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Abstract

The Epidermal Growth Factor Receptor (EGFR) is a cell surface receptor with primary 

implications in cell growth in both normal and malignant tissue. Paradoxically, cell lines that 

hyperexpress the EGFR have been documented to undergo receptor-mediated apoptosis. The 

underlying mechanism by which EGF-induced apoptosis occurs however remains inexplicit. In an 

attempt to identify this mechanism, we assessed downstream effectors of EGFR in MDA-MB-468 

cells during conditions of EGF-induced apoptosis. The effector assessment revealed STAT3 as a 

potential mediator of EGF-induced apoptosis. Alternative strategies for activating STAT3, 

independent of EGFR stimulation, resulted in the induction of the apoptotic pathways. A reduction 

in STAT3 expression via RNAi resulted in a significant attenuation of EGF-induced PARP 

cleavage. Our findings support STAT3 as a positive mediator of EGF-induced apoptosis in MDA-

MB-468 cells.
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Introduction

The Epidermal Growth Factor Receptor (EGFR) is a transmembrane receptor tyrosine 

kinase that plays critical roles in cell growth, tissue development, and overall cellular 

homeostasis [1, 2]. Despite these critical physiological roles, there are a myriad of human 

malignancies [3–5] that are characterized by hyper-activated EGFR signaling. This is due to 

either receptor overexpression or activating mutations of the receptor [4, 6]. The FDA has 

approved pharmacological agents that antagonize ligand binding and inhibit EGFR kinase 

activity for the treatment of patients with cancers characterized by hyper-activated EGFR 

signaling [7–9]; however, these drugs have off-target effects (i.e. colitis, corneal erosions and 

dermatitis) and cancers often become desensitized to these agents over time [10–12]. Thus, 

there remains a need to develop drugs that more aggressively and specifically target those 
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cancers with enhanced EGFR signaling, but allow normal, healthy cells to perform their 

biological roles.

One potential strategy for doing this is to hijack intrinsic signaling pathways and exploit 

them to compromise the cell’s health. Cell lines with EGFR overexpression either naturally 

(A431 and MDA-MB-468 cells [13, 14]) or via bioengineering (Rat-1 fibroblasts) [15], 

undergo EGF-induced apoptosis [4, 16, 17]. Understanding the molecular mechanism by 

which this occurs will identify new potential pharmacological targets that can induce death 

in cells that overexpress the EGFR (i.e. cancer cells).

Through an effector screen, Signal Transducer and Activator of Transcription 3 (STAT3) was 

identified as a plausible mediator of EGFR-induced apoptosis. STAT3 is one of seven 

members of the STAT family of transcription factors, namely, STAT1, STAT2, STAT3, 

STAT4, STAT5a, STAT5b, and STAT7. STAT activation is critical for a number of biological 

processes, including cell proliferation, survival, differentiation, development and 

inflammation [18]. STAT3 is a DNA-binding transcription factor known to mediate normal 

cellular processes upon activation by growth factors, ligands and cytoplasmic cytokines, 

such as cytokine receptor-associated Janus kinases (JAKs) [19–22]. These upstream protein 

components phosphorylate STAT3 at its unique, critical tyrosine residues, primarily Tyr705 

[19, 20]. The EGFR has also been reported to directly tyrosine phosphorylate STAT3 [23, 

24]. STAT phosphorylation occurs at the cytoplasm, which induces STAT homo and 

heterodimer formation between two monomers via their Src homology 2 (SH2) domain 

interactions. From the cytoplasm, activated STAT dimers translocate and accumulate in the 

nucleus, where they initiate and mediate gene transcription by binding to DNA response 

elements [19]. This results in either upregulation or downregulation of the biological 

effectors and subsequent cellular processes that are critical for cellular homeostasis.

STAT3 has been implicated in the post-transcriptional modification of cellular processes, 

positively and negatively affecting cell growth and proliferation. Aberrant STAT3 signaling 

and constitutive activity has been reported in a number of cancers [18, 25]. Elevated basal 

STAT3 activity has been reported in 30–60% of primary mammary malignancies, with 

reports of it being required for tumor cell progression and metastasis [23]. However, prior to 

being implicated in cancer, STAT3-mediated programmed cellular death was found to be 

associated with and required for mammary gland involution [26, 27]. Additionally, STAT3 

has been previously identified as a key mediator of apoptosis in murine pro-B cells [28], 

myeloid leukemia [29], and prostate cancer [30]. These conflicting roles for STAT3 in the 

context of normal and malignant cellular biology highlight the need for a better 

understanding of this protein in EGFR signaling mechanisms.

The overarching goal of this study was to identify intermediates in EGFR-mediated 

apoptosis. STAT3 was identified as being specifically activated under apoptosis-inducing 

conditions. Utilizing siRNA targeting STAT3 resulted in a significant attenuation of EGF-

induced apoptosis. Additionally, EGFR-independent activation of STAT3 through cytokine 

stimulation promoted apoptosis, as measured by PARP and Caspase-3 cleavage. From these 

findings, we conclude that STAT3 is required for EGFR-mediated cell death via PARP 

cleavage and subsequent activation.
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Materials and Methods

Cell Lines–

MDA-MB-468 and A431 cell lines were acquired from the American Type Culture 

Collection (ATCC, Manassas, VA). PC3 cells were generously gifted from Dr. Geoffrey 

Clark (University of Louisville, Louisville, KY, USA). All cell lines were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum 

(FBS), 1% penicillin, 1% streptomycin, and L glutamine (2 mM). The cells were maintained 

at incubation conditions of 37 °C in 5% CO2.

Cell Viability Analyses–

Alamar Blue (ThermoFisher Scientific, Waltham, MA) cell viability assays were performed 

according to the manufacturer’s instructions and as previously described [31]. Cells were 

plated at 10,000 cells per well in in a 96-well dish. After a 24-hour recovery period, the cells 

were treated with the indicated reagents for the indicated times. Alamar Blue reagent was 

added at 10% of the sample volume, an incubated for 2 hours. Fluorescence was measured 

in a BioTek (Winooski, VT) fluorescence microplate reader at 530 nm/590 nm (excitation/

emission).

Cell Lysate Preparation and Immunoblot Analyses–

In all experiments, MDA-MB-468 cells were serum starved overnight in serum free DMEM. 

All treatments were made in serum free DMEM. Because A431 cells are not viable for 

prolonged periods of time in DMEM alone, these cells were serum starved for 2 hours in 

DMEM supplemented with 1.25% FBS. All reagents used within this cell line were made in 

DMEM supplemented with 1.25% FBS. Cell lysates were generated as previously 

documented [31, 32]. Protein lysates were resolved by SDS PAGE, transferred to 

nitrocellulose, and immunoblotted with the indicated antibodies according the 

manufacturer’s directions. Antibody sources are as follows: EGFR and GAPDH (Santa Cruz 

Biotechnology, Dallas, TX); pY1045, pMAPK (Thr202/Ty204), pSRC(Tyr416), 

pAKT(Thr308), pBAD(Ser112), pSTAT3(Tyr705), STAT3, PARP, and cleaved 

Caspase-3(Asp175) (Cell Signaling Technology, Danvers, M.A.); HRP-conjugated 

secondary antibodies (ThermoFisher Scientific, Waltham, MA). Enhanced 

chemimmunofluoresence (ECL) reagent and a Fotodyne imaging system (Hartland, WI) 

were used to visualize the bands. Immunoblot data were quantified using ImageJ software.

Pharmacological Agents–

STAT3 antagonists, Stattic and S3I-201, were both acquired from Sigma-Aldrich (St. Louis, 

MO). They were prepared in Dimethyl Sulfoxide (DMSO) and were employed at 

concentrations specified in each figure. The Oncostatin M (OSM) cytokine was acquired 

from PeproTech (Rocky Hill, NJ), and EGF ligand was acquired from ProSpec Protein 

Specialist (East Brunswick, NJ). Staurosporine (STS) was used as a positive control for 

apoptosis, and was acquired from Sigma-Aldrich.
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siRNA knockdown of STAT3–

Two siRNA oligonucleotides targeting STAT3 (5′-GGAGAAGCAUCGUGAGUGA-3′) (5′-
CCAUUUGGUGUUUCAUAA-3′) were acquired from Dharmacon (Lafayette, CO). 

Scramble control siRNA (siCON) was acquired from IDTDNA (Coralville, IA). MDA-

MB-468 cells were transfected with final concentrations of 200 nM STAT3 siRNA or 200 

nM siCON with INTERFERin (Polyplus Transfection, Strasbourg, France). Transfection 

protocol and reagents were employed as previously reported [31]. MDA-MB-468 cells were 

exposed to siRNA for 72 hours, and to treatment various reagents to induce cell growth or 

cell death for a total of 24 hours. Cell viability or apoptosis was then assessed as previously 

described.

Statistical Analyses–

An unpaired, student t-test was performed for the determination of significance. A p value of 

less than 0.05 is designated significant, and is indicated by a single asterisk (*). A p value of 

less than 0.01 is designated significant, and is indicated by two asterisks (**). A p value of 

less than 0.001 is designated very significant, and is indicated by three asterisks (***). A p 
value of less than 0.0001 is designated extremely significant, and is indicated by four 

asterisks (****).

Results

It is known that cell lines that hyperexpress the EGFR, such as MDA-MB-468 and A431, 

undergo EGFR-mediated apoptosis [4, 16, 17]; however, the molecular mechanism(s) by 

which this occurs have not yet been fully elucidated. Previously, it has been documented that 

in MDA-MB-468 cells, low concentrations of EGF (0.16 nM) promote cell growth, whereas 

high concentrations (16 nM) induce apoptosis [4]. With this in mind, we screened MDA-

MB-468 cells for the ability to activate five effector proteins that have been previously 

associated with cell growth and/or apoptosis in cancer: MAPK [33, 34], SRC [35, 36], AKT 

[33], BAD [37], and STAT3 [29, 38] (Figs. 1 and 2). MDA-MB-468 cells were treated with 

either low (0.16 nM) or high (16 nM) concentrations of EGF for 0–120 minutes, and 

assessed the phosphorylation status (activity) of these effectors by immunoblot (Fig. 1A and 

Fig 2A). MAPK, SRC, AKT, and BAD displayed no significant differences in 

phosphorylation patterns with the high and low concentrations of ligand (Figs. 1B–1E). 

However, STAT3 phosphorylation (Tyrosine 705), was undetectable at all time points 

following stimulation with low concentrations of ligand, but was robustly increased over 

time following treatment with high levels of ligand (Figs. 2A and B).

To determine if STAT3 phosphorylation is cell type specific, A431 cells, a metastatic 

epidermoid cell line, were employed. MDA-MB-468 and A431 cell lines both induce 

apoptosis upon EGF stimulation [16] and express comparable levels of EGFR [39, 40]. Like 

MDA-MB-468 cells, A431 cells treated with low concentrations of EGF did not yield 

significant increases in pSTAT3, but cells treated with high concentrations did (Figs. 2C and 

2D).
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Next, we monitored STAT3 phosphorylation in MDA-MB-468 and A431 cells following 

treatment with increasing concentrations of EGF ligand. Data from the dose-response 

experiments supported the findings of our time course experiments, displaying a dose-

dependent increase in STAT3 phosphorylation in both cell lines (Fig. 3). These experiments, 

in two different cell lines, confirmed that higher concentrations of EGF were required for 

STAT3 phosphorylation. Importantly, the concentrations of EGF required for STAT3 

phosphorylation were co-incident with the concentrations required to induce apoptosis.

To determine if the association between STAT3 activity and apoptosis was unique for the 

EGFR, we examined another receptor family that stimulates STAT3 to see if it, too, 

promoted apoptosis in MDA-MB-468 cells. Oncostatin M (OSM) belongs to the 

Interleukin-6 (IL-6) family of cytokines [41]. Like the EGFR, it has established roles in 

promoting cancer and tumor formation in malignant prostate [42], lung, head and neck, and 

cervical [43] tissue. In addition, OSM has been shown in some cells to induce apoptosis 

[44–46]. Thus, stimulation of the OSM receptor was a logical candidate for testing our 

hypothesis that STAT3 is a mediator apoptosis, independent of EGFR activity.

MDA-MB-468 cells were stimulated with 100 ng/mL OSM over a course of 96 hours and 

were assessed for STAT3 phosphorylation as well as Caspase-3 and PARP cleavage (Fig. 4). 

Caspase-3 is a well-established executioner of apoptosis [47]. Upon its cleavage and 

subsequent activation, it cleaves and activates other downstream effectors that promote the 

induction of apoptosis (i.e. poly ADP-ribose polymerase or PARP). In addition to 

stimulating pSTAT3, OSM activated the apoptotic pathways, as evident by increases in 

cleaved PARP and cleaved Caspase-3 (Fig. 4A). Quantification of multiple assays indicates 

that OSM-induced PARP cleavage (Fig. 4B) and Caspase-3 cleavage (Fig. 4C) are 

comparable to that induced by EGF, strengthening the correlation between STAT3 and 

apoptosis.

Having established that STAT3 phosphorylation correlates with high concentrations of EGF 

ligand, we hypothesized that EGFR-mediated apoptosis occurred in a STAT3-dependent 

manner. On the contrary, STAT3 could have been have been upregulated with high ligand 

stimulation as a compensatory mechanism, in an attempt to rescue the cells from an EGFR-

mediated apoptotic fate. To distinguish between these two possibilities, we antagonized 

STAT3 with pharmacological inhibitors, Stattic and S3I-201, and then stimulated MDA-

MB-468 and A431 cells with EGF (Figs. 5 and 6). These cells were assessed for cell 

viability and for their ability to induce apoptotic pathways. If STAT3 were in fact promoting 

apoptosis, we anticipated an attenuation of PARP and Caspase-3 cleavage, coincident with 

enhanced viability in STAT3 antagonized cells. Conversely, if STAT3 were being activated 

as a compensatory mechanism, inhibition of STAT3 would not affect induction of the 

apoptotic pathways and would likely further decrease cell viability.

Upon exposure to both inhibitors, cell viability analyses revealed a dose-dependent decrease 

in viability in both MDA-MB-468 and A431 cells, independent of the presence of EGF 

(Figs. 5A, 5C, 6A, 6C). Although Stattic was more potent than S31-201, and MDA-MB-468 

cells were more sensitive to inhibitor treatments than A431 cells, the trends held in both cell 

lines. Complementary with the viability data, we observed a dose-dependent increase in 
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cleaved PARP and cleaved Capsase-3 phosphorylation. This finding was observed in both 

cell lines when cells were treated with 16 nM EGF in combination with the STAT3 

inhibitors. However, coincident with a dose-dependent decrease in phosphorylated STAT3, 

both cell lines displayed a corresponding decrease in EGFR phosphorylation (Figs. 5B, 5D, 

6B, and 6D).

We wanted to determine whether these decreases in cell viability were due to STAT3 

inhibition or from a toxicity mediated by the compounds themselves. To assess whether the 

compounds were inherently cytotoxic, we employed the PC3 cell line, a prostatic carcinoma 

cell line lacking STAT3 expression [30]. Our biochemistry analysis confirmed that PC3 cells 

do not express STAT3 and have very low levels of EGFR expression (Fig. 7A). PC3 cells 

exhibited a dose-dependent decrease in viability upon stimulation with Stattic and S3I-201 

(Fig. 7B). These data indicate the STAT3 inhibitors had off-target activity, and an alternative 

method was needed to attenuate STAT3 activity and determine its ultimate role in EGFR-

mediated apoptosis.

Next, we employed STAT3 siRNA as a more selective mode of reducing STAT3 expression 

in the MDA-MB-468 cell line (Fig. 8). As compared to control siRNA (siCON), STAT3 

siRNA reduced STAT3 expression by 78% (Fig. 8A). STAT3 knock down cells were slightly 

more viable than control cells following treatment with the high concentrations of EGF 

required to induce apoptosis (Fig. 8B). Biochemically, STAT3 knock down cells had reduced 

EGF-induced cleaved PARP and Caspase-3 (Fig 8C–E).

Discussion

EGFR-mediated apoptosis is a paradox for growth factor receptors. However, dissecting how 

a receptor that normally mediates cell growth and proliferation induces cell death when 

overexpressed provides an opportunity to understand receptor signaling and develop 

strategies for attenuating the growth of cancer cells with elevated EGFR levels. In this study, 

we assessed effector candidates with documented affiliation with EGFR activation [33, 36, 

48] and implication in human malignancies by either promoting proliferation [33, 34, 38, 

49] and/or attenuating it [29, 34, 35, 37]. We assessed MAPK, SRC, AKT, BAD, and STAT3 

for phosphorylation following treatment with low (0.16 nM) versus high (16 nM) 

concentrations of EGF (Figs. 1 and 2). Among these, only STAT3 was activated when ligand 

concentrations were sufficient to induce the apoptotic pathways. This was not only true for 

the EGFR, but cytokine-mediated activation of STAT3 via OSM resulted in the induction of 

apoptosis as well (Fig. 4).

Pharmacological inhibitors of STAT3 were employed to ascertain the role of STAT3 on 

EGFR-mediated apoptosis. As expected, STAT3 inhibitors in MDA-MB-468 and A431 cells 

resulted in a dose-dependent decrease in STAT3 phosphorylation. Unexpectedly, these 

inhibitors also antagonized EGFR phosphorylation and decreased cell viability (Figs. 5 and 

6). This cytotoxicity cannot be attributed only to STAT3 inhibition; STAT3-null, PC3 cells 

were also less viable in response to these inhibitors (Fig. 7). RNAi proved to be a more 

useful tool for studying the role of STAT3. Knock down of STAT3 with siRNA significantly 

attenuated EGF-induced PARP cleavage and also reduced Caspase-3 cleavage and cell death. 
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These data provide evidence that support STAT3 as a direct mediator of EGF-induced 

apoptosis. These findings are consistent with reports that OSM receptor-mediated apoptosis 

in mammary tissue is lost in STAT3 knock out mice [50].

Since it was first reported by Armstrong et al in 1994 [51], the molecular mechanism by 

which EGFR-mediated apoptosis occurs has remained controversial. A number of signaling 

molecules have been reported to be involved in this process including Etk [52], STAT1 [53], 

Caspase-1 [54], and Protein Kinase G [31]. Dissecting the signaling events that emanate 

from a hyperexpressed receptor and culminate in cell death are challenging for a number of 

reasons. First, high levels of receptors are going to favor the formation of receptor:effector 

complexes that may not occur with physiological levels of receptor expression. Second, cells 

with elevated receptor expression have altered kinetics of receptor down regulation through 

the endocytic pathway [55, 56]. In cells with physiological levels of receptor expression, the 

EGFR will traffic to the lysosome for degradation; in MDA-MB-468 cells, the activated 

EGFR internalizes to the early endosome and can be retained there for 24 hours [57]. This 

increases the duration of total receptor activity, as well as any receptor:effector interactions 

in the early endosome. Finally, the kinetics of EGFR-mediated apoptosis provide a large 

window (0–16 hours) to monitor the many effectors activated by the receptor.

Despite these limitations to studying apoptosis, we were able to identify a role for STAT3. 

There are multiple lines of evidence that support this role. First, the concentrations of EGF 

needed to activate STAT3 in MDA-MB-468 and A431 cells (Fig. 3) are consistent with the 

concentrations of EGF required to induce apoptosis. Next, the kinetics of EGFR-mediated 

apoptosis (over the course of 16–48 hours [31, 58]) are consistent with a transcriptionally 

regulated event. Last, STAT3 is a well-documented regulator of cell growth, albeit more 

frequently having a positive effect. STAT3 has been associated with proliferative activity in 

numerous malignancies, including glioblastoma [59], non-small cell lung [60], and 

colorectal cancer [61]. In addition, STAT3-induced tumorigenesis is linked to its constitutive 

activity in certain cancer cells [62–64]. Constitutive STAT3 activity was not observed in our 

MDA-MB-468 or A431 cells (Figs. 2 and 3). There are also data, consistent with ours, 

which contradict these findings and implicate STAT3 as a mediator of cell death [65–67].

The contradiction between our experimental results regarding STAT3 activity under pro-

apoptotic conditions and the published data regarding the pro-growth events of STAT3 led us 

to propose two opposing hypothesis. The first hypothesis was that STAT3 is a mediator of 

apoptosis and that inhibition of the protein would enhance cell viability. The second 

hypothesis was that the induction of STAT3 activity was a compensatory reaction to the 

induction of apoptosis via another pathway. Our subsequent experiments indicate that 

STAT3 mediates EGF-induced apoptosis and is not a compensatory, cell growth mechanism.

Previous reports have shown that the EGFR kinase directly activates STAT3 [68], and that is 

likely the case in the MDA-MB-468 and A431 cells, particularly based on the kinetics of 

STAT3 phosphorylation. Given these interactions require high doses of EGF and high 

receptor levels, this is likely a pathological event rather than a physiological.
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How STAT3 progresses to apoptosis is more ambiguous. It has been previously reported that 

STAT3 activity directly promotes apoptosis in some cancers [29, 30, 69, 70], and suppresses 

cancer cell colony formation and invasion [71]. One possibility is that in MDA-MB-468 

cells, like LNCaP cells, STAT3 transcription is causing growth arrest and a block in cell 

cycle progression [30]. This, coupled with strong proliferative EGFR signals, may result in a 

signaling conflict for the cell that results in an apoptotic response. A second option is that 

the high levels of STAT3 phosphorylation may increase the magnitude and/or duration gene 

transcription that disrupts cell homeostasis and causes cell death. Alternatively, high levels 

of activated STAT3 may lead to aberrant STAT heterodimer formation. Previous studies have 

reported a role for STAT1 in the induction of apoptosis [34, 53, 72]. More specifically, 

STAT1 has been implicated in EGFR-mediated apoptosis in A431 cells [53, 73] and MDA-

MB-468 cells [52]. Increased STAT3 activity may drive STAT1:STAT3 heterodimer 

formation which in turn allows STAT1 to drive apoptosis.

These changes in signaling may reflect mis-regulation of a normal physiological process. 

STAT3-mediated apoptosis occurs during mammary gland involution [26, 27], a complex 

process that returns mammary tissue to its pre-lactation, morphological state [74]. The 

initiation of this process is dependent on the presence of milk in the alveoli after weaning, 

which elicits the synthesis of cytokines and growth factors that activate the STAT3 pathway 

to then subsequently induce apoptosis [75–77]. The high concentrations of EGF ligand in 

milk [78] are indirect evidence that point to the EGFR’s role within this process. EGF-

induced STAT3 activity and the subsequent induction of apoptosis in MDA-MB-468 cells 

may therefore employ the same molecular mechanisms required for mammary gland 

involution. Kreuzaler et al. have reported that STAT3-mediated apoptosis in mammary gland 

involution entails enhancing cathepsin B and L activity, while also downregulating their 

endogenous inhibitor, serine protease inhibitor 2A (spi2A), in a process that occurs 

independently of caspase 3, 6 and 7 activity [50]. Similarly, our data indicate that caspase 3 

is not a major factor in EGF-induced, STAT3-mediated apoptosis in MDA-MB-468 cells. 

Together, the cathepsin proteases, spi2A, and other effectors implicated in mammary gland 

involution may be worth assessing in the context of EGF-induced, STAT3-mediated 

apoptosis.

Another plausible explanation for this phenomenon is the pathway in which cell death is 

induced. Caspase-1 activation promotes a particular form of cell death that results from 

inflammatory responses, in a process known as pyroptosis [79]. Pyroptosis has been 

documented to induce DNA fragmentation [80] and has also been shown to cleave and 

activate PARP [81]. Given that Caspase-1 inhibition is capable of blocking EGFR-mediated 

cell death in MDA-MB-468 cells [54], pyroptosis may be an additional mode of cell death 

employed by the EGFR. In addition to eliciting STAT3 activity, the Interleukin family of 

cytokines has been well documented to promote inflammation and further progress 

inflammatory diseases [82–84]. Interferon-beta, a member of the interferon family of 

cytokines, promotes apoptosis in pro-B cells in a STAT3-dependent manner [28]. Thus, 

EGF-induced STAT3 activation and the subsequent induction of pyroptosis would not be an 

unexpected finding.
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These signaling differences must also be considered in the context of the subcellular location 

in which they occur. There has been a well-established role for spatial regulation of EGFR 

signaling by the endocytic pathway [85]. In MDA-MB-468 cells, retention of the activated 

EGFR on the plasma membrane promotes cell proliferation whereas when the EGF:EGFR 

complex internalizes the cell undergoes apoptosis [58]. Further, the induction of apoptotic 

pathways is linked to the endosomal accumulation of the EGF:EGFR complex [57]. Since 

high concentrations of ligand are required for apoptosis, one must consider the contribution 

of different routes of EGFR internalization. Sigismund et al. have shown that low EGF 

ligand stimulation (1.5 ng/mL) primarily results in a clathrin-mediated manner of EGFR 

internalization, whereas high ligand stimulation (20 ng/mL) promotes a clathrin-

independent, lipid raft-mediated mode of endocytosis [86]. These differing routes may also 

impact the composition of EGFR-containing endosomes and which down stream signaling 

molecules are present.

Although all models are possible, in summarizing the literature, we favor the notion that 

apoptosis results from the convergence of multiple signaling events. Hyper-activated 

signaling, due to an increased number of active receptors coupled with slowed down 

regulation, results in increased metabolic and proliferative cell biology. The cell cannot 

accommodate these demands, resulting in a disrupted cellular homeostasis that cannot be 

restored. Ultimately, the cell succumbs due to the stress of the saturated endocytic pathway. 

While this does not identify a specific, pharmacological target, it suggests the potential 

benefit of a multi-faceted approach that employs several low level, non-toxic insults.
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Highlights

• In MDA-MB-468 cells, STAT3 phosphorylation associates with apoptotic 

activity.

• STAT3 knockdown significantly attenuates EGFR-mediated apoptosis.

• STAT3 antagonists, Stattic and S3I-201, exhibit off-target cytotoxicity, in 
vitro.
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Figure 1. Phosphorylation of MAPK, SRC, AKT, and BAD in response to high and low EGF 
concentrations
A. Serum-starved MDA-MB-468 cells were stimulated with low (0.16 nM) or high (16 nM) 

EGF ligand for 0–120 minutes. Cell lysates (20 μg) were resolved by 12% SDS-PAGE and 

were assessed for the indicated proteins via immunoblot analysis. Band intensities from the 

immunoblot data of pMAPK (B.), pSRC (C.), pAKT (D.) and pBAD (E.) were quantified, 

normalized to GAPDH levels, and plotted as the relative level compared to cells with no 

treatment. Data are expressed as the average ± Standard Error of the Mean (SEM; n=3).
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Figure 2. STAT3 is tyrosine phosphorylated in response to high, but not low, EGF concentrations
Serum-starved A. MDA-MB-468 and B. A431 cells were stimulated with 0.16 nM and 16 

nM EGF ligand for 0–120 minutes. Cell lysates (20 μg and 15 μg, respectively) were 

resolved by 12% SDS-PAGE and were assessed for phospho-EGFR (pY0145), EGFR, 

pSTAT3 (Tyr705), STAT3 and GAPDH, via immunoblot analysis. C. MDA-MB-468 and D. 
A431 immunoblot data were quantified, and pSTAT3 was normalized to total STAT3. Data 

are expressed as the average ± SEM (n=3) relative to untreated samples.
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Figure 3. EGF phosphorylates STAT3 in a dose-dependent manner in MDA-MB-468 and A431 
cell lines
Serum-starved A. MDA-MB-468 cells and B. A431 cells were treated with varying 

concentrations of EGF (0–16 nM) for 30 minutes. Cell lysates (40 μg) were resolved by 10% 

SDS PAGE and immunobloted for the indicated proteins. C. and D. Immunoblot data were 

quantified, and pSTAT3 was normalized to total STAT3. Data are expressed as the average ± 

SEM (n=3) relative to untreated samples.
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Figure 4. EGFR-independent activation of STAT3 promotes apoptosis in MDA-MB-468 cells
A. Serum-starved MDA-MB-468 cells were stimulated with 100 ng/mL of Oncostatin M 

(OSM) for the indicated times. Control cells were exposed to serum free DMEM (SF) and or 

16 nM EGF for 24 hours. After harvesting, the cell lysates (40 μg) were resolved by SDS 

PAGE, and were immunoblotted for the indicated proteins. Densitometry quantification of 

western blot data of cleaved PARP (B.) and cleaved Caspase-3 (C.). The cleaved PARP band 

intensities were normalized to and plotted as a percentage of total PARP bands. Cleaved 

Caspase-3 bands were quantified to total protein for each respective sample (GAPDH). Data 

are expressed as the average ± SEM (n=3).
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Figure 5. STAT3 inhibitors attenuate cell viability and EGFR activity in MDA-MB-468 cells
MDA-MB-468 cells, plated and treated in parallel, were assessed for cell viability using an 

Alamar Blue assay. Data from A. Stattic or C. S31-201 treated cells are expressed as the 

average ± SEM (n=3) relative to cells treated without serum (SF). Serum-starved cells were 

pre-treated for 1 hour with 0 (0.025% DMSO), 0.3, 1, 3, 5, or 10 μM Stattic (IC50 = 5.1 μM; 

panel B.), or with 0 (0.5% DMSO), 1, 3, 10, 30, and 100 μM S3I-201(IC50 = 86 μM; panel 

D.), followed by the addition of 16 nM EGF (+) for 24 hours. Control cells were incubated 

with serum free media alone (SF), media containing 10% fetal bovine serum (FBS), or 16 

nM EGF (EGF) for 24 hours. As a positive control cells were treated with 1 μM 

staurosporine (STS) for 4 hours. Cell lysates were prepared and 40 μg were resolved by 

SDS-PAGE before being assessed for the indicated proteins. For STS treated samples, 15 μg 

of cell lysates were loaded to keep the signals in the dynamic range. Shown is a 

representative experimental replicate of three.
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Figure 6. STAT3 inhibitors attenuate EGFR activity in A431 cells
A431 cells, plated and treated in parallel, were assessed for cell viability using an Alamar 

Blue assay. Data from A. Stattic or B. S31-201 treated cells are expressed as the average ± 

SEM (n=3) relative to cells incubated in 1.25% FBS in DMEM (reduced serum – RS). 

Serum-starved A431 cells were pre-treated for 1 hour with 0 (0.025% DMSO), 0.3, 1, 3, 5, 

or 10 μM Stattic (IC50 = 5.1 μM; panel A.), or with 0 (0.5% DMSO), 1, 3, 10, 30, and 100 

μM S3I-201 (IC50 = 86 μM; panel C.), followed by the addition of 16 nM EGF (+) for 24 

hours. Control cells were incubated with reduced serum media alone (RS), media containing 

10% fetal bovine serum (FBS), or 16 nM EGF (EGF) for 24 hours. As a positive control 

cells were treated with 1 μM staurosporine (STS) for 4 hours. Cell lysates were prepared, 40 

μg were resolved by SDS-PAGE, and immunoblotted for the indicated proteins. Fifteen μg 

of the STS sample were used to keep the immunoblot analysis in the dynamic range. Shown 

is a representative experimental replicate of three.
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Figure 7. STAT3 inhibitors reduce cell viability in STAT3-null, PC3 cells
A. Serum-starved MDA-MB-468 and PC3 cells were treated with either DMEM alone (−), 

or DMEM supplemented with 16 nM EGF (+) for 1 hour. Cell lysates (20 μg) were resolved 

by 10% SDS PAGE, and immunoblotted for the indicated proteins. Shown is a representative 

experiment repeated three times. B. PC3 cells were exposed to treatments of serum free 

media (SF), DMEM with 0.025% DMSO (0), 1, 5, 10 μM Stattic; 0.5% DMSO (0), 1, 10, 

100 μM S31-201; or 168 nM Staurosporine (STS) for a total of 24 hours. Cell viability was 
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assessed with an Alamar Blue assay. Data are normalized to cell viability in serum free 

media (SF) and expressed as the average ± SEM (n=3).
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Figure 8. Knockdown of STAT3 attenuates EGFR-mediated apoptosis in MDA-MB-468 cells
A. MDA-MB-468 cells were transfected with either 200 nM control siRNA (siCON) or 200 

nM STAT3 siRNA for 72 hours. Cell lysates were prepared, and decreasing protein 

concentrations (40, 20, and 10 μg) were resolved by 10% SDS PAGE and immunoblotted for 

EGFR, STAT3, and GAPDH. B. Fourty-eight hours post-transfection, siCON and STAT3 

siRNA-transfected cells were treated for 24 hours with 0 (SF), 0.16, 1.6, 16 nM EGF or 168 

nM Staurosporine (STS) as a positive control. Cell viability was assessed by an Alamar Blue 

assay. Data are expressed as the average ± SEM (n=3). C. Cleaved PARP and cleaved 

Caspase-3 were assessed in siCON and STAT3 siRNA transfected cells. Seventy-two hours 

post-transfection, cells were coincidently exposed to SF DMEM and 16 nM EGF for 24 

hours or 1 μM STS for 4 hours prior to harvesting. Cell lysates (40 μg) were resolved on 

either a 10% SDS PAGE (pY1045, PARP, and GAPDH) or a 15% SDS PAGE (pSTAT3 and 

cleaved Caspase-3), and were assessed for the indicated proteins via immunoblot analysis. 

Densitometry quantification of western blot data of cleaved PARP (D.) and cleaved 
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Caspase-3 (E.). The cleaved PARP band intensities were normalized to and plotted as a 

percentage of total PARP. The intensity of cleaved Caspase-3 was normalized to the levels of 

GAPDH. Data are expressed as the average ± SEM (n=3).
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