Pishas et al. 2011).Where indicat-
ed, coimmunoprecipitations were performed as described in the
“qChIP” section below.

Chromatin analysis

qChIP qChIP experiments were carried out as previously de-
scribed (Gomes et al. 2006). Briefly, MDA-468 cells were lysed
in RIPA buffer (150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40,
0.5%deoxycholate, 0.1% SDS, 50mMTris at pH 8.0, 0.5 μMphe-
nylmethyl sulfonyl fluoride, 1 μM benzamidine, 3 μg/mL leupep-
tin, 100 ng/mL bacitracin, 200 ng/mL a2-macroglobulin) and
sonicated to yield ∼500-bp fragments. Protein A/G Sepharose
beads were conjugated to anti-p53 antibodies (1801/DO-1) that
were used subsequently to immunoprecipitate p53 from ∼1 mg
of whole-cell lysate. Quantitative ChIP was carried out on an
ABI StepOne Plus using SYBR Green dye versus genomic stan-
dard DNA and input DNA. ChIP primers designed with Primer
Express (Applied Biosystems) were derived from the USCS Hu-
man Genome Browser hg19 assembly. Primer sequence specific-
ity was confirmed with the UCSC Human Genome Browser in
silico PCR tool. All primer sequences were validated for amplifi-
cation efficiency and amplified single targets as determined by
melt curve analysis. ChIP primer sequences are provided in Sup-
plemental Table S4. Samples were normalized to each other and
other amplicons using percent input DNA.

MNase-PCR and ChIP Primers sequences were individually de-
signed and tested for amplification efficiency (Supplemental Ta-

ble S4). For MNase-PCR, ∼1.5 million subconfluent MDA-468.
shp53 cells grown in 3D culture were cross-linked for 10 min
with 1% formaldehyde in PBS at room temperature. Nuclei
were collected in nucleus preparation buffer (300 mM sucrose,
10 mM Tris-HCl at pH 7.5, 15 mM NaCl, 60 mM KCl, 5 mM
MgCl2, 0.1 mM EDTA , 0.15 mM spermine, 0.5 mM spermidine,
0.1% Nonidet-P40, 0.5 μM phenylmethyl sulfonyl fluoride)
supplemented with 3 mM CaCl2, pelleted by centrifugation,
resuspended inMNase digestion buffer (nucleus preparation buff-
er withoutNonidet-P40 and supplementedwith 3mMCaCl2) and
0.5 U of micrococcal nuclease (Sigma, N3755), and incubated for
10 min at 37°C to generate primarily mononucleosomal length
DNA fragments. Chromatin was incubated for 5 h at 65°C with
proteinase K to reverse cross-linking and remove protein followed
by incubationwith RNaseA to remove RNA.DNAwas extracted
with phenol-chloroform–isoamyl alcohol extraction followed
by isopropanol precipitation. DNA was resuspended in 40 μL of
1× DNA loading dye, and 10 μL of resuspended material was
separated via 2% agarose gel electrophoresis. DNAbandswere vi-
sualized by ethidium bromide staining, and DNA bands corre-
sponding to mononucleosomal length (∼147 bp) fragments were
excised. DNAwas purifiedwithQIAquick gel extraction kit (Qia-
gen). qRT–PCR was used to determine the ratio of MNase-resis-
tant DNA between sample conditions.

For MNase ChIP, ∼10 million subconfluent MDA-468.shp53
cells grown in 2D culture were cross-linked for 10 min with 1%
formaldehyde and PBS at room temperature. Nuclei were collect-
ed and processed as described for MNase-PCR. Following MNase
digestion, chromatin was released from nuclei by sonication,
diluted, and normalized byDNAcontent using aNanoDrop spec-
trophotometer (Thermo Scientific). ChIP was performed as previ-
ously explained. Following final wash steps, immunoprecipitated
chromatin was incubated for 5 h at 65°C with proteinase K to
reverse cross-linking and remove protein followed by incubation
with RNase A to remove RNA. DNAwas extracted with phenol-
chloroform–isoamyl alcohol extraction followed by isopropanol
precipitation. DNA was resuspended in 30 μL of 1× DNA load-
ing dye. Twenty-five microliters of resuspended material was
separated via 2% agarose gel electrophoresis. DNAbandswere vi-
sualized by ethidium bromide staining, and DNA bands corre-
sponding to mononucleosomal length (∼147 bp) fragments were
excised. DNAwas purifiedwithQIAquick gel extraction kit (Qia-
gen). qPCR was used to determine the ratio of MNase-resistant
DNA between sample conditions.

In vivo DNase I footprinting by LM-PCR MDA-468.shp53 cells
grown in 3D culture were cross-linked for 10 min with 1% form-
aldehyde and PBS. Nuclei were collected in nucleus preparation
buffer. DNase I (Worthington Biochemical Corporation) was add-
ed to resuspended nuclei. DNase I-digested chromatin was incu-
bated for 5 h at 65°C to reverse cross-linking. DNAwas extracted
with phenol-chloroform–isoamyl alcohol extraction followed by
isopropanol precipitation. One microgram of DNA was prepared
for single-step primer extension to generate blunt-end fragments.
The blunt-end fragments were then ligated to a linker DNA, cre-
ating PCR-amplifiable variable length DNAs. A nested primer
was used to amplify linker-ligated genomic DNA from the
VEGFR2 locus. A third nested primer was radiolabeled with
[γ−32P]ATP (PerkinElmer) and used to linearly amplify DNA
from the previous PCR step. Radiolabeled DNA was resolved by
denaturing 8 M urea polyacrylamide gel electrophoresis. The
DNase I hypersensitivity signal represents the γ−32P signal de-
tected by phosphorimager quantitation. A GC acyclonucleotide
ladder, shown in Supplemental Figure S4E, was used to confirm
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that the LM-PCR specifically amplifies the VEGFR2 proximal
promoter region depicted in Figure 4C.

Breast cancer patient data sets

Breast tumor analysis from TCGA provisional breast cancer
data set Data from the Breast Invasive Carcinoma TCGA pro-
visional data set generated by TCGA Research Network (http
://cancergenome.nih.gov) was obtained (see the Supplemental
Material). Data analysis was performed in two phases: First, the
somatic mutations data set was analyzed to stratify the samples
based on p53 mutation status. Next, TCGA breast cancer RNA-
seq version 2 data set was analyzed to determine expression of
genes of interest. Welch’s t-test was used to determine statisti-
cal significance and correct formultiple testing, and, when neces-
sary, the false discovery rate correction (Benjamini and Hochberg
procedure) was used. RNAexpression valueswere analyzed as up-
per quartile-normalized RNA-seq by expectation maximization
(RSEM) of reads.

The NeoAva study Patients with HER2-negative mammary car-
cinomas (>2.5 cm; tumor size T2, T3, or T4) previously untreated
for the current disease were included in the NeoAva study. The
study was approved by the institutional protocol review board,
the regional ethics committee, and the Norwegian Medicines
Agency and was carried out in accordance with the Declaration
of Helsinki and International Conference on Harmonisation
(ICH) guidelines for good clinical practice. The study was regis-
tered in the ClinicalTrials.gov database with the identifier
NCT00773695. The patients were recruited into the study at
three sites in Norway (The Norwegian Radium Hospital, Ullevål
University Hospital, and St. Olav’s hospital). Written informed
consent was obtained from all the patients prior to inclusion.
While 132 patients received neoadjuvant chemotherapy, 12 pa-
tients (not reported here) were allocated to an endocrine treat-
ment arm. The patients were further randomized to receive or
not receive bevacizumab in addition to chemotherapy. pCR was
the primary endpoint and was defined as complete eradication
of all invasive and noninvasive forms of cancer from the breast
and lymph nodes. The percentage of tumor shrinkage was deter-
mined by taking the ratio of the size of the tumor at surgery to the
size of the tumor at inclusion (termed “response ratio”), giving a
continuous scale of response to treatment.

TP53 mutation status was assessed by sequencing the entire
coding region (exons 2–11), including splice junctions, using Big-
Dye direct cycle sequencing kit (Life Technologies). The samples
were run on a 3730DNAAnalyzer (Life Technologies), a capillary
electrophoresis-based automated DNA sequencer. TP53 muta-
tion status was successfully obtained for 124 of the 132 total pa-
tients in the chemotherapy cohort. Response ratio data were
missing and thus were not included for seven out of 124 samples
with TP53 status available due to unavailability of post-treat-
ment tumor measurements. P-values were derived from Krus-
kal-Wallis test.
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