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[SF298] 
Note: An abstract is required to be provided in Block 14 

EGFR and HER2 are overexpressed in 20% and 30% of invasive breast cancer, respectively, and are 

associated with aggressive tumor subtypes and shortened patient survival. Both receptors are important 

targets of breast cancer therapy. However, despite the apparent promise of some of these therapies, EGFR- 

and HER2-based monotherapy and combination regimens have serious limitations and need improvement. 

The goal of this study is, thus, to gain insights into the biology of EGFR- and HER2-expressing invasive 

breast cancer in order to provide rationales for more effective EGFR- and HER2-based combination therapy 

for women with breast cancer. Our proposal is built on novel significant findings made from the initial Idea 

Award. We discovered that proapoptotic PUMA protein is highly expressed in the breast cancer cell lines 

and patient tumors that overexpress HER2 and/or EGFR. In addition to co-expression, we found HER2 and 

EGFR to interact with PUMA constitutively and under the treatment of apoptosis inducers. The HER2-

PUMA and EGFR-PUMA interactions are not disrupted when breast cancer cells are treated with the EGFR 

kinase inhibitors, indicating a kinase-independent interaction. Despite the fact that PUMA has been reported 

to be primarily located on the mitochondrial membranes and initiate apoptosis upon appropriate stress, our 

results showed PUMA to be sequestered in the cytoplasm of EGFR-expressing breast cancer cells. 

Although, the BH3-only proapoptotic proteins can be functionally redundant, we observed PUMA to be 

essential for apoptotic induction in breast cancer cells. Interestingly, while no reports have investigated 

PUMA phosphorylation, our preliminary results show that PUMA undergoes tyrosine phosphorylation 

mediated by HER2 and EGFR. These exiting preliminary observations suggest that EGFR and HER2 may 

modulate PUMA via two modes of actions: (i) interacting with PUMA to prevent PUMA mitochondrial 

translocalization in a kinase-independent fashion, and (ii) phosphorylating PUMA to affect its functionality 

in a kinase-dependent phosphorylation. Our hypothesis is that the EGFR-PUMA and HER2-PUMA 

signaling crosstalks modulate PUMA-mediated apoptotic pathway and cellular functions of EGFR and 

HER2, together contributing to the aggressive behavior of invasive breast cancer. Based on this, we 

postulate that restoring intrinsic apoptosis will sensitize breast cancer to EGFR- and HER2-targeted therapy. 

Specific Aims are (1) Characterize EGFR-PUMA and HER2-PUMA crosstalks in breast cancer 

overexpressing EGFR and/or HER2. (2) Investigate the biological consequence(s) of the phosphorylation of 

PUMA by EGFR and HER2 in breast cancer. (3) Determine the extent to which PUMA’s apoptotic function 
is associated with breast cancer response to EGFR- and HER2-targeted therapy. The project sheds light on 

the malignant phenotype of aggressive breast cancer that overexpress HER2 and/or EGFR which constitutes 

approximately half of invasive breast cancer and could also provide rationales for new more effective 

therapy for women with aggressive subtypes of breast cancer.  
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1. INTRODUCTION

Approximately half of the human invasive breast carcinomas overexpress HER2 and/or EGFR and the 

overexpression leads to more aggressive tumor behaviors and shortened patient survival. Both receptors are 

important targets of breast cancer therapy. However, despite the apparent promise of some of these 

therapies, HER2- and EGFR-based regimens have their limitations and need improvement. The goals of this 

Idea Expansion Award are to gain insights into the malignant biology and drug-resistant phenotype of 

EGFR- and/or HER2-overexpressing breast cancer and to use the acquired knowledge for the development 

of a sensitization strategy that will improve EGFR- and HER2-targeted therapies. The immediate objective 

of this project is to define the biological significance and therapeutic implications of the novel HER2-

PUMA and EGFR-PUMA crosstalks in breast cancer. Our hypothesis is two-fold. First, we hypothesize 

that the HER2-PUMA and EGFR-PUMA signaling crosstalks modulate PUMA-mediated apoptotic pathway 

and regulate cellular functions of HER2 and EGFR, together contributing to the aggressive behavior of 

HER2- and EGFR-overexpressing breast cancer. Second, we postulate that PUMA’s apoptotic function is 
associated with breast cancer response to HER2- and EGFR-targeted therapies and that restoring PUMA-

mediated intrinsic apoptosis will sensitize breast cancer to the therapies. To test the aforementioned 

hypothesis, we conducted three Specific Aims: 1) Characterize the HER2-PUMA and EGFR-PUMA 

crosstalks in breast cancer cells. 2) Investigate the biological consequence(s) of the phosphorylation of 

PUMA by HER2 and EGFR in breast cancer. 3) Determine the extent to which PUMA’s apoptotic function 
is associated with breast cancer response to HER2- and EGFR-targeted therapies.  

Successful accomplishment of these aims could lead to a greater understanding of the malignant biology and 

the drug-resistant phenotype of nearly half of the invasive breast carcinomas with HER2 and/or EGFR 

overexpression which makes them more aggressive. The outcome could also provide a rationale to restore 

PUMA’s apoptotic function as a novel strategy that sensitizes aggressive breast cancer to HER2- and 

EGFR-targeted therapies.  

2. KEYWORDS

EGFR, HER2, PUMA, signal crosstalks, apoptosis, phosphorylation, breast cancer 

3. OVERALL PROJECT SUMMARY: Summarize the progress during appropriate reporting period

(single annual or comprehensive final).  This section of the report shall be in direct alignment with respect 

to each task outlined in the approved SOW in a summary of Current Objectives, and a summary of Results, 

Progress and Accomplishments with Discussion.   Key methodology used during the reporting period, 

including a description of any changes to originally proposed methods, shall be summarized.  Data 

supporting research conclusions, in the form of figures and/or tables, shall be embedded in the text, 

appended, or referenced to appended manuscripts.  Actual or anticipated problems or delays and actions or 

plans to resolve them shall be included. Additionally, any changes in approach and reasons for these 

changes shall be reported.   Any change that is substantially different from the original approved SOW 
(e.g., new or modified tasks, objectives, experiments, etc.)  requires review by the Grants Officer’s 
Representative and final approval by USAMRAA Grants Officer through an award modification prior to 
initiating any changes. 

Current Objectives: Over the past three years, we were able to complete the proposed research and 

also expanded the project in a logical and responsible fashion. As proposed, we functionally 

characterized the interactions between PUMA and EGFR/HER2 and found the interplays to lead to a 

negative impact on breast cancer response to apoptosis induction. These observations have been 

published in PLoS One in 2013 [Carpenter, R. L, Han, W., Paw, I. and Lo, H.-W. PLoS ONE 
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interaction between the two proteins. Taken together, the results in Figures 2 and 3 are the first evidence 

showing that PUMA undergoes tyrosine phosphorylation and that HER2 can directly phosphorylate PUMA. 

Figure 8. HER2 Phosphorylates Three 

Tyrosine Residues on PUMA. a) Linear 

representation of the PUMA protein with 

each tyrosine, the BH3 domain, and 

mitochondrial localization signal (MLS) 

domain indicated (upper panel). 

Tyrosines 58, 152, and 172 in the PUMA 

protein is conserved across multiple 

mammalian species, which are indicated 

(lower panel). b) Wild-type HA-tagged 

PUMA protein was mutated so that each 

tyrosine was changed to phenylalanine 

(Y58F, Y152F, Y172F) or all tyrosines 

were mutated (triple mutant: TM). MCF-

7 cells were transfected with WT-PUMA 

or each PUMA mutant and whole cell 

lysate was subjected immunoprecipitation 

with either control IgG or HA-directed 

antibodies. Following 

immunoprecipitation, the product was 

subjected to the HER2 kinase assay as 

indicated in the Materials and Methods 

section. c) WT-PUMA or TM-PUMA 

were transfected into MDA-MB-453 

cells. Cells were lysed and total protein 

subjected to immunoprecipitation and 

immunoblotting with indicated 

antibodies. Whole cell lysates were also 

subjected to immunoblotting with 

indicated antibodies. 
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TM-PUMA has a longer half-life than WT-PUMA (Task 2-c).  
We next wanted to determine whether PUMA phosphorylation by HER2 altered PUMA stability. To 

this end, we assessed protein half-life using cycloheximide, which inhibits protein synthesis allowing 

detection of when proteins are degraded. Cycloheximide is a common method to determine protein stability 

as several relevant papers have used this method in recent years [1-4]. Thus, HER2-overexpressing MDA-

MB-453 cells were treated with cycloheximide for up to 16 hrs in the presence or absence of heregulin to 

activate HER2. As shown in Figure 9a, heregulin induced activation of HER2 in these cells and also led to 

enhanced PUMA protein degradation. To further examine the stability of PUMA, we assessed PUMA half-

life using MCF-7 cells, which have low HER2 expression, or MCF-7/HER2 cells, which have stable 

overexpression of HER2. Figure 9b shows that PUMA is degraded faster in MCF-7/HER2 cells compared 

to MCF-7 cells indicating HER2 overexpression reduces PUMA stability. We next determined whether the 

half-life of TM-PUMA, which cannot be tyrosine phosphorylated, differs from that of WT-PUMA. Cells 

were transfected with either WT-PUMA or TM-PUMA followed by cycloheximide treatment. As shown in 

Figure 9c, WT-PUMA levels significantly decreased at 16 hrs whereas TM-PUMA levels did not 

substantially decline. Following quantification of PUMA band signals and plotting them over time, we 

found that the half-life for WT-PUMA was approximately 7 hrs whereas that of TM-PUMA was longer than 

16 hrs. It has been previously shown that PUMA can be targeted to the proteasome for degradation [1]. To 

determine if WT-PUMA or TM-PUMA is regulated by the proteasome, we performed the half-life 

experiment in the presence of the proteasome inhibitor MG132. As shown in Figure 9d, we observed that 

WT-PUMA half-life could be extended with inhibition of the proteasome confirming previous results [1]. 

These results suggest HER2-mediated phosphorylation reduces the half-life of PUMA. 

We next asked whether TM-PUMA retains the ability to undergo translocalization to the mitochondria 

where PUMA promotes apoptosis. Thus, WT-PUMA or TM-PUMA were transfected into cells followed by 

isolation of the ME and NME with subsequent immunoblotting. As Figure 9e indicates, TM-PUMA 

retained the ability to undergo mitochondrial localization. Furthermore, we observed greater levels of TM-

PUMA compared to WT-PUMA in the ME, which was confirmed by calculation of the mtPUMA Index 

resulting in 3.3 times more TM-PUMA in the mitochondria than WT-PUMA. A greater TM-PUMA level in 

the mitochondria is likely the result of enhanced protein stability of TM-PUMA protein in the presence of 

HER2. Together, these data show that PUMA protein stability is decreased with HER2 activation and 

blocking PUMA tyrosine phosphorylation enhances PUMA stability and results in greater mitochondrial 

levels of PUMA. 

To assess whether this relationship is maintained in vivo, we performed immuno-histochemistry on a 

set of clinical cancer samples (n=93) to detect HER2 and PUMA. After scoring, we divided the samples into 

low HER2 (0-1+ intensity) or medium to high HER2 (2-3+ intensity). PUMA was divided into high PUMA 

(either ≥150 H-Score or ≥100 H-Score) or low PUMA (either <150 H-Score or <100 H-Score). We then 

performed a chi-square analysis to determine the relationship between HER2 and PUMA expression 

(Figure 9). The chi-square analysis using either PUMA barrier (150 H-Score or 100 H-Score) resulted in 

statistical significance (p=0.045 and p=0.027, respectively). These data suggest the tissues with high HER2 

expression tend to have lower PUMA expression in vivo (Figure 9g) supporting our data from cell lines that 

HER2 can downregulate PUMA expression. 
 
  







 

 

TM-PUMA induces apoptosis to a greater degree than WT-PUMA (Task 2-c).  
We observed that TM-PUMA has a greater effect on cell growth than WT-PUMA in the context of 

HER2 overexpressing cells. However, whether this decrease in cell growth with TM-PUMA was due to 

enhanced apoptosis cannot be determined from analysis of the colony assays. To determine the effect of 

TM-PUMA on apoptosis, BT-474 cells were transfected with an empty vector, WT-PUMA, or TM-PUMA 

followed by treatment with heregulin to ensure HER2 activation. We then assessed the extent of apoptosis 

in the treated cells by the Annexin V binding assay using flow cytometry. Figures 11a and 11c show that 

TM-PUMA induced the greatest levels of apoptosis compared to WT-PUMA or empty vector. PUMA has 

been shown previously to sensitize cancer cells to treatment with apoptosis-inducing chemotherapeutic 

agents [5]. Therefore, we next assessed whether TM-PUMA could further enhance apoptosis in the presence 

of a low dose of anisomycin, an apoptosis inducer [6]. To this end, cancer cells were transfected with vector, 

WT-PUMA, or TM-PUMA followed by exposure to heregulin and anisomycin with subsequent assessment 

of Annexin V binding. As shown in Figures 11b and 11c, TM-PUMA expression significantly promoted 

apoptosis in the presence of anisomycin compared to vector and WT-PUMA. As expected, we observed 

modest increases in apoptosis in anisomycin-treated cells expressing vector or WT-PUMA compared to 

untreated cells. To confirm the effects of WT-PUMA and TM-PUMA on apoptosis, cell lysates were 

analyzed by WB for the presence of PARP-1 cleavage. Consistent with the results of the Annexin V 

staining, the results revealed that TM-PUMA induced the greatest levels of cleaved PARP-1 (Figure 11d). 

Together, results presented in Figure 6 indicate TM-PUMA as a stronger apoptosis inducer than WT-PUMA 

and that tyrosine phosphorylation of PUMA reduces the ability of PUMA to promote apoptosis. 

 
  

Figure 11. TM-PUMA Induces Apoptosis in HER2 Overexpressing Cells. a) and b) BT-474 cells 

were transfected with an empty vector, WT-PUMA, or TM-PUMA. Cells were treated with heregulin 

(100 ng/mL) and with or without anisomycin (25 ng/mL) for 16 hrs. Cells were detached and incubated 

with annexin-V-FITC and PI according to manufacturer’s instructions followed by analysis by flow 
cytometry. c) Graph representing measurements of apoptosis from (a and b). d) BT-474 cells were 

transfected with an empty vector, WT-PUMA, or TM-PUMA. Cells were incubated in serum-free 

medium for 16 hrs followed by treatment with heregulin (100 ng/mL) for 4 hrs. Cells were then lysed and 

total protein was subjected to immunoblotting with indicated antibodies. 
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4. KEY RESEARCH ACCOMPLISHMENTS:  Bulleted list of key research accomplishments

emanating from this research.  Project milestones, such as simply completing proposed experiments, are not 

acceptable as key research accomplishments.  Key research accomplishments are those that have 

contributed to the major goals and objectives and that have potential impact on the research field.   

 The project sheds light on the malignant phenotype of aggressive breast cancer that overexpress HER2

and/or EGFR which constitutes approximately half of invasive breast cancer, and also provides 

rationales for new more effective therapy for women with aggressive subtypes of breast cancer. 

 We have gained novel insights into the malignant biology and drug-resistant phenotype of EGFR- 

and/or HER2-overexpressing breast cancer and to use the acquired knowledge for the development of a 

sensitization strategy that will improve EGFR- and HER2-targeted therapies. 

 EGFR and HER2 antagonize breast cancer response to apoptosis-inducing therapy by phosphorylating

and destabilizing the proapoptotoic PUMA protein. 

 Combining BH3 memetics with EGFR/HER2 targeted agents can be an effective therapy with better

efficacy than monotherapy in breast cancer. 

 Akt phosphorylates and activates heat shock factor-1 (HSF-1) independent of heat shock, leading to

Slug overexpression and epithelial-mesenchymal transition (EMT) of HER2-overexpressing breast 

cancer cells.  

5. CONCLUSION:  Summarize the importance and/or implications with respect to medical and /or

military significance of the completed research including distinctive contributions, innovations, or changes 

in practice or behavior that has come about as a result of the project.  A brief description of future plans to 

accomplish the goals and objectives shall also be included.   

EGFR and HER2 are major molecular targets for breast cancer therapy. However, EGFR-targeted 

therapy needs urgent improvements while HER2-trargeted treatments do not consistently produce 

satisfactory clinical outcomes. The goal of this study is, thus, to gain insights into the biology of EGFR- 

and HER2-expressing invasive breast cancer in order to provide rationales for more effective EGFR- 

and HER2-based combination therapy for women with breast cancer. As proposed, we functionally 

characterized the interactions between PUMA and EGFR/HER2 and found the interplays to lead to a 

negative impact on breast cancer response to apoptosis induction. We also produced evidence suggesting 

that combining BH3 memetics with EGFR/HER2 targeted agents can be an effective therapy with better 

efficacy than monotherapy in treating breast cancer. These novel observations laid the foundation for 

future research to develop therapeutic strategies that activate PUMA in order to sensitize breast cancer 

with high levels of EGFR and/or HER2. 

We reported that Akt phosphorylates and activates heat shock factor-1 (HSF-1) independent of heat 

shock, leading to Slug overexpression and epithelial-mesenchymal transition (EMT) of HER2-

overexpressing breast cancer cells. EMT is an essential step for tumor progression, although the 

mechanisms driving EMT are still not fully understood. In an effort to investigate these mechanisms, we 

observed that heregulin-mediated activation of HER2, or HER2 overexpression, resulted in EMT, which 

is accompanied with increased expression of a known EMT regulator Slug, but not TWIST or Snail. We 

then investigated how HER2 induced Slug expression and found, for the first time, that there are four 

consensus HSF Sequence-binding Elements, the binding sites for HSF-1, located in the Slug promoter. 

HSF-1 bound to and transactivated the Slug promoter independent of heat shock, leading to Slug 
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expression in breast cancer cells. Knockdown of HSF-1 expression by siRNA reduced Slug expression 

and heregulin-induced EMT. The positive association between HSF-1 and Slug was confirmed by 

immunohistochemical staining of a cohort of 100 invasive breast carcinoma specimens. While 

investigating how HER2 activated HSF-1 independent of heat shock, we observed that HER2 activation 

resulted in concurrent phosphorylation of Akt and HSF-1. We then observed, also for the first time, that 

Akt directly interacted with HSF-1 and phosphorylated HSF-1 at S326. Inhibition of Akt using siRNA, 

dominant-negative Akt mutant, or small molecule inhibitors prevented heregulin-induced HSF-1 

activation and Slug expression. Conversely, constitutively active Akt induced HSF-1 phosphorylation 

and Slug expression. HSF-1 knockdown reduced the ability of Akt to induce Slug expression, indicating 

an essential that HSF-1 plays in Akt-induced Slug upregulation. Together, we uncovered the existence 

of a novel Akt-HSF-1 signaling axis that leads to Slug upregulation and EMT, and potentially 

contributes to progression of HER2-positive breast cancer. Building on these observations, our future 

directions are to further explore the translational implications of these observations. For example, we 

will examine whether dual targeting of Akt and HSF-1 will effectively prevent metastasis of HER2-

driven breast cancer.  

6. PUBLICATIONS, ABSTRACTS, AND PRESENTATIONS:

a. List all manuscripts submitted for publication during the period covered by this report resulting from

this project.  Include those in the categories of lay press, peer-reviewed scientific journals, invited articles, 

and abstracts.  Each entry shall include the author(s), article title, journal name, book title, editors(s), 

publisher, volume number, page number(s), date, DOI, PMID, and/or ISBN. 

(1) Lay Press: None 

(2) Peer-Reviewed Scientific Journals: 

 Cao, X.,  Zhu, H., Ali-Osman, F. and Lo, H.-W. EGFR and EGFRvIII undergo stress- and EGFR

kinase inhibitor-induced mitochondrial translocalization: A novel mechanism of EGFR-driven 

antagonism of apoptosis. PMID:21388543. PMCID:PMC3063231. Molecular Cancer 10:26, 2011. [8] 

 Cao, X., Geradts, J., Dewhirst, M. and Lo, H.-W. Upregulation of VEGF-A and CD24 gene

expression by the tGLI1 transcription factor contributes to the aggressive behavior of breast cancer 

cells. PMID: 21666711. PMCID:PMC3175334. Oncogene 31:104-115, 2012. [9] 

 Carpenter, R. L, Han, W., Paw, I. and Lo, H.-W. HER2 phosphorylates and destabilizes proapoptotic

PUMA, leading to antagonized apoptosis in cancer cells. PMID: 24236056. PMCID: PMC3827261 

PLoS ONE 8(11):e78836, 2013. [10] 

 Han, W., Carpenter, RL., Cao, X. and Lo, H.-W. STAT1 gene expression is enhanced by nuclear

EGFR and HER2 via cooperation with STAT3. PMID:22693070. Molecular Carcinogenesis 52:959-

969, 2013. [11] 

 Han, W., Carpenter, RL, and Lo, H.-W. TGLI1 upregulates expression of VEGFR2 and VEGF-A,

leading to a robust VEGF-VEGFR2 autocrine loop and cancer cell growth. doi:10.1166/ch.2013.1006. 

Cancer Hallmarks 1: 28-37, 2013. [12] 
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 Zhu, H., Carpenter, R. L, Han, W., and Lo, H.-W. The GLI1 splice variant TGLI1 is a novel

mediator of glioblastoma angiogenesis and growth. PMID: 24045042. PMCID: PMC3874262. Cancer 

Letters 343(1):51-61. 2014. [13] 

 Carpenter, R. L., Paw, I, Dewhirst, M. W., and Lo, H.-W. Akt phosphorylates and activates HSF-1

independent of heat shock, leading to Slug overexpression and epithelial-mesenchymal transition 

(EMT) of HER2-overexpressing breast cancer cells. PMID: 24469056 Oncogene, Published ahead of 

print, Jan 28, 2014. [14] 

(3) Invited Articles: 

 Han, W. and Lo, H.-W. Landscape of EGFR Signaling Network in Human Cancers: Biology

and Therapeutic Response in Relation to Receptor Subcellular Locations. Cancer Letters 

318:124-134, 2012. (invited review) [15] 

 Lo, H.-W. Akt destabilizes p57Kip2: Akt at the converging crossroad? Cell Cycle 12(6):870-

871, 2013. I(invited News & Views) [16] 
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(4) Abstracts: None 

b. List presentations made during the last year (international, national, local societies, military meetings,

etc.).  Use an asterisk (*) if presentation produced a manuscript. 
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Title: Upregulation of VEGF-A Gene Expression by the tGLI1 Transcription Factor Contributes to 

Aggressive Breast Cancer 

* Breast Cancer Research Forum at Duke University School of Medicine, January 20, 2012
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7. INVENTIONS, PATENTS AND LICENSES: List all inventions made and patents and licenses

applied for and/or issued.  Each entry shall include the inventor(s), invention title, patent application 

number, filing date, patent number if issued, patent issued date, national, or international. 

Nothing to report 

8. REPORTABLE OUTCOMES: Provide a list of reportable outcomes that have resulted from this

research.  Reportable outcomes are defined as a research result that is or relates to a product, scientific 

advance, or research tool that makes a meaningful contribution toward the understanding, prevention, 

diagnosis, prognosis, treatment and /or rehabilitation of a disease, injury or condition, or to improve the 

quality of life.  This list may include development of prototypes, computer programs and/or software (such 

as databases and animal models, etc.) or similar products that may be commercialized.  

The project has advanced our current understanding of breast cancer with high levels of EGFR and/or 

HER2. The results have been reported in a number of publications.  

9. OTHER ACHIEVEMENTS: This list may include degrees obtained that are supported by this

award, development of cell lines, tissue or serum repositories, funding applied for based on work supported 

by this award, and employment or research opportunities applied for and/or received based on 

experience/training supported by this award. 

Nothing to report 
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Bax and Bak [12,17]. Inhibition of anti apoptotic Bcl 2 family

members leads to activation of pro apoptotic proteins Bax/Bak

triggering mitochondrial outer membrane permeabilization

(MOMP) and release of cytochrome C [12,16,17]. Cytoplasmic

cytochrome C ultimately forms the apoptosome leading to

activation of effector caspases 3/9 and apoptosis. Loss of PUMA

activity has been associated with multiple cancer types. Deletion of

a portion of chromosome 19, where the PUMA gene is located, has

been reported in multiple cancer types [13,18,19]. In addition,

PUMA is a p53 inducible gene and p53 has mutations in more

than 40% of cancers [20]. Consequently, impaired PUMA

induction has been observed with p53 mutation or deletion

[13,21]. Also, cancer cells with PUMA deleted have high

resistance to p53 inducible therapies such as DNA damaging

agents, UV, and gamma irradiation among others [19]. However,

a number of studies have reported that PUMA expression can be

induced by p53 independent mechanisms [19,22 25].

A direct link between HER2 and PUMA has not been

investigated. Also unknown is whether PUMA undergoes tyrosine

phosphorylation. In this study, we discovered a novel finding that

PUMA can be phosphorylated on tyrosine residues directly by

HER2. Furthermore, PUMA phosphorylation by HER2 leads to

PUMA destabilization and cell survival. We also show that a

PUMA mutant that cannot be phosphorylated on tyrosine residues

(TM PUMA) has an enhanced ability to induce apoptosis. Taken

together, our study uncovered a novel HER2RPUMA signaling

axis that represents a novel mechanism by which PUMA protein

and PUMA mediated cell death are regulated. Our findings also

provide evidence implicating PUMA down regulation as a new

molecular basis for HER2 mediated growth and survival.

Materials and Methods

Cells and Cell Culture
MDA MB 453, MCF 7, BT 474, and SK BR3 human breast

cancer cell lines were obtained from American Type Culture

Collection, ATCC (Manassas, VA). MDA MB 453 cells were

maintained in Leibovitz L 15 medium supplemented with 10%

fetal bovine serum (FBS) at 0% carbon dioxide. MCF 7 cells were

maintained in MEM medium supplemented with 10% FBS,

1 mM sodium pyruvate, 0.1 mM non essential amino acids, and

10 mg/mL bovine insulin. BT 474 cells were maintained in

DMEM medium supplemented with 10% FBS. SK BR3 cells

were maintained in McCoy’s 5a medium supplemented with 10%

FBS. MCF 7/HER2 cells were maintained in MEM medium

supplemented with 10% FBS, 1 mM sodium pyruvate, 0.1 mM

non essential amino acids, 10 ug/mL bovine insulin, and 350 mg/
mL G418.

Chemicals and Reagents
All chemicals were purchased from Sigma (St. Louis, MO)

unless otherwise stated. Cycloheximide was purchased from

Amresco (Solon, OH), MG132 was purchased from CalBiochem

(San Diego, CA), anisomycin was purchased from Enzo Life

Sciences (Farmingdale, NY), and Lapatinib was purchased from

LC Laboratories (Woburn, MA). Tubulin, b actin, and IgG

antibodies were purchased from Sigma. HA antibody was

purchased from Roche (Indianapolis, IN), PARP 1 antibody was

purchased from Santa Cruz Biotechnology (Santa Cruz, CA),

COX IV antibody was purchased from Abcam (Cambridge, MA),

and 4G10 antibody was purchased from Millipore (Billerica, MA).

PUMA, HER2, and phosphor HER2 (Y1248) antibodies were

purchased from Cell Signaling Technologies (Danvers, MA).

Plasmids
The pHA PUMA plasmid was kindly provided by Dr. Bert

Vogelstein via Addgene plasmid 16588 [13]. Generation of single

mutant PUMAs (Y58F PUMA, Y152F PUMA, and Y172F

PUMA) as well as the triple mutant (Y58F/Y152F/Y172F

PUMA) was done using a QuikChange Site Directed Mutagenesis

kit (Agilent Technologies, Santa Clara, CA) per manufacturer’s

instructions. Primers used for mutagenesis were the following:

Y58F Forward 59

TGCCCGCTGCCTTTCTCTGCGCCCCCA 39, Y58F Re

verse 59 TGGGGGCGCAGA GAAAGGCAGCGGGCA 39,

Y152F Forward 59 CTCAACGCACAGTTTGAGCGGCG

GAGA 39, Y152F Reverse 59

TCTCCGCCGCTCAAACTGTGCGTTGAG 39, Y172F For

ward 59 TCACCTGGAGGGTCCTGTTCAATCTCATCAT

39, and Y172F Reverse 59 ATGATGAGATTGAACAG

GACCCTCCAGGGTGA 39. Mutation was confirmed by se

quencing.

Immunoprecipitation/Western Blotting (IP/WB)
Cells were lysed with RIPA buffer (50 mM Tris, 150 mM NaCl,

1 mM EDTA, 1% NP 40, 0.1% SDS, 1% sodium deoxycholate)

supplemented with protease/phosphatase inhibitors followed by

sonication and collection of supernatant. Whole cell extracts were

pre cleared with 1 mg rabbit IgG and 20 mL protein A agarose for

1 hr at 4uC. Cleared lysates were then incubated with 1 mg HER2

or PUMA antibody or control rabbit IgG at 4uC overnight with

agitation. Protein A agarose was then added and incubated at 4uC
for 60 minutes with agitation. Protein A agarose pellets were

collected and washed multiple times with RIPA buffer at 4uC.
Washed pellets were boiled and subjected to SDS PAGE and

immunoblotting as described previously [26]. Determination of

PUMA tyrosine phosphorylation was determined by immunopre

cipitation of PUMA followed by immunoblotting using anti

phospho tyrosine 4G10 Platinum antibody (Millipore).

Cell-free HER2 Kinase Assays
Recombinant human PUMA protein (Origene, Rockville, MD)

was dephosphorylated with recombinant human PTP1B protein at

30uC followed by PTP1B inactivation at 65uC. Dephosphorylated

PUMA was then incubated with recombinant human HER2

protein (Promega, Madison, WI) and ATP at 30uC. Sample was

then boiled and subjected to SDS PAGE and immunoblotting

using anti phospho tyrosine 4G10 Platinum antibody (Millipore).

Immunoprecipitation-kinase Assay
Cells were transfected with HA tagged PUMA plasmids and cell

lysates were collected as described above. Immunoprecipitated was

done with HA antibody as described above. Following washes,

protein A agarose pellets were dephosphorylated with recombi

nant human PTP1B followed by incubation with recombinant

human HER2 as described above. Samples were then boiled and

subjected to SDS PAGE and immunoblotting using anti phospho

tyrosine 4G10 Platinum antibody (Millipore).

Colony Formation Assays
Following transfection of indicated plasmids cells were seeded

into 6 well culture plates to determine anchorage dependent

clonogenic growth as we described previously [27]. Following

transfection, cells were also seeded into 6 well plates with agarose

to determine anchorage independent clonogenic growth. Wells

pre coated with a bottom layer of 0.5% agarose and cells were

seeded into top layer with 0.35% agarose. After 2 4 weeks,
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colonies with or without agarose were stained with crystal violet

blue solution (Sigma) for 1 hr and colonies were counted under a

microscope. Experiments were performed in triplicate.

Assessment of Apoptosis
Cells were transfected with indicated plasmids, treated with

indicated compounds, and harvested with trypsin/EDTA. Apo

ptosis was then determined using FITC Annexin V/propidium

iodide detection kit from BD Pharmingen (San Jose, CA) per

manufacturer’s instructions. Cells were then analyzed by flow

cytometry using a BD FACSCalibur flow cytometer. PARP 1

cleavage was determined using immunoblotting of cell lysates

following indicated transfection and treatment.

Determination of PUMA Mitochondrial Levels
Mitochondrial fractionation was performed using an assay kit

from Pierce/Thermo Scientific (Rockford, IL), according to

manufacturer’s instructions as we have described previously [26].

Briefly, protein was isolated from the mitochondrial extract (ME)

and the non mitochondrial extract (NME). The ME and NME

were then subjected to SDS PAGE and immunoblotting. Band

intensities were then measured using NIH ImageJ software. The

extent of PUMA mitochondrial localization (mtPUMA Index) was

computed using band densities with the following equation:

mtPUMAIndex :

mitochondrialPUMA
%ME

mitochondrialPUMA
%ME

� �
z mon{mitochondrialPUMA

%NME

� �

%ME is the percent of the total ME loaded and %NME is the

percent of the total NME loaded for immunoblotting.

Immunohistochemistry of Clinical Tumor Samples
Slides were purchased from US Biomax (Rockville, MD).

Assessment of HER2 intensity (0 3+) was completed by US

Biomax. PUMA detection was conducted as we described

previously [28]. Slides were incubated with PUMA antibody (Cell

Signaling Technology, Danvers, MA). Histologic scores (H Scores)

were computed from both percent positivity (A%, A 1 100) and

intensity (B 0 3+) using the following equation: H Score A6B.

Chi square analysis was used to determine relationship between

HER2 intensity and PUMA H Score.

Statistical Analyses
Data are presented as Mean 6 SE. Differences were

determined via One Way ANOVA with Tukey’s post hoc test or

student’s t test where appropriate. Chi Square analysis was

performed for the IHC results. Significance was set at p,0.05.

Results

HER2 Physically Associates with PUMA
To investigate whether HER2 has any interplay with PUMA,

we first assessed whether HER2 can physically interact with

PUMA using immunoprecipitation/western blotting (IP/WB). We

used SK BR3 and BT 474 breast cancer cells as they overexpress

HER2 due to HER2 gene amplification. We immunoprecipitated

HER2 from these cells and found that PUMA could be detected

with HER2 pull down in both cell lines (Figure 1a). This indicated

a novel finding that HER2 physically interacts with PUMA. It is

worth noting that we did not detect an interaction between HER2

and Bad or Bmf, other BH3 only proteins, suggesting the

interaction with HER2 is specific to PUMA (Figure 1a). We next

assessed whether HER2 kinase activity was required for the

interaction with PUMA. For this, cells were treated with or

without heregulin as a means of activating HER2 kinase activity.

Of note, HER2 does not have obvious ligands and relies on

binding to heregulin bound HER3 for activation; HER3 does not

have kinase activity [5]. As shown in Figure 1b, HER2 was

activated by heregulin but this did not significantly change the

interaction of HER2 with PUMA. Cells were then treated with or

without lapatinib, which inhibits HER2 activation [29]. Lapatinib

decreased HER2 activation but also did not significantly affect the

interaction of HER2 and PUMA (Figure 1c). Collectively, these

data indicate that HER2 can physically interact with PUMA and

this interaction is not dependent on kinase activity of HER2.

PUMA primarily localizes to the mitochondria as it contains a

mitochondrial localization signal [12,16] but PUMA has also been

observed to promote apoptosis without mitochondrial localization

[15]. In addition, HER2 is primarily localized to the plasma

membrane but has recently been found to localize to the

mitochondria where it influences cellular metabolism and

promotes resistance of trastuzumab [30]. Therefore, we next

determined where PUMA and HER2 physically interact. Mito

chondrial (ME) and non mitochondrial extracts (NME) were

isolated from BT 474 cells and immunoblotting for a tubulin and

COX IV confirmed there was effective isolation of mitochondrial

and non mitochondrial fractions (Figure 1d). Figure 1d shows that

PUMA and HER2 were detected in both the ME and the NME

confirming previous observations [30]. Despite loading of equal

amounts of protein (60 mg), there appeared to be greater PUMA

and HER2 levels in the ME than the NME. However, this

apparent imbalance is due to the fact that 60 mg is 80% of the ME

harvested but only 2% of the NME harvested. To determine

interaction between HER2 and PUMA, HER2 was immunopre

cipitated from equal amounts of the ME and NME followed by

immunoblotting. We observed interaction between HER2 and

PUMA in both the ME and the NME (Figure 1d). These are the

first data indicating HER2 physically interacts with PUMA and

that this interaction occurs in and out of the mitochondrial

compartment.

HER2 Directly Phosphorylates PUMA
Following detection of a direct interaction between HER2 and

PUMA, we next determined whether PUMA could be phosphor

ylated by HER2. To the best of our knowledge, PUMA tyrosine

phosphorylation has not been previously reported. To first assess

whether PUMA can be tyrosine phosphorylated intracellularly, we

starved HER2 overexpressing cells for 16 hrs and then treated the

cells with or without heregulin to activate HER2. We subjected the

cell lysates to IP/WB using a PUMA antibody for IP and

immunoblotted with anti phospho tyrosine antibodies. As shown

in Figure 2a, tyrosine phosphorylated PUMA was readily detected

in heregulin stimulated cells which expressed activated phosphor

ylated HER2 (p HER2). However, MCF 7 cells, which express

low levels of HER2, did not respond to heregulin and did not show

significant PUMA tyrosine phosphorylation (Figure 2b). In

contrast, MCF 7 cells with stable, forced HER2 overexpression

(MCF 7/HER2 cells) shows PUMA tyrosine phosphorylation in

response to heregulin (Figure 2c). These results are the first to

show that PUMA can be phosphorylated on tyrosine residues and

this occurred with HER2 stimulation by heregulin.

We next wanted to determine whether HER2 could directly

phosphorylate PUMA. To this end, we used commercially

available purified recombinant PUMA and HER2 proteins to

perform a cell free kinase assay. As shown in Figure 2d, PUMA
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was strongly phosphorylated at tyrosine residues in the presence of

HER2. As expected, HER2 underwent auto phosphorylation. In

the presence of lapatinib, HER2 phosphorylation was lost, and

consequently, there was no tyrosine phosphorylation of PUMA.

We also observed a dose response increase in tyrosine phosphor

ylation of PUMA with increasing levels of PUMA protein in the

presence of HER2 (Figure 2e). Using IP WB, we further show that

pulldown of recombinant HER2 also results in pulldown of

purified PUMA (Figure 2f) confirming HER2 directly associates

with PUMA in the context of the cell free kinase assay. These

results show for the first time that PUMA can be phosphorylated

at tyrosine residues directly by HER2.

HER2 Phosphorylates PUMA at Three Tyrosine Residues
A search of the human PUMA protein sequence revealed the

presence of three tyrosine residues, namely Y58, Y152, and Y172

(Figure 3a). All three tyrosine residues in PUMA were found to be

conserved across multiple mammalian species (Figure 3a), indi

cating these residues are potentially functionally important. To

determine which specific PUMA tyrosine residue(s) that HER2

phosphorylates, we conducted site directed mutagenesis to mutate

each tyrosine (Tyr; Y) to phenylalanine (Phe; F) using an

expression vector carrying HA tagged PUMA as the template.

Phenylalanine has the same R group as tyrosine without the

oxygen to bind phosphate and, thus, cannot be phosphorylated.

These PUMA mutants (Y58F , Y152F , Y172F PUMA), along

with wild type PUMA (WT PUMA), were expressed in cells,

immunoprecipitated using an HA tag antibody, and subjected to

the HER2 kinase assay. As shown in Figure 3B, WT PUMA was

strongly phosphorylated by recombinant HER2 while all of the

mutants showed a low level of phosphorylation, indicating that all

three tyrosines can be phosphorylated. To fully understand the

biological consequences of PUMA tyrosine phosphorylation we

created an additional PUMA mutant, a triple mutant PUMA

(TM PUMA), in which all three tyrosines (Y58, Y152, and Y172)

were mutated to phenylalanine. Using the cell free HER2 kinase

Figure 1. HER2 Directly Interacts with PUMA. a) SKBR3 and BT 474 cells were lysed and total protein subjected to immunoprecipitation with
either control IgG or HER2 antibodies followed by immunoblotting with indicated antibodies. Whole cell lysates were also subjected to
immunoblotting with indicated antibodies. b) MDA MB 453 cells were incubated in serum free medium for 16 hrs followed by treatment with
heregulin (100 ng/mL) for 30 minutes. Cells were then lysed and total protein was subjected to immunoprecipitation with either control IgG or HER2
antibodies followed by immunoblotting with indicated antibodies. Whole cell lysates were also subjected to immunoblotting with indicated
antibodies. c) MDA MB 453 cells were incubated with lapatinib (10 mM) for two hrs. Cells were then lysed and total protein was subjected to
immunoprecipitation with either control IgG or HER2 antibodies followed by immunoblotting with indicated antibodies. Whole cell lysates were also
subjected to immunoblotting with indicated antibodies. d) The mitochondrial (ME) and non mitochondrial extract (NME) were isolated from BT 474
cells and both extracts were subjected to immunoprecipitation with indicated antibodies. ME and NME were also subjected to immunoblotting with
indicated antibodies.
doi:10.1371/journal.pone.0078836.g001
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assay (Figure 3b), WT PUMA showed phospho tyrosine bands

whereas none were detected with TM PUMA, indicating the TM

PUMA is not phosphorylated by HER2. To rule out the possibility

that TM PUMA cannot be tyrosine phosphorylated due to its

inability to interact with HER2, we next determined whether TM

PUMA can physically interact with HER2. IP/WB with a HER2

antibody (Figure 3c) demonstrated that HER2 interacted with

both WT PUMA and TM PUMA equally indicating the lack of

TM PUMA phosphorylation by HER2 is not due to decreased

interaction between the two proteins. Taken together, the results

in Figures 2 and 3 are the first evidence showing that PUMA

undergoes tyrosine phosphorylation and that HER2 can directly

phosphorylate PUMA.

TM-PUMA has a Longer Half-life than WT-PUMA
We next wanted to determine whether PUMA phosphorylation

by HER2 altered PUMA stability. To this end, we assessed protein

half life using cycloheximide, which inhibits protein synthesis

allowing detection of when proteins are degraded. Cycloheximide

is a common method to determine protein stability as several

relevant papers have used this method in recent years [31 34].

Thus, HER2 overexpressing MDA MB 453 cells were treated

with cycloheximide for up to 16 hrs in the presence or absence of

heregulin to activate HER2. As shown in Figure 4a, heregulin

induced activation of HER2 in these cells and also led to enhanced

PUMA protein degradation. To further examine the stability of

PUMA, we assessed PUMA half life using MCF 7 cells, which

have low HER2 expression, or MCF 7/HER2 cells, which have

stable overexpression of HER2. Figure 4b shows that PUMA is

degraded faster in MCF 7/HER2 cells compared to MCF 7 cells

indicating HER2 overexpression reduces PUMA stability. We

next determined whether the half life of TM PUMA, which

cannot be tyrosine phosphorylated, differs from that of WT

PUMA. Cells were transfected with either WT PUMA or TM

PUMA followed by cycloheximide treatment. As shown in

Figure 4c, WT PUMA levels significantly decreased at 16 hrs

whereas TM PUMA levels did not substantially decline. Following

quantification of PUMA band signals and plotting them over time,

we found that the half life for WT PUMA was approximately

7 hrs whereas that of TM PUMA was longer than 16 hrs. It has

been previously shown that PUMA can be targeted to the

proteasome for degradation [31]. To determine if WT PUMA or

Figure 2. HER2 Directly Phosphorylates PUMA. MDA MB 453 (a), or MCF 7 (b), or MCF 7/HER2 (c) cells were incubated in serum free medium
for 16 hrs followed by treatment with heregulin (100 ng/mL) for 30 min. Cells were then lysed and total protein was subjected to
immunoprecipitation with either control IgG or PUMA antibodies followed by immunoblotting with indicated antibodies. Whole cell lysates were
also subjected to immunoblotting with indicated antibodies. Tyrosine phosphorylated PUMA was detected with 4G10 phospho tyrosine antibodies.
Recombinant PUMA protein was subjected to the HER2 kinase assay (as indicated in the Methods & Materials) in the presence or absence of lapatinib
(d) or with increasing levels of recombinant PUMA protein (e). f) Recombinant HER2 was immunoprecipitated in the presence or absence of purified
PUMA followed by immunoblotting with indicated antibodies.
doi:10.1371/journal.pone.0078836.g002
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TM PUMA is regulated by the proteasome, we performed the

half life experiment in the presence of the proteasome inhibitor

MG132. As shown in Figure 4d, we observed that WT PUMA

half life could be extended with inhibition of the proteasome

confirming previous results [31]. These results suggest HER2

mediated phosphorylation reduces the half life of PUMA.

We next asked whether TM PUMA retains the ability to

undergo translocalization to the mitochondria where PUMA

promotes apoptosis. Thus, WT PUMA or TM PUMA were

transfected into cells followed by isolation of the ME and NME

with subsequent immunoblotting. As Figure 4e indicates, TM

PUMA retained the ability to undergo mitochondrial localization.

Furthermore, we observed greater levels of TM PUMA compared

to WT PUMA in the ME, which was confirmed by calculation of

the mtPUMA Index (see Materials and Methods) resulting in 3.3

times more TM PUMA in the mitochondria than WT PUMA. A

greater TM PUMA level in the mitochondria is likely the result of

enhanced protein stability of TM PUMA protein in the presence

of HER2. Together, these data show that PUMA protein stability

is decreased with HER2 activation and blocking PUMA tyrosine

phosphorylation enhances PUMA stability and results in greater

mitochondrial levels of PUMA.

Figure 3. HER2 Phosphorylates Three Tyrosine Residues on PUMA. a) Linear representation of the PUMA protein with each tyrosine, the BH3
domain, and mitochondrial localization signal (MLS) domain indicated (upper panel). Tyrosines 58, 152, and 172 in the PUMA protein is conserved
across multiple mammalian species, which are indicated (lower panel). b) Wild type HA tagged PUMA protein was mutated so that each tyrosine was
changed to phenylalanine (Y58F, Y152F, Y172F) or all tyrosines were mutated (triple mutant: TM). MCF 7 cells were transfected with WT PUMA or
each PUMA mutant and whole cell lysate was subjected immunoprecipitation with either control IgG or HA directed antibodies. Following
immunoprecipitation, the product was subjected to the HER2 kinase assay as indicated in the Materials and Methods section. c) WT PUMA or TM
PUMA were transfected into MDA MB 453 cells. Cells were lysed and total protein subjected to immunoprecipitation and immunoblotting with
indicated antibodies. Whole cell lysates were also subjected to immunoblotting with indicated antibodies.
doi:10.1371/journal.pone.0078836.g003
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To assess whether this relationship is maintained in vivo, we

performed immunohistochemistry on a set of clinical cancer

samples (n 93) to detect HER2 and PUMA. After scoring, we

divided the samples into low HER2 (0 1+ intensity) or medium to

high HER2 (2 3+ intensity). PUMA was divided into high PUMA

(either $150 H Score or $100 H Score) or low PUMA (either

,150 H Score or ,100 H Score). We then performed a chi

square analysis to determine the relationship between HER2 and

PUMA expression (Figure 4f). The chi square analysis using either

PUMA barrier (150 H Score or 100 H Score) resulted in statistical

significance (p 0.045 and p 0.027, respectively). These data

suggest the tissues with high HER2 expression tend to have lower

PUMA expression in vivo (Figure 4g) supporting our data from cell

lines that HER2 can downregulate PUMA expression.

TM-PUMA has a Stronger Effect than WT-PUMA on
Suppressing Clonogenic Growth
Figure 4 indicated that TM PUMA had greater protein stability

and greater protein levels in the mitochondria, which may indicate

that TM PUMA has an enhanced ability to promote apoptosis. To

examine the effect of TM PUMA on cell viability, we expressed an

empty vector, WT PUMA or TM PUMA in two different HER2

overexpressing breast cancer cell lines, namely BT 474 (Figure 5e)

and MDA MB 453 (Figure 5f) cells, and monitored the ability of

these cells to form colonies. As shown by the anchorage dependent

colony assay (Figures 5a and 5b), TM PUMA significantly

decreased colony formation compared to WT PUMA, indicating

that TM PUMA had a stronger growth suppression than WT

PUMA. As expected, compared to the empty vector, WT PUMA

had a stronger propensity to decrease the colony formation ability

of both cell lines. Both of these cells are aggressive and will grow

independent of attachment. Therefore, a similar experiment was

also performed with the same cell lines but using an anchorage

independent soft agarose colony assay. TM PUMA significantly

reduced soft agarose colony formation compared to WT PUMA

(Figures 5c and 5d). WT PUMA also reduced colony formation

compared to vector in both cell lines. Together, these data

demonstrate that TM PUMA has a greater effect than WT

PUMA on decreasing clonogenic growth of breast cancer cells and

suggests tyrosine phosphorylation of PUMA decreases the ability

of PUMA to suppress cell growth.

TM-PUMA Induces Apoptosis to a Greater Degree than
WT-PUMA
We observed that TM PUMA has a greater effect on cell

growth than WT PUMA in the context of HER2 overexpressing

cells. However, whether this decrease in cell growth with TM

PUMA was due to enhanced apoptosis cannot be determined from

analysis of the colony assays. To determine the effect of TM

PUMA on apoptosis, BT 474 cells were transfected with an empty

vector, WT PUMA, or TM PUMA followed by treatment with

heregulin to ensure HER2 activation. We then assessed the extent

of apoptosis in the treated cells by the Annexin V binding assay

using flow cytometry. Figures 6a and 6c show that TM PUMA

induced the greatest levels of apoptosis compared to WT PUMA

or empty vector. PUMA has been shown previously to sensitize

cancer cells to treatment with apoptosis inducing chemotherapeu

tic agents [21]. Therefore, we next assessed whether TM PUMA

could further enhance apoptosis in the presence of a low dose of

anisomycin, an apoptosis inducer [35]. To this end, cancer cells

were transfected with vector, WT PUMA, or TM PUMA

followed by exposure to heregulin and anisomycin with subsequent

assessment of Annexin V binding. As shown in Figures 6b and 6c,

TM PUMA expression significantly promoted apoptosis in the

presence of anisomycin compared to vector and WT PUMA. As

expected, we observed modest increases in apoptosis in anisomy

cin treated cells expressing vector or WT PUMA compared to

untreated cells.

To confirm the effects of WT PUMA and TM PUMA on

apoptosis, cell lysates were analyzed by WB for the presence of

PARP 1 cleavage. Consistent with the results of the Annexin V

staining, the results revealed that TM PUMA induced the greatest

levels of cleaved PARP 1 (Figure 6d). Together, results presented

in Figure 6 indicate TM PUMA as a stronger apoptosis inducer

than WT PUMA and that tyrosine phosphorylation of PUMA

reduces the ability of PUMA to promote apoptosis.

Discussion

We report in this study that HER2 directly phosphorylates

PUMA and this leads to PUMA degradation and suppression of

apoptosis (Figure 7). This finding is novel and significant because

HER2 mediated negative regulation of PUMA is direct and

distinctly different than previously reported mechanisms by which

HER2 can indirectly antagonize apoptosis. Furthermore, PUMA

was recently shown to be required for HER2 inactivation induced

apoptosis [36] and our data suggest a direct method whereby

HER2 downregulates PUMA protein levels. Overexpression of

HER2 occurs in 15 20% of breast cancers and is a marker for

poor patient outcome [2 4]. HER2 promotes several character

istics common to cancer cells including activation of downstream

signaling, especially PI3K AKT and MAPK pathways, promotion

of cell division, inhibition of apoptosis, and promotion cell motility

among others [4]. HER2 regulation of apoptosis can be mediated

by indirect upregulation of anti apoptotic proteins such as Bcl 2

and Bcl xL [7,11]. Also, HER2 mediated activation of AKT leads

to phosphorylation and down regulation of Bad, another pro

apoptotic BH3 only protein [10]. In addition, our lab recently

found that EGFR, another ErbB family member, could physically

interact with PUMA, which prevented PUMA localization to the

mitochondria and suppressed apoptosis [26]. These studies and

the current data indicate that ErbB receptor tyrosine kinases

regulate apoptosis at multiple levels including indirect regulation,

via downstream signaling components, and direct regulation, such

as post translational regulation of PUMA by HER2.

The current study is the first evidence that PUMA can be

phosphorylated on tyrosine residues. In 2010, Fricker et al. first

Figure 4. HER2 Phosphorylation Regulates Half Life and Mitochondrial Levels. a) MDA MB 453 cells were incubated in serum free medium
for 16 hrs followed by treatment with heregulin (100 ng/mL) and cycloheximide (10 ug/mL). Whole cell lysate was subjected to immunoblotting with
indicated antibodies. b) MCF 7 and MCF 7/HER2 cells were incubated in serum free medium for 16 hrs followed by treatment with heregulin (100 ng/
mL) and cycloheximide (10 ug/mL). Whole cell lysate was subjected to immunoblotting with indicated antibodies. c,d) MCF 7 cells were transfected
with HER2 and either WT PUMA or TM PUMA. Cells were incubated in serum free medium for 16 hrs followed by treatment with heregulin (100 ng/
mL) and cycloheximide (10 ug/mL) without (c) or with MG132 (10 mM) co treatment (d). Whole cell lysate was subjected to immunoblotting with
indicated antibodies. e) MCF 7 cells were transfected with WT PUMA or TM PUMA and mitochondria were isolated. ME and NME were subjected to
immunoblotting with indicated antibodies. f) Chi square tables for analysis of clinical cancer samples. Med High HER2= 2 3+. Low HER2= 0 1+. g)
Sample IHC images of clinical cancer samples for High HER2+ Low PUMA (case 1) and Low HER2+ High PUMA (case 2).
doi:10.1371/journal.pone.0078836.g004
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observed that PUMA protein could incorporate labeled 32P

suggesting it could be phosphorylated [31]. Their analysis

indicated it was primarily serine residues that were phosphorylated

with serine 10 being the major target. Mutation of serine 10 to

alanine resulted in a PUMA mutant protein that showed greater

induction of apoptosis than wild type PUMA, which was the result

of an extended protein half life [31]. Investigators were not able to

identify any kinase that mediated serine 10 phosphorylation of

PUMA. However, another group soon found that IL 3 signaling

induced phosphorylation at serine 10 and enhanced PUMA

protein degradation [34]. These results ultimately identified IkB
kinase 1 (IKK1) as the kinase that directly phosphorylates serine

10 of PUMA in response to IL 3 signaling [34]. Results of the

current study and these recent studies indicate phosphorylation

and degradation of PUMA provide cells an escape from apoptosis

under conditions replete with growth promoting signals. Future

identification of other kinases that phosphorylate PUMA will

provide a greater understanding of what cellular contexts PUMA

phosphorylation may be important.

PUMA expression enhances apoptosis induction by chemother

apy [21]. Chemotherapy treatment has been shown to induce

PUMA expression in breast cancer cells [21,37,38] and PUMA is

a primary mediator of apoptosis in response to tamoxifen in breast

cancer cells [39]. Forced HER2 expression in HER2 negative cells

Figure 5. TM PUMA Decreases Clonogenic Growth in HER2 Overexpressing Cells. BT 474 cells (a, c, e) and MDA MB 453 cells (b, d, f) were
transfected with an empty vector, WT PUMA, or TM PUMA for 48 hrs (e, f). Transfected cells were then seeded into 6 well plates either without (a and
b) or with soft agarose (c and d) and incubated at 37uC for 14 21 days. Colonies were then counted, stained with crystal violet blue, and images were
taken.
doi:10.1371/journal.pone.0078836.g005
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suppressed apoptosis and induced tamoxifen resistance because of

increased expression of anti apoptotic proteins such as Bcl 2 [7].

Here we show that HER2 can additionally regulate apoptosis by

phosphorylating tyrosine residues on PUMA leading to its

degradation. HER2 mediated down regulation of PUMA via

phosphorylation and HER2 mediated upregulation of anti apo

ptotic Bcl 2 proteins creates a cellular environment highly resistant

to apoptosis.

We also observed that TM PUMA, which is resistant to HER2

phosphorylation, has increased protein stability and enhanced

induction of apoptosis by pro apoptotic agents in the presence of

HER2 overexpression compared to WT PUMA. Evidence for the

benefits of targeting Bcl 2 family proteins is accumulating as BH3

only mimicking agents can promote apoptosis and enhance

apoptosis with chemotherapy [40 42]. Specifically, ABT 737

was recently observed to sensitize primary breast tumors

overexpressing Bcl 2 to chemotherapy [42]. Also, tumor specific

PUMA gene transfer enhanced radiosensitivity of breast cancer

cells, although this result was in cells that do not overexpress

HER2 [43]. TM PUMA would likely be a more beneficial gene

therapy in HER2 overexpressing cells as our results suggest HER2

overexpression decreases WT PUMA induced apoptosis. Togeth

er, these results indicate that targeting Bcl 2 family proteins in

addition to chemotherapy may provide greater breast cancer cell

death.

Our data, and others [31,34], indicate that inhibition of the

proteasome extends the half life of PUMA (Figure 4) whereas

Figure 6. TM PUMA Induces Apoptosis in HER2 Overexpressing Cells. a) and b) BT 474 cells were transfected with an empty vector, WT
PUMA, or TM PUMA. Cells were treated with heregulin (100 ng/mL) and with or without anisomycin (25 ng/mL) for 16 hrs. Cells were detached and
incubated with annexin V FITC and PI according to manufacturer’s instructions followed by analysis by flow cytometry. c) Graph representing
measurements of apoptosis from (a and b). d) BT 474 cells were transfected with an empty vector, WT PUMA, or TM PUMA. Cells were incubated in
serum free medium for 16 hrs followed by treatment with heregulin (100 ng/mL) for 4 hrs. Cells were then lysed and total protein was subjected to
immunoblotting with indicated antibodies.
doi:10.1371/journal.pone.0078836.g006

Figure 7. HER2 Downregulates PUMA by Phosphorylation.
HER2 phosphorylates PUMA on three tyrosine residues leading to
degradation by the proteasome reducing apoptosis. TM PUMA, which
cannot be phosphorylated by HER2, has an extended half life and
localizes to the mitochondria and promotes apoptosis.
doi:10.1371/journal.pone.0078836.g007
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inhibition of lysosomal proteases has little effect on PUMA

degradation [33]. This would suggest the proteasome is the

primary mediator of PUMA protein degradation. Considering that

our TM PUMA, which cannot undergo tyrosine phosphorylation,

is not degraded by the proteasome it is likely that tyrosine

phosphorylation allows for further modifications that target

PUMA to the proteasome. Given the nascent understanding of

PUMA post translational modifications, further investigation is

needed to elucidate the specific modifications required to target

PUMA to the proteasome and to determine what enzymes make

these modifications.

To extend the findings reported in this study, there should be

further investigation into whether other tyrosine kinases can

phosphorylate PUMA as this could indicate other cellular and

disease contexts in which PUMA phosphorylation is important.

Also, the role of phosphorylation of each tyrosine residue on

PUMA should be determined. Our results indicate all three

tyrosine residues can be phosphorylated by HER2 but the role of

each tyrosine residue on PUMA function cannot be determined

herein. Lastly, it should be determined whether tyrosine

phosphorylation resistant TM PUMA and BH3 mimetics can

enhance the effectiveness of chemotherapeutics in HER2 over

exressing breast tumors. These future studies will elucidate the

importance of BH3 only proteins, especially PUMA, in breast

cancer and advance the search for therapeutic targets in HER2

positive tumors.
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