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SUMMARY

The p53 transcription factor is a critical barrier to pancreatic cancer progression. To unravel 

mechanisms of p53-mediated tumor suppression, which have remained elusive, we analyzed 

pancreatic cancer development in mice expressing p53 transcriptional activation domain (TAD) 

mutants. Surprisingly, the p5353,54 TAD2 mutant behaves as a “super-tumor suppressor”, with an 
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enhanced capacity to both suppress pancreatic cancer and transactivate select p53 target genes, 

including Ptpn14. Ptpn14 encodes a negative regulator of the Yap oncoprotein and is necessary 

and sufficient for pancreatic cancer suppression, like p53. We show that p53 deficiency promotes 

Yap signaling and that PTPN14 and TP53 mutations are mutually exclusive in human cancers. 

These studies uncover a p53-Ptpn14-Yap pathway that is integral to p53-mediated tumor 

suppression.

In brief/eTOC blurb

Mello et al. find that a p53 mutant harboring mutations in the second transcriptional activation 

domain has enhanced tumor suppression capacities due to hyperactivation of the p53 target gene 

Ptpn14. Ptpn14 suppresses Yap activity and is required for p53 tumor suppressor activity in 

pancreatic cancer.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is an extremely deadly cancer, with patients 

displaying a 5-year survival rate of only 8% (Siegel et al., 2016). This high rate of mortality 

is attributable both to an inability to detect the disease early and the cancer being highly 

refractory to treatment (Ryan et al., 2014). Molecular genetic characterization of PDACs has 

identified several common gene alterations, including activating mutations in the KRAS 
oncogene in 95% of cases and inactivating mutations in the CDKN2A, TP53, and/or 

SMAD4 tumor suppressor genes (Jones et al., 2008). Studies using genetically engineered 

mouse models have demonstrated that Kras activation along with mutation of one copy of 

any of these tumor suppressor genes is sufficient to drive PDAC development (Aguirre et al., 

2003; Bardeesy et al., 2006a; Bardeesy et al., 2006b; Hingorani et al., 2005; Izeradjene et 

al., 2007). Recent studies continue to illuminate the contribution of new proteins to PDAC 

development, such as the Yap transcriptional coactivator, which is essential for progression 
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of preneoplastic lesions to PDAC in mouse models and can even substitute for Kras 

activation (Kapoor et al., 2014; Zhang et al., 2014).

The TP53 tumor suppressor gene is mutated in ~75% of human PDACs, underscoring the 

importance of p53 inactivation for PDAC development (Jones et al., 2008). Mouse models 

have recapitulated this observation, where Kras activation in combination with point 

mutation or deletion of one copy of the Trp53 gene is sufficient to induce PDAC with 

characteristic features of the human disease, including genomic instability and metastatic 

capacity (Bardeesy et al., 2006a; Hingorani et al., 2005). In particular, progression from 

preinvasive Pancreatic Intraepithelial Neoplasia lesions (PanINs) to invasive PDACs is 

associated with loss of heterozygosity (LOH) of Trp53, highlighting p53’s crucial role as a 

barrier to invasive pancreatic cancer development (Baumgart et al., 2010; Lüttges et al., 

2001). Understanding how p53 acts in this context, and which pathways are dysregulated 

when it is lost, could provide insight into the molecular mechanisms that enable PDAC 

progression.

p53 is a cellular stress sensor, responding to diverse stress signals such as oncogenic stimuli, 

DNA damage, and nutrient deprivation by restraining cellular expansion through cell-cycle 

arrest or apoptosis (Brady and Attardi, 2010; Vousden and Prives, 2009). The best-

characterized functions of p53 are in inducing proliferative arrest or apoptosis in response to 

acute DNA damage, although p53 also regulates various other cellular functions, including 

metabolism, motility, and differentiation (Bieging et al., 2014). p53 acts primarily as a 

transcriptional activator that binds defined consensus sites throughout the genome and drives 

expression of specific genes involved in the different processes regulated by p53. However, 

despite some understanding of the genes involved in specific cell biological functions of 

p53, the genes critical for tumor suppression have remained enigmatic. Surprisingly, recent 

studies have shown that the classical DNA damage-induced p53 responses of apoptosis and 

cell-cycle arrest and the p53 target genes involved in these responses – Cdkn1a (p21), 
Pmaip1 (Noxa), and Bbc3 (Puma) – are dispensable for tumor suppression (Brady et al., 

2011; Li et al., 2012; Valente et al., 2013). These findings suggest that the key mediators of 

p53 in tumor suppression remain to be identified.

The p53 protein comprises distinct domains involved in sequence-specific DNA binding, 

tetramerization and transcriptional activation. p53 harbors two discrete transcriptional 

activation domains (TADs) identified using in vitro reporter assays but whose in vivo roles 

have not been fully investigated (Raj and Attardi, 2017). To query the role of each p53 TAD 

in p53 function in vivo, we generated p53 knock-in mouse strains expressing mutants altered 

in the first (p5325,26), second (p5353,54) or both TADs (p5325,26,53,54; Brady et al., 2011). 

Genome-wide transcriptomic analysis demonstrated that p5325,26 is severely compromised 

for transactivation of most known p53 target genes, including Cdkn1a and Mdm2, but retains 

the ability to activate a small subset of p53 target genes, including Bax. Furthermore, 

although unable to trigger cell-cycle arrest or apoptosis in response to acute DNA damage, 

p5325,26 retains full activity in suppressing diverse cancers in vivo (Brady et al., 2011; Jiang 

et al., 2011). In contrast, p5325,26,53,54 is completely defective for transactivation and tumor 

suppression, highlighting the importance of transcriptional activation for p53-mediated 

tumor suppression. Notably, in these experiments, the p5353,54 mutant appeared 
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uncompromised with respect to wild-type p53 in both transactivation of classical p53 target 

genes and suppression of lung cancer. Here we leverage these p53 TAD mutant mouse 

strains to unravel transcriptional programs underlying p53-mediated tumor suppression in a 

well-established model for PDAC (Hingorani et al., 2003).

RESULTS

The p5353,54 mutant is a hyperactive tumor suppressor

To interrogate the mechanisms by which p53 suppresses pancreatic cancer development, we 

utilized a well-established model for PDAC in which KrasG12D is expressed in the pancreas 

by virtue of a Pdx1-Cre transgene (Hingorani et al., 2003). We generated 

Kras+/LSL-G12D;Pdx1-Cre mice heterozygous for p53 TAD mutant alleles. Given extensive 

studies on p5325,26 (Brady et al., 2011; Jiang et al., 2011), we focused on the less-

characterized p5353,54 and the TAD-dead p5325,26,53,54 mutants (Figure 1A and 1B). In these 

mice, expression of the mutant KrasG12D and Trp53 TAD mutant alleles is silenced through 

upstream transcriptional stop elements flanked by loxP recombination sites (Lox-Stop-Lox 

or LSL). We performed this study in mice heterozygous for the wild-type Trp53 allele, as the 

wild-type Trp53 allele is typically lost through LOH in pancreatic cancer. We also included 

cohorts homozygous for wild-type Trp53 (Trp53+/+), heterozygous for a Trp53 null allele 

(Trp53+/−), and heterozygous for a LSL-WT Trp53 allele (Trp53+/LSL-WT). Cohorts of mice 

were generated, aged, and examined for pancreas cancer-free survival upon morbidity 

(Figure 1B).

As anticipated, our analyses revealed reduced pancreatic cancer-free survival in 

Kras+/LSL-G12D;Pdx1-Cre;Trp53+/− mice relative to those with wild-type p53 

(Kras+/LSL-G12D;Pdx1-Cre;Trp53+/+ and Kras+/LSL-G12D;Pdx1-Cre;Trp53+/LSL-WT mice; 

Figure 1C). Moreover, Kras+/LSL-G12D;Pdx1-Cre;Trp53+/LSL-25,26,53,54 mice succumbed to 

pancreatic cancer with a latency similar to the Kras+/LSL-G12D;Pdx1-Cre;Trp53+/− cohort, 

indicating that Trp5325,26,53,54 behaves as a null allele in this context and highlighting the 

importance of p53 transcriptional activity for pancreatic cancer suppression, as seen in other 

tumor models (Brady et al., 2011; Jiang et al., 2011). The most surprising finding, however, 

was that Kras+/LSL-G12D;Pdx1-Cre;Trp53+/LSL-53,54 mice exhibited longer pancreatic cancer-

free survival than wild-type p53 controls, suggesting that TAD2 mutation protects against 

pancreatic cancer (Figure 1C). Notably, the most advanced lesions in Kras+/LSL-G12D;Pdx1-
Cre;Trp53+/LSL-53,54 mice were PanINs, as determined by histopathological analysis and 

positivity for the PanIN marker Muc5ac, while all other cohorts presented with more 

advanced lesions, classified as PDAC by pathology, Cytokeratin 19 (Ck19)-positivity, and 

absence of Muc5ac staining (Figure 1D, 1E). Pancreatic cancers were of a variety of 

differentiation states (Figure S1). In addition, metastatic lesions were observed in all cohorts 

except Kras+/LSL-G12D/+;Pdx1-Cre;Trp53+/LSL-53,54 mice (Figure 1E, F). Liver metastases 

were the most common among all the cohorts, with rare spleen and lung metastases in some 

animals. Collectively, these findings demonstrate that transcriptional activation potential is 

critical for p53 to suppress pancreatic cancer development. Moreover, these experiments 

reveal a surprising enhanced capacity of the p5353,54 mutant to suppress PDAC 
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development, a property that could provide mechanistic insight into p53 tumor suppressor 

pathways.

Combined ChIP-seq and transcriptomic analyses reveal p53 target genes hyperactivated 
by p5353,54

To gain insight into the underlying basis of the enhanced tumor suppressor activity of 

p5353,54, we leveraged transcriptomics data that we had previously generated to study the 

p53 mutants in HrasV12-expressing mouse embryonic fibroblasts (MEFs), a model for 

neoplastic cells (Brady et al., 2011). While classical p53 target genes were not 

hyperactivated by p5353,54 compared to wild-type p53 (Brady et al. 2011), we sought to 

determine whether some p53-dependent genes might be induced to a higher level by 

p5353,54 than by wild-type p53. Indeed, we were able to derive a list of genes induced to a 

greater extent (≥1.3 fold) by p5353,54 than wild-type p53. Using ChIP-seq data from primary 

MEFs (Kenzelmann Broz et al., 2013), we identified 103 direct p53 target genes 

hyperactivated by p5353,54 (Figure 2A). This enhanced activation of select p53 target genes 

by p5353,54 relative to wild-type p53 is also observed by qRT-PCR analysis in KrasG12D-

expressing lung cancer cells that we derived from mice (Figure 2B), suggesting that the 

enhanced activation of target genes p5353,54 is a broad, cell type-independent effect. The 

hyperactivation of certain p53 target genes by p5353,54 may in part relate to the fact that 

p5353,54 is more stable than wild-type p53 (Figure 2C), presumably due to its diminished 

ability to interact with Mdm2 (Figure 2D). p5353,54 hyperactivity likely results not only 

from augmented stability but also from enhanced transcriptional activity on specific genes, 

given its highly selective effects on particular p53 target genes. Indeed, in silico structural 

analyses show that the TAD2 amphipathic α-helix in both human and mouse p53 allows 

binding to interacting partners through hydrophobic interactions, and that changing WF in 

human p53 (or FF in mouse p53) to QS is predicted to decrease the affinity of the interaction 

(Figure 2E). These observations in turn suggest that perturbed interactions with any negative 

regulators such as Mdm4 could provide a potential mechanism for the enhanced 

transcriptional activity of p5353,54.

The 103 genes hyperactivated by p5353,54 likely underlie its enhanced tumor suppressor 

function. Gene ontology analysis revealed a significant enrichment of genes in one category 

– that of “biological adhesion” (FWER p value: 0.043). To pinpoint those most relevant to 

pancreatic cancer, we identified those genes whose expression is p53-dependent in PDAC by 

analyzing microarray data from PDACs from Kras+/LSL-G12D;Ptf1a-Cre;Trp53+/fl and 

Kras+/LSL-G12D;Ptf1a-Cre;Cdkn2a+/fl mice, which display loss of Trp53 or Cdkn2a through 

LOH, and therefore lack or express p53, respectively (Collisson et al., 2011). In this 

analysis, we found that 16 genes display clear p53-dependent expression in pancreas cancer 

(Figure 2F). One gene – Ptpn14 (protein tyrosine phosphatase non-receptor type 14) – was a 

particularly compelling candidate to pursue given both its function in biological adhesion 

(Wadham et al., 2003) and its reported mutation in human colorectal cancers, suggesting a 

role in tumor suppression in humans (Wang et al., 2004). Moreover, Ptpn14 was reported as 

a critical negative regulator of Yap (Huang et al., 2013; Liu et al., 2013; Michaloglou et al., 

2013; Wang et al., 2012), which itself has a central role in driving pancreatic cancer 
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progression (Kapoor et al., 2014; Zhang et al., 2014). We therefore hypothesized that a p53-

Ptpn14-Yap axis may be an important component of pancreatic cancer suppression.

Ptpn14 is a p53 target gene, bound and regulated in different contexts

To examine the role of Ptpn14 in the p53 pathway, we first sought to establish whether it is a 

direct p53 target. Using our MEF p53 ChIP-seq data (Kenzelmann Broz et al., 2013), we 

found that p53 binds to four intronic regions in the mouse Ptpn14 locus, all of which carry 

response elements strongly matching the p53 consensus binding sequence (Figure 3A). 

Importantly, p53 binding is conserved in a p53 ChIP-seq data set we generated from human 

fibroblasts (Younger et al., 2015), although in this case p53 binds only one intron (Figure 

3B).

To solidify the notion that Ptpn14 is a bona fide p53 target gene, we examined the p53-

dependence of Ptpn14 expression in multiple contexts. We first confirmed that Ptpn14 is 

indeed p53-dependent and is hyperactivated by the p5353,54 mutant relative to wild-type p53 

in HrasV12-expressing MEFs (Figure 3C). We next showed that Ptpn14 expression is p53-

dependent in multiple cell types, including cells derived from well characterized mouse 

GEMMs: KrasG12D-driven lung adenocarcinomas and Eμ-myc transgene-triggered B-cell 

lymphomas (Figure 3D, E). Furthermore, as in oncogene-expressing MEFs, Ptpn14 is 

hyperactivated by the p5353,54 mutant in KrasG12D-driven lung adenocarcinomas (Figure 

3D). In addition, Ptpn14 is induced by ionizing radiation in MEFs in a p53-dependent 

fashion, indicating that it is also activated by DNA damage signals, not only oncogene 

expression (Figure 3F). Finally, we observe that PTPN14 expression is p53-dependent in 

human HCT116 colorectal cancer cells (Figure S2), indicating that the ability of p53 to 

activate PTPN14 is conserved in humans. Together, these findings demonstrate that Ptpn14/
PTPN14 is a p53 target gene in diverse mouse and human cell contexts.

Ptpn14 suppresses pancreatic cell proliferation and transformation

To ascertain whether p53 acts through Ptpn14 to suppress pancreatic cancer, we investigated 

whether Ptpn14 itself has growth suppressive activity in pancreatic cancer cells. We first 

utilized overexpression approaches to determine whether Ptpn14 is sufficient to induce 

growth arrest. Indeed, introduction of HA-Ptpn14 into mouse p53-deficient pancreatic 

cancer cells (Kras+/LSL-G12D;Pdx1-Cre;Trp53fl/fl or KPC) is sufficient to inhibit cell cycle 

progression, as assessed by BrdU incorporation (Figure 4A), commensurate with that seen 

upon HA-p53 overexpression. Moreover, this growth arrest correlates with suppressed 

clonogenic potential in a low density plating assay and with decreased anchorage-

independent growth in a soft agar assay (Figure 4B). Similarly, HA-Ptpn14 overexpression 

inhibits proliferation, clonogenic potential, and anchorage-independent growth of MIA 

PaCa-2 and PANC-1 human p53 mutant pancreatic cancer cells (Figure 4C and 4D, Figure 

S3A). Interestingly, the HA-p53-mediated arrest is impaired in Ptpn14-knockdown cells, 

indicating that p53 relies at least in part on Ptpn14 to drive cell cycle arrest (Figure 4E, 

Figure S3B). Together, these findings show that Ptpn14 can impede cell cycle progression 

and limits both clonogenic potential and anchorage-independent growth in both mouse and 

human cells.
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Knockdown of a key tumor suppressor in the p53 pathway should promote transformation in 

wild-type p53-expressing cells but not p53 null cells. We tested this hypothesis by knocking 

down Ptpn14 expression in two different p53-proficient (Kras+/LSL-G12D;Pdx1-
Cre;Cdkn2afl/fl or KIC) PDAC cell lines and examining the ability of cells to grow in 

clonogenic and anchorage-independent growth assays. Ptpn14 knockdown resulted in 

increased colonies in both assays, using either of two different Ptpn14 shRNAs, indicating 

that Ptpn14 indeed displays tumor suppressor activity (Figures 5A–C, Figures S4A–B). 

Interestingly, the extent of enhanced growth was comparable to that achieved by p53 

knockdown, highlighting the potency of this target gene in transformation suppression. 

Rescue experiments verified that the shRNA specifically targeted Ptpn14 (Figure S4C). 

Importantly, the effects of Ptpn14 knockdown were dependent on p53, as Ptpn14 knockdown 

in p53-deficient KPC cells did not enhance colony growth in clonogenic growth assays 

(Figure 5B). To assess whether Ptpn14 is also a tumor suppressor in vivo, we knocked down 

Ptpn14 in two different p53-proficient KIC PDAC cell lines and injected these cells 

subcutaneously into immunocompromised mice. Ptpn14 knockdown increased tumor size, 

with a growth enhancement comparable to that achieved by p53 knockdown (Figure 5D), 

indicating that Ptpn14 also behaves as a tumor suppressor in vivo. Collectively, these 

findings demonstrate that the p53 target gene Ptpn14 has potent p53-dependent tumor 

suppression activity.

Ptpn14 restrains pancreatic cancer cell proliferation through effects on Yap

Ptpn14 interacts with multiple proteins, such as β-Catenin (Wadham et al., 2003) and 

p130Cas (Zhang et al., 2013), but its best-characterized binding partner is Yap, a 

transcriptional coactivator and component of the Hippo growth regulatory pathway (Huang 

et al., 2013; Liu et al., 2013; Michaloglou et al., 2013; Wang et al., 2012; Wilson et al., 

2014). Ptpn14 also interacts with Kibra and Lats1, other Hippo pathway components that 

negatively regulate Yap (Poernbacher et al., 2012; Wilson et al., 2014). Given that Yap is 

critical for progression of PanINs to PDACs in mice (Zhang et al., 2014), we sought to 

assess whether the growth inhibitory effects of Ptpn14 in pancreatic cancer cells are 

mediated via effects on Yap. We first delineated domains important for Ptpn14 function in 

inhibiting cell cycle progression. Ptpn14 is characterized by several functional domains, 

including N-terminal FERM (F for 4.1 protein, E for ezrin, R for radixin and M for moesin) 

domains that allow bridging between the cytoskeleton and the plasma membrane (Tsukita et 

al., 1997), central PPxY motifs that mediate interaction with WW domain-containing 

proteins such as Yap to drive cytoplasmic sequestration, and a C-terminal protein tyrosine 

phosphatase domain. We introduced a panel of V5-tagged Ptpn14 mutants altered in these 

key domains into p53 null KPC PDAC cells and assessed their ability to inhibit proliferation 

(Figure 6A, B; Figure S5A). We found that the PPxY motifs, which are required for Yap 

binding, are critical for Ptpn14-mediated growth arrest. Furthermore, the C-terminal domain, 

which complexes with Kibra to activate the Lats1 kinase and thereby indirectly block Yap 

activity, is also important for efficient proliferative arrest (Poernbacher et al., 2012; Wilson 

et al., 2014). In contrast, the amino-terminal FERM domains were dispensable for 

proliferative arrest. All mutants showed similar sub-cellular localization patterns, indicating 

that mislocalization did not account for lack of activity (Figure 6B). Taken together, the 

requirement for the PPxY motif and C-terminus for inhibiting proliferation in pancreatic 
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cancer cells is consistent with an important role for Ptpn14 in regulating Yap in these cells. 

Indeed, HA-Ptpn14 overexpression promoted Yap cytoplasmic localization in pancreatic 

cancer cells (Figure 6C). The phosphatase activity of Ptpn14 was dispensable for its ability 

to relocalize Yap and to suppress colony formation (Figure S5B and S5C), suggesting that 

biological activity in this context does not require catalytic activity, as reported previously in 

some contexts (Wang et al., 2012). Importantly, the enhanced colony growth observed upon 

Ptpn14 knockdown in p53-proficient KIC PDAC cells was attenuated upon treatment of 

these cells with verteporfin, a Yap inhibitor (Liu-Chittenden et al., 2012), implicating Yap in 

the enhanced transformation triggered by Ptpn14 knockdown (Figure 6D). Together, these 

findings demonstrate that Ptpn14 negatively regulates Yap to induce growth arrest in 

pancreatic cancer cells.

p53 Acts as a Tumor Suppressor through the Ptpn14-Yap axis

Our finding that p53-mediated transformation suppression in pancreatic cancer depends on 

Ptpn14 suggests that p53 acts at least in part by modulating Yap signaling. To directly test 

this idea, we took a multipronged approach. First, we interrogated whether p53 loss exerts 

effects through Yap by attenuating p53 expression through RNA interference in KIC PDAC 

cells and treating these cells with verteporfin. As with shPtpn14-expressing cells, verteporfin 

treatment attenuated colony formation in p53 shRNA-expressing PDAC cells significantly 

more than in luciferase control shRNA-expressing cells, suggesting that Yap contributes to 

the enhanced transformation triggered by p53 knockdown (Figure 6D). Similarly, Yap 

knockdown inhibited enhanced colony formation in p53-deficient KPC cells (Figures S5D–

E). Next, we examined the effects of p53 deficiency on Yap target gene expression in pre-

malignant mouse PanIN lesions to determine whether p53 loss promotes Yap signaling 

during mouse pancreatic cancer development. Toward this end, we collected pancreata from 

Kras+/LSL-G12D;Pdx1-Cre;Trp53+/+ and Kras+/LSL-G12D;Pdx1-Cre;Trp53−/− mice, at 6–8 and 

4–6 weeks, respectively, ages at which we verified that only PanINs are present. We 

dissociated the pancreas, sorted the CD133+ ductal epithelial cells that make up the PanINs 

(Lee et al., 2013; Sugiyama et al., 2007), and used these cells for RNA-seq analysis (Figure 

6E). Gene Set Enrichment Analysis (GSEA) revealed a Yap signature induced upon p53 

deficiency (Figure 6F). Moreover, expanding this analysis to examine the expression of a 

gene set comprising YAP target genes from 2 different MSigDB signatures and genes 

previously described as Yap targets (Dupont et al., 2011) showed that ~40% of Yap-activated 

genes are induced in the p53-deficient PanINs, further supporting the idea that p53 loss 

promotes the induction of a Yap transcriptional program (Figure 6G, Table S1). Finally, we 

tested whether PanINs from Kras+/LSL-G12D;Ptf1a-Cre;Trp53−/− mice displayed more Yap 

nuclear localization than those from Kras+/LSL-G12D;Ptf1a-Cre;Trp53+/+ mice. Indeed, the 

percentage of cells with Yap nuclear staining was significantly higher in p53-deficient 

PanINs than in p53-expressing ones, supporting the notion that p53 restrains Yap signaling 

in incipient pancreatic cancers (Figure 6H). These studies thus collectively illuminate a 

heretofore unknown connection between p53 deficiency and Yap activation in pancreatic 

cancer development.
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The p53-Ptpn14-Yap axis is altered in human cancers

To examine the significance of the p53-Ptpn14-Yap axis in human pancreatic cancer, we first 

examined Ptpn14 expression during human pancreatic cancer development. Immunostaining 

for Ptpn14 on tissue microarrays comprising samples representing different stages of 

pancreatic cancer development revealed that Ptpn14, while robustly expressed at the plasma 

membrane in PanINs, is greatly reduced during the progression to PDAC, consistent with it 

having tumor suppressor activity (Figure 7A). Moreover, p53 deficiency was particularly 

associated with reduced Ptpn14 membrane localization in PDACs, as tumors harboring TP53 
mutations display a significant loss of Ptpn14 staining, while tumors with wild-type TP53 
predominantly exhibit Ptpn14 plasma membrane localization (Figure 7B). We also similarly 

analyzed these samples for Yap localization and found that tumors carrying TP53 mutations 

predominantly display Yap nuclear localization, while tumors with wild-type TP53 
frequently show lack of Yap nuclear localization (Figure 7B). Moreover, by leveraging 

TCGA data to compare the expression of Yap-inducible genes in tumors that preserve wild-

type p53 function with those harboring TP53 mutations, we found that p53 deficiency 

stimulates Yap signaling in human pancreatic cancer as well as in a variety of other human 

cancer types, including tumors driven by oncogenic Kras and those with wild-type Kras 

expression (Figure 7C, Table S2, Table S3, Figure S6A). Consistent with this idea, 

verteporfin selectively inhibits the growth of p53-deficient human cancer cells of a variety of 

types but not p53-proficient counterparts (Figure S6B). Moreover, Ptpn14 overexpression 

inhibits the clonogenic potential of p53-deficient human cancer cells but not that of wild-

type counterparts (Figures S6C–D). Collectively, these findings demonstrate that p53 

deficiency generally promotes Yap activity in a host of cancers, which can enable 

transformation.

To provide more direct evidence of the p53-Ptpn14 transcriptional program in pancreatic 

cancer suppression, we assessed whether PTPN14 is mutated in human cancers and whether 

its mutation is mutually exclusive with TP53. Because of the limited number of pancreatic 

cancer samples, we chose to examine PTPN14 status in an expanded set of samples of 

gastrointestinal cancers, including pancreas, colon, esophageal, gastric and rectal cancers. 

Interestingly, we found that PTPN14 is mutated in 5% of these cancers and that these 

mutations are typically mutually exclusive with TP53 (Figure 7D), consistent with p53 and 

Ptpn14 being in the same pathway. Additionally, we found that higher levels of PTPN14 
expression predict increased overall survival in PDAC patients (Figure S6E), consistent with 

tumor suppressor activity. Collectively, these findings support the idea that Ptpn14 lies in the 

same pathway as p53 and underscore the importance of the p53-Ptpn14-Yap axis in cancer 

suppression in both mice and humans (Figure 7E).

DISCUSSION

Despite the critical role of p53 in tumor suppression, the transcriptional programs 

downstream of p53 in tumor suppression have remained elusive. Recent studies have 

challenged the significance of the classical p53 functions of cell cycle arrest and apoptosis, 

as well as key effectors of these pathways, for tumor suppression (Brady et al., 2011; Li et 

al., 2012; Valente et al., 2013). Here, we strive to shed light on the pathways of p53-
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mediated tumor suppression by studying a panel of p53 TAD mutant mouse strains in a 

pancreatic cancer model.

Although hyperactive p53 mutants have been described previously (reviewed in Van 

Nostrand and Attardi, 2014), the p5353,54 mutant is unique in displaying enhanced tumor 

suppressor capability. Mice expressing either of two N-terminal deletion variants – p53Δ40 or 

p53m – display premature aging, which is at least in part attributable to effects on gene 

expression (Maier et al., 2004; Tyner et al., 2002). Moreover, expression of the C-terminal 

deletion mutants p53ΔN31 or p53ΔCTD in mice provokes early adult lethality accompanied by 

phenotypes of dyskeratosis congenita and hematopoietic failure/impaired cerebellar 

development, respectively, phenotypes correlated with hyperactivation of p53 target genes. 

The p5353,54 mutant is distinct in that it enhances tumor suppression without provoking any 

additional detrimental effects and is reminiscent of super-p53 mice with multiple copies of 

p53, which are tumor resistant but fail to age prematurely (Garcia-Cao et al., 2002). 

Embryos and mice expressing the p5353,54 mutant are viable and healthy, unlike those 

expressing these other hyperactive mutants (Van Nostrand et al., 2014). The exact 

mechanism by which p5353,54 acts is not well understood, but its hyperactivity is likely due 

at least in part to mildly enhanced stability resulting from a compromised ability to bind the 

Mdm2 ubiquitin ligase, as predicted by our molecular modeling and previous structural 

studies (Chi et al., 2005; Shan et al., 2012) and supported by our co-immunoprecipitation 

experiments. However, slightly increased stability is not likely to fully account for the 

enhanced tumor suppressor activity of the p5353,54 mutant, as it has very selective effects on 

the p53-dependent transcriptome. The precise basis for the enhanced transcriptional activity 

remains unclear, but disruption of interactions with any partner that negatively regulates p53 

transcriptional activity, such as Mdm4, would explain transcriptional hyperactivity. Our in 
silico structural analyses of the p53-Hmgb1 interaction suggest that W53Q;F54S mutations 

would perturb any interaction mediated by an amphipathic α-helix structure in TAD2. 

Which TAD2 binding partner is most relevant in this scenario, however, remains unclear and 

will be interesting to deduce in future studies.

The identification of PTPN14 as a p53 target gene implicates the Hippo pathway, which 

regulates organ size and tissue regeneration (Yu et al., 2015), as a central component of the 

p53 tumor suppression pathway. In the Hippo pathway, a cascade of kinases ultimately 

impinges upon Yap and the related transcriptional coactivator Taz to block their nuclear 

localization and associated transcriptional activity. Pathological Yap activation is involved in 

the initiation and progression of various cancers, including pancreatic cancer, by promoting 

programs essential for tumorigenesis, such as proliferation, survival, stemness, epithelial-to-

mesenchymal transition and metastasis programs (Yu et al., 2015; Zanconato et al., 2016b). 

However, while dysregulation of the Hippo pathway is a key event in many tumor types, 

mutations in Hippo pathway components themselves are rare, and the mechanisms that 

liberate Yap during tumorigenesis remain incompletely understood, underscoring the critical 

need to identify upstream regulators of this pathway (Plouffe et al., 2016; Zanconato et al., 

2016b). Our results show that mouse tumors harboring complete p53 inactivation display 

significantly enhanced active nuclear Yap, suggesting that the wild-type p53 is key for 

negatively regulating Yap activity in PDAC and in other cancers. Ptpn14 binding and 

sequestering Yap in the cytoplasm (Wang et al., 2012) provides a reasonable rationale for 
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how p53 might restrict Yap signaling and consequent tumorigenic phenotypes. In addition, 

Ptpn14, via interactions with Kibra, activates Lats1 to inhibit Yap (Wilson et al., 2014). 

Activation of Lats1/2 by PtpnN14 may also have the additional effect of stimulating p53 

activity by binding Mdm2, driving a positive feedback loop for p53 activity (Aylon et al., 

2006; Matallanas et al., 2011). Our data highlighting the requirement of Ptpn14 in tumor 

suppression has been bolstered by recent human cancer genome studies in which PTPN14 
was shown to be mutated in both kidney cancer and basal cell carcinoma, leading to Yap 

nuclear localization (Bonilla et al., 2016; Mehra et al., 2016). These observations are in 

keeping with studies in immortalized mammary cell lines, in which Ptpn14 knockdown 

enhances colony growth (Liu et al., 2013; Michaloglou et al., 2013; Wang et al., 2012). 

Collectively, our findings highlighting p53-Ptpn14 as an axis upstream of Yap suggests an 

important pathway through which Yap can be regulated during cancer development.

Our study has potential therapeutic implications. First, our findings with the p5353,54-

expressing mice suggest the possibility of mild hyperactivation of the p53 tumor suppressor 

response without provoking detrimental effects in normal tissues. It may be possible to 

develop either a chemopreventive agent or cancer therapeutic for wild-type p53-expressing 

cancers that would perturb the interaction of the TAD2 domain with interacting partners and 

mimic the p5353,54 mutant to enhance tumor suppression in vivo. Second, our discovery that 

Yap is activated in p53-deficient tumors suggests it as a potential therapeutic target in the 

many cancers that carry p53 mutations. As our experiments suggest, inhibiting Yap activity 

in p53-deficient cells dampens transformation potential. Many therapeutic strategies aimed 

at targeting Yap are being explored (Moroishi et al., 2015; Zanconato et al., 2016a), and 

verteporfin is currently being tested in a clinical trial for the treatment of locally advanced 

pancreatic cancer (Huggett et al., 2014). It will be worthwhile to evaluate the particular 

efficacy of such therapies in p53-deficient cancers. Through such strategies, future studies 

will leverage our enhanced understanding of p53 tumor suppression pathways to develop 

improved approaches to cancer therapy.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the Lead 

Contact Laura D. Attardi at attardi@stanford.edu

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse analysis—All animal experiments were in accordance with the Stanford 

University APLAC (Administrative Panel on Laboratory Animal Care). p53 TAD mutant 

mice (Brady et al., 2011; Johnson et al., 2005) were bred to mice carrying KrasLSL-G12D 

(Jackson et al., 2001) and Pdx1-Cre alleles (Hingorani et al., 2003) to generate cohorts for 

pancreatic cancer experiments. Mice were aged and humanely sacrificed upon signs of 

morbidity. Kras+/G12D;Pdx1-Cre;Trp53+/+ mice (6–8 weeks old) and Kras+/G12D;Pdx1-
Cre;Trp53−/− mice (4–6 weeks old) were used for the sorting of PanIN cells and RNA-seq. 

We verified that only PanINs are present in those animals, at the specified ages. 

Kras+/LSL-G12D;Ptf1a-Cre;Trp53+/+ and Kras+/LSL-G12D;Ptf1a-Cre;Trp53fl/fl mice were used 
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for the Yap localization analysis (Jonkers et al., 2001; Kawaguchi et al., 2002). 4–6 week-

old animals were humanely sacrificed and pancreatic tissue was processed and sectioned for 

analysis.

Subcutaneous Tumor Model—1 × 106 cells Kras+/G12D;Pdx1-Cre;Cdkn2afl/fl (KIC) 

cells transduced with shRen (LPE-Ren_713, Mirimus, Inc.), shp53 (LPE-Trp53_1224, 

Mirimus, Inc.), or shPtpn14 hairpins (LPE-Ptpn14_8252 and LPE-Ptpn14_10201 or 

shPtpn14-1 and shPtpn14-2 respectively, Mirimus, Inc.) were injected subcutaneously into 

the posterior flanks of 5-week-old male ICR/Scid mice (Taconic Biosciences). 4–6 tumors 

were injected per hairpin. Tumor volume was measured using electronic calipers. At the 

final time point, tumors were resected and weighed.

Cell lines—KPC and KIC cells were derived from tumors of Kras+/LSL-G12D;Pdx1-
Cre;Trp53fl/fl and Kras+/LSL-G12D;Pdx1-Cre;Cdkn2afl/fl mice respectively and were a kind 

gift from Dr. Nabeel Bardeesy (Bardeesy et al., 2006a). Mouse NSCLC cell lines were 

generated from lung tumors dissected from KrasLA2/+;Trp53LSL-WT/LSL-WT, 

KrasLA2/+;Trp53LSL-25,26/LSL-25,26, KrasLA2/+;Trp53LSL-53,54/LSL-53,54, or 

KrasLA2/+;Trp53LSL-25,26,53,54/LSL-25,26,53,54 mice. The KrasLA2/+ allele undergoes 

spontaneous recombination to express oncogenic KrasG12D (Johnson et al., 2001). Cells 

were transduced with Ad-Cre (Adenovirus-Cre) previous to the experiment, to allow for the 

recombination of the lox-stop-lox cassette present in the different Trp53 alleles. Eμ-Myc B 

cell lymphoma cells were derived from Eμ-myc;Trp53ER/− mice and were a kind gift of Dr. 

Lin He. The cells were then treated with 1 μM of 4-hydroxytamoxifen (4-OHT) or with 

vehicle (EtOH), to generate p53 proficient and deficient cell lines. Pancreatic (CAPAN2-p53 

WT, Panc-1-p53 MUT and MIA PaCa-2-p53 MUT) cancer cells were procured from ATCC. 

Lung (A549-p53 WT and H1299-p53 MUT) and breast (MCF7-p53 WT and MDA-

MB-231-p53 MUT) cancer cells were obtained from laboratories at Stanford University 

School of Medicine. Colorectal (HCT116 p53 WT and HCT116 p53 KO) cells were 

originally obtained from Dr. Bert Vogelstein. All cells were grown in DMEM containing 

10% FBS and penicillin/streptomycin and incubated at 37°C in an incubator with 5% CO2, 

with the exception of Capan 2 cells, which were grown in McCoy’s 5A medium containing 

10% FBS and penicillin/streptomycin.

Tissue microarrays—Tissue microarrays were made from pancreatic cancer specimens 

from 126 patients from Stanford Hospital diagnosed with pancreatic cancer. Specifically, 

tumor samples from patients who had undergone resection of pancreatic tumors at Stanford 

Hospital between 1995 and 2013 were requested from the Department of Pathology. A 

variety of tumors were chosen for the array, including mucinous cystic neoplasms, 

intraductal papillary mucinous neoplasms, serous cystadenomas, and adenocarcinoma. The 

median age of our patient population was 66 (range: 15 – 91), with a roughly even 

distribution of gender. This retrospective study was approved by Stanford University 

Institutional Review Board, with a waiver of informed consent to use patient tissue and 

specimens.
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METHOD DETAILS

Tissue staining and immunohistochemistry—Hematoxylin and eosin (H&E) 

staining and immunohistochemistry was performed on paraffin-embedded tissues using 

standard protocols. Imunohistochemistry and tissue microarray (TMA staining) was 

performed using antibodies directed against Ck19 (TROMA-III; 1:200, DSHB-University of 

Iowa), Muc5ac (145-P1; 1:500, Thermo Scientific), Yap (#14074; 1:100, Cell Signaling), 

and Ptpn14 (sc-68384; 1:500, Santa Cruz). In brief, immunohistochemistry staining was 

performed as follows: 4 μm thick sections from paraffin blocks were re-hydrated, unmasked 

with citrate buffer (0.1 %) in a pressure cooker for 13 minutes, peroxidase-quenched for 20 

minutes (H2O2, 3 %), blocked for 30 minutes in PBS supplemented with 10% goat serum 

and incubated overnight at 4° C with primary antibody. On the next day, the sections were 

incubated with biotinylated antibody compatible with the primary antibody used (1:1000, for 

details, see the Key Resources Table) for 30 minutes and subsequently incubated with 

VECTASTAIN Elite ABC HRP Kit (Vector Laboratories), according to manufacturer’s 

instructions. The sections were washed with PBS in between different incubations. 

Chromogenic staining was performed using the DAB peroxidase kit (Vector Laboratories) 

and the sections were counter-stained using hematoxylin (H-3401, Vector Laboratories). 

Comparisons of H&E and immunohistochemistry from the same field were performed using 

consecutive sections. Pictures were taken using a Leica DM6000B microscope (Leica 

Microsystems) and/or with a NanoZoomer 2.0-RS slide scanner (Hamamatsu), and 

composite images were assembled using Photoshop’s auto-align layers function. TMAs 

were made of triplicate 1 mm tissue cores from Whipple specimens from 126 patients from 

Stanford Hospital using a tissue arrayer (Beecher Instruments, Silver Spring, MD). 

Representative areas from each case were reviewed and selected by a board-certified surgical 

pathologist based on H&E-stained sections. TP53 status was defined by targeted sequencing. 

TMA analysis of Ptpn14 in PanINs and PDACs was performed “per core”, on 53 core 

biopsies with lesions histologically identified as PanINs and 109 core biopsies with lesions 

identified as PDAC. TMA analysis of how Ptpn14 localization is affected by p53 status in 

PDACs was performed in a subset of patients with known p53 status (32 harboring intact 

TP53 and 64 harboring TP53 mutations). TMA analysis of Yap localization in PDACs was 

performed similarly.

qRT-PCR—RNA collection was performed using Trizol reagent (Invitrogen) and reverse 

transcription was performed with MMLV reverse transcriptase (Invitrogen). Quantitative 

PCR was performed in triplicate using SYBR green (Life Technologies) and a 7900HT Fast 

Real-Time PCR machine (Applied Biosystems). Expression analysis in different cell types 

was performed using specific primers for each gene (Table S4).

Cell culture experiments—Overexpression experiments for BrdU incorporation analysis 

were performed using constructs in which GFP, p53 and Ptpn14 cDNAs were cloned into a 

pCDNA vector carrying an HA-tag. GFP and p53 constructs were described (Brady et al., 

2011). The pCDNA3.1-3XHA-Ptpn14 construct was generated by PCR amplification and 

insertion of the cDNA into AscI and PacI restriction sites in pCDNA3.1-3XHA plasmid (gift 

of S. Artandi). pCDNA3-V5-Ptpn14-del-N, pCDNA3-V5-Ptpn14-del-C, and pCDNA3-V5-

Ptpn14-PPxY plasmids were a kind gift from Jianmin Zhang (procured from Addgene, 
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plasmids # 61004, 61005 and 61006, respectively) (Wilson et al., 2014). Vectors were 

transfected into cells using Lipofectamine 2000 (Invitrogen), according to manufacturer’s 

instructions. 24 hr after transfection the cells were pulsed for 4 hr with BrdU and then 

immunostained for HA or V5 tags and BrdU. Immunofluorescence was performed using 

these antibodies: anti-HA (rabbit; 1:200, Invitrogen), anti-V5 (rabbit; 1:100, Novus 

Biological), and anti-BrdU (mouse; 1:50, BD Biosciences). Briefly, the cells were fixed with 

4% paraformaldehyde for 15 minutes, washed in PBS, permeabilized in PBS + 0.25 % 

Triton X-100 for 15 minutes, washed in PBS, incubated with anti-HA or V5 antibody for 30 

minutes, washed in PBS, and subsequently incubated with anti-rabbit fluorescein-labeled 

secondary antibody (goat; 1:200, Vector Laboratories) for 30 minutes. The cells were then 

treated with hydrochloric acid (1.5 N) for 10 minutes, washed in PBS, incubated with anti-

BrdU antibody, washed in PBS, and subsequently with anti-mouse alexa 546-labeled 

secondary antibody (goat; 1:200, Invitrogen).

Western blotting on cell extracts mouse was performed using these antibodies: p53 (rabbit 

CM5; 1:150, Vector Labs), Ptpn14 (sc-373766; 1:100, Santa Cruz and rabbit-anti-Ptpn14; 

1:500, a generous gift from Dr. Khew Goodall). Co-immunoprecipitation experiments were 

performed in MEFs homozygous for different Trp53 alleles. The MEFs were infected with 

Ad-Cre virus and grown for 3 days. Cells were harvested by trypsinization, washed with 1X 

PBS and lysed using ice cold NP-40 lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% 

NP-40, 0.5 mM EDTA, 10% Glycerol) containing protease inhibitors (Roche cOmpleteTM, 

Cat # 11 697 498 001). 1 mg total protein was used for each immunoprecipitation reaction 

(IP) reaction in 500 μl final volume. To setup the IP reactions, lysates were first pre-cleared 

using 50% slurry of BSA-blocked Protein A sepharose beads (GE Cat # 17-0780-01) by 

incubating for 30 minutes at 4°C. Each pre-cleared lysate was incubated with 2.5 μg p53 

antibody overnight at 4°C with gentle agitation to allow p53 immune complexes to form. 

The immune complexes were retrieved by incubating with 50 μl of 50% slurry of BSA 

blocked Protein A sepharose beads for 2 hours at 4°C. Following this incubation, the 

supernatant was discarded and the beads were washed 3 times using wash buffer (0.5% 

NP-40 containing lysis buffer). The immobilized immunoprecipitated complexes were eluted 

by boiling the beads in 2X SDS sample buffer. The eluates were resolved on a 10% SDS-

PAGE gel and the proteins were electro-blotted onto PVDF membranes (Millipore, 

Immobilon-P, Cat # IPVH20200) for probing with anti-Mdm2 antibody. To confirm the p53 

IP, blots were stripped (Thermo Fisher Restore stripping buffer, Cat # 21059) and re-probed 

using p53 antibody. Inputs represent 2.5% of the lysate subjected to immunoprecipitation. 

Anti-p53 (NCL-L-p53-CM5p, Leica Biosystems) and anti-Mdm2 (Abcam ab16895, 1:500 

dilution) antibodies were used.

Clonogenic assays were performed by infecting cells with an empty pMGIB retroviral vector 

(Venteicher et al., 2008) or with pMGIB-3xHA-Ptpn14. The Ptpn14 cDNA was cloned into 

pMGIB using AscI and PacI restriction sites (Venteicher et al., 2008). The cells were 

selected in blasticidin, and 150 cells were plated per well in triplicate in 6 well plates. The 

cells were grown for 8 to 14 days, depending on the cell lines used. At the end of the 

experiment, the cells were fixed with formalin and stained using crystal violet (0.1 %). 

Anchorage-independent growth assays were performed by plating 6,000 cells per well in 

triplicate in 6 well plates. Cells were plated in DMEM containing 10% FBS, penicillin/
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streptomycin and 0.4 % agarose, and were grown for 4 weeks. At the end of the experiment, 

cells were stained using a Giemsa solution (0.02 % in PBS). Clonogenic assays were scored 

using ImageJ (Schneider et al., 2012) and anchorage-independent growth assays were scored 

using OpenCFU (Geissmann, 2013). For knockdown experiments, Kras+/G12D;Pdx1-
Cre;Cdkn2afl/fl (KIC) or Kras+/G12D;Pdx1-Cre;Trp53fl/fl (KPC) PDAC cells from mice were 

retrovirally infected using virus made with LPE-miR-E constructs (Mirimus Inc.) harboring 

either control luciferase or p53 shRNAs (LPE-Ren_713 and LPE-Trp53_1224) or shRNAs 

against Ptpn14 (LPE-Ptpn14_8252 and LPE-Ptpn14_10201, or shPtpn14-1 and shPtpn14-2 

respectively) and then subjected to puromycin selection. For the colony assay experiments 

with verteporfin, the cells were plated as previously described and verteporfin (10 μM) was 

added 24 hr after plating.

Cell viability assays in verteporfin-treated cell lines were performed using CellTiter-Blue 

(Promega). 10,000 or 25,000 cells were plated in triplicate into 96 well plates in 200 μL 

media. Four hours prior to drug addition, CellTiter-Blue reagent (40 μL, 1:2 dilution) was 

added to the cells. DMSO or 10 μM verteporfin (dissolved in DMSO) was then added to the 

cells, and the plates were then immediately read on a fluorescence plate reader (0 hr). At 

later time points (24 hr and 48 hr), CellTiter-Blue reagent was added to the plates 4 hr prior 

to the scanning. Values for CellTiter-Blue fluorescence were averaged across triplicate wells, 

then background fluorescence subtracted (determined from empty wells containing 

CellTiter-Blue, media and DMSO/verteporfin). Fold change was then calculated, based on 

fluorescence values at 0 hr.

Data analysis and mining—The Significant Analysis of Microarrays (SAM) method 

(Tusher et al., 2001) was used to compare the expression profiles of p53 wild-type and 

p5353,54 cells with those of p53−/− cells. By comparing genes differentially expressed in p53 

wild-type and p5353,54 we were able to find 317 probes (~240 genes) that were present in 

both lists and that were at least 1.3 fold more expressed in the p5353,54 cells. From those 240 

genes, 103 were found to be within 10 kb of a p53 ChIP-seq peak found in a ChIP-seq 

experiment performed in doxorubicin-treated MEFs (Kenzelmann Broz et al., 2013; 

GSE46240). p53 ChIP-seq data in human cells was previously published (Younger et al., 

2015; GSE55727). Kras+/G12D;Ptf1a-Cre;Cdkn2a+/fl and Kras+/G12D;Ptf1a-Cre;Trp53+/fl 

PDAC gene expression profiles were published (Collisson et al., 2011; GSE17891).

Mutual exclusivity between TP53 and PTPN14 mutations was evaluated in gastrointestinal 

cancers, including pancreatic (PAAD), esophageal (ESCA), gastric (STAD), colon (COAD) 

and rectal (READ) cancers using data from TCGA available via the Genomic Data Portal 

(gdc.cancer.gov). The DISCOVER package, which employs proper false positive rate 

controls in comparison to the Fisher test (Canisius et al., 2016), was used to test for mutual 

exclusivity. Mutual exclusivity plots were generated with Bioconductor package 

ComplexHeatmap (Gu et al., 2016). To evaluate the effect of p53 on Yap downstream genes, 

we used TCGA PANCAN12 data from Synapse (https://www.synapse.org/#!

Synapse:syn300013/wiki/70804). A linear model was built for each Yap target gene to 

measure the influence of TP53 mutations in each tumor type. Summary statistics were 

calculated using the function “combine.estimate” and “combine.test” (with z-transform 

method) from the package survcomp (Schroder et al., 2011).
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Cell sorting and RNA-seq expression analysis—Total RNA was extracted from 

primary PanIN cells sorted from dissociated mouse pancreas, using CD133 as a marker for 

PanIN cells, as described (Lee et al., 2013; Sugiyama et al., 2007). In brief, we collected 

pancreata from Kras+/LSL-G12D;Pdx1-Cre;Trp53+/+ and Kras+/LSL-G12D;Pdx1-Cre;Trp53−/− 

mice, at 6–8 and 4–6 weeks, respectively, ages at which we verified that only PanINs are 

present. We then dissociated the pancreas through consecutive steps, starting with 

collagenase (2.5 mg/mL of collagenase D + 0.1 mg/mL DNAse I in HBSS) for 10 minutes at 

37° C. After this period, the digested pancreas was passed through a 40 μm strainer and the 

retained cell clumps were washed in PBS. After centrifugation, the supernatant was removed 

and the cells were incubated with a warm Trypsin-EDTA solution (0.05 %) for 5 minutes at 

37° C. The trypsin reaction was inhibited by adding FACS buffer (10 mM EGTA, 2 % FBS 

in Ca++, Mg++-free PBS) to the cells and mixing. After centrifugation, the supernatant was 

removed and the cells were treated with DNAse I (0.1 mg/mL in PBS). After centrifugation, 

the supernatant was removed and the cells were incubated with a warm dispase solution (2 

U/mL of dispase + 0.1 mg/mL DNAse I in PBS) on a rocker for 30 minutes at 37° C. After 

centrifugation, the dispase solution was removed, and the cells were resuspended in FACS 

buffer and filtered through a 40 μm strainer. The cells passing through the filter were 

resuspended at a concentration of 1×106 cells/mL and used for staining and sorting, starting 

with a blocking step with goat IgG (005-000-003; 1:100, Jackson Immunoresearch 

Laboratories) and followed by incubation with fluorescently-labeled antibodies directed 

against CD133 (17-1331-81; 1:100, Ebioscience), CD45 (48-0451-82; 1:100, Ebioscience) 

and Ter-119 (48-5921-82; 1:100, Ebioscience) for 15 minutes. The cells were washed with 

FACS buffer and subsequently incubated with the live/dead Aqua Dead Cell Stain Kit 

(L-34965; Invitrogen), according to the manufacturer’s instructions. Live 

CD133+CD45−Ter-119− ductal epithelial PanIN cells were sorted using a FACSAria II cell 

sorter (BD Biosciences). Cells from four mice of each genotype (Kras+/G12D;Pdx1-
Cre;Trp53+/+ and Kras+/G12D;Pdx1-Cre;Trp53−/−) were sorted. To achieve a minimum of 1 

μg of total RNA for each library, RNA samples from 2 mice of the same genotype were 

combined, totaling 2 libraries per genotype in this study. RNA-seq libraries were prepared 

using the Illumina TruSeq Kit (v.2), according to the manufacturer’s instructions. RNA-seq 

reads were aligned to the mouse genome (mm10) and analyzed using Basespace’s RNA 

Express pipeline (RNA Express Legacy; version: 1.0.0), which employs the STAR aligner 

(Dobin et al., 2013) and DESEQ2 (Love et al., 2014) for differential expression analysis. 

The normalized read matrix was then used as input for Gene Set Enrichment Analysis 

(GSEA, Subramanian et al., 2005), to search for signature enrichments. The matrix of reads 

was also used to produce a heat-map for YAP-induced target genes based on a compilation 

of two MSigDB signatures (CORDENONSI_YAP_CONSERVED_SIGNATURE and 

YAP1_UP) and a previously published Yap signature (Dupont et al., 2011).

QUANTIFICATION AND STATISTICAL ANALYSIS

Fisher’s exact test was used to calculate tumor incidence in the tumor study performed in the 

mouse cohorts and to assess differences in Ptpn14 and Yap localization in the tissue 

microarrays. The unpaired two-tailed Student’s t-test was used for all the other statistical 

analyses. Error bars represent standard deviation of the mean. Significance was defined as a 
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p value≤0.05, unless otherwise stated. Details and significance values can be found in the 

figure legends.

DATA AND SOFTWARE AVAILABILITY

Gene expression profiles of HrasV12-expressing MEFs homozygous for different p53 alleles 

as well as Kras+/G12D;Ptf1a-Cre;Cdkn2a+/fl and in Kras+/G12D;Ptf1a-Cre;Trp53+/fl PDAC 

gene expression profiles were published (Brady et al., 2011; Collisson et al., 2011; 

GSE27901 and GSE17891 respectively). The p53 ChIP-seq results used to define p53 target 

genes in mouse and human cells were also previously published (Kenzelmann Broz et al., 

2013; Younger et al., 2015; GSE46240 and GSE55727 respectively). The RNA-seq data 

from sorted primary PanIN cells were generated by this study and are deposited in the Gene 

Expression Omnibus (GEO) database under the accession number GSE94566. Software 

availability is detailed in the Key Resources Table.

KEY RESORUCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PTPN14/Pez (F-12) antibody Santa Cruz sc-373766

PTPN14/Pez (H-67) antibody Santa Cruz sc-68384

PTPN14/Pez antibody Laboratory of Dr. Yeesim Khew-
Goodall

N/A

YAP (D8H1X) XP® rabbit mAb Cell signaling 14074

p53 antibody (CM5) Leica (Novocastra) P53-CM5P

BrdU antibody Becton Dickinson 555627

CD133-APC antibody eBioscience 17-1331-81

CD45-eFluor 450 antibody eBioscience 48-0451-82

Ter-119-eFluor 450 antibody eBioscience 48-5921-82

Ck19 antibody University of Iowa (DSHB) TROMAIII

Gapdh antibody Fitzgerald 10R-G109a

Actb antibody Santa Cruz sc-1615

HA tag monoclonal antibody (2–2.2.14) ThermoFisher Scientific 26183

Mdm2 antibody (#2A10) Abcam ab16895

Muc5ac antibody ThermoFisher Scientific 145-P1

V5 Epitope tag antibody Novus Biological NB600-381

Fluorescein goat anti-rabbit IgG Vector Laboratories FI-1000

Alexa Fluor 546 goat anti-mouse IgG Invitrogen A-11003

Biotinylated goat anti-rat Vector Laboratories BA-9401

Biotinylated goat anti-mouse Vector Laboratories BA-9200

Biotinylated goat anti-rabbit Vector Laboratories BA-1000

Bacterial and Virus Strains

Ad-Cre or Ad5CMVCre University of Iowa VVC-U of Iowa-5
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ad-empty or Ad5CMVempty University of Iowa VVC-U of Iowa-272

Biological Samples

Tissue microarrays Laboratory of Dr. Albert Koong N/A

Chemicals, Peptides, and Recombinant Proteins

Verteporfin Fisher Scientific 530150

Doxorubicin hydrochloride Sigma D1515

Critical Commercial Assays

Illumina TruSeq Kit (v.2) Illumina RS-122-2001

VECTASTAIN Elite ABC HRP Kit 
(Peroxidase, Standard)

Vector Laboratories PK-6100

DAB Peroxidase (HRP) Substrate Kit 
(with Nickel), 3,3′-diaminobenzidine

Vector Laboratories SK-4100

ChromPure Goat IgG, whole molecule Jackson Immunoresearch Laboratories 005-000-003

LIVE/DEAD™ Fixable Aqua Dead Cell 
Stain Kit

Invitrogen L-34965

Deposited Data

Mouse primary PanINs This paper GSE94566

HrasV12-expressing MEFs homozygous 
for different Trp53 alleles

Brady et al., 2011 GSE27901

Mouse PDAC gene expression Collisson et al., 2011 GSE17891

Mouse p53 CHIP-seq Kenzelmann-Broz et al., 2013 GSE46240

Human p53 CHIP-seq Younger et al., 2015 GSE55727

TCGA PANCAN12 Synapse https://www.synapse.org/#!Synapse:syn300013/wiki/70804

Experimental Models: Cell Lines

Mouse: KPC pancreatic cancer cell line: 
Kras+/LSL- G12D;Pdx1-Cre;Trp53fl/fl

Laboratory of Dr. Nabeel Bardeesy NB490

Mouse: KIC pancreatic cancer cell line: 
Kras+/LSL- G12D;Pdx1-Cre;Cdkn2afl/fl

Laboratory of Dr. Nabeel Bardeesy 32a and 33

Mouse: p53WT non-small cell lung cancer 
cell line: KrasLA2/+;Trp53LSL-WT/LSL-WT

Laboratory of Dr. Laura Attardi N/A

Mouse: p5325,26 non-small cell lung 
cancer cell line: 
KrasLA2/+;Trp53LSL-25,26/LSL-25,26

Laboratory of Dr. Laura Attardi N/A

Mouse: p5353,54 non-small cell lung 
cancer cell line: 
KrasLA2/+;Trp53LSL-53,54/LSL-53,54

Laboratory of Dr. Laura Attardi N/A

Mouse: p5325,26,53,54 non-small cell lung 
cancer cell line: 
KrasLA2/+;Trp53LSL-25,26,53,54/LSL-25,26,53,54

Laboratory of Dr. Laura Attardi N/A

Mouse: Eμ-Myc B cell lymphoma cells: 
Eμ-myc;Trp53ER/−

Laboratory of Dr. Lin He N/A

Human: Panc-1 pancreatic cancer cell 
line: TP53 MUT

ATCC CRL-1469

Mello et al. Page 18

Cancer Cell. Author manuscript; available in PMC 2018 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.synapse.org/#!Synapse:syn300013/wiki/70804


REAGENT or RESOURCE SOURCE IDENTIFIER

Human: MIA PaCa-2 pancreatic cancer 
cell line: TP53 WT

ATCC CRL-1420

Human: Capan 2 pancreatic cancer cell 
line: TP53 MUT

ATCC HTB-80

Human: HCT116 p53 WT colorectal 
cancer cell line: TP53 WT

Laboratory of Dr. Bert Vogelstein N/A

Human: HCT116 p53 MUT colorectal 
cancer cell line: TP53−/−

Laboratory of Dr. Bert Vogelstein N/A

Human: A549 lung cancer cell line: TP53 
WT

Stanford University School of 
Medicine laboratories

N/A

Human: H1299 lung cancer cell line: 
TP53 MUT

Stanford University School of 
Medicine laboratories

N/A

Human: MCF7 breast cancer cell line: 
TP53 WT

Stanford University School of 
Medicine laboratories

N/A

Human: MDA-MB-231 breast cancer cell 
line: TP53 MUT

Stanford University School of 
Medicine laboratories

N/A

Experimental Models: Organisms/Strains

Mouse: Trp53flox mice: B6.129P2-
Trp53tm1Brn/J

The Jackson Laboratory 008462

Mouse: Trp53 null− mice: B6.FVB-
Tg(Pdx1-cre)6Tuv/Nci

Laboratory of Dr. Tyler Jacks N/A

Mouse: Trp53LSL-53,54 mice: 129-
Trp53tm3Att/J

Laboratory of Dr. Laura Attardi N/A

Mouse: Trp53LSL-25,26,53,54 mice: 129-
Trp53tm4Att/J

Laboratory of Dr. Laura Attardi N/A

Mouse: Trp53LSL-wt mice: B6.129S4-
Trp53tm5Tyj/J

Laboratory of Dr. Tyler Jacks N/A

Mouse: KrasLSL-G12D mice: B6.129S4-
Krastm4Tyj/J

Laboratory of Dr. Tyler Jacks N/A

Mouse: Pdx1-Cre mice: B6.FVB-
Tg(Pdx1-cre)6Tuv/J

NCI Mouse Repository 01XL5

Mouse: Ptf1a-Cre mice: 129-
Ptf1atm1.1(cre)Cvw/J

Laboratory of Dr. Christopher Wright N/A

Mouse: ICR/Scid mice: IcrTac:ICR-
Prkdcscid

Taconic Biosciences ICRSC-M

Oligonucleotides

See table S4 for primers

Recombinant DNA

pMGIB-3xHA- Laboratory of Dr. Steven Artandi N/A

pMGIB-3xHA-p53 Laboratory of Dr. Laura Attardi N/A

pMGIB-3xHA-Ptpn14 This paper N/A

pCDNA3.1-3XHA-Ptpn14 This paper N/A

pCDNA3.1-3XHA-Ptpn14-C1121S This paper N/A

pCDNA3-V5-Ptpn14-del-N Addgene 61004

pCDNA3-V5-Ptpn14-del-C Addgene 61005

pCDNA3-V5-Ptpn14-PPxY Addgene 61006
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REAGENT or RESOURCE SOURCE IDENTIFIER

LPE-Ren_713 Mirimus 713

LPE-Trp53_1224 Mirimus 1224

LPE-Ptpn14_8252 (shPtpn14-1) Mirimus 19250

LPE-Ptpn14_10201 (shPtpn14-2) Mirimus 19250

pLKO-shYap1 Addgene 42540

pLKO-shLacZ Addgene 42559

Software and Algorithms

ImageJ NIH https://imagej-nih-gov.laneproxy.stanford.edu/ij/

GSEA Broad Institute http://software.broadinstitute.org/gsea/index.jsp

DISCOVER package Canisius et al., 2016 http://ccb.nki.nl/software/discover/

ComplexHeatmap Gu et al., 2016 http://www.bioconductor.org/packages/devel/bioc/html/ComplexHeatmap.html

Survcomp Schroder et al., 2011 http://bioconductor.org/packages/release/bioc/html/survcomp.html

OpenCFU Geissmann, 2013 http://opencfu.sourceforge.net/

RNA Express Legacy; version: 1.0.0 
(Basespace)

Illumina, Inc. https://basespace.illumina.com

Adobe Photoshop CS6 Adobe Version 13.0.1 x64

Other

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Since the discovery that classical p53 DNA damage responses are dispensable for p53-

mediated tumor suppression, the transcriptional programs underlying p53 tumor 

suppressor function have remained enigmatic. Here, by identifying a p53 “super-tumor 

suppressor” that hyperactivates select p53 target genes, we unveil Ptpn14, a negative 

regulator of Yap, as a central component of p53-mediated tumor suppression. We show 

that TP53 status dictates the subcellular localization and activity of Yap, establishing p53 

as an upstream regulator of the Hippo pathway, and that TP53 and PTPN14 mutations are 

mutually exclusive in human cancers. Together, these findings illuminate a p53-Ptpn14-

Yap axis in tumor suppression, giving critical insight into both mechanisms of Yap 

activation during tumorigenesis and programs of p53-mediated tumor suppression.

Mello et al. Page 25

Cancer Cell. Author manuscript; available in PMC 2018 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIGHLIGHTS

• The p5353,54 TAD2 mutant is a super-tumor suppressor in pancreatic cancer.

• p5353,54 hyperactivates Ptpn14, a p53 target gene involved in tumor 

suppression.

• p53 negatively regulates Yap through Ptpn14 activation.

• p53-Ptpn14-Yap is a key tumor suppressive axis in mice and humans.
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Figure 1. Analysis of pancreatic cancer suppression potential of p53 TAD mutants
(A) Schematic of p53 transcriptional activation domain (TAD) mutants analyzed in this 

study. The p53 DNA binding domain (DBD), tetramerization domain (T) and C-terminal 

domain (C) are also shown. (B) Schematic for pancreatic cancer study. 

Kras+/LSL-G12D;Pdx1-Cre;Trp53+/+ (n=16), Kras+/LSL-G12D;Pdx1-Cre;Trp53+/LSL-WT 

(n=14), Kras+/LSL-G12D;Pdx1-Cre;Trp53+/LSL-53,54 (n=10), Kras+/LSL-G12D;Pdx1-
Cre;Trp53+/LSL-25,26,53,54 (n=12), and Kras+/LSL-G12D;Pdx1-Cre;Trp53+/− (n=8) mouse 

cohorts were analyzed for pancreatic cancer-free survival. (C) Kaplan-Meier analysis of 

PDAC-free survival of cohorts listed in (B). Labels indicate the p53 status of each cohort. 

(D) Representative histological images of the most advanced lesions found in each of the 

cohorts studied. The same field was analyzed in consecutive sections by H&E, Muc5ac, and 

Ck19 immunostaining. (E) Table summarizing the cohort genotypes and percentage of mice 

with PanINs (pancreatic intraepithelial neoplasias), IPMNs (intraductal papillary mucinous 

neoplasms), PDACs (pancreatic ductal adenocarcinomas), and metastatic lesions. 

Differences in pancreatic cancer incidence in Kras+/LSL-G12D;Pdx1-Cre;Trp53+/LSL-53,54 

(p=0.019, n=10), Kras+/LSLG12D;Pdx1-Cre;Trp53+/LSL-25,26,53,54 (p=0.0003, n=12) and 

Kras+/LSLG12D;Pdx1-Cre;Trp53+/− (p=0.042, n=8) mice are relative to p53 wild-type mice 

(Kras+/LSLG12D;Pdx1-Cre;Trp53+/+, n=16 and Kras+/LSLG12D;Pdx1-Cre;Trp53+/LSL-WT, 

n=14), using the two-tailed Fisher’s exact test. Each mouse was scored for the most 

advanced lesions found. (F) Representative H&E and Ck19 staining on organs with 

metastases from Kras+/LSLG12D;Pdx1-Cre;Trp53+/LSL-25,26,53,54 and Kras+/LSLG12D;Pdx1-
Cre;Trp53+/− mice. The scale bar in each panel applies to all images in that panel.
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Figure 2. p53 transcriptomics and ChIP-seq analysis reveal genes hyperactivated by p5353,54

(A) Genes activated in both HrasV12;Trp5353,54/53,54 and HrasV12;Trp53+/+ MEFs relative to 

HrasV12;Trp53−/− MEFs were further filtered based on fold change (HrasV12;Trp5353,54/53,54 

vs. HrasV12;Trp53+/+ ≥ 1.3 fold) and on direct binding by p53, as established by p53 ChIP-

seq data. The heat map shows the expression of 103 genes that satisfy these criteria in MEFs 

of these genotypes as well as in HrasV12;Trp5325,26,53,54/25,26,53,54 MEFs. (B) qRT-PCR 

analysis of p53 target gene expression in KrasG12D-expressing lung cancer cells derived 

from tumors in Kras+/LA2;Trp53LSL-WT/LSL-WT, Kras+/LA2;Trp53LSL-25,26/LSL-25,26, 

Kras+/LA2;Trp53LSL-53,54/LSL-53,54 or Kras+/LA2;Trp53LSL-25,26,53,54/LSL-25,26,53,54 mice and 

transduced with Ad-Cre to allow for the recombination of the lox-stop-lox cassette. 

Expression is relative to Actb (n=1, triplicate). Data are presented as mean ± SD. (C) 

Western blot analysis of p53 in HrasV12-expressing MEFs homozygous for the different p53 

variants. Cells were transduced with Ad-Cre (Adenovirus-Cre) to allow for the 

recombination of the lox-stop-lox cassette present in the different Trp53 alleles. Gapdh is a 

loading control. (D) Immunoprecipitation (IP) of p53 in MEFs homozygous for different 

Trp53 alleles, followed by immunoblotting for Mdm2 and p53. HC denotes the 
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immunoglobulin heavy chain. Input is 2.5% of the total amount immunoprecipitated. Actin 

serves as a loading control. The fraction of Mdm2 bound to each p53 variant is indicated at 

the bottom and is relative to wild-type p53. (E) In silico structural modeling showing how 

the 53,54 residues in human and mouse p53 interact with HMGB1, a representative p53 

TAD2-interacting protein, and how this interaction is affected with the QS mutations. (F) 

Heat map showing the subset of the 103 genes identified in HrasV12-expressing MEFs 

whose expression is p53-dependent in PDAC, based on the comparison of PDAC cells from 

Kras+/LSL-G12D;Ptf1a-Cre;Trp53+/fl and Kras+/LSL-G12D;Ptf1a-Cre;Cdkn2a+/fl mice, where 

tumors undergo LOH for Trp53 or Cdkn2a (Collisson et al., 2011).
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Figure 3. Ptpn14 is a bona fide p53 target gene
(A–B) p53 ChIP-seq profiles showing peaks in the Ptpn14 locus in doxorubicin-treated 

MEFs (A) and the PTPN14 locus in human fetal fibroblasts (B). Exons are represented by 

gray boxes and introns by dashed lines. The orientation of the vertices indicates whether the 

gene is on the sense (vertex down) or antisense (vertex up) strand. Transcription start sites 

(TSS) are marked by arrows. Inverted red triangles mark significant “called” peaks, and 

numbers denote the distance from the TSS. p53 response elements in each peak are 

indicated, with red denoting nucleotides in the conserved cores. Spacers between the two 

half-sites and number of mismatches relative to the consensus are indicated. (C) qRT-PCR 

for Ptpn14 expression in HrasV12-expressing MEFs homozygous for different Trp53 alleles, 

relative to cells with wild-type Trp53 (n=1, triplicate). (D) qRT-PCR for Ptpn14 expression 

in KrasG12D-expressing lung adenocarcinoma cells homozygous for each of the different 

Trp53 alleles (See Fig. 2B; n=1, triplicate). (E) qRT-PCR for Ptpn14 expression in Eμ-myc-

driven B-cell lymphomas with and without p53-ER activation by 4-OHT (n=1, triplicate). 

(F) qRT-PCR for Ptpn14 expression in MEFs 6 hr after treatment with 8 Gy ionizing 

radiation, relative to untreated MEFs with wild-type p53 (n=3, triplicate). In all qRT-PCR 
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experiments, Ptpn14 expression is relative to Actb. Data represent mean ± SD; * p ≤ 0.05; 

** p ≤ 0.001, two-tailed unpaired Student’s t-test.
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Figure 4. Ptpn14 overexpression drives growth arrest
(A) The effect of HA-GFP, HA-Ptpn14 or HA-p53 expression on cell cycle progression in 

Kras+/G12D;Pdx1-Cre;Trp53fl/fl mouse PDAC cells was examined by BrdU immunostaining 

cells expressing each antigen (detected by GFP or HA immunofluorescence). (Left) The 

average BrdU incorporation ± SD from (n=3), with 100 cells counted per experiment, is 

shown. (Right) Representative images are shown; arrows point to BrdU+ cells, while 

arrowheads point to BrdU− cells. (B) (Left) Average colony number ± SD of KPC cells 

infected with an empty vector or a HA-Ptpn14 vector for low plating and soft agar assays 

(n=2, triplicate). (Right) Representative images of crystal violet-stained low plating (2 weeks 

after seeding), Giemsa-stained soft agar (4 weeks after seeding) and Ptpn14 localization by 

immunofluorescence. (C) The effect of HA-GFP, HA-Ptpn14 or HA-p53 expression on cell 

cycle progression in PANC-1 and MIA PaCa-2 human PDAC cells was examined by BrdU 

immunostaining. The average BrdU incorporation ± SD, with 100 cells counted per 

experiment, is shown (n=3). (D) (Left) Average colony number ± SD of MIA PaCa-2 cells 

infected with an empty vector or a HA-Ptpn14 vector for both low plating and soft agar 

assays (n=2, triplicate). (Right) Representative images of crystal violet-stained low plating 

(2 weeks after seeding), Giemsa-stained soft agar (4 weeks after seeding) and Ptpn14 

localization by immunofluorescence. (E) The effect of HA-p53 expression on cell cycle 

progression in KPC PDAC cells expressing luciferase control shRNA (shCont) or 

shPtpn14-2 was examined by BrdU immunostaining. The average BrdU incorporation ± SD 

was assessed, with 100 cells counted per experiment (n=3). * p ≤ 0.05; ** p ≤ 0.001, two-

tailed unpaired Student’s t-test. The scale bar in each panel applies to all images in that 

panel.
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Figure 5. Ptpn14 is a pancreatic cancer suppressor
(A) Western blot for Ptpn14 and p53 in PDAC cells from Kras+/LSL-G12D;Pdx1-
Cre;Cdkn2afl/fl (KIC) and KPC mice after introducing a luciferase control shRNA (shCont), 

either of two Ptpn14 shRNAs (shPtpn14-1 and shPtpn14-2), or p53 shRNA (shp53). Ptpn14 

quantification relative to Gapdh loading control is shown below the blot. (B) (Left) Low 

plating experiment quantification, showing the average colony number ± SD after 

introduction of the indicated shRNA into two lines of KIC cells (KIC1 and KIC2) and one 

line of KPC cells (n=3, triplicate). (Right) Representative images of crystal violet-stained 

low plating assays 2 weeks after seeding. (C) (Left) Average soft agar colony number ± SD 

after introduction of the indicated shRNA into KIC1 and KIC2 cells (n=2, triplicate). (Right) 
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Representative images of soft agar experiment 4 weeks after seeding. (D) (Left) Tumor 

volume (average ±SD): KIC cells transduced with luciferase control shRNA, p53 shRNA, 

Ptpn14 shRNA-1 or Ptpn14 shRNA-2 were injected subcutaneously into ICR/Scid mice and 

tumor volume was measured as a function of time (n=3). (Right) Representative tumor 

images at the end of the experiment (22 days), with quantification of average tumor weight ± 

SD below. Each individual point represents a mouse. * p ≤ 0.05; ** p ≤ 0.001, two-tailed 

unpaired Student’s t-test.
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Figure 6. Ptpn14 restrains Yap activity
(A) Schematic representation of wild-type Ptpn14 and a panel of mutants altered in key 

domains, including the FERM, PPxY and protein tyrosine phosphatase domains. PPxA1/

PPxA2 denotes alanine mutations in both PPxY domains (Wilson et al., 2014). (B) HA-GFP 

or V5-tagged Ptpn14 variants were expressed in KPC mouse PDAC cells and BrdU-

positivity of cells expressing each antigen (detected by GFP, HA or V5 

immunofluorescence) was assessed. (Left) The average BrdU incorporation from 3 

experiments ± SD, with 100 cells counted per experiment, is shown. (Right) Representative 

immunofluorescence images showing the localization pattern for each Ptpn14 variant. (C) 

Effects of HA-Ptpn14 on YAP localization in PANC-1 human PDAC cells, compared to HA-

GFP. (Left) Graph showing the average percentage of cells with YAP nuclear exclusion from 

3 experiments ± SD. (Right) Representative images with arrows pointing to HA-GFP-

positive cells with nuclear YAP and arrowheads pointing to Ptpn14-expressing cells without 
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nuclear Yap. (D) Colony forming ability of KIC cells treated with the Yap inhibitor 

verteporfin (10 μM) after introduction of control, p53, Ptpn14-1 or Ptpn14-2 shRNAs. (Left) 

Low plating experiment quantification, showing the average colony number ± SD of 3 

experiments. (Right) Representative images show the crystal violet-stained colonies 2 weeks 

after seeding. (E) Sorting scheme to isolate PanIN cells from Kras+/G12D;Pdx1-Cre;Trp53+/+ 

and Kras+/G12D;Pdx1-Cre;Trp53−/− mice, based on CD133 positivity. Side-scatter area 

(SSC-A) and CD133 area (CD133-A) are used to define the PanIN population. (F) Yap 

GSEA signature (YAP1_UP) found enriched in Kras+/G12D;Pdx1-Cre;Trp53−/− cells relative 

to Kras+/G12D;Pdx1-Cre;Trp53+/+ cells. Nominal p value is indicated. The heat map 

represents the expression of the genes that contributed to the enrichment score. (G) Heat 

map showing the expression of an expanded list of 114 Yap-activated target genes based on 

3 different signatures in Kras+/G12D;Pdx1-Cre;Trp53+/+ and Kras+/G12D;Pdx1-Cre;Trp53−/− 

PanIN cells. (H) (Left) Representative histological images of PanIN lesions from 

Kras+/G12D;Ptf1a-Cre;Trp53+/+ (n=4) and Kras+/G12D;Ptf1a-Cre;Trp53fl/fl (n=3) mice. The 

same field was analyzed by H&E and Yap staining, at 2 different magnifications, as 

indicated by the scale bars. Box indicates region of magnification. (Right) Average 

percentage of cells in PanINs with nuclear Yap ± SD. At least 300 nuclei were analyzed per 

mouse. * p ≤ 0.05; ** p ≤ 0.001, two-tailed unpaired Student’s t-test.
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Figure 7. The p53-Ptpn14-Yap tumor suppressive axis is important in human cancers
(A) (Left) Representative images of Ptpn14 immunohistochemistry on PanIN (n=53) and 

PDAC (n=109) samples. (Right) Percentage of samples with Ptpn14 plasma membrane 

staining. (B) (Left) Representative images of Ptpn14 and Yap immunohistochemistry in 

PDAC samples with known p53 status (n=32 and n=64, for TP53 wild-type and mutant 

respectively; defined by sequencing of the TP53 gene). (Right) Percentage of samples with 

Ptpn14 plasma membrane staining and with Yap nuclear localization. (C) Heat map showing 

the fold-change in the expression of Yap-activated genes in tumor samples harboring TP53 
mutations relative to tumors with wild-type p53. Only genes where p value for summary 

statistics across different tumors was ≤ 9.8E-17 are shown. Asterisks denote significant 

changes (p ≤ 0.05) within each gene/tumor type, based on a linear regression model. The 
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black box highlights the results obtained in pancreatic cancer (PAAD). Ovarian cancer (OV), 

lung squamous cell carcinoma (LUSC), lung adenocarcinoma (LUAD), breast cancer 

(BRCA), bladder cancer (BLCA), kidney cancer (KIRC), glioblastoma (GMB), uterine 

cancer (UCEC), acute leukemia (LAML), head and neck carcinoma (HNSC), colon (COAD) 

and rectal adenocarcinomas (READ). (D) Map depicting TP53 and PTPN14 mutations in 

gastrointestinal cancers. Mutual exclusivity was evaluated using the DISCOVER algorithm. 

(E) Proposed model incorporating Ptpn14 and Yap into the p53 tumor suppression program. 

For the TMA analysis, * p ≤ 0.05; ** p ≤ 0.001, Fisher test. For the heat map of the fold-

change, * p ≤ 0.05, based on a linear model built for each Yap target gene.

Mello et al. Page 38

Cancer Cell. Author manuscript; available in PMC 2018 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	SUMMARY
	In brief/eTOC blurb
	INTRODUCTION
	RESULTS
	The p5353,54 mutant is a hyperactive tumor suppressor
	Combined ChIP-seq and transcriptomic analyses reveal p53 target genes hyperactivated by p5353,54
	Ptpn14 is a p53 target gene, bound and regulated in different contexts
	Ptpn14 suppresses pancreatic cell proliferation and transformation
	Ptpn14 restrains pancreatic cancer cell proliferation through effects on Yap
	p53 Acts as a Tumor Suppressor through the Ptpn14-Yap axis
	The p53-Ptpn14-Yap axis is altered in human cancers

	DISCUSSION
	STAR METHODS
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mouse analysis
	Subcutaneous Tumor Model
	Cell lines
	Tissue microarrays

	METHOD DETAILS
	Tissue staining and immunohistochemistry
	qRT-PCR
	Cell culture experiments
	Data analysis and mining
	Cell sorting and RNA-seq expression analysis

	QUANTIFICATION AND STATISTICAL ANALYSIS
	DATA AND SOFTWARE AVAILABILITY

	KEY RESORUCES TABLE
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

