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Breast cancer is the second deadliest cancer in the United States and is classified into four 

main subtypes including HER2-positive breast cancer. There have been a number of HER2-

targeted therapeutic treatments that were discovered, but they are expensive and patients 

frequently exhibit a resistance for these treatments. To alleviate patients undergoing expensive 

therapy with the possibility of not benefitting from the treatment, it is important to understand 

the cooperation between HER2 and mutp53, a tumor suppressor gene that is mutated in the 

majority of breast cancers. Analysis of scientific articles illustrate that HER2 and mutp53 

cooperate to promote tumorigenesis via the master transcriptional regulator of the heat shock 

response, HSF1 in HER2-positive breast cancer. Therefore, this HSFS1-mediated oncogenic 

cooperation between mutp53 and HER2 may amplify HER2 signaling and sensitize breast cancer 
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cells to HER2 targeted therapies. Thus, mutp53 can be used as a potential biomarker for 

successful treatment of HER2-positive breast cancer.  
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Chapter 1: Introduction 

Breast cancer, according to the National Cancer Institute, is the second leading cause of 

cancer related deaths in the United States following closely behind lung cancer [1]. The 

estimated amount of women who are to be diagnosed with breast cancer in 2014 was estimated 

to be at 14%, which is equivalent to roughly 232,670 females [1]. It is apparent that since this 

disease is so prevalent and will impact numerous lives, it is essential that we conduct research to 

gain a better understanding of the molecular mechanism underlying the disease progression that 

will help to develop a novel treatment strategy to win the war on cancer. Previous research has 

been done to illustrate that a protein known as p53 is an important tumor suppressor that plays an 

essential role in breast cancer.  

The p53 protein, infamously known as the “guardian of the genome,” was identified in 

1979 as a transcriptional activator for numerous downstream proteins that act to suppress 

tumorigenesis [2].  The most intriguing aspect of the p53 gene is that it is mutated in at least 50% 

of all cancers [2], demonstrating that not only is it a tumor suppressor, but that it is immensely 

vital to ensure proper cell cycle progression. This important protein is activated by numerous 

conditions, including, but not limited to DNA damage or any other damage involved in genetic 

handling, hypoxia and oncogenic signaling [2]. Some of p53 functions include regulating cell 

cycle checkpoints, induction of cellular senescence, autophagy and apoptosis [3]. Some of the 

downstream signaling that is activated by p53 is presented in Figure 1, which was illustrated in 

Classic and novel roles of p53: prospects for anticancer therapy [2].  

Since previous research has identified p53 as a tumor suppressor, the next proposed idea 

was that p53-null cells would disrupt the blockade of tumorigenesis in the majority of cancers. 
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According to Rotter and Oren, the expectation is that mutant p53 (mutp53) proteins will generate 

a loss of p53 phenotype through the formation of truncated mutant proteins [4]. However, it was 

found that the majority of cancer cells have a full-length protein with one amino acid substituted, 

thus creating a form of p53 that is equivalent to null p53 and also generates a new function [4]. 

This information is evident by evaluating the data emphasized by Brosh and Rotter in Figure 2, 

which illustrates that the majority of mutations found in p53 are missense mutations that occur in 

the DNA-binding domain [5].  

In general, mutp53 has three common outcomes including reducing the normal p53 

cellular response, exerting a “dominant-negative” effect, which allows mutp53 to render wild 

type p53 (wtp53) virtually inactive, and additionally seems to acquire new “functions” [4]. This 

so called “gain-of-function” that mutp53 obtains has prompted numerous research studies, which 

have demonstrated that mutp53 seems to lead to a more aggressive cancer via various effects that 

include, but are not limited to enhancing genomic instability which enhances tumor progression, 

resisting apoptotic features, promoting cell migration and invasion, and cancer metastasis [4]. 

More specifically in breast cancer, mutp53 promotes similar aggressive oncogenic properties 

found in cancers in general and is found to be the principal molecular causes of tumor 

progression [6]. Furthermore, with the idea that mutp53 is so prevalent in breast cancer as well as 

other cancers, it is evident that targeting mutp53 as therapeutic agent is a growing area of 

research. There are some drugs that have been developed to target mutp53 and/or restore wtp53 

function, but these drugs have not been released yet because they are still waiting to undergo 

clinical testing or some of the drugs are not specifically being tested for breast cancer [6].  

Breast cancer can be divided into four subtypes: ER-PR-positive, which includes Luminal 

A and Luminal B, triple negative and HER2 positive. The ER-PR subtype represents a high level 
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of hormonal receptors such as estrogen receptor (ER) and progesterone receptor (PR). The ER-

PR is divided to include two specific types, Luminal A and Luminal B. Specifically, Luminal A 

is either positive for ER or PR with negative HER2 and normally has the best prognosis [7]. 

Luminal B is similar to Luminal A in that it is ER/PR positive, however it is found that it usually 

a poorer prognosis compared to Luminal A [8]. Triple negative type breast cancer is also 

sometimes referred to as “basal-like” and is negative for ER, PR and HER2 receptors. Due to its 

“triple negativity,” this type of breast cancer does not respond to hormone therapy or HER2-type 

therapy, but has been found to respond to chemotherapeutic agents [8]. The HER2-positive 

breast cancer has a high level of HER2 receptor and has found to be cured with a drug called 

Herceptin, but usually reveals poor prognosis [8]. According to a study done by The Cancer 

Genome Atlas Network, samples of HER2 subtype had a high frequency of p53 gene mutations, 

which illustrates a need for understanding the mechanism between the two proteins and will be 

the prevalent basis for this thesis [9]. 

In more detail, HER2-positive breast cancer, as previously stated, has a high expression 

of the HER2 receptor. This receptor is part of the Epidermal Growth Factor Receptor (EGFR or 

ErbB in rodents) family, which is a collection of receptor tyrosine kinases that trigger 

downstream signaling to induce cell growth. The EGFRs undergo dimerization once a ligand 

binds causing autophosphorylation of tyrosine residues on the cytoplasmic domain, which causes 

further activation of downstream pathways such as PI3K/Akt and ERK, thus promoting cell 

proliferation [10]. With this knowledge, it is evident that since the discovery of the role of HER2 

in breast cancer, numerous studies have been conducted to develop a treatment that would block 

this pathway. The most notable clinical approach for treating HER2-positive breast cancer is 

Herceptin (Trastuzumab), which was implemented in the 1990s and is now the most standard use 
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of clinical treatment for HER2-positive breast cancer [11, 12]. Herceptin is a monoclonal 

antibody that binds and interferes with the HER2/neu receptor. As a result, Herceptin induces 

upregulation of p27 and a decrease in cylcin D1 and cdk-2, which will help to inhibit cell 

growth. Additionally, it is believed that Herceptin is involved in antibody-dependent cell-

mediated cytotoxicity via T-cells to increase cell death [11]. Furthermore, numerous tyrosine 

kinase inhibitors (TKIs) were and are being developed to block the autophosphorylation of the 

HER2 receptor or inhibit the downstream signaling pathways, which are illustrated in Figure 3, 

adapted from Roy and Perez 2009 [10]. The most infamous of the TKIs is the FDA approved 

drug, Tykerb or chemically and more commonly known as Lapatinib. 

The developed clinical approaches have been found to be successful in most patients, but 

they do have their own caveats. Foremost, the prices for receiving the medication are extremely 

expensive and are not realistic for the average United States citizen.  According to an article in 

Medical News Today, Herceptin is ideally used for a 12-month span and roughly costs about 

$70,000 U.S. dollars [13]. Additionally, the use of Lapatinib costs roughly about $3,625 U.S. 

dollars a month, which would correlate to $43,500 U.S. dollars if also used for a 12-month 

period [14]. Regardless of the enormous amount of money that is required to use these clinical 

treatments, most patients who are diagnosed with HER2-positive breast cancer find that the 

treatments are helpful, but there have been cases where the patients are resistant to the treatment, 

specifically Herceptin. There is no confirmed reason as to why some patients have a resistance to 

Herceptin, but there have been numerous studies done to isolate a hypothesis, one including the 

idea that the HER2 is truncated in the extracellular domain. Due to the fact that Herceptin binds 

to the extracellular domain to inhibit HER2 function, Herceptin would be ineffective in this case 

[11]. Equally important is the known side effect of cardiac toxicity, which is found 
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predominantly in patients who use chemotherapy, however a small percentage of patients using 

Herceptin as well as Lapatinib were found to have a form of cardiac dysfunction [10]. Although 

overall, these drugs have been approved and certified to be effective in treating patients 

diagnosed with HER2-positive breast cancer, a significant amount of patients do not benefit from 

the medication due to primary or acquired resistance. This points toward the idea that it is 

essential to understand the mechanism of HER2-positive breast cancer and whether or not we 

can develop predictive biomarkers to ensure that patients who will benefit the most from these 

drugs receive the medication so that they do not waste their money as well as develop possible 

unwanted side effects such as cardiac toxicity.  

The basis for this thesis is the investigation of oncogenic cooperation between mutp53 

and HER2, which we propose is mediated by universal pro-survival heat shock response 

machinery. In 1962, the heat shock response was discovered by Ferruccio Ritossa after observing 

the chromosome of a fruit fly and since then has been the integral topic of numerous scientific 

studies [15]. Currently, the mechanism for the heat shock response entails that proteotoxic stress 

induces an increase of gene expression for heat shock proteins (HSP), which in turn activates a 

survival response and protects cells from protein aggregation and proteotoxic stress [15]. 

Furthermore, the expression of the HSPs is regulated by heat shock transcription factors (HSF) 

that bind heat shock elements (HSE) to induce transcription of HSPs [15]. An HSF of particular 

interest for eukaryotes is HSF1, which has a universal regulatory mechanism for multiple HSPs, 

including HSP70, HSP27, and inducible form of HSP90. A diagram of the regulatory negative 

feedback loop is represented in Figure 4, adapted from a journal article written by Dörthe M. 

Katchinski [16]. 
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In understanding that the role of HSP is to contribute to cell survival, it is indisputable 

that these proteins contribute to the progression of tumorigenesis. In January of 2000, Hanahan 

and Weinberg proposed six characteristics that classified a cancer cell as cancerous including 

self-sufficiency in growth signals, insensitivity to anti-growth signals, invasion/metastasis, a 

limitless replicative potential, angiogenesis, and the evasion of apoptosis [17]. In 2006, 

Calderwood and group at Boston University School of Medicine outlined each characteristic and 

how HSP played a role. For example, in regards to self-sufficiency in growth signals, it was 

shown that HSP90 was needed for the stability of HER2 and it’s downstream signaling, thus 

promoting cell growth and proliferation [18]. An additional example shows that HSP90 as well 

as HSP70 have been shown to bind tumor suppressors such as p53, thus preventing the cell from 

activating apoptotic pathways [18]. Lastly, increased expression of HSF1 and thus increased 

expression of HSPs have a suggestive role of resisting senescence [18]. Consequently, the role of 

the heat shock response and its components is vital to understanding cancer on a more 

mechanistic view. 

Overall, the amount of women who are diagnosed with breast cancer each year is 

astounding and therapeutic treatment is not 100% successful due to issues such as resistance. 

Therefore, if we were able to better comprehend the mechanism in which cell proliferation 

pathways are enhanced while tumor suppressive pathways are nullified, it would be easier for 

doctors to analyze which clinical treatment would be best for patients. By analyzing the way in 

which HER2 and mutp53 cooperate within breast cancer cells, the effects of clinical treatment 

for HER2-positive breast cancer could be more beneficial. For this thesis, I have analyzed three 

papers that illustrate the mechanistic interaction between HER2 and mutp53 as well as the 

cooperation between both HER2 and mutp53 with heat shock response transcription factor 
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HSF1. I propose that there is an oncogenic cooperation between mutp53 and HER2 via master 

transcriptional regulator of heat shock response, HSF1, which may amplify HER2 signaling and 

sensitize breast cancer cells to HER2-targeted therapies. This suggests that mutp53 can be used 

as a potential predictive biomarker for successful treatment of HER2-positive breast cancer. 
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 Fig. 1: Transcription-dependent pathways of p53-mediated growth 
arrest and apoptosis. (A) Structural and functional domains of p53. The 
transactivation domain includes a main TDI and a secondary TDII. (B) p53 
transcriptional activity can be induced by different forms of cellular stress. 
For example, DNA damage stabilizes and activates p53 mainly through 
covalent modifications of p53 itself or of its main inhibitor MDM2. On the 
other hand, p53 activation by oncogenic signalling is executed mainly via 
p19Arf-dependent inhibition of MDM2. Notably, MDM2 is a transcriptional 
target of p53, thus establishing an autoregulatory loop. Once activated, p53 
can modulate the transcription of genes involved in the control of cell cycle 
progression and apoptosis, thus playing a key role in tumor suppression.  
 

 

Figure 1. Summary of downstream proteins and functions of activated p53. Image 
adapted from Fuster et al. 2007 as Figure 1b [2]. 
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Figure 2.  Percent measurements of varying types of p53 mutations. (a) 
Percentage of different types of mutations of p53. (b) Number of missense mutations 
in particular regions of p53 protein. Image adapted from Brosh and Rotter 2009 as 
Figure 2 [5]. 
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Figure 3. Table of types of tyrosine kinase inhibitors for HER2-positive breast 
cancer. Image adapted from Roy and Perez 2009 as Table 1. Selective tyrosine kinase 
inhibitors approved or in development for HER-2+ breast cancer [10]. 

drug development. In this review we focus on small molecule
inhibitors of HER-2 kinase.

Small molecule TKIs are compounds that compete with
ATP at the catalytic site of a molecule, blocking autophos-
phorylation and subsequent downstream signaling. Given the
numerous cellular processes that are regulated by TK-medi-
ated phosphorylation, and the possibility of modulating these
using TKIs for clinical benefit, there is enormous interest in
these compounds. The discovery process has used established
drug screening mechanisms and also novel virtual screening
methods that rely on computerized searches of large databases
to identify potential compounds of interest [24]. Numerous
TKIs have been identified through these mechanisms, many of
which have been evaluated for their activity against HER-2 ki-
nase activity. These compounds differ in their differential af-
finity for HER-2 compared with other kinases. Almost all have
some degree of crossreactivity at clinically relevant drug lev-
els. The compounds also differ with respect to binding kinetics
to the catalytic domain, and may display reversible or irrevers-
ible inhibition. The ability to inhibit multiple kinases can po-
tentially be beneficial because simultaneous blockade of
multiple growth-promoting pathways may be clinically use-
ful. For example, IGFR signaling is one of the mechanisms of
trastuzumab resistance [21] that is blocked by lapatinib in pre-
clinical studies [25]. On the other hand, there is also the risk
that inhibition of multiple pathways may lead to greater toxic-
ity and/or unpredictable and undesirable effects. For example,
HER-4 mediates ligand-dependent antiproliferative and dif-
ferentiation effects. It is associated with a less aggressive
course of breast cancer and is a favorable prognostic marker,
the unintended blockage of which may be harmful [26].

POTENTIAL ADVANTAGES OF TKIS

OVER TRASTUZUMAB

Theoretically, TKI-mediated inhibition of HER-2 may of-
fer some advantages over trastuzumab-mediated inhibition.

Unlike trastuzumab, which binds to the extracellular do-
main of the HER-2 molecule, TKIs bind to the catalytic do-
main located intracellularly. Thus, tumors that are resistant to
trastuzumab because of expression of the highly active trun-
cated form of HER-2 (p95HER-2), which lacks the extracellular
trastuzumab-binding domain [19], or because of masking of
the HER-2 extracellular domain by MUC-4, leading to im-
paired binding of trastuzumab [20], remain susceptible to
TKIs. With the longer survival times of HER-2! breast cancer
patients treated with trastuzumab-containing regimens, a
higher incidence of central nervous system (CNS) metastasis
has been noted. Trastuzumab is a high molecular weight com-
pound that does not effectively cross the blood–brain barrier.
Information related to specific drug levels achievable in the ce-
rebrospinal fluid is lacking. In contrast, TKIs are generally
small molecular weight compounds that are reported to be able
to cross into the CNS [27, 28]. HER-2 kinase domain mutation
leading to constitutive activation of signaling is an uncommon
mechanism of trastuzumab resistance that remains amenable
to inhibition by TKIs [29]. Being small molecules, TKIs have
excellent oral bioavailability, a significantly desirable charac-
teristic for therapy that is often used for a prolonged period of
time.

CLINICAL EXPERIENCE WITH TKIS IN

BREAST CANCER

Lapatinib is the only TKI approved for clinical use at
present. It is an orally active, high-affinity, reversible inhib-
itor of HER-2 and EGFR (HER-1) approved in the U.S. by
the U.S. Food and Drug Administration in 2007. Initial
phase II trials of lapatinib showed only modest activity in
previously heavily treated HER-2– overexpressing pa-
tients, but encouraging results were seen in trastuzumab-
naïve HER-2–overexpressing MBC patients. In a phase II
trial, 138 patients were randomized to receive lapatinib at a
dosage of either 1,500 mg/day or 500 mg twice a day. An

Table 1. Selective tyrosine kinase inhibitors approved or in development for HER-2! breast cancer

Agent Principal targets Comments
Stage of clinical
development

Lapatinib EGFR, HER-2 Reversible Approved
Neratinib EGFR, HER-2 Irreversible Phase III
Canertinib Pan-HER Irreversible Phase II
Vandetanib EGFR, VEGF Phase II
BIBW 2992 EGFR, HER-2 Irreversible Phase II
TAK-285 EGFR, HER-2 Phase I
BMS 599626 EGFR, HER-2 Inhibits heterodimerization Phase I
CP 724714 HER-2 Highly selective Phase I

Abbreviations: EGFR, epidermal growth factor receptor; HER-2, human epidermal growth factor receptor 2; VEGF,
vascular endothelial growth factor.
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Figure 4. A diagram of negative feedback loop of HSF1 and Hsp70. Adapted from 
Katchinski 2004 as Figure 2 [16].  

modulating HSP70 activity as well as protein substrate speci-
ficity. Hip is a 50-kDa cytosolic protein that was found to
interact with the ATPase domain of HSP70 family members
and enhance the substrate interaction. Hop is a unique co-
chaperone that has the ability to interact with both the HSP70
and HSP90 chaperone machinery in various systems. In the
absence of HSP40 and ATP, HSP70 preferentially binds to
peptides and denatured protein. However, in the presence of
HSP40, HSP70 exhibits a broader range of substrate speci-
ficity. Bag-1 was originally discovered as a Bcl-2-associated
protein. Besides its interaction with antiapoptotic members of
the Bcl-2 protein family, Bag-1 also specifically interacts with
HSP70. During stress conditions, an increased formation of
Bag-1-HSP70 complexes can be found. Generation of tar-
geted gene disruption of the HSP70.1 or the HSP70.3 gene
underscores the importance of HSP70 in maintaining
acquired thermotolerance and decreased sensitivity to heat-
induced apoptosis (8).

HSPs: the cellular thermometer

The inducible HSP expression is regulated by the heat shock
transcription factors (HSFs) (13). In vertebrates, four different
HSFs have been identified so far. The existence of multiple
HSFs suggests functional differences of the HSFs. In contrast to
HSF1 and HSF3, HSF2 is not activated in response to classical
stress stimuli. HSF1, however, displays the typical features of
stress inducibility, DNA binding, oligomerization, and nuclear
localization in response to environmental stressors such as
elevated temperatures and exposure to cadmium sulfate and
amino acid analogs. During gene expression, transactivation
of heat shock genes is mediated by the interaction between
HSF1 and the heat shock element found in the promoter of all
HSP genes. At nonstressful temperatures, HSF1 is present in
the cytosol as an inactive, monomeric protein that is bound by
HSP70 and HSP90 (Fig. 2). Following heat shock, HSP70 and

HSP90 are recruited to bind denatured proteins and hence are
released from the HSF1. The unbound HSF1 localizes to the
nucleus, trimerizes, and acquires DNA-binding ability. HSF1
becomes phosphorylated at serine residues, followed by
transactivation of HSP genes including HSP70 and HSP90.
Subsequently, the activity of HSF1 is negatively regulated via
increased binding of the newly synthesized HSP70 and
HSP90 to HSF1. The central process for cellular temperature
sensing therefore is the equilibrium between the binding of
free HSPs to HSF1 or to stress-denatured proteins.

Cell death: apoptosis and necrosis

Exposing cells to heat can result in apoptosis or necrosis
depending on the temperature applied. Most interestingly, the
threshold temperature of apoptosis induction on the cellular
level is equivalent to the safely tolerable upper threshold sys-
temic core temperature in humans. For the induction of necro-
sis, higher temperatures than those inducing apoptosis have to
be applied in vitro (10). The expression of small HSPs or the
inducible HSP70 has been shown to enhance the survival of
mammalian cells exposed to numerous types of stimuli, like
heat or other forms of apoptotic stress stimuli (1). Whereas it
must be assumed that the antinecrotic function is connected
to the chaperone function, especially of HSP70 and HSP27,
the exact mechanism of the antiapoptotic function of both
HSPs is not entirely clear. There seem to be multiple possibil-
ities for HSP70 to interact with apoptotic pathways. HSP70
reportedly interacts with Apaf-1, thereby preventing its inter-
action with procaspase-9 and finally caspase-dependent apo-
ptosis. Recently, it has been demonstrated that HSP70 also
takes part in caspase-independent apoptotic events via spe-
cific interaction with the apoptosis-inducing factor, which is
released from mitochondria early in the apoptotic process.

The cold shock response

Cold stress changes the lipid composition of cellular mem-
branes and suppresses the rate of protein synthesis and cell pro-
liferation. However, a set of proteins called CSP is expressed at
higher levels starting at a temperature of 32°C. Hypothermia
induces the expression of RNA-binding proteins like cold-
inducible RNA-binding protein (CIRP), the first CSP identified in
mammalian cells, and RNA-binding motif protein 3 (4, 12).
Reminiscent of HSP, CIRP is also expressed at 37°C and devel-
opmentally regulated, possibly working as an RNA chaperone.
Cellular and molecular biology of mammalian cells at 32°C is
a new area expected to have considerable implications for
physiology, for example in testis and skin, where cell tempera-
tures are typically 30!34°C and ~33°C, respectively.

HSPs are the link between the environmental tempera-
ture and cellular function

The HSPs and CSPs are evolutionarily the most conserved
response to temperature changes. Although the proteins were
discovered a long time ago and the molecular functions of
these proteins are more and more understood, the link
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FIGURE 2. Cellular temperature sensing. Under normothermic temperatures,
the heat shock transcription factor 1 (HSF1) is bound to heat shock protein 70
(HSP70). After heat exposure, HSP70 is recruited to denatured proteins, leav-
ing HSF1 in a nonrepressed conformation. HSF trimerizes, becomes phos-
phorylated, and binds to specific heat shock response elements in the pro-
moter region of heat-inducible genes. The subsequent increased production
of HSP70 leads to a negative feedback regulation of HSF1 activity via bind-
ing the HSF1.
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Chapter 2: Methods 

 In order to prove that there is an oncogenic cooperation between mutp53 and HER2, to 

justify mutp53 as a biomarker in HER2-positive breast cancer, I have analyzed three papers that 

illustrate a relationship between mutp53 and HER2 in reference to breast cancer. The methods 

are discussed below in regards to each paper that was used. 

2.1 Role of p53 in HER2-induced Proliferation or Apoptosis 

2.1.1 Cell Lines and Cell Culture  

In 2001, Casalini et al. published a paper emphasizing the role of p53 as an influencer of 

HER2 to promote tumorigenesis. Following the experimental procedures written out in their 

journal article, Casalini et al. obtained IGROV1 cell line harboring wtp53 from the Institute 

Gustave Roussy in France that was a moderately differentiated ovarian carcinoma from an 

untreated patient. They also obtained IGROV1/Pt1 from the Istituo Nazionale Tumori, which is a 

variant that contains mutations of amino acids 270 and 282 in p53, thus representing a cancerous 

cell with mutp53. The cell lines were cultured at 37˚C in humidified atmosphere in RPMI 1640 

medium with 10% heat-inactivated fetal calf serum and 2µM L-glutamine [19].  

2.1.2 Testing for Growth Inhibition in IGROV1 and IGROV1/Pt1 Cells 

In order to test wtp53 or mutp53 with HER2, the cell lines were transfected with 

pcDNA/HER2 and pcDNA/neo, which was used as the control and is represented as “mock” 

throughout the experiment. These plasmids were excised from full-length HER2 cDNA using 

XhoI restriction enzymes and transfected into the cells with Lipfectin from Life Technologies, 
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Inc. and selected for via G-418 resistance. Both IGROV1 and IGROV1/Pt1 were transfected and 

after three weeks were counted [19]. 

2.1.3 Testing for Apoptotic Cells in IGROV1 and IGROV1/Pt1 Cells 

Casalini et al. continued their experiment by analyzing the percentage of cells that 

illustrated apoptosis. Both IGROV1 and IGROV1/Pt1 were transfected with pEGFP/HER2 that 

contained HER2 cDNA that was fused to the N-terminus of green fluorescent protein (GFP) or 

was transfected with pEGFP-C2, representing the control (“mock” transfection). Transfection 

followed similar procedure as discussed in the previous experiment. The amount of cells 

undergoing apoptosis was determined by counting the number of apoptotic nuclei relative to the 

total number of cells that were fluorescing green [19]. 

2.2 HER2/ErB2 activates HSF1 and thereby controls HSP90 clients including MIF in HER2-

overexpressing breast cancer 

2.2.1 Cell Lines and Cell Culture  

Schulz et al. documented the relationship between HER2 and HSF1 in HER2-

overexpressing cells. The cells used were human breast cancer cells, mutp53 HER2 expressing 

SK-BR-3, and were cultured in RPMI with 10% FBS [20]. 

2.2.2 Testing the Effect of HER2 Inhibition on HSF1 and Downstream Protein Levels 

 To demonstrate the effect of HER2 inhibition on HSF1 and its transcriptionally activated 

downstream proteins, HER2 was inhibited by specific HER2 inhibitor, CP724.714 (Selleck 

Biochem in Munich, Germany). The SK-BR-3 cells were treated for 48 hours with 2 µM of 

CP724.714. To test the effect of the HER2 inhibition, the authors used immunoblot assay. They 
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lysed the cells using RIPA buffer, centrifuged and through BCA protein assay measured the 

amounts of proteins so that they could load equal amounts of protein to be loaded onto SDS gel 

for electrophoresis. The gel was transferred to nitrocellulose membrane, was blocked and was 

probed with antibodies to test for specific proteins. Schulz et al. used Gapdh as a loading control 

[20].  

2.2.3 Testing the Effect of HER2 Inhibition on HSF1 Transcriptional Program 

 The authors used quantitative real time polymerase chain reaction (qRT-PCR) to analyze 

the quantity of mRNA of HSF1 targets, Hsp70, Hsp110, and Hsp90α. Firstly, SK-BR-3 breast 

cancer cells were treated with 2 µM of HER2 inhibitor CP724.714 or DMSO (control) for 48 

hours. RNA was isolated from cells using Trizol reagent. Equal amounts of RNA were used and 

were quantified using the qPCR Master-Mix. The authors used the following primers [20]: 

Hsp70: 5’-TCAAGGGCAAGATCAGCGAG-3’ and 5’ TGATGGGGTTACACACCTGC-3’ 

Hsp90: 5’-GCCCAGAGTGCTGAATACCC-3’ and 5’-GTGGAAGGGCTGTTTCCAGA-3’ 

Hsp110: 5’-ACTGCTTGTTCAAGAGGGCTGTGA-3’ and 5’-

AACATCCACACCCACACACATGCT-3’  

2.2.4 Correlation Between Activated pSer326-HSF1 and HER2 in HER2-positive Breast 

Cancer 

 The authors used immunohistochemical staining to demonstrate correlation between the 

activated pSer326 of HSF1 (transcriptionally active form) and HER2 in human cell lines and 

murine and human breast cancer tissues. The immunohistochemistry was done on a BenchMark 

XT Autostainer using 4B5 antibody for HER2 and EP17137 antibody for pSer326-HSF1. The 
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samples were classified by a board-certified pathologist using X400 magnification and ImageJ 

analysis software for quantification [20].  

2.3 A gain-of-function mutant p53-HSF1 feed forward circuit governs adaptation of cancer 

cells to proteotoxic stress 

2.3.1 Cell Lines and Cell Culture 

 Li et al. used human breast cancer cell lines with mutations in p53 including MDA231 

(mutation R280K), SK-BR-3 (mutation R175H) and H1299, which is p53 null.  The cells were 

cultured in 10% FCS/DMEM and viability was determined using CellTiter-Blue Assay [21]. 

2.3.2 Testing if mutp53 Upregulates HSF1  

 The authors used RNAi-mediated depletion in SK-BR-3 breast cancer cells by using 

siRNA for scrambled control (siScr), siRNA for p53 (sip53 and siRNA for HSF1 (siHSF1). The 

siRNAs were transfected into cells using Lipofectamine and harvested 48 hours later where they 

were analyzed using immunoblotting to determine protein levels. The immunoblotting was done 

with equal protein from cell lysates and detected with specific antibodies. Actin was used as a 

loading control [21]. 

 Li et al. also used H1299, null p53 cells, to test upregulation of HSF1 by ectopically 

expressing mutp53R175H and testing the levels of HSF1 as well as HSF1 targets, HSP70 and 

HSP27. The authors also tested whether heat shock (42˚C for 30 minutes) would cause a change 

in the HSPs protein levels. A vector was used as a control for the ectopic expression and Hsc70 

was used as a loading control for the immunoblots [21]. 
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They further studied this phenomenon by comparing the levels of HSF1 and its 

downstream targets by ectopically expressing different mutant p53s compared to a vector as the 

control. Actin was used as a loading control for this procedure [21]. 

2.3.3 Testing mutp53 Activation of HSF1 

 Li et al. used MDA231-R280K (MDA231 with ectopically overexpressed matching 

R280K mutp53) and MDA231 control cells to determine the effects on the activation of HSF1. 

The cells were lysed and used immunoblotting, in a similar manner as previously discussed by 

the authors, to determine protein levels. Actin was used as a loading control. The experiment was 

repeated using heat shock and taking into consideration the nuclear and cytoplasmic fraction of 

protein levels. For this procedure, GAPDH was used as a cytoplasmic fraction loading control 

and HDAC1 as the nuclear fraction loading control [21]. 

2.3.4 Testing effect of mutp53 on HSF1 Binding to HSE 

 Li et al. used chromatin immunoprecipitation (ChIP) analysis to determine if mutp53 has 

an effect on HSF1 binding to the HSE. The authors used the same steps as Denissov et al. 2007. 

The MDA231 cells were used in this experiment [21].  

2.3.5 Immunohistochemical Staining of Human Breast Cancers 

 The authors used tissue microarray of 150 breast cancer biopsies with known molecular 

status and analyzed the correlation between mutp53 and nuclear phosphor-activated pSer316-

HSF1. Antibody for p53 was used from Santa Cruz Biotechnology and antibody for pSer326-

HSF1 was used from Epitomics. Staining intensities were blindly scored [21].  
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Chapter 3: Results 

 After analysis of the scientific literature, I have found three relevant papers that illustrate 

a clear connection for understanding the relationship between HER2 and mutant p53 in regards 

to HER2-positive breast cancer. As described in Chapter 2: Methods, the following are a list of 

the selected papers: Role of p53 in HER2-induced Proliferation or Apoptosis, HER2/ErB2 

activates HSF1 and thereby controls HSP90 clients including MIF in HER2-overexpressing 

breast cancer, and A gain-of-function mutant p53-HSF1 feed forward circuit governs adaptation 

of cancer cells to proteotoxic stress. Each paper includes figures that represent the data that was 

collected as described in Chapter 2. The data described in this chapter is an analysis of the data 

presented in each select paper. 

Role of p53 in HER2-induced Proliferation or Apoptosis 

In this paper, Casalini et al. performed an experiment demonstrating a clear connection 

between HER2 and mutp53. In their first experiment, they transfected IGROV1 and 

IGROV1/Pt1 cells with HER2 to test the effect on cell growth. IGROV1 cells represent wt p53 

cells where as IGROV1/Pt1 cells represent mutp53 in that they have a mutation at amino acids 

270 and 282. After incubation for three weeks, colonies were counted revealing a small 

percentage of cell growth in IGROV1 transfected cells compared to a large growth in 

IGROV1/Pt1 transfected cells (Figure 5A) [19].  

Casalini et al. next determined the percentage of cells undergoing apoptosis comparing 

wtp53 and mutp53 relevant to HER2. To illustrate the effect of mutp53 on HER2 inhibition of 

apoptosis, the authors transfected IGROV1 (wtp53) and IGROV1/Pt1 (mutp53) cells with HER2 

using the pEGFP/HER2 plasmid, which was fused to the N-terminus of GFP.  Additionally, they 
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transfected each cell type with pEGFP-C2 as a control (Mock). The authors used 4,6-diamidino-

2-phenylindole (DAPI) stain as a means to count the number of apoptotic cells within the green 

fluorescing cells. According to the results (Figure 5B), IGROV1 with transfected HER2 had 

about 30% apoptotic cells compared to roughly 10% of apoptotic cells in Mock IGROV1 cells 

[19]. On the other hand, IGROV1/Pt1 cells transfected with HER2 had about 10% apoptotic 

cells, which was similar to the Mock IGROV1/Pt1 cells [19]. Therefore, in contrast to mutp53 

cells, HER2 expression induced apoptosis in cells carrying wtp53 [19]. 

HER2/ErB2 activates HSF1 and thereby controls HSP90 clients including MIF in HER2-

overexpressing breast cancer 

The first relevant experiment that was conducted by the authors investigated the effect of 

HER2 inhibition on HSF1 and its downstream effectors. Schulz et al. inhibited SK-BR-3 cells 

for 48 hours with 2 µM of HER2 inhibitor, CP724.714 and immunoblotted the cells to detect 

protein levels. As seen in Figure 6a, the levels of pHSF1, HSF1, Hsp90α, Hsp70 and Hsp27 

decreased after 48 hours compared to the 0 hour time mark [20]. Furthermore, as time 

progressed, there is a clear decrease in the protein levels [20]. Additionally, the other HSP90 

clients MIF, AKT, Bcl-xl and mutp53 decreased as well (Figure 6b) [20].  

The authors continued to show correlation between HER2 and HSF1 by analyzing the 

mRNA expression levels of Hsp70, Hsp110 and Hsp90α using qRT-PCR. The SK-BR-3 breast 

cancer cells contained DMSO, a vehicle control, or HER2 inhibitor CP724.714. As a control, the 

relative level of DMSO mRNA expression was 1, while Hsp70 had a level of about 0.8, Hsp110 

had a level of about 0.7 and Hsp90α had a level of about 0.4 (Figure 7) [20]. In essence, the 
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levels of mRNA expression of the HSF1 downstream targets Hsp70, Hsp110 and Hsp90α 

decreased when HER2 was inhibited [20]. 

Lastly, the authors evaluated the relationship between activated pSer326-HSF1 and 

HER2 in human cell lines and murine and human breast cancer tissues. The samples were 

studied and classified by a board-certified pathologist and stated that “there was a strong 

correlation between HER2 and pSer326-HSF1 specifically in HER2-positive breast cancer,” 

which can be found in Figure 8 [20]. 

A gain-of-function mutant p53-HSF1 feed forward circuit governs adaptation of cancer cells 

to proteotoxic stress 

Li et al. began their study with an analysis of the effect of mutp53 on regulation of HSF1. 

They first used siRNA-mediated depletion to test protein level of HSF1 and downstream target 

Hsp70 when mutp53 was removed. According to Figure 9a, when mutp53 was deleted, HSF1 

levels as well as Hsp70 levels decreased compare to the control siScr (scrambled controls) [21]. 

Additionally, the authors tested effects on HSF1 and its targets in the presence of mutp53 by 

ectopically expressing mutp53 as R175H in H1299 null p53 cells. Levels of HSF1, Hsp70 (short 

and long) and Hsp27 were evaluated in immunoblots both with and without heat shock. 

Compared to the control, levels of HSF1, Hsp70 and Hsp27 increased when R175H mutp53 was 

expressed in cells, more evidently in cells that underwent heat shock (Figure 9b) [21]. Lastly, to 

confirm mutp53 upregulation on HSF1 and downstream targets, a similar experiment was 

repeated using varying p53 mutations. Compared to the vector control, all p53 mutations 

upregulated HSF1, Hsp27, Hsp70 and Hsp90 as evident in Figure 9c [21]. 
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Li et al. continued their study by testing the relationship between mutp53 and the 

activation of HSF1, represented as pSer326-HSF1. Levels of p326-HSF1 were detected on 

immunoblots in both MDA231 control cells and MDA231-R280K mutant p53 cells. The 

MDA231-R280K cells were a line of mutp53 breast cancer cells that ectopically expressed 

excess mutp53 R280K protein [21]. The experiment was done with cells undergoing heat shock 

and without heat shock for comparison. Without heat shock, there is an increase in presence of 

p326-HSF1 in MDA231-R280K cells compared to the control cells [21]. Comparatively, for the 

cells that underwent heat shock, there is a significant increase in p326-HSF1 in MDA231-R280K 

cells compared to control cells (Figure 10a) [21]. The authors then conducted a similar 

experiment that illustrated protein levels of p326-HSF1, HFS1 and p53 in both nuclear and 

cytoplasmic fractions. Depicted in Figure 10b, p326-HSF1 had a greater presence in the nuclear 

fraction of MDA231-R280K cells compared to the MDA231 control cells when underwent heat 

shock [21]. 

Using chromatin immunoprecipitation assay (ChIP), Li et al. analyzed the relationship of 

mutp53 to HSF1 binding to heat shock element (HSE) [21]. MDA231 and MDA231-R280K 

cells were used and the antibody was for either irrelevant GST (antibody control) or p53, 

analyzing HSE levels. Cells that did not undergo heat shock, showed an increase in HSE for 

mutp53 in MDA231-R280K cells compared to control MDA231 cells (Lines 3 and 4 of Figure 

12) [21]. Comparing lines 7 and 8 of Figure 11, illustrate that cells that underwent heat shock, 

have an evident increase in HSE levels for MDA231-R280K cells compared to control cells [21]. 

The last relevant experiment done by Li et al. was to show a correlation between mutp53 

and activated pSer326-HSF1 in breast cancer cells. The authors used immunohistochemical 

staining of known molecular status of 150 breast cancer biopsies. Figure 12 shows select samples 
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that demonstrate that scoring was absent, moderate or strong and from a scale of 0 to 4.  

According to the journal article, the authors noted a “clear correlation between mutp53 and 

pSer326-HSF1 proteins specifically only in HER2-positive breast cancer samples and not in 

HER2-negative or ER/PR+ tumors” [21]. 

 

 

 

 

 



	  

22 
	  

 

 

 

 

 

Cotransfection of HER2 and wt p53—Cells were seeded in duplicate
chamber slides (Lab-Tek) and, at 80% confluence, transiently cotrans-
fected. Each well received 0.2 !g of each plasmid and 2 of !g of
Lipofectin in serum-free medium. The plasmid combinations used were
empty pEGFP-C2 and pIREShyg, pIRES/p53 and empty pEGFP-C2,
pEGFP/HER2 and empty pIREShyg, and pIRES/p53 and pEGFP/
HER2. Cells were kept at 37 °C for 5 h and, after replacing serum-free
with complete medium, maintained in culture for 24 h and treated as
described for transient transfections.

Colony Assays—Cells were transfected with either pcDNA1/neo or
pcDNA/HER2 (same Lipofectin/DNA ratio as for stable tranfection) and
plated in duplicate 6-well plates (5 ! 105 cells/well). After 48 h, medium
was replaced with fresh medium containing 300–800 !g/ml G-418,
depending on the cell line. After 3 weeks of selection, plates were
stained with TB methylene blue (Difco) for 15 min. Colonies were
counted, and the percentage of control colony formation was calculated.

Flow Cytometric Analysis—Trypsin-detached cells were incubated
for 45 min at 0 °C with 10 !g/ml anti-p185HER2 monoclonal antibody
(mAb) MGR6 (22) in PBS containing 0.03% bovine serum albumin.
After several washes, cells were further incubated for 45 min at 0 °C
with fluorescein-linked goat anti-mouse antibody (Kierkegaard and
Perry Laboratories). After washing, cells were assessed for fluorescence
using a FACScan flow cytometer with LYSIS TM II software
(Becton-Dickinson).

Proliferation Assay Sulforhodamine B (SRB)—Cells were seeded at
10 ! 103 cells/well in 96-well plates in 200 !l of culture medium and
grown for 1, 2, 3, and 6 days. Each test was performed in six replicates.
Briefly, cells were fixed by incubation with 10% trichloroacetic acid at
4 °C for 1 h followed by 5 washes with distilled water. Cells were
stained by the addition of 1% acetic acid, 0.4% (w/v) SRB (Sigma)
solution to the culture medium at room temperature; after 30 min,
plates were washed with 1% acetic acid and air-dried. After the addition
of 10 mM Tris-HCl, pH 10.5, to dissolve the SRB bound to cellular
proteins, absorbance at 550 nm, proportional to the number of cells
attached to the culture plate, was measured by spectrophotometry.

[3H]Thymidine Incorporation—Cells were seeded at 10 ! 103/well in
96-well plates in complete medium for 3 h. Cells were then serum-
starved for 48 h and treated with 10 ng/ml HRG"1 (NeoMarkers) or 20
ng/ml EGF (Life Technologies, Inc.) for 24 h and with 1 !Ci/well [meth-
yl-3H]thymidine (Amersham Pharmacia Biotech), 1 mCi/ml for the last
4 h. Cells were washed with ice-cold PBS, precipitated with 10% tri-
chloroacetic acid, and solubilized in 100 !l of 0.2 N NaOH, 1% SDS.
Lysates were neutralized with 100 !l of 0.2 N HCl, and incorporated
radioactivity was quantitated by scintillation counting.

Soft Agar Assay—Cells (5 ! 103/well) were seeded in 6-well plates in
semisolid medium containing 0.3% Bacto-Agar (Difco) supplemented
with 30% fetal calf serum and 300 !g/ml G-418 over a 0.6% agarose
layer. Colonies were scored after a 3-week incubation at 37 °C in 5%
CO2 in air.

Cell Cycle Analysis—Cells were cultured for 48 h in serum-free
medium and treated with 10 ng/ml HRG"1 or 20 ng/ml EGF for 24 h at
37 °C or left untreated. Cells were harvested, fixed in 0.5% paraform-
aldehyde for 5 min, and permeabilized in 0.1% Triton X-100. Cells were
then incubated at 37 °C for 30 min in the presence of RNase A (1 mg/ml;
Sigma) and stained for 30 min at 0 °C with propidium iodide (50 !g/ml)
in PBS containing 0.03% bovine serum albumin. Fluorescence was
measured using a FACScan flow cytometer with LYSIS TM II software,
and data were analyzed with CellFIT software (all Becton Dickinson).

Western Blot Analysis—Cells were scraped and lysed in hot SDS
buffer (0.125 nM Tris-HCl, pH 7.4, 5% SDS, 10 !g/ml leupeptin, 1 mM

phenylmethylsulfonyl fluoride, and 1 mM Na3VO4). Cell lysates were
cleared by centrifugation. Protein concentration was determined by the
BCA protein assay reagent (Pierce). For each sample, 50–100 !g of total
protein extract was fractionated by SDS-polyacrylamide gel electro-
phoresis as described (23) and blotted onto a nitrocellulose membrane
(Hybond C, Amersham Pharmacia Biotech). Membranes were incu-
bated with the primary antibody for 2 h followed by incubation with
horseradish peroxidase-linked sheep anti-mouse Ig (1:5000, Amersham
Pharmacia Biotech) and visualized using the ECL detection system
(Amersham Pharmacia Biotech) according to the supplier’s
instructions.

For MAPK studies, cells were cultured for 48 h in fetal calf serum-
free medium and treated with 10 ng/ml of HRG"1 or 20 ng/ml EGF for
10 min at 37 °C. After treatment, cells were lysed for 45 min on ice in 50
mM Tris-HCl, pH 7.4, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 10
!g/ml leupeptin, 10 !g/ml aprotinin, 1 mM phenylmethylsulfonyl fluo-
ride, and 2 mM Na3VO4. Cell lysates were cleared by centrifugation.

Total lysate (50 !g) was resolved in a 12.5% polyacrylamide gel and
blotted as described above.

mAbs used were anti-p185HER2 Ab-3 (1 !g/ml; Oncogene Science),
anti-phosphotyrosine 4G10 (4 !g/ml; Upstate Biotechnology, Inc.), p53-
DO7 (1:100, Novocastra Laboratories Ltd.), anti-MDM2 Ab-1 (1 !g/ml,
Calbiochem), c-Myc Ab-5 (1 !g/ml Neo Markers), p44/42 MAPK anti-
body (1:1000; BioLabs Inc.), Phospho-p44/42MAP kinase (Thr-202/Thr-
204) antibody (1:1000, BioLabs Inc.), and anti-actin clone AC40 (1:500,
Sigma).

Northern Blot Analysis—RNA was extracted using the Talent RNA
extraction kit (Talent s.r.l.), according to the manufacturer’s instruc-
tions. RNA (10 !g/sample) was electrophoresed on a 1% agarose-form-
aldehyde gel, transferred to nitrocellulose filters (Amersham Pharma-
cia Biotech), and immobilized by UV-cross-linking. Hybridization was

FIG. 1. A, colony formation of HER2-transfected cells bearing wt or
mutated p53. Cells were transfected with pcDNA1/neo (control) or
pcDNA1/HER2. After 3 weeks of selection, colonies were counted. Re-
sults are given as mean percentage (bars, S.E. of two separate experi-
ments) of control colony formation. B, apoptosis in HER2-transfected
cells differing in p53 status. Cells were seeded in chamber slides and
transiently transfected with pEGFP/HER2 in which the cloned HER2
cDNA was expressed as a fusion product with the N terminus of GFP or
with empty pEGFP-C2. Apoptosis is expressed in mean percentage of
apoptotic nuclei relative to the total number of green-labeled cells
counted (bars, S.E. of 4–5 experiments). C, IGROV1/Pt1 cells were
transiently cotransfected with pIRES/p53, which contains full-length
wt p53 cDNA, and pEGFP/HER2, in which the cloned HER2 cDNA was
expressed as fusion with the N terminus of GFP. Mean percentages of
apoptotic nuclei were evaluated (bars, S.D. of two replicates). 1, empty
pEGFP-C2 and pIREShyg; 2, pIRES/p53 and empty pEGFP-C2; 3,
pEGFP/HER2 and empty pIREShyg; 4, pIRES/p53 and pEGFP/HER2.
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Figure 5. Analysis of p53 on HER2 (A) Measure of cell growth with transfected 
HER2. Measure of the growth of IGROV1 and IGROV1/Pt1 cells with transfected 
HER2. (B) Measure of inhibition of apoptosis with transfected HER2. Measure of 
the amount of IGROV1 and IGROV1/Pt1 cells that underwent apoptosis when 
transfected with HER2. 

Image adapted from Casalini et al. 2000 as Figure 1A and 1B [19]. 
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where we used CP724.714 for 24 h or longer (e.g., Figures
2a and b).

Mechanistically, HSF1 phosphorylation at Ser326 was
again dependent on PI3K (Figure 3c, lane 4), but not on

MEK–ERK1/2 (lane 6). Rapamycin treatment confirmed the
involvement of mTOR in regulating HSF1 activity in HER2-
overexpressing cells (Figure 3d, left). Interestingly, inhibition
of mTOR also induced HSF1 dephosphorylation in HER2 non-

Figure 3 HER2 inhibition leads to HSF1 inactivation and subsequent inactivation of the HSP90 chaperone. (a and b) Inhibition of HER2 inactivates HSF1 (a) and thereby
destabilizes HSP90 clients (b). SK-BR-3 cells were treated with 2 mM CP724.714 for 48 h. Protein levels of pSer326 HSF1, total HSF1, Hsp90a, Hsp70 and Hsp27 (a) and MIF,
AKT, Bcl-xl and mutant p53 R175H (b) were assessed by immunoblots. Gapdh, loading control. (c) Inhibition of the HER2–PI3K axis, but not the HER2–ERK1/2 axis,
inactivates HSF1 and downstream chaperones. SK-BR-3 cells were treated with 1 mM CP724.714 (specific HER2 inhibitor), 25mM Ly294002 (PI3K inhibitor) or 10mM U0126
(MEK inhibitor) alone or in combination as indicated. Immunoblot analysis. Arrow indicates unrelated band. Hsc70, loading control. (d) Inhibition of mTOR prevents HSF1
activation. Cells were treated or left untreated with 50 nM Rapamycin for 48 h. Immunoblot analyses. pS6 serves as functional control of mTOR inhibition. Actin, loading control.
(e) HSF1 silencing destabilizes MIF protein. MDA-MB-453 and MDA-MB-231 cells were transfected with different siRNAs against HSF1 for 3 days. Cell lysates were
immunoblotted for MIF, panHsp90, Hsp70, Bcl-xl and c-Raf. Representative blots are shown. Actin, loading control. Arrow indicates related band. (f) The heat-shock response
is impaired in response to inhibition of the HER2 pathway. SK-BR-3 cells were left untreated or treated with 2 mM CP724.714 or 25mM Ly294002 for 48 h, followed by heat
shock at 42 1C for 1 h where indicated. Protein lysates were prepared after a recovery of 3 h. Immunoblot analysis for pSer326 HSF1 and total HSF1. Note that the HS-induced
hyperphosphorylated species of total HSF1 (slower migrating band) is blocked by HER2 and PI3K inhibition. pS6 serves as control for HER2 and PI3K inhibition. Actin, loading
control. (g) The heat-shock response is markedly attenuated in response to HER2 inhibition. SK-BR-3 were treated with 2mM CP724.714 or 25mM Ly294002 for 48 h. After
heat shock at 42 1C for 1 h followed by a 3-h recovery, cells were immunostained for total HSF1 with DAPI counterstain. Top, representative immunofluorescence of heat-
shocked control cells and heat-shocked/CP274.714-treated cells. Arrows indicate HSF1-positive nuclei with a granular nuclear pattern. Only those were counted. Bottom,
quantification of HSF1-positive nuclei. For every sample, eight random fields (! 20 magnification) in duplicates were counted. The number of HSF1-positive cells as percent of
total nuclei (DAPI stained) is shown. Error bars indicates ±S.E.M. Student’s t-test, two-tailed, P-value: ***Po0.001

ErbB2/HER2 signaling controls HSF1 and Hsp90
R Schulz et al

5

Cell Death and Disease

Figure 6. Inhibition of HER2 and the effects on HSF1 protein and downstream 
targets. (a) Western blot analysis of inhibition of HER2 on HSF1 and 
downstream targets. HER2 receptor in SK-BR-3 cells was inhibited with 2 µM of 
CP724.714 for 48 hours and protein levels of pHSF1, HSF1, Hsp90α, Hsp70 and 
Hsp27 were analyzed using immunoblots. Gapdh was used as a loading control. (b) 
Western blot analysis of inhibition of HER2 on MIF, AKT, Bcl-xl and mutp53.  
HER2 receptor in SK-BR-3 cells was inhibited with 2 µM of CP724.714 for 48 hours 
and protein levels of MIF, AKT, Bcl-xl and mutant p53 were analyzed using 
immunoblots. Gapdh was used as a loading control.  

Image adapted from Schulz et al. 2014 as Figure 3a and 3b [20]. 
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overexpressing MDA-MB-231 cells (Figure 3d, right),
confirming that downstream targets of HER2 can also act
independently in HSF1 regulation. On the other hand, siRNA-
mediated knockdown of HSF1, which in turn downregulates
Hsp90 and Hsp70, abolished MIF stabilization and other
clients such as Bcl-xl and c-Raf in both HER2-overexpressing
and non-overexpressing breast cancer cells (Figure 3e).
Taken together, cancer cells develop several different
strategies to increase HSF1 activity. HER2 signaling is one
of them.

To obtain further support that HSF1 is controlled by HER2,
we heat shocked SK-BR-3 cells to increase HSF1 activity,
indicated by induction of pSer326 HSF1. Indeed, HER2 (and
PI3K) inhibition markedly attenuated this heat-shock
response (Figure 3f, compare lanes 2 and 4), once again
confirming the functional link between HER2 signaling and
HSF1 activation. Similarly, immunofluorescence staining of
activated HSF1, indicated by granular nuclear staining,
confirmed the impairment of the heat-shock response after
HER2 inhibition (Figure 3g).

HSF1 not only orchestrates the cellular stress response. In
cancer cells, HSF1 also broadly modulates (via transactiva-
tion and transrepression) tumor-promoting genes involved in
cell cycle regulation, DNA repair, signaling, metabolism,
adhesion and translation.47 Thus, we analysed mRNA levels
of randomly selected representative target genes of these
different HSF1 programs (Figure 4a). Notably, in response to
HER2 inhibition we observed repression of classic activated
HSF1 targets, including Hsp90a, Hsp70 and Hsp110
(Figure 4b). Moreover, expression of the HSF1 targets
CDC6 (cell division cycle 6) and CBX3 (chromobox protein
homolog 3; chromatin remodeling) was also repressed
(Figure 4c). CDC6 repression was confirmed on the protein
level (Figures 4c and d). Conversely, expression of the
repressed targets SPTAN (spectrin alpha (non-erythrocytic;
apoptosis)) and FASN (fatty acid synthase; metabolism) was
upregulated on HER2 inhibition (Figure 4c). Most importantly,
HER2 inhibition also specifically influenced the transcriptional
HSF1 program after heat shock, as shown by SPTAN, FASN
and CDC6 transcript levels and CDC6 protein levels

Figure 4 The HSF1 transcriptional program is impaired by HER2 inhibition. (a) Schematic overview of HSF1-regulated gene expression. Transcriptionally activated and -
repressed target genes analyzed here are indicated. (b and c) HER2 inhibition impairs the HSF1-dependent inducible heat-shock response (b) and the tumor-promoting (c)
transcriptional program of HSF1. SK-BR-3 cells were treated with 2 mM CP724.714 or DMSO for 48 h and mRNA was isolated. qRT-PCR of Hsp70 (*P¼ 0.0396), Hsp110
(***P¼ 0.001), Hsp90a (**P¼ 0.0049), SPTAN (*P¼ 0.0362), CDC6 (***P¼ 0.001), FASN (**P¼ 0.0069) and CBX3 (P¼ 0.067), each normalized to 36B4 mRNA. Relative
values are given in (ratio (2" ddCT)). Error bars indicate ±S.E.M. of three independent experiments, repeated twice each with all in triplicates. Student’s t-test, two-tailed,
P-value: *Po0.05, **Po0.01 and ***Po0.001. (d) HER2 inhibition also attenuates the HSF1-mediated oncogenic program after heat shock. SK-BR-3 cells were treated with
2mM CP724.714 or DMSO for 48 h. Heat shock (HS) at 42 1C for 1 h with 3 h recovery before mRNA isolation. qRT-PCRs of SPTAN (**P¼ 0.0048), CDC6 (*P¼ 0.0373) and
FASN (*P¼ 0.0161), normalized to 36B4. Relative values are given in (ratio (2" ddCT)). Error bars indicate ±S.E.M. of two or three independent experiment in triplicates.
Student’s t-test, two-tailed, P-value: *Po0.05, **Po0.01 and ***Po0.001
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Figure 7. The effects of HSF1-regulated gene expression when HER2 is inhibited. 
SK-BR-3 cells were inhibited with 2 µM of Cp724.714 for 48 hours and cells were 
analyzed using qRT-PCR to determine the mRNA expression of Hsp70, Hsp110 and 
Hsp90α. DMSO was used as a vehicle control.  

Image adapted from Schulz et al. as Figure 4b [20]. 
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model that HSF1 is regulated by HER2 receptor signaling and
thus acts as a major downstream tumor promoter in HER2-
driven breast cancers in vivo.

Discussion

The transcription factor HSF1 is a major determinant of
oncogenesis, as established by genetic cancer models in
mice.42–46 This is based on two mechanisms. HSF1 induces
the adaptive proteotoxic stress response of heat-shock chaper-
ones essential for cancer cell survival. Moreover, HSF1 also
broadly modulates expression of genes regulating cell cycle
signaling, metabolism, adhesion and protein translation.47 Here
we provide evidence that overexpression of the receptor tyrosine
kinase HER2 in breast cancer leads to concomitant constitutive
activation of the HSF1-HSP90 axis, with subsequent stabilization
of numerous tumor-promoting HSP90 clients such as MIF, AKT,
mTOR and HSF1 itself, thereby causing a robust acceleration in
tumor growth. In human and mouse HER2-overexpressing
breast cancer systems in vitro and in vivo, we show that inhibiting
HER2/ErbB2 leads to inhibition of phosphoactivated Ser326
HSF1, and subsequently blocks the activity of the HSP90 (and

likely the HSP27) chaperone machinery. This leads to destabi-
lization of Hsp90 clients, including MIF, AKT mutant p53 and
HSF1, which in turn inhibits cancer cell growth. Mechanistically,
HER2 signals via the PI3K–AKT–mTOR axis to activate HSF1.
Attenuation of the heat-shock/HSF1 response on HER2 inhibition
confirms the functional link between HER2 and HSF1.

Our findings provide an explanation for older hints in the
literature towards a possible connection between HER2 and
HSF1. First, in HER2-overexpressing mice, genetic HSF1
deletion reduces mammary tumorigenesis.45 Second, HER2
promotes glycolysis at least in part through the HSF1-
mediated upregulation of LDH-A.49 Third, Her2-induced p21
inactivation and survivin activation is necessary for mammary
cell transformation by HSF1.44 And finally, in HER2 non-
overexpressing breast cancer cells, Heregulin b1, a ligand for
ErbB3/ErbB4, induces increased HSF1 levels, which depends
on ErbB2 and the PI3K–AKT axis.52 However, a definitive link
and specific mechanism between HER2 overexpression
signaling and HSF1 activation did not exist. Our study now
provides some answers to both questions. This study
demonstrates for the first time the existence of a contiguous
signaling axis of a multicomponent HER2–HSF1 pathway,
which is constitutively active in HER2-overexpressing cancer

Figure 6 In human HER2-positive breast cancers, HER2 levels correlate with pSer326 HSF1 activity. (a and b) Correlation in staining intensity between HER2 and
activated HSF1 (pSer326) in human breast cancer. (a) Quantitative immunohistochemistry of HER2 and pSer326 HSF1 protein in HER2-amplified invasive ductal carcinoma
with 2þ and 3þ HER2 staining intensity, respectively. Two regions encompassing 460 cells were quantified per case; DAB color intensity displayed as values on an
inverted 8 bit gray scale, 0¼white, 255¼ black. (b) Representative photomicrographs of cases of invasive ductal carcinoma quantified in a. Immunohistochemical staining for
HER2 and pSer326 HSF1. DAB with hematoxylin counterstain, # 400 magnification. Bar, 100mm. (c) Proposed model summarizing the findings of this study. In HER2-
overexpressing cells, the PI3K–AKT–mTOR pathway is the main signaling axis that leads to phosphorylation of HSF1 at Ser326, which activates HSF1 transcriptional activity
and induces, among other target genes, expression of heat-shock proteins. The activated HSP90 machinery stabilizes a broad panel of oncogenic and tumor-promoting
proteins. Dashed lines mean feedback loop
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Figure 8.  Immunohistochemical staining of the relationship between pSer326-
HSF1 and HER2 in HER2-positive breast cancer cells. Immunohistochemical 
staining of selected HER2 positive breast cancer samples viewed at X400 
magnification. 

Image adapted from Schulz et al. as Figure 6b [20]. 
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via activation of Hsp90, which strongly stabilizes mutp53
(Li et al.9,10 and Figure 1a). Conversely, here we show that
mutp53 also induces HSF1 in all human cancer cell lines and
mouse primary cells tested. First, RNAi-mediated depletion
of mutp53 in SKBr3 breast cancer cells results in down-
regulation of the HSF1 protein (Figure 1a). Next, we
generated stable isogenic lines of mutp53 MDA231 breast
cancer cells that express either Tet-inducible shp53RNA or
excess ectopic mutp53 R280K protein matching its endo-
genous p53 mutation. Similar to SKBr3 cells, shp53RNA
downregulates HSF1 and its transcriptional target Hsp70 in
MDA231 cells. Importantly, this effect is further enhanced by
HSF1 activation via heat shock (HS), a strong inducer of
HSF1 transcriptional activity (Figure 1b). Conversely, excess
ectopic native mutp53 R280K in MDA231 cells further
increases the HSF1 targets Hsp70/Hsp27 upon HS
(Figure 1c). Likewise, expression of mutp53R175H in p53
null H1299 cells induces HSF1 and Hsp70/Hsp27
(Figure 1d), further enhanced by HS at the protein
(Figure 1d) and mRNA (Figure 4c) levels. Upregulation of
HSF1 by mutp53 appears to be generic, as it is observed in
response to different p53 mutants (Figures 1d and e). To
confirm these results in mice we generated a novel breast

cancer model by introducing the well-characterized p53
R172H allele (H thereafter)11,12 into MMTV-ErbB2 transgenic
mice.13 p53! /! ;ErbB2 littermates served as controls.
These mice spontaneously develop mammary tumors.
Importantly, compared with their p53! /! littermates,
primary cultures derived from H/H;ErbB2 mammary epithelial
cells (MECs; Figure 5c) and ! /þ ;ErbB2 versus H/þ ;ErbB2
mammary tumors both show increased levels of the HSF1
protein and its targets (Hsp70, Hsp27; Figure 1f).

Thus, these data indicate that mutp53 positively regulates HSF1
levels and activity, and that mutp53-mediated upregulation of
HSF1 may constitute a novel gain-of-function activity of mutp53.

Mutp53 promotes HSF1 activation via Ser326 phosphor-
ylation. qRT-PCR analysis demonstrated that in contrast to
Hsp70, HSF1 transcripts are not affected by ectopic
expression of mutp53 in H1299 cells (Figure 4c), indicating
that mutp53 upregulates HSF1 at the post-transcriptional
level. In unstressed cells, HSF1 shuttles between the
nucleus and cytoplasm, but localizes predominantly in the
cytoplasm, due to sequestration by Hsp90. Upon HS, HSF1
is phosphorylated, liberated from Hsp90, undergoes trimer-
ization and translocates to the nucleus to activate target gene
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Figure 1 Mutant p53 upregulates HSF1 protein and augments the heat-shock response. (a) siRNA-mediated depletion of mutp53 in SKBr3 cells results in downregulation
of HSF1 and its transcriptional target Hsp70. siHSF1 and scrambled siRNA as controls. (a–c, e and f) actin, loading control. (b) Tet-inducible p53 shRNA downregulates HSF1
and its target Hsp70 and is further enhanced by HS (43 1C, 1 h). Stable MDA231-shp53 cells. (c) Conversely, excess ectopic native mutp53 R280K in MDA231 cells further
increases the HSF1 targets Hsp70/Hsp27 upon HS. (d) Ectopic mutp53R175H in p53 null H1299 cells upregulates HSF1 and its targets Hsp70/Hsp27, which is further
enhanced by HS. Hsc70, loading control. (e) Upregulation of HSF1 and its targets in response to all tested p53 mutants. (f) Compared with littermate p53! /þ ;ErbB2,
primary mammary tumors from p53H/þ ;ErbB2 mice show increased levels of HSF1 and Hsp70. Actin as a loading control

Mutant p53 activates HSF1
D Li et al

2

Cell Death and Disease

via activation of Hsp90, which strongly stabilizes mutp53
(Li et al.9,10 and Figure 1a). Conversely, here we show that
mutp53 also induces HSF1 in all human cancer cell lines and
mouse primary cells tested. First, RNAi-mediated depletion
of mutp53 in SKBr3 breast cancer cells results in down-
regulation of the HSF1 protein (Figure 1a). Next, we
generated stable isogenic lines of mutp53 MDA231 breast
cancer cells that express either Tet-inducible shp53RNA or
excess ectopic mutp53 R280K protein matching its endo-
genous p53 mutation. Similar to SKBr3 cells, shp53RNA
downregulates HSF1 and its transcriptional target Hsp70 in
MDA231 cells. Importantly, this effect is further enhanced by
HSF1 activation via heat shock (HS), a strong inducer of
HSF1 transcriptional activity (Figure 1b). Conversely, excess
ectopic native mutp53 R280K in MDA231 cells further
increases the HSF1 targets Hsp70/Hsp27 upon HS
(Figure 1c). Likewise, expression of mutp53R175H in p53
null H1299 cells induces HSF1 and Hsp70/Hsp27
(Figure 1d), further enhanced by HS at the protein
(Figure 1d) and mRNA (Figure 4c) levels. Upregulation of
HSF1 by mutp53 appears to be generic, as it is observed in
response to different p53 mutants (Figures 1d and e). To
confirm these results in mice we generated a novel breast

cancer model by introducing the well-characterized p53
R172H allele (H thereafter)11,12 into MMTV-ErbB2 transgenic
mice.13 p53! /! ;ErbB2 littermates served as controls.
These mice spontaneously develop mammary tumors.
Importantly, compared with their p53! /! littermates,
primary cultures derived from H/H;ErbB2 mammary epithelial
cells (MECs; Figure 5c) and ! /þ ;ErbB2 versus H/þ ;ErbB2
mammary tumors both show increased levels of the HSF1
protein and its targets (Hsp70, Hsp27; Figure 1f).

Thus, these data indicate that mutp53 positively regulates HSF1
levels and activity, and that mutp53-mediated upregulation of
HSF1 may constitute a novel gain-of-function activity of mutp53.

Mutp53 promotes HSF1 activation via Ser326 phosphor-
ylation. qRT-PCR analysis demonstrated that in contrast to
Hsp70, HSF1 transcripts are not affected by ectopic
expression of mutp53 in H1299 cells (Figure 4c), indicating
that mutp53 upregulates HSF1 at the post-transcriptional
level. In unstressed cells, HSF1 shuttles between the
nucleus and cytoplasm, but localizes predominantly in the
cytoplasm, due to sequestration by Hsp90. Upon HS, HSF1
is phosphorylated, liberated from Hsp90, undergoes trimer-
ization and translocates to the nucleus to activate target gene
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via activation of Hsp90, which strongly stabilizes mutp53
(Li et al.9,10 and Figure 1a). Conversely, here we show that
mutp53 also induces HSF1 in all human cancer cell lines and
mouse primary cells tested. First, RNAi-mediated depletion
of mutp53 in SKBr3 breast cancer cells results in down-
regulation of the HSF1 protein (Figure 1a). Next, we
generated stable isogenic lines of mutp53 MDA231 breast
cancer cells that express either Tet-inducible shp53RNA or
excess ectopic mutp53 R280K protein matching its endo-
genous p53 mutation. Similar to SKBr3 cells, shp53RNA
downregulates HSF1 and its transcriptional target Hsp70 in
MDA231 cells. Importantly, this effect is further enhanced by
HSF1 activation via heat shock (HS), a strong inducer of
HSF1 transcriptional activity (Figure 1b). Conversely, excess
ectopic native mutp53 R280K in MDA231 cells further
increases the HSF1 targets Hsp70/Hsp27 upon HS
(Figure 1c). Likewise, expression of mutp53R175H in p53
null H1299 cells induces HSF1 and Hsp70/Hsp27
(Figure 1d), further enhanced by HS at the protein
(Figure 1d) and mRNA (Figure 4c) levels. Upregulation of
HSF1 by mutp53 appears to be generic, as it is observed in
response to different p53 mutants (Figures 1d and e). To
confirm these results in mice we generated a novel breast

cancer model by introducing the well-characterized p53
R172H allele (H thereafter)11,12 into MMTV-ErbB2 transgenic
mice.13 p53! /! ;ErbB2 littermates served as controls.
These mice spontaneously develop mammary tumors.
Importantly, compared with their p53! /! littermates,
primary cultures derived from H/H;ErbB2 mammary epithelial
cells (MECs; Figure 5c) and ! /þ ;ErbB2 versus H/þ ;ErbB2
mammary tumors both show increased levels of the HSF1
protein and its targets (Hsp70, Hsp27; Figure 1f).

Thus, these data indicate that mutp53 positively regulates HSF1
levels and activity, and that mutp53-mediated upregulation of
HSF1 may constitute a novel gain-of-function activity of mutp53.

Mutp53 promotes HSF1 activation via Ser326 phosphor-
ylation. qRT-PCR analysis demonstrated that in contrast to
Hsp70, HSF1 transcripts are not affected by ectopic
expression of mutp53 in H1299 cells (Figure 4c), indicating
that mutp53 upregulates HSF1 at the post-transcriptional
level. In unstressed cells, HSF1 shuttles between the
nucleus and cytoplasm, but localizes predominantly in the
cytoplasm, due to sequestration by Hsp90. Upon HS, HSF1
is phosphorylated, liberated from Hsp90, undergoes trimer-
ization and translocates to the nucleus to activate target gene
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Figure 9. The effect of mutp53 on HSF1 and downstream targets of HSF1. (a) 
Western blot analysis of HSF1 and Hsp70 after deleting mutp53. The effects of 
mutant p53 depletion on HSF1 and downstream target, Hsp70, were analyzed using 
siRNA-mediated depletion of mutp53. siScr and siHSF1 were used as controls for the 
siRNA-mediated depletion. Protein levels were analyzed using immunoblots. Actin was 
used as a loading control. (b) Western blot analysis of HSF1 and downstream targets 
in mutp53 induced cells with and without heat shock. Ectopic expression of mutant 
p53 (R175H) was induced in H1299 null p53 cells and protein levels of HSF1, Hsp70 
short, Hsp70 long and Hsp27 were analyzed using immunoblotting. The cells were also 
heat shocked to enhance effects. V represents vector control and Hsc70 was used as 
loading control. (c) Western blot analysis of HSF1 and downstream targets in various 
forms of mutp53 expression. The experiment in (b) was repeated using variations of 
mutant p53 to illustrate similar effects in H1299 null p53 cells. Immunoblotting revealed 
protein levels of HSF1, Hsp27, Hsp70 and Hsp90. Actin was used as a loading control.  

Image adapted from Li et al. as Figure 1a, 1d and 1e [21]. 
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expression by binding to specific heat-shock elements (HSE)
in target promoters. Importantly, phosphorylation of HSF1 at
Serine 326 (p-Ser326) is pivotal to render HSF1 transcrip-
tionally competent.14 Furthermore, Ser326 phosphorylation
protects HSF1 from polyubiquitination and proteosomal
degradation, causing HSF1 to stabilize.15 Thus, we looked
for a correlation between levels of p-Ser326 HSF1 and
mutp53. Indeed, HS significantly elevated p-Ser326 HSF1 in
total cell lysates of MDA231R280K versus control MDA231
cells (Figure 2a). Moreover, total HSF1 was also increased in
the cytoplasm of unstressed MDA231R280K cells, implying
that mutp53 affects basal levels of HSF1 even in the absence
of proteotoxic stress (Figure 2b). HS induced nuclear
translocation and p-Ser326-phosphorylation of HSF1, which
was augmented in MDA231R280K compared with control
cells (Figure 2b). Conversely, shRNA-mediated downregula-
tion of mutp53 decreased (mainly cytoplasmic) total HSF1 of

unstressed cells and decreased HS-activated nuclear
p-Ser326 HSF1 (Figure 2c). Notably, HSF1 was specifically
upregulated by mutant but not wtp53. No increase in HSF1
levels or activation was seen in HCT116 p53! /! versus
p53þ /þ cells (Figure 2d).

Mutp53 interacts with activated HSF1 in the nucleus.
The best-described mechanism of mutp53 gain-of-function
relates to its ability to interact with other transcription factors
and modulate their target gene expression.4 To test whether
this mechanism is also engaged in the mutp53-mediated
regulation of the HSF1 transcriptional program, we performed
co-immunoprecipitations. Indeed, HS induced a specific
mutp53-HSF1 complex in MDA231R280K cells, which
contained total and activated p-Ser326 HSF1 (Figure 3a).
Importantly, in reciprocal co-immunoprecipitations from
MDA231 cells an endogenous nuclear mutp53-HSF1
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Figure 2 Mutant p53 promotes HSF1 activation via Ser326 phosphorylation. (a) Activated p-Ser326 HSF1 is greatly upregulated in MDA231R280K cells after HS (43 1C,
1 h). Actin is the loading control. (b) MDA231R280K cells induce higher levels of activated nuclear p-Ser326 HSF1 after HS than vector controls. Note that the slower migration
of HS-activated HSF1 detectable in 6% SDS PAAG is due to phosphorylation. (c) Tet-inducible p53 shRNA decreases total HSF1 and activated p-Ser326 HSF1 in the nuclear
fraction of MDA231 cells after HS (43 1C, 1 h) compared with vehicle-treated control cells. Note that the slower migration of HS-activated HSF1 detectable in 6% SDS PAAG is
due to phosphorylation. (d) HSF1 is specifically upregulated by mutant but not wild-type p53. No increase in HSF1 levels or activation was seen in HCT116 p53! /! versus
p53þ /þ cells. The slower migration of total HSF1 detectable in 6% SDS PAAG upon HS is due to phosphorylation. (b–d) N – nuclear fraction, C – cytoplasmic fraction.
GAPDH and HDAC1 as cytoplasmic and nuclear markers, respectively
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Figure 10. The role of mutp53 in regards to activation of HSF1 as pSer326-
HFS1. (a) Western blot analysis of mutp53 effect on activation of HSF1 with 
and without heat shock. Immunoblotting was used to display effect of mutant p53 
on the activation of HSF1 by measuring for p326-HSF1 with or without influence of 
heat shock (HS). Actin was used as a loading control. (b) Western blot analysis of 
mutp53 effect on activated HSF1 in nuclear and cytoplasmic fractions. The 
experiment in (a) was repeated this time taking into consideration effects from heat 
shock (HS). Immunoblotting was done to reveal the protein levels of p326-HSF1, 
HSF1 and p53. Gapdh was used as cytoplasmic loading control and HDAC1 was 
used as nuclear loading control. 

Image adapted from Li et al. as Figure 2a and 2b [21]. 
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cells exhibited higher levels of activated HSF1 (Figures 2a and
b), with subsequent upregulation of Hsp70/Hsp27 (Figure 1c).
Importantly, MDA231R280K acquired higher thermotolerance,

indicated by higher cell viability, compared with MDA231
control cells (Figure 5a). Whereas downregulation of mutp53
by siRNA decreases levels of activated HSF1 and its
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Figure 11. Chromatin immunoprecipitation assay to determine correlation between 
mutp53 and HSF1 binding to heat shock element. This ChIP assay illustrated the 
effect of MDA231 (control) versus MDA231-R280K (mutant p53) and the effect of 
HSF1 binding to its heat shock element (HSE). Heat shock (HS) was induced to test for 
further effects. 

Image adapted from Li et al. 2014 as Figure 4g [21]. 
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HSF1, leading to a decline in mutp53 levels (Figure 7a). To
further test our hypothesis, we stimulated EGFR signaling by
adding EGF into the medium of serum-starved MDA231
cells. Indeed, EGFR activation by Tyr845 phosphorylation19

not only induces AKT and ERK phosphorylation but also
enhances Ser326 HSF1 phosphorylation (Figure 7b), con-
firming that HSF1 activation is mediated via EGFR signaling.

As EGFR- and/or ErbB2-mediated downstream signaling
are involved in HSF1 phosphorylation, we reasoned that

mutp53 might enhance HSF1 activation via stimulating the
EGFR/ErbB2 pathways. Thus, we tested the effect of
differential mutp53 expression on EGFR and ErbB2 signaling
in breast cancer cells. Indeed, mutp53 overexpression in
MDA231R280K cells potentiated EGFR signaling, as indi-
cated by enhanced EGFR-Tyr845 phosphorylation after EGF
stimulation, compared with control MDA231 cells (Figure 7c).
This effect was concomitant with induction of p-Ser326 HSF1
even in the absence of proteotoxic stress (Figure 7c), further
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human breast cancer samples. Immunohistochemical staining of tissue microarray 
was done in 150 samples to demonstrate a correlation between mutantp53 and 
activated pSer326-HSF1 in cells with known molecular status. 

Image adapted from Li et al. as Figure 7i [21]. 
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Chapter 4: Discussion 

 The outcomes of the previously discussed journal articles each provide a specific key 

point that is relevant to understanding the relationship between mutp53 and HER2 in HER2-

positive breast cancer. Through an understanding of the relationship, we can suggest mutp53 

would be a potential biomarker for HER2-targeted therapies in HER2-positive breast cancer. 

Casalini et al. tests the effects of mut and wtp53 on tumorigensis. They demonstrated mutp53 in 

contrast to wtp53 does not have growth inhibitory and apoptotic effect upon HER2 

overexpression [19]. Schulz et al. and Li et al. show the interplay of HSF1 with both HER2 and 

mutp53, suggesting possible translational potential of this liaison for breast cancer treatment. 

 Firstly, in the results discussed by Casalini et al., it is evident to see that there is in fact a 

direct relationship between HER2 and mutp53 in cancerous cells [19]. As is apparent in Figure 

5A, the amount of growth greatly increases in IGROV1/Pt1 (mutp53 cells) transfected with 

HER2 than IGROV1 (control cells) transfected with HER2 [19]. This data emphasizes that when 

HER2 is with a cell that has mutp53, there is a greater increase in growth, which can be 

correlated to tumorigenesis. Additionally, when testing the amount of apoptotic cells, IGROV1 

transfected with HER2 had about a 20% greater amount of cells undergoing apoptosis compared 

to IGROV1/Pt1 transfected with HER2 (Figure 5B) [19]. In normal cells, wtp53 induces 

apoptosis to cease uncontrolled cell growth, while mutp53 will have the opposite effect, thus 

promoting tumorigenesis. Therefore, the relationship between wtp53 and over-expressed HER2 

should demonstrate an increased amount of apoptotic cells as compared to mutp53 and over-

expressed HER2 cells, which is what is evident in Figure 5B [19]. Together, the increased in cell 

growth and decrease in apoptosis of mutp53-HER2 cells emphasizes that there is a correlation 

between HER2 and mutp53 in cancer since uncontrolled growth and inhibition of apoptosis are 
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known hallmarks of cancer [17]. With this data, it is apparent that a relationship between mutp53 

and HER2 does exist in HER2 over-expressed cells (demonstrating HER2-positive breast 

cancer), which provides an initial idea that mutp53 and HER2 oncogenically cooperate to 

promote tumorigensis. However, it is vital to demonstrate at first that mutp53 directly regulates 

HER2 in the HER2-positive breast cancer cells.  

 Understanding the relationship between mutp53 and HER2 on a molecular level could 

provide the basics for optimization of therapeutic intervention for HER2-positive breast cancer. 

Both Schulz et al. and Li et al. provide evidence that mutp53 and HER2 interact with HSF1, the 

universal heat shock transcription factor, suggesting relation between mutp53 and HER2 through 

HSF1 [20, 21]. The article by Schulz et al. demonstrates that inhibition of HER2 leads to 

suppression of HSF1 activity. When Schulz et al. inhibited HER2 with CP724.714 in the SK-

BR-3 cells, levels of pHSF1, HSF1, Hsp90α, Hsp70 and Hsp27 decreased, emphasizing there is a 

direct relationship between HER2 and HSF1 [20]. This is clear by the fact that not only did 

HSF1 levels decrease, but also the downstream targets that it activates (Hsp90α, Hsp70 and 

Hsp27) decreased (Figure 6a) [20]. Additionally in this experiment, the authors showed that 

mutp53 decreased as well (Figure 6b), providing an additional point to what Casalini et al. had 

discovered [19, 20]. In a second experiment, the authors proved correlation between HER2 and 

HSF1 again by inhibiting HER2 with Cp724.714 and measuring mRNA levels of Hsp70, Hsp110 

and Hsp90α, which again decreased (Figure 7) [20]. In summary, the data provided by Schulz et 

al. demonstrated that HER2 and its downstream signaling positively regulates HSF1 activity by 

providing cells superior survival [20]. 

 Furthermore, Li et al. provided evidence that mutp53 also regulates HSF1 activity. They 

first proved this by deleting mutp53 with siRNA and illustrated a decrease in HSF1 levels 
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(Figure 9a) [21]. In a second experiment, when the authors ectopically expressed mutp53 in 

H1299 null p53 cells, HSF1 levels as well as downstream targets (Hsp27 and Hsp70) increased, 

thus displaying a direct relationship between mutp53 and HSF1 [21]. This experiment was 

repeated in an almost identical procedure to display that various forms of mutp53 have the same 

effect on HSF1, demonstrating that mutp53 in general has an effect on HSF1 (Figure 9c) [21]. 

The relationship is further emphasized in the article when the authors measured the effects of 

mutp53 on the activated form of HSF1, pSer326-HSF1. As displayed in Figure 10a and 10b, the 

levels of pSer326-HSF1 increased when mutp53 was present compared to null, which could 

propose the idea that mutp53 not only interacts with HSF1, but has a relation with upregulating 

the transcription factor [21]. This proposed idea can be evident when the authors performed ChIP 

assay to show that compared to control MDA231 cells, recruitment of HSF1 to HSE in 

MDA231-R280K was greatly enhanced as displayed in Figure 11 [21]. Altogether, these data 

provide the evidence that mutp53 physically interacts and enhances HSF1 activity in cancer 

cells. 

 With the combined evidence from Schulz et al. and Li et al., it is evident that HER2 and 

mutp53, respectively, affect HSF1 activity. As Li et al. used siRNA-mediated depletion of 

mutp53 to test HSF1 levels; I think that using the same means to knock out both mutp53 and 

HER2 would demonstrate to a greater degree whether both proteins are required to promote 

HSF1 activation. The knowledge that both HER2 and mutp53 have a direct relationship with 

HSF1 as demonstrated in the data, promote the idea that a direct relationship exists, but using 

double knock out of mutp53 and HER2 could further establish this proposal.  

Furthermore, both groups demonstrated a strong relationship between mutp53 and HER2 

with activated HSF1 in specifically HER2-positive breast cancer cells. Both Schulz et al. and Li 
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et al. used immunohistochemical staining to display both a correlation between HER2 and HSF1 

as well as mutp53 and HSF1, respectively (Figure 8 and Figure 12) [20, 21]. Both articles 

demonstrated a clear relationship with their respected studied proteins and activated pSer326-

HSF1 in breast cancer cells. More specifically, both articles found that there was a relationship in 

HER2-positive breast cancer cells. Li et al. pointed out “there was a clear correlation between 

mutp53 and pSer326-HSF1 specifically in HER2-positive breast cancer cells and not in any other 

breast tumor subtypes” [20]. This data provides supplementary evidence that mutp53 can be used 

as an additional predictive biomarker in HER2-positive breast cancer due to the fact that the 

correlation between both mutp53 and HER2 with HSF1 occurs in specifically HER2-positive 

breast cancer cells.  

In summary, understanding of the relationship between mutp53 and HER2 is vital to 

bringing an end to the war on Her2-positive breast cancer. As previously shown by Casalini et 

al., Schulz et al. and Li et al., mutp53 and HER2 cooperation governs the novel oncogenic 

function of mutp53 in which constitutive oncogenic stimulation of the HER2 signaling pathway 

by mutp53 is mediated by a master transcriptional regulator of heat shock response, HSF1. With 

the idea that mutp53 may be stimulating HER2 signaling via modulation of HSF1 activity, 

mutp53 can augment HER2 signaling, generating cancer cells addiction to this pathway. Thus, 

mutp53 can sensitize breast cancer cells to HER2-targeted therapies and can be used as a 

potential biomarker for efficacy of drugs like Herceptin and Lapatinib. As always, through 

scientific research we can gain a better understanding of the molecular relationship between 

proteins that enhance tumorigenesis in breast cancer cells so that we can provide a more 

promising therapeutic treatment for patients with HER2-positive breast cancer.  
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