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Abstract Tumor suppressor p53 is the most frequently mutated gene in tumors. Many mutant

p53 (mutp53) proteins promote tumorigenesis through the gain-of-function (GOF) mechanism.

Mutp53 proteins often accumulate to high levels in tumors, which is critical for mutp53 GOF. Its

underlying mechanism is poorly understood. Here, we found that BAG2, a protein of Bcl-2 associated

athanogene (BAG) family, promotes mutp53 accumulation and GOF in tumors. Mechanistically,

BAG2 binds to mutp53 and translocates to the nucleus to inhibit the MDM2-mutp53 interaction, and

MDM2-mediated ubiquitination and degradation of mutp53. Thus, BAG2 promotes mutp53

accumulation and GOF in tumor growth, metastasis and chemoresistance. BAG2 is frequently

overexpressed in tumors. BAG2 overexpression is associated with poor prognosis in patients and

mutp53 accumulation in tumors. These findings revealed a novel and important mechanism for

mutp53 accumulation and GOF in tumors, and also uncovered an important role of BAG2 in

tumorigenesis through promoting mutp53 accumulation and GOF.

DOI: 10.7554/eLife.08401.001

Introduction
Tumor suppressor p53 plays a central role in tumor prevention (Levine et al., 2006; Levine and Oren,

2009; Vousden and Prives, 2009). Trp53 is the most frequently mutated gene in human tumors; it is

mutated in over 50% of all tumors. Majority of Trp53 mutations are missense mutations that are

localized in the p53 DNA binding domain (DBD), including several mutational hotspots in tumors

(e.g., R175, R248, and R273) (Harris and Hollstein, 1993; Freed-Pastor and Prives, 2012;Muller and

Vousden, 2014). Many tumor-associated mutant p53 (mutp53) proteins not only lose the tumor

suppressive function of wild-type p53 (wtp53), but also gain new oncogenic activities independently

of wtp53, which is defined as mutp53 gain-of-function (GOF) (Freed-Pastor and Prives, 2012; Muller

and Vousden, 2014). So far, many mutp53 GOFs have been identified, including promoting tumor

growth, metastasis, chemoresistance and metabolic changes (Lang et al., 2004; Olive et al., 2004;

Muller et al., 2009; Blandino et al., 2012; Freed-Pastor et al., 2012; Cooks et al., 2013; Zhang

et al., 2013).

Under the non-stressed condition, wtp53 protein levels are kept low in normal cells and tissues

mainly through the proteasomal degradation mediated by E3 ubiquitin ligase MDM2, the most critical

negative regulator for wtp53 (Brooks and Gu, 2006; Hu et al., 2012). At the same time, as a direct

transcriptional target of p53, MDM2 is up-regulated by p53 under both non-stressed and stressed

conditions. Thus, p53 and MDM2 forms a negative feedback loop to tightly regulate p53 protein

levels in cells. However, mutp53 proteins often become stable and accumulate to high levels in
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tumors, which is critical for mutp53 GOF in tumorigenesis and contributes greatly to tumor

progression (Oren and Rotter, 2010; Li et al., 2011a; Freed-Pastor and Prives, 2012; Muller and

Vousden, 2013). It had long been thought that the inability of MDM2 to degrade mutp53 was the

main cause for mutp53 protein accumulation in tumors. However, recent studies from mice with

knock-in of R172H or R270H mutp53 (equivalent to human R175H and R273H mutp53, respectively)

challenged this concept. Mutp53 protein is kept at low levels in normal tissues but accumulates to very

high levels in tumors (Lang et al., 2004; Olive et al., 2004). Furthermore, loss of MDM2 in mutp53

knock-in mice leads to mutp53 protein accumulation in normal tissues, which in turn promotes tumor

development (Terzian et al., 2008). Recent studies including ours also showed that MDM2 retains the

ability to degrade mutp53 in in vitro cultured cells (Lukashchuk and Vousden, 2007; Zheng et al.,

2013). These results strongly suggest that while MDM2 maintains mutp53 protein levels low in normal

tissues, the disruption of MDM2-mediated mutp53 degradation in tumors could be a main cause for

the frequently observed mutp53 protein accumulation in tumors. Currently, the mechanism underlying

the disruption of MDM2-mediated mutp53 degradation in tumors is poorly understood. Destabilizing

mutp53 to inhibit mutp53 GOF is being actively tested as a novel and promising strategy for cancer

therapy. Understanding the underlying mechanism for mutp53 accumulation is critical for the

development of novel targets and strategies for cancer therapy.

In this study, to investigate the mechanism underlying mutp53 accumulation in tumors, we

screened for proteins interacting with mutp53 using liquid chromatography-tandem mass

spectrometry (LC-MS/MS) assays in tumors from R172H mutp53 knock-in mice, and identified

BAG2 as a novel mutp53 binding protein that plays a critical role in promoting mutp53 accumulation

in tumors. BAG2 belongs to the Bcl-2 associated athanogene (BAG) family, which is characterized by

the BAG domain. As a group of multifunctional proteins, BAG proteins interact with a variety of

proteins and take part in diverse cellular processes, including cell division, cell death and

differentiation (Takayama and Reed, 2001; Kabbage and Dickman, 2008). Currently, the role of

BAG2 in tumorigenesis and its underlying mechanism are poorly understood. We found that mutp53

binds to BAG2 and promotes the nuclear translocation of BAG2. The BAG2-mutp53 interaction in the

nucleus inhibits the ubiquitination and degradation of mutp53 mediated by MDM2, and thereby

eLife digest Cancer can develop if cells in the body acquire mutations that enable them to grow

rapidly to form a mass called a tumor. The gene that encodes a protein called p53 is the most

commonly mutated gene in human tumors. Most of these mutations result in the production of

mutant p53 proteins that are similar in size to the normal protein, but do not work in the same way.

The normal p53 protein is known as a ‘tumor suppressor’ because it promotes the repair of

damaged genetic material and stops the cell from dividing while this repair is underway. Also, it can

instruct a cell to die if the damage is too great to repair. However, many of the mutant p53 proteins

stop performing these roles and gain new activities that promote tumor growth instead. These

activities often rely on the mutant p53 proteins accumulating to very high levels, but it is not clear

why this happens.

Here, Yue, Zhao et al. used biochemical techniques to search for other proteins that can bind to

mutant p53 proteins. The experiments reveal that a protein called BAG2 binds to mutant p53 and

promotes its accumulation in cancer cells, which increases the activity of mutant p53 in driving tumor

growth. Loss of BAG2 leads to a reduction in the level of mutant p53 in cells and inhibits the activity

of mutant p53.

Using a public database of genetic data from human tumors, Yue, Zhao et al. found that human

tumor cells often contain higher levels of BAG2 than normal cells. Furthermore, patients with tumors

that had high levels of BAG2—and therefore accumulated mutant p53 proteins—were less likely to

have positive outcomes after medical treatment.

Yue, Zhao et al.’s findings suggest that increased production of BAG2 in many tumors may be

responsible for the accumulation of mutant p53 proteins that drive tumor growth. A future goal is to

develop a new treatment strategy that targets BAG2 in tumors to prevent the accumulation of

mutant p53 proteins and therefore block the growth of tumors.

DOI: 10.7554/eLife.08401.002
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promotes mutp53 accumulation and mutp53 GOF in tumorigenesis. Knockdown of BAG2 greatly

decreases mutp53 protein levels in tumors and compromises mutp53 GOF in tumorigenesis. BAG2 is

frequently overexpressed in various types of human tumors. BAG2 overexpression is associated with

poor prognosis in cancer patients and mutp53 accumulation in tumors. These results revealed a novel

and critical mechanism for mutp53 protein accumulation in tumors, and strongly suggest that BAG2 is

a potential target for therapy in tumors carrying mutp53. Our results also uncovered an important role

of BAG2 in tumorigenesis and revealed that promoting mutp53 accumulation and GOF is a novel

mechanism for BAG2 in tumorigenesis.

Results

BAG2 is a novel mutp53-interacting protein in Trp53R172H/R172H mouse
tumors and human cells
R172H mutp53 knock-in (Trp53R172H/R172H) mice mainly develop lymphomas in the spleen and thymus

(Lang et al., 2004; Olive et al., 2004). Mutp53 protein levels are drastically increased in majority of

tumors from Trp53R172H/R172H mice but are very low in normal tissues. To investigate the mechanism

underlying mutp53 accumulation in tumors, we screened for proteins interacting with mutp53 in

thymic lymphomas of Trp53R172H/R172H mice with drastic mutp53 accumulation (n = 3) using

immunoprecipitation (IP) assays with an anti-p53 antibody followed by LC-MS/MS assays

(Figure 1A). Normal tissues of Trp53R172H/R172H mice with low mutp53 levels were used as controls.

LC-MS/MS assays identified a list of potential proteins binding to mutp53 in the thymic lymphomas of

Trp53R172H/R172H mice (Figure 1B). Several known mutp53-binding proteins, including HSP90, Myosin,

Cct8 and Pontin (Muller et al., 2005; Trinidad et al., 2013; Arjonen et al., 2014; Zhao et al., 2015),

were among the list of proteins identified in tumors of Trp53R172H/R172H mice, which validated our

approach. The complete list of proteins that bound to mutp53 in Trp53R172H/R172H tumors was listed in

Table 1.

Interestingly, BAG2 was identified as a potential mutp53 binding protein (Figure 1B). The BAG2-

mutp53 interaction in Trp53R172H/R172H tumors was confirmed by co-IP followed by Western blot assays

(Figure 1C). The weak interaction between BAG2 and mutp53 was also observed in normal tissues

from Trp53R172H/R172H mice, including thymus, spleen and kidney (Figure 1C, Figure 1—figure

supplement 1). To investigate whether BAG2 specifically interacts with mutp53 in human cells, human

p53-null lung cancer H1299 cells were transfected with human BAG2-HA expression vectors together

with human wtp53 or mutp53 (R175H) expression vectors. Co-IP assays employing either anti-p53 or

anti-HA antibodies showed that BAG2 preferentially bound to mutp53 compared with wtp53

(Figure 2A). In addition to R175H, the strong BAG2-mutp53 interaction was observed in H1299 cells

with ectopic expression of different mutp53 proteins, including R248W and R273H, respectively

(Figure 2B). The interaction between the endogenous BAG2 and mutp53 proteins was also observed

in several human cancer cell lines, including human colorectal cancer HCT116 p53R248W/−, HT-29 and

SW480 cell lines which contain a single copy of Trp53 gene with R248W and R273H mutation,

respectively, human breast cancer SK-BR-3, MDA-MB-468 cell lines which contain a single copy of

Trp53 gene with R175H and R273H mutation, respectively, and human hepatocellular carcinoma

Huh-7 cell lines which contain a single copy of Trp53 gene with Y220C mutation (Figure 2C,

Figure 2—figure supplement 1). Together, these results demonstrate that BAG2 is a novel mutp53-

specific binding partner, and this interaction is conserved in both mouse tumors and human cancer

cells.

DBD of mutp53 and BAG domain of BAG2 are essential for the BAG2-
mutp53 interaction
p53 protein contains two transcriptional activation domains (AD1 and AD2), a sequence-specific DBD,

a tetramerization domain and a C-terminal domain (C-ter). To define the regions of mutp53 required

for the BAG2-mutp53 interaction, expression vectors of fragments containing different mutp53

domains with HA-tag (Figure 2D, upper panel) and BAG2-Flag expression vectors were co-

transfected into p53-null H1299 cells. Results of co-IP assays using an anti-Flag antibody showed that

BAG2 interacted with all mutp53 (R175H) fragments containing the mutp53 DBD (P1-P5 in

Figure 2D), but not the fragment lacking the mutp53 DBD (P6 in Figure 2D). Furthermore, BAG2
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preferentially bound to DBDs of different mutp53 (R175H, R248W and R273H) but not wtp53 DBD

(Figure 2E, Figure 2—figure supplement 2).

The regions of BAG2 required for the BAG2-mutp53 interaction was examined by co-transfecting

cells with vectors expressing different Flag-tagged BAG2 deletion mutants (Figure 2F, left panel) and

mutp53 (R175H) expression vectors followed by co-IP assays. BAG2 contains a BAG domain

(amino acids 91–211) at the C-terminus (Dai et al., 2005). The fragments containing the BAG domain

interacted with mutp53 while the N-terminus of BAG2 protein lacking the BAG domain did not

interact with mutp53 (Figure 2F). Interestingly, the binding of mutp53 to the BAG2 fragment which

lacks the N-terminus is much weaker compared with the full length (FL) BAG2 protein. It is possible

Figure 1. Identification of proteins interacting with mutant p53 (mutp53) protein in tumors from Trp53R172H/R172H

mice. (A) Work flow for identification of proteins interacting with mutp53 protein. Lysate of thymic lymphomas and

normal thymus from Trp53R172H/R172H mice were subjected to co-immunoprecipitation (co-IP) using anti-p53 (FL393)

beads. Eluted proteins were separated in a 4–15% SDS PAGE gel and analyzed by LC-MS/MS. (B) The table of a list

of protein candidates that interacted with mutp53 protein. (C) The interaction of mutp53 with BAG2 in thymic

lymphomas of Trp53R172H/R172H mice was confirmed by co-IP assays followed by Western blot assays. Thymic

lymphomas from Trp53R172H/R172H mice and p53−/− mice as well as normal thymic tissue from Trp53R172H/R172H mice

were subjected to co-IP assays using an anti-p53 antibody.

DOI: 10.7554/eLife.08401.003

The following figure supplement is available for figure 1:

Figure supplement 1. The interaction of mutp53 with BAG2 in normal mouse tissues of Trp53R172H/R172H mice.

DOI: 10.7554/eLife.08401.004
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that the N-terminus of BAG2 has an additional role

for efficient BAG2-mutp53 complex formation al-

though itself does not directly interact with mutp53.

These results demonstrate that mutp53 DBD and

BAG domain of BAG2 are essential for the BAG2-

mutp53 interaction.

BAG2 promotes mutp53 protein
accumulation in cancer cells
It was reported that BAG2 stabilizes some of its

binding proteins, such as PINK1 and ataxin3-80Q

(Che et al., 2013, 2014). To investigate whether

BAG2 regulates mutp53 protein levels, endogenous

BAG2 was knocked down by 2 different siRNA

oligos and its impact upon mutp53 protein levels

was evaluated in HCT116 p53R248W/− cells and p53-

null Saos2 cells with stable ectopic expression of

different mutp53 (Saos2-R175H, Saos2-R248W and

Saos2-R273H). The knockdown of BAG2 was con-

firmed at both mRNA and protein levels by real-time

PCR and Western blot assays, respectively

(Figure 3A,B). While BAG2 knockdown showed no

apparent effect on mutp53 mRNA levels

(Figure 3—figure supplement 1), BAG2 knock-

down greatly decreased the mutp53 protein levels

in cells (Figure 3A). The effect of BAG2 over-

expression on mutp53 protein levels was also

determined in these cells. Ectopic BAG2 expression

by vectors clearly increased mutp53 protein levels

(Figure 3C), while had no clear effect on mutp53

mRNA levels in cells (Figure 3—figure supplement

2). These results demonstrate that BAG2 increases

mutp53 protein levels in cells.

BAG2 inhibits the degradation of
mutp53 protein mediated by MDM2
BAG2 is a co-chaperone protein, which can regulate

the ubiquitination and degradation of some proteins

(Dai et al., 2005; Che et al., 2013). Here, we

investigated whether BAG2 promotes mutp53 pro-

tein accumulation through the inhibition of mutp53

protein ubiquitination and degradation. Since en-

dogenous BAG2 expression levels are relatively

higher in Saos2 and HCT116 p53R248W/− cells

compared with H1299 cells as determined at the

RNA and protein levels (Figure 3—figure

supplement 3), experiments with knockdown of

endogenous BAG2 were performed by using Saos2

and HCT116 p53R248W/− cells, and experiments with

ectopic BAG2 expression were performed by using

H1299 cells. We found that blocking proteasomal

degradation by the proteasome inhibitor MG132

largely abolished the effect of BAG2 knockdown on

mutp53 protein levels in HCT116 p53R248W/−, Saos2-

R175H, Saos2-R248W and Saos2-R273H cells

Table 1. The list of identified mutp53-interac-

tion protein candidates

Gene

names

Average counts

Normal

thymus

Thymic

lymphoma

Ctsb 0 19

Tfrc 0 15.5

Bag2 0 15

Stip1 0 14.5

Hyou1 0 14.5

Cad 0 14.5

Rps19 0 14.5

Pfn1 0 14

Cand1 0 11.5

Hspa2 0 11

Lcp1 0 11

Sar1a 0 10.5

Fam49b 0 10.5

Khsrp 0 10

Ifi47 0 9.5

Cse1l 0 9.5

Ipo5 0 9.5

Hsp90b1 0 9

Hspbp1 0 8.5

Rfc5 0 8.5

Tkt 0 8.5

myosin 0 8

Hadhb 0 8

Hsp70 1 66

Phgdh 1 20

Myh9 5 81.5

Hspd1 2 32.5

Rpl9-ps4 1 16

Ubr5 1 13.5

Dars 1 13.5

Iqgap1 1 12

Slc25a3 1 11.5

Rars 1 11.5

Ruvbl2 1 11

Ddb1 1 10

Hsph1 4 38.5

Dnajb4 1 9

Aldoa 1 8.5

Pcna 2 16.5

Eprs 1 8

Hsp90 2 15.5

Table 1. Continued on next page
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(Figure 3D). Ectopic expression of MDM2 clearly

down-regulated mutp53 R175H in H1299 cells co-

transfected with vectors expressing mutp53 R175H

and MDM2 (Figure 3E), which is consistent with

previous reports (Lukashchuk and Vousden, 2007;

Zheng et al., 2013). Notably, co-expression

of BAG2 largely reduced the degradation of

mutp53 protein mediated by MDM2 (Figure 3E).

Consistently, knockdown of endogenous MDM2

clearly increased mutp53 protein levels in Saoa2-

R175H cells (Figure 3F). Notably, the effect of

BAG2 knockdown on mutp53 protein levels was

greatly reduced in cells with MDM2 knockdown,

indicating that the effect of BAG2 knockdown on

mutp53 protein levels is largely mediated by

MDM2 (Figure 3F). MDM2 directly binds to

mutp53 to negatively regulate mutp53. Co-

expression of BAG2 clearly decreased the interac-

tion of MDM2 with mutp53 in H1299 cells, which

could be an important mechanism by which BAG2

inhibits MDM2-mediated mutp53 degradation

(Figure 3G).

To investigate whether BAG2 regulates mutp53

protein through inhibiting mutp53 ubiquitination,

in vivo ubiquitination assays were employed.

Ectopic BAG2 expression reduced ubiquitination

of mutp53 in H1299 cells (Figure 3H). Knockdown

of endogenous BAG2 by siRNA increased ubiquiti-

nation of mutp53 in Saos2-R175H cells (Figure 3I).

These results demonstrate that BAG2 interacts with

mutp53, and inhibits MDM2 binding to and

degradation of mutp53, which leads to the mutp53

accumulation in cells.

Mutp53 promotes the nuclear
translocation of BAG2
It has been reported that BAG2 proteins were

mainly localized in the cytoplasm (Dai et al.,

2005). Indeed, in H1299 cells with ectopic

expression of BAG2 alone, BAG2 proteins were

predominantly localized in the cytoplasm as

determined by immunofluorescence (IF) staining

(Figure 4A). Interestingly, we found that mutp53

promoted BAG2 nuclear translocation; ectopic

expression of mutp53 (R175H, R248W and

R273H), which is mainly localized in the nucleus,

clearly increased the translocation of BAG2 from

the cytoplasm to the nucleus in cells transfected

with vectors expressing BAG2 together with

mutp53. Furthermore, BAG2 was largely co-

localized with mutp53 in the nucleus

(Figure 4A). In contrast, ectopic expression of wtp53, which is also mainly localized in the

nucleus, did not have an obvious effect on BAG2 nuclear translocation in cells (Figure 4A). The

effect of mutp53 on BAG2 nuclear translocation was also confirmed by Western blot assays using

whole cell lysates and nuclear extracts isolated from H1299 cells transfected with BAG2 vectors

Table 1. Continued

Gene

names

Average counts

Normal

thymus

Thymic

lymphoma

Gm9755 2 12.5

Dnaja1 3 18

Atp5b 3 18

Cltc 7 41

Gm5506 5 26

Dnaja2 3 15

Bag5 7 31.5

Rps7 5 22.5

Ywhae 2 9

Eef2 10 38.5

Adsl 2 7.5

Hsp90ab1 20 74.5

Gnb2l1 6 22

Copg 2 7

Rpl23 2 7

Psmc6 2 7

Pcbp2 2 7

Pcbp1 3 10

Pabpc4 5 15.5

Hspa8 77 237.5

Fcgr4 13 38.5

Mcm7 4 11.5

Hadha 3 8.5

Kpnb1 5 14

Atp5a1 9 25

Pontin 4 11

Bat3 3 8

Pdia6 3 7.5

Dnajc7 38 86

Rps15a 6 13.5

Aldh2 4 9

Trim28 5 11

Eef1a1 16 35

St13 6 13

Cct8 36 54

Psmd11 6 9

DOI: 10.7554/eLife.08401.005
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Figure 2. BAG2 is a mutp53-specific binding partner as determined by reciprocal co-IP assays in human cell lines.

(A) Ectopically expressed BAG2 preferentially interacted with mutp53 (R175H) protein compared with wild-type p53

(wtp53) protein in H1299 cells. H1299 cells were transiently transfected with vectors expressing mutp53 (R175H) or

wtp53 together with HA-tagged BAG2 (BAG2-HA) expression vectors. Antibodies used for IP assays: HA for BAG2-

HA and DO-1 for p53. (B) BAG2 interacted with several hotspot mutp53 proteins (R175H, R248W and R273H) in

Figure 2. continued on next page
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alone or together with mutp53 vectors (Figure 4B). Both mutp53 and MDM2 proteins contain

a nuclear localization signal (NLS) and are mainly localized in the nucleus, where MDM2 binds to

and ubiquitinates mutp53 protein. The translocation of BAG2 to the nucleus where it interacts

with mutp53 may play an important role in blocking MDM2 to bind to and degrade mutp53. To

test this possibility, we constructed the vector expressing the NLS mutant of mutp53 R175H

(mutp53NLS) by mutating Lys305, Arg306, Lys319, Lys320 and Lys321 to Ala as reported (O’Keefe

et al., 2003). Unlike mutp53 proteins which were mainly localized in the nucleus, mutp53NLS

proteins were mainly localized in the cytoplasm as shown by IF staining (Figure 4A). While

mutp53NLS readily interacted with BAG2 as determined by co-IP assays (Figure 4C), mutp53NLS

could not promote the nuclear translocation of BAG2. BAG2 was mainly localized in the cytoplasm

in H1299 co-transfected with vectors expressing BAG2 and mutp53NLS (Figure 4A). Notably,

ectopic expression of MDM2 showed a limited effect on degradation of mutp53NLS protein

compared with mutp53 (R175H) (Figure 4D). Furthermore, co-expression of BAG2 had no obvious

effect on mutp53NLS protein levels in cells co-transfected with expression vectors of BAG2,

mutp53NLS and MDM2 (Figure 4D). These results strongly suggest that mutp53 promotes BAG2

nuclear localization and the BAG2-mutp53 interaction in the nucleus inhibits MDM2-mediated

mutp53 protein degradation.

BAG2 promotes mutp53 GOF in chemoresistance
The accumulation of mutp53 proteins is critical for mutp53 GOF in tumorigenesis (Blandino

et al., 2012; Muller and Vousden, 2014). Chemoresistance is one of the most important mutp53

GOFs (Napoli et al., 2012; Masciarelli et al., 2014). 5-flurorouracil (5-FU), which can induce

apoptosis in cells, is one of the most commonly used chemotherapeutic agents for a wide variety

of human cancers. 5-FU induced less apoptosis in Saos2-R175H, Saos2-R248W and Saos2-R273H

cells compared with Saos2-Con cells as determined by Annexin V staining and the levels of

cleaved Caspase 3 protein, demonstrating that mutp53 promotes chemoresistance, which is

consistent with previous reports (Napoli et al., 2012; Masciarelli et al., 2014) (Figure 5A,B).

Notably, knockdown of BAG2 increased 5-FU-induced apoptosis in Saos2-R175H, Saos2-R248W

and Saos2-R273H cells but showed a very limited effect in Saos2-Con cells (Figure 5A,B).

Consistently, 5-FU induced less apoptosis in HCT116 p53R248W/− cells compared with HCT116

p53−/− cells. Knockdown of BAG2 increased 5-FU-induced apoptosis in HCT116 p53R248W/− but

not HCT116 p53−/− cells (Figure 5C,D). These results demonstrate that BAG2, which promotes

mutp53 protein accumulation, promotes mutp53 GOF in chemoresistance.

Figure 2. Continued

H1299 cells. H1299 cells were transiently transfected with vectors expressing mutp53 (R175H, R248W or R273H)

together with BAG2-HA expression vectors. (C) The interaction of endogenous BAG2 with mutp53 (R248W) was

observed in human colorectal cancer HCT116 p53R248W/− cells containing one allele of mutant p53 gene (R248W).

(D) BAG2 interacted with mutp53 DNA binding domain (DBD). Upper panel: Schematic diagram showing the

domain structure of mutp53 (R175H). Lower Panel: H1299 cells were transiently transfected with expression vectors

of HA-tagged mutp53 (R175H) fragments together with BAG2-Flag expression vectors. Antibodies used for IP: Flag

for BAG2-Flag proteins. (E) BAG2 preferentially interacted with the DBD of mutp53 (R175H) but not wtp53 DBD.

H1299 cells were transiently transfected with expression vectors of HA-tagged mutp53 (R175H) DBD or wtp53 DBD

together with BAG2-Flag expression vectors. (F) Mutp53 interacted with the Bcl-2 associated athanogene (BAG)

domain of BAG2. Left panel: Schematic diagram showing the domain structure of BAG2. Right panel: H1299

cells were transiently transfected with expression vectors of mutp53 (R175H) together with Flag-tagged BAG2

fragments.

DOI: 10.7554/eLife.08401.006

The following figure supplements are available for figure 2:

Figure supplement 1. The interaction of endogenous BAG2 with mutp53 in several human tumor cell lines

containing endogenous mutp53.

DOI: 10.7554/eLife.08401.007

Figure supplement 2. The interaction of BAG2 with mutp53 (R248W and R273H) DBD in H1299 cells.

DOI: 10.7554/eLife.08401.008
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Figure 3. BAG2 promotes mutp53 protein accumulation in human cancer cells through the inhibition of the

ubiquitination and degradation of mutp53 mediated by MDM2. (A) Knockdown of endogenous BAG2 by 2 different

siRNA oligos decreased the mutp53 protein levels in HCT116 p53R248W/− and Saos2 cells with stable ectopic

expression of mutp53 (Saos2-R175H, Saos2-R248W and Saos2-R273H). The knockdown of BAG2 by siRNA at the

protein level was examined by Western blot assays. (B) The efficient knockdown of BAG2 by siRNA was confirmed at

the mRNA level by real-time PCR. Data are present as mean ±SD (n = 3). (C) Ectopic expression of BAG2 by

transfection of BAG2-HA expression vectors increased the mutp53 protein levels in cells. (D) Knockdown of

endogenous BAG2 by siRNA decreased the mutp53 protein levels in HCT116p53R248W/−, Saos2-R175H, Saos2-R248W

and Saos2-R273H cells but not in these cells treated with the proteasome inhibitor MG132 (40 μM for 6 hr). (E) BAG2

inhibited the degradation of mutp53 (R175H) mediated by MDM2 in H1299 cells. Indicated combination of

expression vectors of BAG2-HA, mutp53 (R175H), MDM2 were transfected into the cells. (F) Knockdown of MDM2

abolished the effect of BAG2 knockdown on mutp53 protein level. Knockdown of endogenous BAG2 decreased

Figure 3. continued on next page
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BAG2 promotes mutp53 GOF in metastasis and tumor growth
A critical GOF of mutp53 is to promote metastasis (Lang et al., 2004; Olive et al., 2004). We found

that BAG2 promotes mutp53 GOF in metastasis. Migration is a critical step of metastasis. Compared

with p53-null cells (Saos2-Con and HCT116 p53−/− cells), mutp53 (R175H, R248W and R273H in Saos2

cells and R248W in HCT116 p53R248W/− cells) promoted migration of cells as determined by transwell

assays (Figure 6A,B). Notably, knockdown of BAG2 by either siRNA oligos or shRNA vectors largely

abolished the promoting effect of mutp53 on migration in these cells (Figure 6A,B, Figure 6—figure

supplement 1). The effect of BAG2 on mutp53 GOF in metastasis was further examined in vivo.

HCT116 p53R248W/− and HCT116 p53−/− cells stably transduced with shRNA vectors against BAG2 and

control cells transduced with control shRNA vectors were injected into the tail vein of nude mice to

evaluate the formation of lung metastatic tumors. Mutp53 (R248W) greatly promoted lung metastatic

tumor formation in nude mice; HCT116 p53R248W/− cells formed significantly higher number and larger

size of tumors compared with HCT116 p53−/− cells (Figure 6C). Notably, this effect was greatly

abolished by knockdown of BAG2 (Figure 6C). These results demonstrate that BAG2 promotes

mutp53 GOF in metastasis.

The mutp53 GOFs also include the abilities to promote proliferation of tumor cells and anchorage-

independent cell growth (Zhang et al., 2013). As shown in Figure 6D and Figure 6—figure

supplement 2, mutp53 (R248W) promoted proliferation and anchorage-independent growth of

HCT116 cells. Notably, knockdown of BAG2 clearly inhibited the rates of cell proliferation and

anchorage-independent growth in HCT116 p53R248W/− but not HCT116 p53−/− cells. The xenograft

tumorigenesis assays were further performed to investigate whether BAG2 knockdown reduced mutp53

GOF in promoting tumor growth in vivo. As shown in Figure 6E, knockdown of BAG2 in HCT116

p53R248W/− cells significantly inhibited the growth of xenograft tumors, whereas knockdown of BAG2 in

HCT116 p53−/− had much less effect on the growth of xenograft tumors. Furthermore, knockdown of

endogenous BAG2 clearly decreased mutp53 protein levels in HCT116 p53R248W/− tumors as determined

by Western blot assays (Figure 6F), which is consistent with the results obtained from in vitro cultured

cells. These results demonstrate that BAG2 promotes mutp53 GOFs in tumor cell growth.

BAG2 is overexpressed in human tumors and high levels of BAG2 are
associated with poor prognosis in cancer patients and mutp53 protein
accumulation in human tumors
Results from our study have demonstrated that BAG2 interacts with mutp53 and inhibits mutp53

degradation, which in turn promotes mutp53 protein accumulation and enhances mutp53 GOF in

Figure 3. Continued

mutp53 protein levels in Saos2-R175H cells but not in cells with knockdown of endogenous MDM2. (G) BAG2

reduced the interaction of mutp53 with MDM2 in H1299 cells as determined by IP assays. Indicated combination of

expression vectors of BAG2-HA, mutp53 (R175H) and MDM2 were transfected into the cells. Antibodies used for IP:

DO-1 for p53. (H) Ectopic BAG2 expression decreased the ubiquitination levels of mutp53 in H1299 cells. Cells were

transfected with indicated combination of expression vectors of BAG2-HA, mutp53 (R175H), His-ubiquitin (His-Ub),

followed by MG132 treatment. Mutp53 ubiquitination was determined by IP using DO-1 antibody (for mutp53)

followed by Western blot assays using an anti-Ub antibody. (I) Knockdown of endogenous BAG2 increased the

ubiquitination levels of mutp53 in Saos2-R175H cells. Cells were transfected with indicated combination of BAG2

siRNAs and expression vectors of His-Ub followed by MG132 treatment.

DOI: 10.7554/eLife.08401.009

The following figure supplements are available for figure 3:

Figure supplement 1. Knockdown of BAG2 has no apparent effect on mutp53 mRNA expression levels in human

cancer cells.

DOI: 10.7554/eLife.08401.010

Figure supplement 2. Ectopic expression of BAG2 has no apparent effect on mutp53 mRNA expression levels in

human cancer cells.

DOI: 10.7554/eLife.08401.011

Figure supplement 3. The expression levels of BAG2 in H1299, Saos2 and HCT116 p53−/− cells.

DOI: 10.7554/eLife.08401.012
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Figure 4. Mutp53 promotes the nuclear translocation of BAG2. (A) H1299 cells were transiently transfected with

vectors expressing BAG2-HA together with or without expression vectors of mutp53 (R175H, R248W, R273H, or

R175HNLS) and wtp53. The protein localization of BAG2 and p53 in cells was determined by immunofluorescence (IF)

staining. Antibody used for IF: Flag for BAG2-Flag and FL393 for p53. Nuclei were stained with DAPI. Left panels:

representative IF images. Scale bar: 10 μm. Right panels: quantification of the subcellular distribution of BAG2 in 200

cells for each independent experiment. Numerical data are presented in Figure 4—source data 1. Data are present

as mean ±SD (n = 4). *p < 0.05; ***p < 0.001. (B) Mutp53 promotes the nuclear translocation of BAG2 in H1299 cells

as determined by Western blot assays. The protein levels of BAG2 were determined in whole cell lysates and nuclear

extracts prepared from H1299 cells transfected with vectors expressing BAG2-HA together with or without mutp53

(R175H, R248W or R273H). (C) BAG2 interacted with mutp53NLS (R175HNLS) as determined by co-IP assays. H1299

cells were transfected with vectors expressing BAG2-Flag and mutp53 R175H or mutp53 R175HNLS. (D) MDM2 had

a much reduced effect on degradation of mutp53NLS compared with mutp53 (R175H). While BAG2 inhibited the

degradation of mutp53 (R175H) mediated by MDM2, it had no obvious effect on mutp53NLS protein levels in H1299

cells transfected with vectors expressing BAG2-HA, MDM2 and mutp53NLS.

DOI: 10.7554/eLife.08401.013

The following source data is available for figure 4:

Source data 1. % of cells with different BAG2 localization in H1299 cells.

DOI: 10.7554/eLife.08401.014
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tumorigenesis. BAG2 expression was found elevated in many types of human tumors, including

colorectal cancers, lung cancers, breast cancers and sarcomas, compared with normal tissues as

analyzed in 4 databases from Oncomine (GSE20842, Gaedcke et al., 2011; GSE10072, Landi et al.,

2008; GSE3744, Richardson, 2006; GSE21122, Taylor et al., 2010) (Figure 7A). The amplification of

BAG2 was observed in many types of human tumors as analyzed by employing the cBioportal for

Cancer Genomics (Figure 7—figure supplement 1), suggesting that gene amplification is an

Figure 5. BAG2 promotes mutp53 gain-of-function (GOF) in chemoresistance. (A, B) BAG2 knockdown increased

5-FU-induced apoptosis in Saos2 cells in a largely mutp53-dependent manner. The endogenous BAG2 was knocked

down by siRNA in Saos2-Con, Saos2-R175H, Saos2-R248W and Saos2-R273H cells followed by 5-FU treatment

(4 mM) for 48 hr. In A, Annexin V assays were used to determine the percentage of apoptotic cells. Data are present

as mean ±SD, n = 4. *p < 0.05; **p < 0.01; ***p < 0.001. In B, the levels of cleaved Caspase 3, which reflect

the degree of apoptosis of cells, were determined by Western blot assays. (C, D) BAG2 knockdown increased

5-FU-induced apoptosis in HCT116 p53R248W/− cells but had a limited effect in HCT116 p53−/− cells as determined by

Annexin V assays (C) and Western blot assays for the cleaved Caspase 3 protein levels (D). Numerical data for A and

C are presented in Figure 5—source data 1, 2, respectively.

DOI: 10.7554/eLife.08401.015

The following source data are available for figure 5:

Source data 1. % of apoptosis induced by 5-FU in Saos2 cells with and without ectopic expression of mutp53.

DOI: 10.7554/eLife.08401.016

Source data 2. % of apoptosis induced by 5-FU in HCT116 cells with and without mutp53.

DOI: 10.7554/eLife.08401.017
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Figure 6. BAG2 promotes mutp53 GOF in promoting metastasis and tumor cell growth. (A) Knockdown of

endogenous BAG2 by 2 siRNA oligos preferentially inhibited the migration ability of Saos2-R175H, Saos2-R248W

and Saos2-R273H cells compared with Saos2-Con cells as determined by transwell assays. Left panel: representative

images form a portion of the field. Right panel: quantification of average number and area of migrated cells/field.

(B) Knockdown of endogenous BAG2 preferentially inhibited the migration ability of HCT116 p53R248W/− cells

compared with HCT116 p53−/− cells. For A, B, date are presented as mean ±SD, n = 4. ***p < 0.001. (C) BAG2

knockdown greatly inhibited lung metastasis of HCT116 p53R248W/− cells but had a limited effect on HCT116 p53−/−

cells in vivo. HCT116 p53R248W/− and HCT116 p53−/− cells stably infected with shRNA against BAG2 and their control

cells were injected into the nude mice via the tail vein. The number and size of lung metastatic tumors were

Figure 6. continued on next page
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important mechanism for BAG2 overexpression in tumors. We further investigated whether BAG2

overexpression is associated with poor prognosis in cancer patients by using the PrognoScan

database. PrognoScan, which has a large collection of publicly available database with microarray

data and clinical information, can assess the prognostic power of gene expression levels (Mizuno

et al., 2009). As shown in Figure 7B–E, BAG2 overexpression is associated with poor disease free

survival in colorectal cancer patients (HR = 1.40, p = 0.022), poor disease specific survival in lung

cancer patients (HR = 2.4, p = 0.00001), poor relapse free survival in breast cancer patients (HR = 1.3, p =
0.00014) and poor distant recurrence free survival in soft tissue cancer patients (HR = 1.67, p = 0.00001).

These results suggest the significant prognostic value of BAG2 expression levels for patients with various

types of cancer.

The correlation between BAG2 overexpression and mutp53 accumulation was further investigated

in a cohort of human colorectal cancer samples with known p53 mutation status and p53 protein levels

(n = 100) (Zheng et al., 2013). p53 mutation status was determined by direct sequencing of exons

2–11 of p53 and the p53 protein levels were determined by IHC staining as previously described

(Zheng et al., 2013). All tumors carrying mutp53 and a small percentage of tumors with wtp53

showed positive staining for p53 (>10% cells are stained). Tumors were divided into 2 groups

according to median BAG2 expression levels as determined by Taqman real-time PCR assays. There is

a clear correlation between high BAG2 expression and mutp53 accumulation (Figure 7F). In tumors

with mutp53, 66.7% of tumors (18 out of 27) with high BAG2 expression displayed high p53 staining

(>30% cells are stained) while only 40.9% tumors (9 out of 22) with low BAG2 expression had high p53

staining (p = 0.035). In contrast, in tumors with wtp53, there is no correlation between BAG2

expression and p53 accumulation. Among these tumors, 21.7% of tumors (5 out of 23) with high BAG2

expression and 17.9% of tumors (5 out of 28) with low BAG2 expression displayed low p53 staining

(10–30% cells are stained), respectively (p = 0.36) (Figure 7F). These results demonstrate that BAG2

overexpression is significantly correlated with accumulation of mutp53 protein in colorectal cancers.

Discussion
Many tumor-associated mutp53 proteins gain new oncogenic activities independently of wtp53, which

is critical for mutp53 to promote tumorigenesis. While wtp53 proteins are kept at low levels in normal

tissues under normal conditions, mutp53 proteins often accumulate to high levels in tumors, which is

critical for mutp53 GOF in tumorigenesis (Terzian et al., 2008; Oren and Rotter, 2010; Muller and

Vousden, 2013; Liu et al., 2015). Currently, the mechanism for mutp53 accumulation in tumors is

poorly understood. Results from mouse genetic experiments with knockout of MDM2 in mutp53 mice

Figure 6. Continued

determined at 6 weeks after inoculation. Left panel: representative H&E images of lung sections. Scale bar: 200 μm.

Middle and Right panels: quantification of average number (middle panel) and area (right panel) of lung metastatic

tumors, respectively. Date are presented as mean ±SD, n = 8/group. **p < 0.01; ***p < 0.001. (D) Knockdown of

BAG2 by shRNA preferentially inhibited the anchorage-independent growth in HCT116p53R248W/− cells but not

HCT116 p53−/− cells. Upper panel: representative images of cell colonies in soft agar. Lower panel: quantification of

average number of colonies/field. Date are presented as mean ±SD, n = 4. ***p < 0.001. (E) BAG2 knockdown

inhibited the growth of HCT116 xenograft tumors in a largely mutp53-dependent manner. HCT116 p53R248W/− and

HCT116 p53−/− cells stably infected with shRNA against BAG2 and their control cells were employed for xenograft

tumor formation in nude mice. Upper panel: A representative image of xenograft tumors. Lower panel: growth

curves of xenograft tumors. Tumor volumes are presented as mean ±SD, n = 6/group. ***p < 0.001. (F) BAG2

knockdown decreased mutp53 protein levels in HCT116 p53R248w/− xenograft tumors as determined by Western blot

assays.

DOI: 10.7554/eLife.08401.018

The following figure supplements are available for figure 6:

Figure supplement 1. Knockdown of endogenous BAG2 by shRNA vectors inhibited mutp53 GOF in promoting

migration in cells.

DOI: 10.7554/eLife.08401.019

Figure supplement 2. BAG2 knockdown by shRNA inhibited the proliferation rate in HCT116 p53R248W/− cells but

not HCT116 p53−/− cells.

DOI: 10.7554/eLife.08401.020
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Figure 7. BAG2 is overexpressed in many human tumors and high levels of BAG2 are associated with mutp53

protein accumulation in human tumors. (A) BAG2 mRNA levels are elevated in human cancers, including colorectal

cancers, lung cancers, breast cancers and sarcomas. BAG2 mRNA levels in normal and cancer tissues are presented

as box plots based on data in four different datasets obtained from the Oncomine database. The expression levels

of BAG2 are expressed in terms of a log2 median-centered intensity which is calculated by normalizing the intensity

of BAG2 probe to the median of the probe intensities across the entire array. (B–E) High levels of BAG2 are

associated with poor prognosis in cancer patients. Kaplan–Meier curves indicating the disease free survival of 226

colorectal cancer patients (B), the disease specific survival of 90 lung cancer patients (C), the relapse free survival of

204 breast cancer patients (D) and the distant recurrence free survival of 140 soft tissue cancer patients (E). The

survival information and expression levels of BAG2 were obtained from the public available databases (GSE14333 for

B, GSE14814 for C, GSE12276 for D, and GSE30929 for E) and analyzed by PrognoScan, a web based platform

evaluating the prognostic power of gene expression levels. (F) BAG2 overexpression correlates with mutp53 protein

accumulation (p = 0.036, χ2 test) but not wtp53 protein accumulation in human colorectal cancers. BAG2 mRNA

levels were determined in human colorectal cancers and normalized with β-actin. (G) Schematic model depicting

that mutp53 interacts with BAG2 and promotes BAG2 nuclear translocation to inhibit MDM2-mediated mutp53

protein degradation, which in turn promotes mutp53 protein accumulation and GOF in tumorigenesis.

DOI: 10.7554/eLife.08401.021

The following figure supplement is available for figure 7:

Figure supplement 1. Amplification of the BAG2 gene was observed in many human tumors.

DOI: 10.7554/eLife.08401.022
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and cell-based in vitro experiments suggest that MDM2 maintains mutp53 protein levels low in normal

tissues, whereas some changes occurred in tumors disrupt MDM2-mediated mutp53 degradation,

thereby leading to mutp53 accumulation. Recent studies have reported that HSP90 can bind to

mutp53 and reduce mutp53 degradation mediated by MDM2. Knockdown of HSP90 by siRNA or

blocking HDAC6-HSP90 axis by SAHA induced destabilization of mutp53 and inhibited its GOF in

tumorigenesis (Li et al., 2011a, 2011b). Our recent study showed that tumor-derived MDM2 short

isoforms inhibited full-length MDM2-mediated mutp53 degradation, which promoted mutp53

accumulation and enhanced GOF in tumorigenesis (Zheng et al., 2013). In this study, we searched

for the changes that occurred in tumors to disrupt MDM2-meidated mutp53 degradation by

screening for mutp53 binding protein in tumors from mutp53 knock-in mice. Results from this study

identified that BAG2 is a novel mutp53 binding protein that promotes mutp53 protein accumulation,

which revealed a novel mechanism for mutp53 accumulation in tumor cells.

BAG2 belongs to the BAG family, which is characterized by the BAG domain. The BAG domain is

a conserved region located at the C-terminus of the BAG-family proteins that binds to the ATPase

domain of Hsc70 and has general nucleotide exchange activities towards Hsc70 (Takayama and Reed,

2001; Kabbage and Dickman, 2008). Therefore, proteins containing the BAG domain often functions

as a co-chaperone protein. Aside from the formation of the BAG-Hsc70 interaction, BAG proteins

functionally interact with many proteins to regulate cellular functions. The expression of BAG2 has

been detected in many tissues. Recently, it was reported that BAG2 interacts with and stabilizes

PINK1 and ataxin3-80Q, proteins involved in neurological diseases, through inhibiting their

ubiquitination and degradation (Che et al., 2013, 2014). BAG2 can also deliver Tau to the

proteasome for protein degradation independently of ubiquitination (Carrettiero et al., 2009). In this

study, we found that BAG2 preferentially binds to mutp53 at the DBD domain. BAG2 can interact with

many different mutp53, including several tumor-associated mutational hotspots. This BAG2-mutp53

interaction is conserved in both human tumor cells and mouse tissues. It is unclear how BAG2 can

discriminate between the DBD of a diverse range of mutp53 proteins and wtp53. BAG2 is a co-

chaperone protein. It is possible that conformational changes of mutp53 proteins lead to its

association with chaperone and co-chaperone proteins. It remains unclear whether BAG2 interacts

with mutp53 directly or interacts with mutp53 through other protein, such as Hsc70, which will be of

interest to investigate in future studies.

The role of BAG2 in tumor is poorly understood. In this study, we found that mutp53 interacted with

BAG2 and promoted the translocation of BAG2 from the cytoplasm to the nucleus, where BAG2

inhibited the binding of MDM2 to mutp53 and the ubiquitination and degradation of mutp53 protein

mediated by MDM2. It is unclear how the BAG2-mutp53 interaction interferes with the MDM2-mutp53

interaction since MDM2 binds to the N-terminus of mutp53 whereas BAG2 binds to the DBD of

mutp53. Future studies are needed to further understand its mechanism. Results from this study

showed that BAG2 promoted mutp53 protein accumulation in tumor cells, which in turn promoted

mutp53 GOF in tumorigenesis (Figure 7G). Knockdown of endogenous BAG2 significantly inhibited

cell proliferation, migration, metastasis and chemoresistance of tumor cells in a largely mutp53-

dependent manner in cultured cells and/or in mice. These results strongly suggest that targeting BAG2

could be developed as a novel strategy to destabilize mutp53 and inhibit its GOF in tumorigenesis.

Importantly, analysis of several database from Oncomine showed that BAG2 is frequently

overexpressed in many types of cancer (Figure 7A). Overexpression of BAG2 is significantly

associated with poor prognosis in different types of cancer (Figure 7B–E). Furthermore, our results

showed that BAG2 overexpression in colorectal tumors is significantly associated with mutp53

protein accumulation (Figure 7F). These results strongly suggest that BAG2 plays an important role

in tumorigenesis and promoting mutp53 accumulation and GOF is a novel mechanism for BAG2 in

tumorigenesis. It is unclear why not all tumors with BAG2 overexpression showed the accumulation

of mutp53 protein. It is possible that additional mechanisms are involved in the regulation of

mutp53 protein levels and/or the BAG2-mutp53 interaction. It will be interesting to examine

whether BAG2 displays weak or no interaction with mutp53 protein in this subgroup of tumor

samples in future studies. It is also worth noting that while normal tissues from Trp53R172H/R172H mice

express a lot of BAG2, there is a limited amount of interacted BAG2-mutp53 protein complex and

no clear accumulation of mutp53 proteins in the normal tissues (Figure 1C and Figure 1—figure

supplement 1). These results suggest that some tumor-specific events might contribute to the

effect of BAG2 on mutp53 accumulation.
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Data from cBioportal showed amplification of the BAG2 gene in many types of human tumors,

suggesting that gene amplification is an important mechanism for BAG2 overexpression in human

tumors. Considering that less than 10% of tumors had the amplification of BAG2 in majority of tumor

types, it is possible that additional mechanisms contribute to BAG2 overexpression in tumors, which

needs further investigation in future studies.

Taken together, results from this study demonstrate that BAG2 interacts with mutp53 to prevent its

degradation by MDM2, leading to mutp53 accumulation in tumor cells and enhanced mutp53 GOF in

tumorigenesis. Knockdown of BAG2 greatly reduces mutp53 protein levels in tumor cells and greatly

compromises mutp53 GOF in tumorigenesis, including tumor growth, metastasis and chemoresistance.

Considering that BAG2 is frequently overexpressed in cancer cells, our findings revealed a new and

important mechanism for mutp53 protein accumulation in tumors. Trp53 is the most frequently-mutated

gene in tumors. Mutp53 protein is frequently accumulated in tumors, which is critical for mutp53 GOF in

tumor development. Therefore, mutp53 has become an extremely attractive target for tumor therapy.

Our findings that BAG2 promotes mutp53 protein accumulation and mutp53 GOF in tumorigenesis

strongly suggest that BAG2 could be a potential target for cancer therapy in tumors containing mutp53.

Materials and methods

Cell culture, mouse strains, constructs and cell treatments
Human lung cancer H1299, osteosarcoma Saos2, breast cancer SK-BR-3, MDA-MB-468, colorectal

cancer HT29, SW480 and hepatocellular carcinoma Huh-7 cell lines were obtained from ATCC

(Manassas, VA). Human HCT116 p53R248W/− cells were gifts from Dr Bert Vogelstein at Johns Hopkins

University. Stable cell lines expressing mutp53 R175H, R248Q and R273H were established as

previously described (Zheng et al., 2013). p53−/− mice were obtained from Jackson Laboratory (Bar

Harbor, ME) and Trp53R172H/R172H mice were gifts from Dr Gigi Lozano at MD Anderson Cancer Center.

Expression vectors of BAG2-HA (pcDNA-HA-BAG2) were gifts from Dr Cam Patterson at University of

North Carolina. Expression vectors of mutp53 fragments containing different domains were obtained

by using site-directed mutagenesis to introduce R175H mutation into expression vectors of wtp53

fragments containing different domains, which were generous gifts from Dr Xinbin Chen at University

of California, Davis. R175H mutp53NLS expression vectors were obtained by using site-directed

mutagenesis. Primers used for site mutagenesis and cloning for mutp53 fragments, Flag-tagged FL

BAG2 and BAG2 fragments are listed in Table 2. Retroviral shRNA vectors against human BAG2 were

purchased from Open Biosystems (Thermo Scientific, Waltham, MA, Cat#V2LHS-27769). Two

different siRNA oligos against MDM2 were purchased from Qiagen (Germantown, MD,

Cat#SI00300846) and Dharmacon (Lafayette, CO, Cat#M-003279-01). Two different siRNA oligos

against BAG2 were purchased from IDT (Coralville, Iowa). siRNA targeting BAG2: siRNA-1: 5′-GUU

GGC UUU AGC GUU GAU CUU CGC CUG-3′; siRNA-2: 5′-GUG UCA GUA GAA ACA AUU AGA AAC

C-3′. 5-FU and MG132 were purchased from Sigma (St. Louis, MO).

IP assays and IP coupled with LC-MS/MS assays
To determine mutp53 binding partners in mouse tissues, mouse mutp53 protein complexes were

purified from lysates from tumor and normal tissues of mutp53R172H/R172H mice by IP using anti-p53

(FL393) beads and eluted with 0.1 M Glycine solution. Eluted materials were separated in a 4–15% Tris

SDS gel and visualized by silver staining using the silver staining kit (Invitrogen, Grand Island, NY) and

coomassie blue staining. Coomassie blue-stained protein bands were excised from the gel and

subsequently analyzed by LC-MS/MS at the Biological MS facility of Rutgers University.

IP assays were performed as previously described (Zheng et al., 2013). In brief, 1 mg cell or tissue

lysates in NP-40 buffer were used for IP using anti-p53 (DO-1 for human cells and FL393 for mouse

tissues, Santa Cruz, Dallas, Texas), anti-HA and anti-Flag antibodies to pull down mutp53, BAG2-HA

and BAG2-Flag protein, respectively.

Western blot assays
Standard Western blot assays were used to analyze the levels of protein. Nuclear extracts were

prepared by using Qproteome Nuclear Protein Kit (Qiagen). Antibodies against p53 (FL393; 1:2000

dilution; Santa Cruz), MDM2 (2A10; 1:1000 dilution), Flag (1:10,000 dilution; Sigma), BAG2 (1:1000
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dilution; Aviva Systems Biology), HA (1:4000 dilution; Roche), α-Tubulin (C-5286; 1:1000 dilution;

Santa Cruz), Lamin A/C (SC-7293; 1:1000 dilution; Santa Cruz), cleaved-caspase 3 (D175; 1:1000

dilution; Cell Signaling), and β-actin (1:20,000 dilution; Sigma) were used in this study.

Table 2. Sequences of the primer sets used for site-directed mutagenesis and amplifying p53 and

BAG2 fragments

Name of fragments Primer sequences

For site-directed mutagenesis

Mutp53 R175H-HA P1 (aa 1–363), P2
(aa 43–393), P3 (aa 43–363)

Forward 5′-GAG GTT GTG AGG CAC TGC CCC
CAC CAT-3′

Reverse 5′-ATG GTG GGG GCA GTG CCT CAC
AAC CTC-3′

R175H mutp53NLS Forward 1 5′-GTT GGG CAG TGC TGC CGC AGT
GCT CCC TGG GGG CAG-3′

Reverse 1 5′-CTG CCC CCA GGG AGC ACT GCG
GCA GCA CTG CCC AAC-3′

Forward 2 5′-TGA AAT ATT CTC CAT CCA GTG
GTG CCG CCG CTG GCT GGG GAG
AGG AGC TGG TGT TGT TG-3′

Reverse2 5′-CAA CAA CAC CAG CTC CTC TCC
CCA GCC AGC GGC GGC ACC ACT
GGA TGG AGA ATA TTT CA-3′

For amplifying p53 and BAG2 fragments

Mutp53 R175H-HA, P4 (aa 93–393) Forward 5′-GCG AAT TCA CCA TGG GCT ACC
CAT ACG ATG TTC CAG ATT ACG CTC
TGT CAT CTT CTG TCC CTT-3′

Reverse 5′-GAT CGA ATT CTC AGT CTG AGT
CAG GCC CTT-3′

Mutp53 R175H-HA, P5 (aa 93–325),
wtp53-DBD, Mutp53 R248W-DBD
Mutp53 R273H-DBD

Forward 5′-GCG AAT TCA CCA TGG GCT ACC
CAT ACG ATG TTC CAG ATT ACG CTC
TGT CAT CTT CTG TCC CTT-3′

Reverse 5′-GCG AAT TCT CAT CCA TCC AGT
GGT TTC TT-3′

Mutp53 R175H-HA, P6 (Δaa 101–300) Forward 1 5′-GCG AAT TCA CCA TGG GCT ACC
CAT ACG ATG TTC CAG ATT ACG CTG
AGG AGC CGC AGT CAG ATC C-3′

Reverse 1 5′-CTT AGT GCT CCC TGG CTG GGA
AGG GAC AGA-3′

Forward 2 5′-TCT GTC CCT TCC CAG CCA GGG
AGC ACT AAG-3′

Reverse 2 5′-GAT CGA ATT CTC AGT CTG AGT
CAG GCC CTT-3′

BAG2-Flag Forward 5′-CGG AAT TCA TGG CTC AGG CGA
AGA-3′

Reverse 5′-CGG GAT CCA TTG AAT CTG CTT
TCA GCA T-3′

BAG2 B1-Flag Forward 5′-CGG AAT TCA TGG CTC AGG CGA
AGA-3′

Reverse 5′-CGG GAT CCT CTT CCC ATC AAA
CGG TT-3′

BAG2 B2-Flag Forward 5′-CGG AAT TCA CCA TGG GAA GAA
CTC TCA CCG TT-3′

Reverse 5′-CGG GAT CCA TTG AAT CTG CTT
TCA GCA T-3′

DOI: 10.7554/eLife.08401.023
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IF staining assays
IF staining was performed as previously described (Zheng et al., 2013). Antibodies against p53

(FL393) and Flag were used to detect p53 and BAG2-Flag, respectively. Slides were then incubated

with Alexa Fluor 555 Goat Anti-Rabbit IgG (H + L) and Alexa Fluor 488 Goat Anti-mouse IgG (H + L)

(Invitrogen). Nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI; Vector, Burlingame, CA).

Quantitative real-time PCR
RNA from cells was prepared with RNeasy kit (Qiagen). RNA from formalin fixed and paraffin-

embedded colorectal tumor sections was prepared with High Pure miRNA Isolation kit (Roche,

Indianapolis, IN). The cDNA was prepared by using High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Grand Island, NY). Primers for Taqman real-time PCR assays were purchased

from Applied Biosystems. The expression of genes was normalized with the β-actin gene.

In vivo ubiquitination of Mutp53
In vivo ubiquitination assays were performed as previously described (Liu et al., 2014). In brief, cells

were transfected with different expression vectors, including mutp53 R175H, BAG2-HA and His-

ubiquitin, or transfected with siRNA against BAG2 together with His-ubiquitin expression vectors. At

24 hr after transfection, cells were treated with MG132 for 6 hr. The levels of mutp53 ubiquitination

were determined by IP using DO-1 antibody followed by Western blot assays with an anti-ubiquitin

antibody (P4D1; 1:1000; Santa Cruz).

Annexin V staining
Annexin V staining was used to determine apoptosis as previously described (Yu et al., 2014). In brief,

cells were stained by using Muse Annexin V and Dead Cell Assay Kit (Millipore) and analyzed in

a bench flow cytometry, the Muse Cell Analyzer (Millipore, Billerica, MA).

Cell migration assays
The transwell system (BD Biosciences, San Jose, CA) was employed for cell migration assays as

previously described (Zheng et al., 2013). In brief, cells in FBS-free medium were seeded into upper

chambers. The lower chamber was filled with medium supplemented with 10% FBS. Cells on the lower

surface of upper chambers were counted after culturing at 37˚C for 24 hr.

Anchorage-independent growth assays
Anchorage-independent growth assays were performed as previously described (Li et al., 2014). In

brief, cells were seeded in 6-well plates coated with media containing 0.6% agarose, and cultured in

media containing 0.3% agarose. Colonies were stained and counted after 2–3 weeks.

Xenograft tumorigenicity assays
Cells (5 × 106 in 0.2 ml PBS) were injected subcutaneously (s.c.) into 8-week-old BALB/c athymic nude

mice (Taconic). Tumor volumes were measured every 2 days for 3 weeks. Tumor volume = 1/2 (length

× width2) (n = 6 mice/group). Tumor samples were processed for routine histopathological

examination.

In vivo metastasis assays
In vivo lung metastasis assays were performed as previously described (Zheng et al., 2013). In brief,

HCT116 p53R248W/− and HCT116 p53−/− cells with or without knockdown of BAG2 by shRNA vectors (1

× 106 in 0.1 ml PBS) were injected into 8-week-old nude mice via the tail vein (n = 8 mice/group). The

mice were sacrificed at 6 weeks after the inoculation. The numbers of lung tumors were counted under

a dissecting microscope and confirmed by histopathological analysis. The areas of tumor nodules

were quantified in 8 representative images taken at 10 × magnification by using the imageJ software.

Animal protocols were approved by the IACUC committee of Rutgers University.

Database of cancer patients
PrognoScan (http://www.prognoscan.org/), which has a large collection of publicly available database

with microarray data and clinical information (Mizuno et al., 2009), was used to analyze the prognostic
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power of BAG2 expression levels in colorectal cancer patients (GSE14333, Sieber et al., 2010), lung

cancer patients (GSE14814, Tsao et al., 2010), breast cancer patients (GSE12276, Bos et al., 2009),

and soft tissue cancer patients (GSE30929, Gobble et al., 2011).

A cohort of the de-identified colorectal cancer tissues with known p53 mutation status and p53

protein levels was obtained from the database of the First Affiliated Hospital of Harbin Medical

University (Harbin, China) with an IRB approval (Zheng et al., 2013). None of these patients received

pre-surgical chemotherapy.

Statistical analysis
The differences in xenograft tumor growth among groups were analyzed for statistical significance by

ANOVA, followed by Student’s t-tests using a GraphPad Prism software. Kaplan–Meier statistics were

performed to analyze the significance of differences in survival of patients among different groups

using software in PrognoScan website. All other p values were obtained using Student’s t-test or

χ2 test. Values of p < 0.05 were considered to be significant.
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Massagué J. 2009. Genes that mediate breast cancer metastasis to the brain. Nature 459:1005–1009. doi: 10.
1038/nature08021.

Brooks CL, Gu W. 2006. p53 ubiquitination: Mdm2 and beyond. Molecular Cell 21:307–315.
Carrettiero DC, Hernandez I, Neveu P, Papagiannakopoulos T, Kosik KS. 2009. The cochaperone BAG2 sweeps
paired helical filament- insoluble tau from the microtubule. The Journal of Neuroscience 29:2151–2161. doi: 10.
1523/JNEUROSCI.4660-08.2009.

Che X, Tang B, Wang X, Chen D, Yan X, Jiang H, Shen L, Xu Q, Wang G, Guo J. 2013. The BAG2 protein stabilises
PINK1 by decreasing its ubiquitination. Biochemical and Biophysical Research Communications 441:488–492.
doi: 10.1016/j.bbrc.2013.10.086.

Che XQ, Tang BS, Wang HF, Yan XX, Jiang H, Shen L, Xu Q, Wang GH, Zhang HN, Wang CY, Guo JF. 2014. The
BAG2 and BAG5 proteins inhibit the ubiquitination of pathogenic ataxin3-80Q. The International Journal of
Neuroscience. doi: 10.3109/00207454.2014.940585.

Cooks T, Pateras IS, Tarcic O, Solomon H, Schetter AJ, Wilder S, Lozano G, Pikarsky E, Forshew T, Rosenfeld N,
Harpaz N, Itzkowitz S, Harris CC, Rotter V, Gorgoulis VG, Oren M. 2013. Mutant p53 prolongs NF-kappaB

Yue et al. eLife 2015;4:e08401. DOI: 10.7554/eLife.08401 21 of 23

Research article Cell biology | Human biology and medicine

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10072
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10072
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10072
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3744
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3744
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3744
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21122
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21122
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21122
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14333
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14333
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14333
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14814
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14814
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14814
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12276
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12276
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12276
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30929
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30929
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30929
http://dx.doi.org/10.1172/JCI67280
http://dx.doi.org/10.1172/JCI67280
http://dx.doi.org/10.1038/cdd.2011.148
http://dx.doi.org/10.1038/nature08021
http://dx.doi.org/10.1038/nature08021
http://dx.doi.org/10.1523/JNEUROSCI.4660-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.4660-08.2009
http://dx.doi.org/10.1016/j.bbrc.2013.10.086
http://dx.doi.org/10.3109/00207454.2014.940585
http://dx.doi.org/10.7554/eLife.08401


activation and promotes chronic inflammation and inflammation-associated colorectal cancer. Cancer Cell 23:
634–646. doi: 10.1016/j.ccr.2013.03.022.

Dai Q, Qian SB, Li HH, McDonough H, Borchers C, Huang D, Takayama S, Younger JM, Ren HY, Cyr DM, Patterson
C. 2005. Regulation of the cytoplasmic quality control protein degradation pathway by BAG2. The Journal of
Biological Chemistry 280:38673–38681. doi: 10.1074/jbc.M507986200.

Freed-Pastor WA, Mizuno H, Zhao X, Langerod A, Moon SH, Rodriguez-Barrueco R, Barsotti A, Chicas A, Li W,
Polotskaia A, Bissell MJ, Osborne TF, Tian B, Lowe SW, Silva JM, Borresen-Dale AL, Levine AJ, Bargonetti J,
Prives C. 2012. Mutant p53 disrupts mammary tissue architecture via the mevalonate pathway. Cell 148:244–258.
doi: 10.1016/j.cell.2011.12.017.

Freed-Pastor WA, Prives C. 2012. Mutant p53: one name, many proteins. Genes & Development 26:1268–1286.
doi: 10.1101/gad.190678.112.

Gaedcke J, Grade M, Jung K, Camps J, Jo P, Emons G, Gehoff A, Sax U, Schirmer M, Becker H, Beissbarth T, Ried
T, Ghadimi M. 2011. Mutated KRAS induces overexpression of DUSP4, a MAP-kinase phosphatase, and SMYD3,
a histone methyltransferase, in rectal carcinomas. NCBI Gene Expression Omnibus. GSE20842. http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE20842.

Gobble RM, Qin LX, Brill ER, Angeles CV, Ugras S, O’Connor RB, Moraco NH, Decarolis PL, Antonescu C, Singer S.
2011. Whole-transcript expression data for liposarcoma. NCBI Gene Expression Omnibus. GSE30929. http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30929.

Harris CC, Hollstein M. 1993. Clinical implications of the p53 tumor-suppressor gene. The New England Journal of
Medicine 329:1318–1327. doi: 10.1056/NEJM199310283291807.

HuW, Feng Z, Levine AJ. 2012. The regulation of multiple p53 stress responses is mediated through MDM2.Genes
Cancer 3:199–208. doi: 10.1177/1947601912454734.

Kabbage M, Dickman MB. 2008. The BAG proteins: a ubiquitous family of chaperone regulators. Cellular and
Molecular Life Sciences 65:1390–1402. doi: 10.1007/s00018-008-7535-2.

Landi M, Dracheva T, Rotunno M, Figueroa JD, Liu H, Dasgupta A, Mann FE, Fukuoka J, Hames M, Bergen AW,
Murphy SE, Yang P, Pesatori AC, Consonni D, Bertazzi P, Wacholder S, Shih JH, Caporaso NE, Jen J. 2008. Gene
expression signature of cigarette smoking and its role in lung adenocarcinoma development and survival. NCBI
Gene Expression Omnibus. GSE10072. http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10072.

Lang GA, Iwakuma T, Suh YA, Liu G, Rao VA, Parant JM, Valentin-Vega YA, Terzian T, Caldwell LC, Strong LC, El-
Naggar AK, Lozano G. 2004. Gain of function of a p53 hot spot mutation in a mouse model of Li-Fraumeni
syndrome. Cell 119:861–872. doi: 10.1016/j.cell.2004.11.006.

Levine AJ, Hu W, Feng Z. 2006. The P53 pathway: what questions remain to be explored? Cell Death and
Differentiation 13:1027–1036. doi: 10.1038/sj.cdd.4401910.

Levine AJ, Oren M. 2009. The first 30 years of p53: growing ever more complex. Nature Reviews. Cancer 9:
749–758. doi: 10.1038/nrc2723.

Li D, Marchenko ND, Moll UM. 2011a. SAHA shows preferential cytotoxicity in mutant p53 cancer cells by
destabilizing mutant p53 through inhibition of the HDAC6-Hsp90 chaperone axis. Cell Death and Differentiation
18:1904–1913. doi: 10.1038/cdd.2011.71.

Li D, Marchenko ND, Schulz R, Fischer V, Velasco-Hernandez T, Talos F, Moll UM. 2011b. Functional inactivation of
endogenous MDM2 and CHIP by HSP90 causes aberrant stabilization of mutant p53 in human cancer cells.
Molecular Cancer Research 9:577–588. doi: 10.1158/1541-7786.MCR-10-0534.

Li X, Yang Q, Yu H, Wu L, Zhao Y, Zhang C, Yue X, Liu Z, Wu H, Haffty BG, Feng Z, Hu W. 2014. LIF promotes
tumorigenesis and metastasis of breast cancer through the AKT-mTOR pathway. Oncotarget 5:788–801.

Liu J, Zhang C, Hu W, Feng Z. 2015. Tumor suppressor p53 and its mutants in cancer metabolism. Cancer Letters
356:197–203. doi: 10.1016/j.canlet.2013.12.025.

Liu J, Zhang C, Wang XL, Ly P, Belyi V, Xu-Monette ZY, Young KH, Hu W, Feng Z. 2014. E3 ubiquitin ligase TRIM32
negatively regulates tumor suppressor p53 to promote tumorigenesis. Cell Death and Differentiation 21:
1792–1804. doi: 10.1038/cdd.2014.121.

Lukashchuk N, Vousden KH. 2007. Ubiquitination and degradation of mutant p53. Molecular and Cellular Biology
27:8284–8295. doi: 10.1128/MCB.00050-07.

Masciarelli S, Fontemaggi G, Di Agostino S, Donzelli S, Carcarino E, Strano S, Blandino G. 2014. Gain-of-function
mutant p53 downregulates miR-223 contributing to chemoresistance of cultured tumor cells. Oncogene 33:
1601–1608. doi: 10.1038/onc.2013.106.

Mizuno H, Kitada K, Nakai K, Sarai A. 2009. PrognoScan: a new database for meta-analysis of the prognostic value
of genes. BMC Medical Genomics 2:18. doi: 10.1186/1755-8794-2-18.

Muller P, Ceskova P, Vojtesek B. 2005. Hsp90 is essential for restoring cellular functions of temperature-sensitive
p53 mutant protein but not for stabilization and activation of wild-type p53: implications for cancer therapy. The
Journal of Biological Chemistry 280:6682–6691. doi: 10.1074/jbc.M412767200.

Muller PA, Caswell PT, Doyle B, Iwanicki MP, Tan EH, Karim S, Lukashchuk N, Gillespie DA, Ludwig RL, Gosselin P,
Cromer A, Brugge JS, Sansom OJ, Norman JC, Vousden KH. 2009. Mutant p53 drives invasion by promoting
integrin recycling. Cell 139:1327–1341. doi: 10.1016/j.cell.2009.11.026.

Muller PA, Vousden KH. 2013. p53 mutations in cancer. Nature cell biology 15:2–8. doi: 10.1038/ncb2641.
Muller PA, Vousden KH. 2014. Mutant p53 in cancer: new functions and therapeutic opportunities. Cancer Cell 25:
304–317. doi: 10.1016/j.ccr.2014.01.021.

Napoli M, Girardini JE, Del Sal G. 2012. Polo-like kinase 2: a new exploitable target to undermine mutant p53-
dependent chemoresistance. Cell Cycle 11:438. doi: 10.4161/cc.11.3.19225.

Yue et al. eLife 2015;4:e08401. DOI: 10.7554/eLife.08401 22 of 23

Research article Cell biology | Human biology and medicine

http://dx.doi.org/10.1016/j.ccr.2013.03.022
http://dx.doi.org/10.1074/jbc.M507986200
http://dx.doi.org/10.1016/j.cell.2011.12.017
http://dx.doi.org/10.1101/gad.190678.112
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20842
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20842
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30929
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30929
http://dx.doi.org/10.1056/NEJM199310283291807
http://dx.doi.org/10.1177/1947601912454734
http://dx.doi.org/10.1007/s00018-008-7535-2
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10072
http://dx.doi.org/10.1016/j.cell.2004.11.006
http://dx.doi.org/10.1038/sj.cdd.4401910
http://dx.doi.org/10.1038/nrc2723
http://dx.doi.org/10.1038/cdd.2011.71
http://dx.doi.org/10.1158/1541-7786.MCR-10-0534
http://dx.doi.org/10.1016/j.canlet.2013.12.025
http://dx.doi.org/10.1038/cdd.2014.121
http://dx.doi.org/10.1128/MCB.00050-07
http://dx.doi.org/10.1038/onc.2013.106
http://dx.doi.org/10.1186/1755-8794-2-18
http://dx.doi.org/10.1074/jbc.M412767200
http://dx.doi.org/10.1016/j.cell.2009.11.026
http://dx.doi.org/10.1038/ncb2641
http://dx.doi.org/10.1016/j.ccr.2014.01.021
http://dx.doi.org/10.4161/cc.11.3.19225
http://dx.doi.org/10.7554/eLife.08401


O’Keefe K, Li H, Zhang Y. 2003. Nucleocytoplasmic shuttling of p53 is essential for MDM2-mediated cytoplasmic
degradation but not ubiquitination. Molecular and Cellular Biology 23:6396–6405. doi: 10.1128/MCB.23.18.
6396-6405.2003.

Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA, Bronson RT, Crowley D, Jacks T. 2004. Mutant p53 gain of
function in two mouse models of Li-Fraumeni syndrome. Cell 119:847–860. doi: 10.1016/j.cell.2004.11.004.

Oren M, Rotter V. 2010. Mutant p53 gain-of-function in cancer. Cold Spring Harbor Perspectives in Biology 2:
a001107. doi: 10.1101/cshperspect.a001107.

Richardson A. 2006. Human breast tumor expression. NCBI Gene Expression Omnibus. GSE3744. http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3744.

Sieber OM. 2010. Expression data from 290 primary colorectal cancers. NCBI Gene Expression Omnibus.
GSE14333. http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14333.

Takayama S, Reed JC. 2001. Molecular chaperone targeting and regulation by BAG family proteins. Nature Cell
Biology 3:E237–E241. doi: 10.1038/ncb1001-e237.

Taylor BS, Barretina J, Meyerson M, Singer S. 2010. Whole-transcript expression data for soft-tissue sarcoma
tumors and control normal fat specimens. NCBI Gene Expression Omnibus. GSE21122. http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE21122.

Terzian T, Suh YA, Iwakuma T, Post SM, Neumann M, Lang GA, Van Pelt CS, Lozano G. 2008. The inherent
instability of mutant p53 is alleviated by Mdm2 or p16INK4a loss. Genes & Development 22:1337–1344. doi: 10.
1101/gad.1662908.

Trinidad AG, Muller PA, Cuellar J, Klejnot M, Nobis M, Valpuesta JM, Vousden KH. 2013. Interaction of p53 with
the CCT complex promotes protein folding and wild-type p53 activity.Molecular Cell 50:805–817. doi: 10.1016/j.
molcel.2013.05.002.

Tsao MS, Zhu CQ, Ding K, Strumpt D. 2010. Prognostic and Predictive Gene Signature for Adjuvant Chemotherapy
in Resected Non-Small-Cell Lung Cancer. NCBI Gene Expression Omnibus. GSE14814. http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE14814.

Vousden KH, Prives C. 2009. Blinded by the light: the growing complexity of p53. Cell 137:413–431. doi: 10.1016/
j.cell.2009.04.037.

Yu H, Yue X, Zhao Y, Li X, Wu L, Zhang C, Liu Z, Lin K, Xu-Monette ZY, Young KH, Liu J, Shen Z, Feng Z, Hu W.
2014. LIF negatively regulates tumour-suppressor p53 through Stat3/ID1/MDM2 in colorectal cancers. Nature
Communications 5:5218. doi: 10.1038/ncomms6218.

Zhang C, Liu J, Liang Y, Wu R, Zhao Y, Hong X, Lin M, Yu H, Liu L, Levine AJ, Hu W, Feng Z. 2013. Tumour-
associated mutant p53 drives the Warburg effect. Nature Communications 4:2935. doi: 10.1038/ncomms3935.

Zhao Y, Zhang C, Yue X, Li X, Liu J, Yu H, Belyi VA, Yang Q, Feng Z, Hu W. 2015. Pontin, a new mutant p53-binding
protein, promotes gain-of-function of mutant p53. Cell Death and Differentiation. doi: 10.1038/cdd.2015.33.

Zheng T, Wang J, Zhao Y, Zhang C, Lin M, Wang X, Yu H, Liu L, Feng Z, Hu W. 2013. Spliced MDM2 isoforms
promote mutant p53 accumulation and gain-of-function in tumorigenesis. Nature Communications 4:2996.
doi: 10.1038/ncomms3996.

Yue et al. eLife 2015;4:e08401. DOI: 10.7554/eLife.08401 23 of 23

Research article Cell biology | Human biology and medicine

http://dx.doi.org/10.1128/MCB.23.18.6396-6405.2003
http://dx.doi.org/10.1128/MCB.23.18.6396-6405.2003
http://dx.doi.org/10.1016/j.cell.2004.11.004
http://dx.doi.org/10.1101/cshperspect.a001107
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3744
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3744
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14333
http://dx.doi.org/10.1038/ncb1001-e237
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21122
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21122
http://dx.doi.org/10.1101/gad.1662908
http://dx.doi.org/10.1101/gad.1662908
http://dx.doi.org/10.1016/j.molcel.2013.05.002
http://dx.doi.org/10.1016/j.molcel.2013.05.002
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14814
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14814
http://dx.doi.org/10.1016/j.cell.2009.04.037
http://dx.doi.org/10.1016/j.cell.2009.04.037
http://dx.doi.org/10.1038/ncomms6218
http://dx.doi.org/10.1038/ncomms3935
http://dx.doi.org/10.1038/cdd.2015.33
http://dx.doi.org/10.1038/ncomms3996
http://dx.doi.org/10.7554/eLife.08401


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


