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Abstract

Purpose—The major cause of morbidity in breast cancer is development of metastatic disease, 

for which few effective therapies exist. Since tumor cell dissemination is often an early event in 

breast cancer progression and can occur prior to diagnosis, new therapies need to focus on 

targeting established metastatic disease in secondary organs. We report an effective therapy based 

on targeting cell surface-localized glucose regulated protein 78 (GRP78). GRP78 is expressed 

normally in the endoplasmic reticulum, but many tumors and disseminated tumor cells are 

subjected to environmental stresses and exhibit elevated levels of GRP78, some of which is 

localized at the plasma membrane.

Experimental Design and Results—Here we show that matched primary tumors and 

metastases from patients who died from advanced breast cancer also express high levels of 

GRP78. We utilized a peptidomimetic targeting strategy that employs a known GRP78-binding 

peptide fused to a pro-apoptotic moiety (designated BMTP78) and show that it can selectively kill 

breast cancer cells that express surface-localized GRP78. Further, in preclinical metastasis models, 

we demonstrate that administration of BMTP78 can inhibit primary tumor growth as well as 
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prolong overall survival by reducing the extent of outgrowth of established lung and bone 

micrometastases.

Conclusions—The data presented here provide strong evidence that it is possible to induce cell 

death in established micrometastases by peptide mediated targeting of cell surface localized GRP 

in advanced breast cancers. The significance to patients with advanced breast cancer of a therapy 

that can reduce established metastatic disease should not be underestimated.
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INTRODUCTION

Breast cancer is a major cause of mortality in woman of all racial and ethnic backgrounds 

(1). Although advances in early detection, surgical techniques, chemotherapy and diagnostic 

imaging have improved overall survival, the prognosis for patients with metastatic breast 

cancer remains poor (2). There is now increasing evidence to support the observation that 

metastasis is an early event in breast cancer progression, with possibly up to 90% of patients 

already having disseminated tumor cells at diagnosis (3). Thus, therapies that aim to prevent 

cancer cell escape from the primary tumor may be less effective than those that focus on 

inhibition of the outgrowth of established micrometastases. Further, strategies that target the 

primary neoplasm often become ineffective in late stage disease as secondary tumors evolve 

drug resistance. The realization that circulating tumor cells (CTCs) in peripheral blood and 

disseminated tumor cells (DTCs) lodged in bone marrow are early predictors of clinical 

outcome in multiple cancers, now enables the stratification of patients who are candidates 

for therapeutic targeting of metastatic disease (4).

Tumor cell-targeted drug delivery can enhance the therapeutic value of chemotherapy by 

reducing systemic toxicity (5). One potential target for drug delivery is glucose regulated 

protein 78 (GRP78/BiP), which normally resides in the endoplasmic reticulum and acts as a 

molecular chaperone to assist in protein folding and assembly (6). GRP78 is instrumental to 

the initiation of the unfolded protein response (UPR), which is considered to be a pro-

survival mechanism adopted by cells in response to various environmental stresses including 

acidosis, glucose deprivation and hypoxia (7). Due to the continual metabolic demand of 

growing tumors, often in a stressful environment with low blood supply, levels of GRP78 

become elevated in many cancers (8–11), including both hormone receptor positive and 

negative breast cancer (12–14). Indeed, gene expression profiling indicates that high levels 

of GRP78 expression are associated with a shorter relapse-free survival in breast cancer 

patients (15). Further, in a cohort of 127 patients, two-thirds of the primary breast tumors 

were immunoreactive for GRP78, with high expression correlating negatively with response 

towards doxorubicin-based therapy (12).

GRP78 can localize to the plasma membrane in cancer cells and tumor-associated 

vasculature (16–19), offering an opportunity for disease-specific targeting. The mechanism 

by which it localizes to the plasma membrane remains unclear. Several suggestions with 

some supporting evidence have been proposed (20), but it is evident that stress conditions in 
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the cell can increase GRP78 levels and result in re-localization of the protein to the plasma 

membrane (21). GRP78 binds to cell surface localized Cripto, leading to an inhibition of 

TGFβ and an enhancement of LIMK1 signaling that subsequently promotes tumor cell 

growth and motility (22).

Previously, we epitope-mapped, or “fingerprinted” the circulating pool of antibodies elicited 

against tumors in cancer patients, leading to the isolation of GRP78 as a target in prostate 

and breast cancer (17, 23). Multiple GRP78 binding peptides have been identified, with the 

WIFPWIQL (amino acid sequence) peptide displaying the highest efficacy (24). By 

coupling a pro-apoptotic moiety to this GRP78-targeting peptide, we created BMTP78 (bone 

metastasis targeting peptide-78) and demonstrated its ability to induce apoptosis following 

receptor-mediated internalization within cancer cells (17). Here we demonstrate using three 

different preclinical models that this targeting strategy can effectively reduce established 

metastatic disease as well as primary tumor burden, leading to prolonged survival in tumor-

challenged mice. We also show the specificity of this therapy to tumor cells by comparing 

the response to the peptide of both normal and tumor cells when grown in oxygen 

concentrations similar to those found in tissues. Finally, we demonstrate that high levels of 

GRP78 are retained in metastatic tumors of our preclinical model and in secondary lesions 

derived from breast cancer patients.

MATERIALS AND METHODS

Cell culture

The neomycin resistant, mCherry fluorescent protein expressing mouse mammary tumor 

lines 67NR, 66cl4, EF43-fgf4 and 4T1.2 were cultured to 70% confluence in alpha minimal 

essential medium (αMEM) containing 5% fetal calf serum (FCS), 50U/ml penicillin G and 

50μg/ml streptomycin sulphate (25). Normal NMuMG mammary epithelial cells were 

cultured to 70% confluence in Dulbecco’s MEM containing 10% FCS, 100IU/ml insulin, 

50U/ml penicillin G and 50μg/ml streptomycin sulphate. Immortalized normal human breast 

epithelial MCF10A cells obtained from ATCC and used at early passage were cultured in 

MEM/F-12 containing 5% horse serum, insulin 100IU/ml, 20ng/ml epidermal growth factor 

(EGF) and 0.5μg/ml hydrocortisone. Human breast tumor lines MCF-7 and MDA-MB-231-

luc (authenticated by CellBank Australia in 2011 by STR profiling) were cultured in αMEM 

containing 10% FCS, 1mM pyruvate and 100 IU/ml insulin. MDA-MB-468, SkBr3 and 

BT474 human breast carcinoma cells were cultured in RPMI 1640-HEPES containing 10% 

FCS, 50U/ml penicillin G and 50μg/ml streptomycin sulphate. Cells were incubated at 37°C 

with 5% CO2 and 95% air or with 5% CO2 and 10% O2 in N2.

Peptides

The peptide WIFPWIQL-GG-D(KLAKLAK)2 (designated BMTP78) and the control peptide 

WIFPWIQL-GG-D(KLAKLAK), which contains an ineffective apoptotic moiety fused to 

the GRP78-homing domain, were synthesized by GL Biochemical Ltd (Shanghai, China) or 

by PolyPeptide (CA, USA). All peptides were prepared to 95% purity and the quality was 

assessed by the manufacturers using HPLC.
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In vitro peptide-mediated cell killing assays

Cells (10,000) were seeded into wells of a 24 well plate and allowed to establish overnight 

prior to treatment with either a control peptide or BMTP78 at the specified concentration for 

20 hours. In some experiments, the peptide incubation followed a pre-treatment for one hour 

with 1μg/ml goat anti-GRP78 polyclonal antibody (#sc-1050, Santa Cruz Biotechnology) or 

with an isomatched control IgG antibody. To determine the effects of lowered oxygen 

concentration on surface GRP78 levels and on the efficacy of BMTP78 treatment, cells were 

grown for several passages in 1%, 5% or 10% O2 prior to analysis. Following treatment, 

WST-1 reagent (Roche) was added to the cultures and cell viability was measured using a 

spectrophotometric assay, according to manufacturer’s instructions. Viability was scored in 

triplicate for all time points, doses and treatments.

Flow cytometry

Cells were incubated with primary anti-GRP78 antibody (#sc-1050 Santa Cruz) diluted to 

1:200 for one hour followed by FITC-conjugated donkey anti-goat IgG (#5-095-147 Jackson 

Laboratories) diluted to 1:200 for 30 min. Between incubations, cells were washed twice 

with blocking solution (2% FCS in PBS). Cells were analyzed on a Becton Dickinson FACS 

DiVa flow cytometer using FCS3 software. For analysis of tumor cells isolated from tissues, 

we used 4T1.2-mCherry cells. Excised organs and tumors were disaggregated in 10 ml 

DMEM containing 1mg/ml collagenase A (Roche) for 30min at 37°C, followed by filtration 

through a 40μm nylon gauze (BD Falcon, MA, USA). Erythrocytes were removed by a brief 

incubation in red blood cell lysis buffer (1M NH4Cl, 100mM KHCO3, 0.5M EDTA) and the 

remaining cells were suspended in blocking solution containing a viability dye. The 

proportion of mCherry-positive tumor cells that expressed GRP78 was assessed as described 

above. In the case of non-tumor burdened tissues, cell surface-localized GRP78 was 

assessed on all viable dissociated cells, as assessed by propidium iodide staining.

BMTP78 therapy in tumor bearing mice

Female Balb/c and SCID mice (6–8 weeks) were obtained from the Walter and Eliza Hall 

Institute (Melbourne, Australia). All animal work was performed following approval from 

the animal ethics committee of the Peter MacCallum Cancer Centre. 67NR, 66cl4 and 4T1.2 

tumor cells (1×105) were implanted into the fourth mammary gland of Balb/c mice. MDA-

MB-231-luc (2×106) and EF43-fgf4-mCherry cells (2×105) were injected intravenously 

(lateral tail vein) into SCID and Balb/c mice respectively. Mice were treated at weekly 

intervals by intraperitoneal injection with 15mg/kg BMTP78 or control peptides or saline 

vehicle following confirmation of established growth of the lesions. Primary tumor growth 

was measured with electronic calipers. Metastatic burden of 4T1.2 tumors in lung and spine 

was analyzed by multiplexed, TaqMan-based quantitative genomic PCR (qPCR) of the 

neomycin resistance gene present in the tumor cells, as described previously (25). Similarly, 

metastatic burden of EF43-fgf4 cells was measured by qPCR of the mCherry reporter gene 

present in these cells. Data are expressed as the relative metastatic burden, which is 

calculated based on the difference in the number of PCR cycles necessary to amplify the 

neomycin gene to a threshold value compared to a ubiquitous gene (vimentin) that is present 

in all cells. Lung burden in mice bearing MDA-MB-231-luc tumors was scored by 
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bioluminescence. For Kaplan-Meier analysis of disease-free survival, the 4T1.2 mammary 

tumors were excised surgically ten days after implantation in the mammary gland. 

Intraperitoneal administration of BMTP78 peptide or control peptide (15mg/kg) or saline 

commenced 24 hours following primary tumor excision and was repeated at weekly 

intervals. Mice were monitored daily and culled at the first sign of stress due to metastatic 

disease, which was confirmed at autopsy.

Immunohistochemistry

Levels of GRP78 were measured on formalin-fixed, paraffin-embedded (FFPE) sections on 

five tissue arrays comprising matched human primary breast cancers and metastases (26). 

GRP78 was also measured in FFPE tissues obtained from tumor-bearing Balb/c mice. 

Sections were treated with 1μg/ml primary anti-GRP78 antibody (#sc-1050 Santa Cruz 

Biotechnology) or with isotype control antibody overnight at 4°C. Following several washes 

and incubation in anti-goat HRP-conjugated secondary antibody (#sc-2020 Santa Cruz 

Biotechnology), GRP78 was detected with diaminobenzidine chromogenic substrate 

(DAKO).

BMTP78 toxicity and stability

BMTP78 is remarkably stable, necessitating treatment only once per week to achieve 

efficacy. Indeed, we have determined by MALDI-TOF that these peptides are stable for up 

to 7 days at 37°C and can be detected in the circulation of mice for at least 4 hours following 

intravenous injection. Preliminary studies using Cynomolgus monkeys indicate that 

BMTP78 has an estimated half-life of 90 minutes at a dose of 6mg/kg (unpublished data). 

BMTP78 was administered to mice at 15mg/kg as based on a dose finding study in rodents 

(Study number 02-07-01741-1 at the Michael E. Keeling Center for Comparative Medicine 

and Research, UTMDACC). At this dose, a mild, but reversible nephrosis was observed. 

Structurally similar compounds containing the D(KLAKLAK)2 motif have previously been 

administered to mice (17, 27) and primates (28) with similar effects in the kidneys.

Statistical Analyses

Empirical data were compiled and analyzed using Prism 5 software. Results were considered 

significantly different if p<0.05, according to the specific statistical analysis used, as 

described in each figure legend.

RESULTS

GRP78 is expressed in primary human breast cancers and matched metastases

Using tissue microarrays, we assessed the levels of GRP78 by immunohistochemistry in 

matched primary and secondary tumors obtained posthumously from breast cancer patients 

(26). We detected strong immunostaining of GRP78 in both primary tumors and metastases 

in a variety of organs in all patients (Figure 1), indicating that GRP78-targeted therapeutics 

could be valuable for treating breast cancer and associated metastases. It is important to note 

that given the abundant cytoplasmic levels of GRP78, it is not possible to distinguish cell 

surface localized GRP78 by immunohistochemistry. However, the point is made that tumors 
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from patients who died from metastatic disease express abundant GRP78, some of which is 

likely to be surface localized.

GRP78 is expressed in metastatic mouse mammary tumors

The 4T1 mammary tumor model is a syngeneic model consisting of cell lines with varying 

metastatic capacities, ranging from the non- or weakly metastatic lines, 67NR and 66cl4, to 

the highly metastatic 4T1.2 that spreads to several sites including bone after primary tumor 

growth in the mammary gland (25, 29, 30). To determine the utility of this model for 

GRP78-targeted therapy, we assessed GRP78 levels in primary tumors and matched distant 

metastases by immunohistochemistry. Minimal GRP78 protein was observed in epithelial 

cancer cells of 67NR and 66cl4 primary tumors (Figure 2A). In contrast, high levels of 

GRP78 were detected in the aggressive 4T1.2 primary tumors, which persisted in matched, 

spontaneous metastases within the lung, heart, kidney and bone (Figure 2A).

Localization of GRP78 to the surface of tumor cells is a prerequisite for the success of 

GRP78-targeted therapy in metastatic breast cancer. mCherry fluorescent tumor cells were 

isolated from several 4T1.2 primary tumors and matched metastases, and the level of surface 

localized GRP78 was assessed by flow cytometry. The number of cells positive for cell 

surface GRP78 was significantly higher in the primary tumor cells than in cells isolated 

from normal non-cancerous organs (Figure 2B & Supplementary Figure 1). The number of 

GRP78 positive tumor cells further increased in matched metastases in the spine, lung, heart 

and axillary lymph nodes (ALN) (Figure 2B), indicating that GRP78 is indeed a rational 

therapeutic target in both primary and secondary breast tumors.

Peptide-mediated cell killing of human and mouse mammary cell lines in vitro

WIFPWIQL was identified previously as a GRP78-binding peptide (17) (24). BMTP78, a 

GRP78-targeted therapeutic, was generated by coupling WIFPWIQL to the pro-apoptotic 

peptide D(KLAKLAK)2 (31) that kills cells by disrupting mitochondrial membrane 

permeability following internalization. We first tested the efficacy of BMTP78 on mouse 

mammary tumor cells in vitro. BMTP78 caused a dose-dependent loss of viability of 4T1.2 

cells, while control peptides lacking either a functional D(KLAKLAK)2 motif (WIFPWIQL-

GG-D(KLAKLAK) or the GRP78-targeting peptide alone, had no effect (Figure 2C and data 

not shown). Pretreatment of the cells with an anti-GRP78 antibody, which in itself had no 

effect on viability (Supplementary Figure 2), prevented BMTP78-mediated cytotoxicity 

(Figure 2D). Thus, the WIFPWIQL peptide selectively targets the tumor cell surface-

localized GRP78, enabling internalization of BMTP78 and cell death.

The response of five human breast tumor lines and one non-tumorigenic line (MCF10A) to 

BMTP78 was also evaluated. As we reported previously (17), all lines were sensitive to 

20μM BMTP78 regardless of tumorigenic status, and all were protected by pretreatment 

with the anti-GRP78 antibody (Supplementary Figure 3). We hypothesized that the lack of 

differential response between transformed and non-transformed cells was due to the 

oxidative stress of tissue culture in atmospheric levels of oxygen (20%). To explore this, we 

cultured normal and transformed human breast and mouse mammary epithelial cells in 1%, 

5%, 10% or 20% O2 for at least 24h. Physiological O2 levels in tissues range from 2% in the 

Miao et al. Page 6

Clin Cancer Res. Author manuscript; available in PMC 2015 February 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



brain to 3–6% for most tissues apart from lung, which is around 13%. Growth in 5% or 10% 

O2 significantly reduced the number of surface GRP78-positive cells in two non-

transformed lines, MCF10A and NMuMG (Figure 3A&D and Supplementary Figure 4) and 

significantly decreased their sensitivity to BMTP78 (Figure 3B&E). In contrast, the number 

of surface GRP78 positive cells (Figure 3A&D and Supplementary Figure 4) and the 

response to BMTP78 (Figure 3C&F) of the two tumorigenic lines, MDA-MB-231 and 

4T1.2, was not altered by the oxygen concentration in which they were grown. Thus, under 

more physiological oxygen concentrations, normal cells present minimal GRP78 on the cell 

surface and remain unresponsive to BMTP78, whereas tumor cells are in a constant state of 

stress, regardless of their environment (32). As reported by others (33, 34), growth under 

hypoxic conditions (1% oxygen) induced a stress response and an increase in surface GRP78 

in the two non-transformed lines but had no effect on the two tumor lines (Supplementary 

Figure 4).

BMTP78 therapy suppresses primary tumor growth and metastasis leading to prolonged 
disease-free survival

To assess the anti-tumor activity of BMTP78 in vivo, mice bearing 67NR, 66cl4 or 4T1.2 

mammary tumors were treated once weekly with either 15mg/kg BMTP78 or control 

peptide. The administration of four doses of these peptides did not cause any lasting weight 

loss or general health issues in the tumor-bearing mice (Supplementary Figure 5). BMTP78 

did not alter the growth rate of low GRP78 expressing 67NR or 66cl4 tumors (Figure 

4A&B) but delayed 4T1.2 primary tumor growth (data not shown), resulting in significantly 

smaller tumors at endpoint (p<0.05) (Figure 4C). Spontaneous metastatic tumor burden in 

lung and spine was also decreased significantly (p<0.05) (Figures 4D&E). However, since 

primary tumor growth was altered, a specific effect on metastasis could not be delineated 

from these data.

To address this, we tested the ability of BMTP78 to prolong disease-free survival in mice 

bearing established micrometastatic disease. 4T1.2 mammary tumors were excised 

surgically from all mice at ten days post-implantation prior to randomization into three 

groups (n=15) to receive weekly doses of BMTP78, control peptide or saline. Metastatic 

cells are present in the lungs at this time (33). BMTP78 treatment significantly extended 

disease-free survival of the mice (median survival 34 days), compared to either the control 

peptide (median survival 21 days) or the saline-treated controls (median survival 23 days) 

(Figure 4F) (p<0.01). While there was a significant delay in the onset of disease in the 

BMTP78 treated group, there were no visible differences at autopsy in the distribution of 

metastases between the three groups.

To extend these findings, we tested BMTP78 therapy in two experimental lung metastasis 

models using human MDA-MB-231 cells or mouse EF43-fgf4 mammary tumor cells, both 

of which are sensitive to BMTP78 (Figure 3, and (17)). Mice were administered two doses 

of BMTP78 at weekly intervals after allowing tumor cells to commence growth in the lungs. 

In both models, a significant reduction in the expansion of experimental lung metastases was 

demonstrated (Figure 5). Taken together, these data demonstrate that BMTP78 can reduce 
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the growth of aggressive breast tumors and promote survival through the targeted killing of 

metastatic cells.

DISCUSSION

Successful therapy for established metastatic disease in breast cancer remains a major 

challenge in the clinic. Five-year survival drops from 90% for early stage, non-metastatic 

breast cancer to 20% once tumor progression has occurred (2). In one study, GRP78 was 

found to be positive in 76% of primary breast cancer cases, but did not correlate with tumor 

size, grade, lymph node metastases, vascular invasion, histological type or Nottingham 

Prognostic Index (13). However, expression of GRP78 has value in the prediction of tumor 

response to doxorubicin and to taxanes (12, 35). While high levels of GRP78 predict a poor 

response to doxorubicin, expression of GRP78 predicts a better response to doxorubicin 

followed by treatment with paclitaxel or docetaxel (12, 35). The mechanism behind these 

differential responses is not well understood.

In recent years, GRP78 has emerged as a prime target for anti-cancer treatment because of 

its elevated expression in tumor cells as a result of the constant stress to which they are 

subjected (6, 11, 12, 14, 36–38). Mice transgenic for MMTV-PyMT on a heterozygous 

GRP78 background have provided strong evidence that a partial reduction of GRP78 is 

sufficient to retard tumor proliferation, survival and angiogenesis (38). A genetic reduction 

in global GRP78 levels can delay early primary tumor growth and experimental metastasis 

to lung, with a selective reduction of GRP78 only in tumor vasculature being sufficient to 

suppress lung metastasis (19).

There are several methods by which GRP78 can be targeted. Some studies have used 

therapies that block the activity of GRP78 (36, 37, 39–41) or utilize AB5 subtilase cytotoxin 

that specifically cleaves GRP78 (42). Antibodies against surface GRP78 can also induce 

pro-apoptotic signaling (43, 44), although antibodies selectively targeting the amino 

terminal of surface GRP78 have been shown to enhance proliferation (10). The other 

approach is to utilize the selective surface expression of GRP78 in tumor cells for targeted 

delivery of a therapeutic directly to the tumor, thereby minimizing systemic toxicity (5). A 

13-mer peptide that targets GRP78 on melanoma cells induced apoptosis when coupled to 

either taxol (45) or D(KLAKLAK)2 (18). The GRP78 ligand we describe here has been 

coupled to N-(2-hydroxypropyl)methacrylamide copolymers containing 

aminohexylgeldanamycin, resulting in apoptosis in prostate cancer cells in vitro (46). 

Another peptide that targets GRP78 on irradiated tumors, coupled to paclitaxel-

encapsulating nanoparticles, extended tumor doubling time in mice bearing MDA-MB-231 

or GL261 tumors (47).

However, none of these reports has addressed the role of GRP78 in metastatic disease, 

despite the fact that metastasis remains the most prominent cause of death in patients with 

most types of solid tumors. In this study, we tested a peptide therapy comprising a GRP78 

binding peptide linked to the pro-apoptotic KLAKLAK peptide. This peptide, BMTP78, was 

shown previously to bind cell surface GRP78, become internalized and induce apoptosis 

(17). Here we tested the efficacy of this therapy against established metastatic disease. Using 
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a highly aggressive mammary tumor model, we have demonstrated that BMTP78 is active 

not only against primary mammary tumors but also against established metastatic disease 

(Figure 4). BMTP78 therapy was well tolerated by the mice, despite a temporary reduction 

in body weight, thereby indicating that normal tissues are not internalizing significant levels 

of this toxic peptide. Additional experiments using two different breast tumor lines, the 

human MDA-MB-231 and the murine EF43-fgf4 in experimental lung metastasis assays, 

confirmed that BMTP78 therapy is able to suppress the growth of established 

micrometastases (Figure 5). While the use of fluorescence imaging has great value in 

tracking metastases in vivo (48), caution should be exercised with immune competent mice, 

where the fluorescent protein can sometimes be immunogenic. However, we have found that 

mCherry fluorescence has no impact on metastasis in Balb/c mice and was therefore used in 

the EF43-fgf4 experiment (Figure 5C).

The association of surface GRP78 expression with stress was evident in all our cell lines 

grown in 20% oxygen. It should be noted that not all tumour lines are reported to express 

surface GRP78, including some prostate cancer lines and, in contrast to our data, MDA-

MB-231 cells (10). Regardless of their tumorigenic status, cells in normoxic conditions 

expressed GRP78 on the plasma membrane and were sensitive to BMTP78. However, in 

oxygen levels closer to those experienced by cells in tissues, only the tumorigenic cells 

remained in a stressed state with surface-localized GRP78. Thus, BMTP78 can be 

efficacious against tumor cells in vivo without significant normal tissue toxicity. Despite the 

detection of GRP78 on only 5–20% of tumor cells isolated from mice (Figure 2C), BMTP78 

was able to effectively suppress metastatic outgrowth. It is possible that cells with low 

surface GRP78 are still killed effectively by BMTP78 and/or that surface GRP78 is 

internalized rapidly, such that the acute administration of anti-GRP78 antibody as shown in 

Figure 2B does not detect all positive cells.

In the 4T1.2 metastasis model, spontaneous dissemination occurred in all mice by 10 days 

after tumor cell inoculation, as evidenced by their rapid death in the control groups (Figure 

4F). However, BMTP78 therapy provided a significant extension in the metastasis-free 

period following primary tumor resection. Consistent with this finding, disseminated tumor 

cells (DTC) isolated from breast cancer patients have increased levels of stress proteins 

related to the unfolded protein response (UPR), presumably due to the microenvironmental 

stresses to which they are subjected in foreign tissues (49).

It has been reported that a third of breast cancer patients, following primary tumor resection 

and without clinical evidence of disease, who were examined between 7 and 22 years after 

diagnosis, had detectable levels of circulating tumor cells (CTC) that remained at a steady 

state level of 1–2 cells per 12 ml of blood, despite their existence for less than 3 hours in 

circulation (50). CTC and DTC are often resistant to conventional cancer therapies and can 

persist for many years after the initial therapy, and high levels are associated with reduced 

disease-free survival (51). The implication from these studies is that the DTC are dividing 

and replenishing the CTC, even though the DTC do not reach a clinically detectable size for 

many years.
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Rapid advances in the ability to detect CTC and DTC, and the realization that the number of 

these cells can be a predictor of recurrence, are improving our ability to predict patients at 

risk of developing secondary disease. Patients with detectable CTC or DTC could be 

candidates for a therapy designed to kill CTC/DTC and micrometastases by virtue of their 

elevated surface expression of GRP78 (49). Thus, BMTP78 could be a potent therapy for 

patients with elevated levels of CTC, who are known to be at increased risk of developing 

distant metastases. As it is likely that BMTP78 would be provided as an adjuvant therapy, 

future preclinical studies should investigate the optimal regimens for combination with 

currently used chemotherapies, including doxorubicin and taxanes, given the differential 

importance of GRP78 in the response to these therapies (12, 35).

Upon screening of tissue microarrays, each containing the primary breast tumor and multiple 

metastases from an individual patient, we found diffuse staining for GRP78 in all samples, 

an expected result since all these patients died from metastatic breast cancer. The 

maintenance of GRP78 protein in metastatic nodules validates the concept of targeting this 

protein in patients with advanced disease and offers the possibility of killing established 

micrometastases, as opposed to other therapies that are aimed at blocking the initial stages of 

metastasis. Since the onset of metastasis has probably occurred before diagnosis, therapies 

that target established metastatic disease are of greater clinical significance.
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STATEMENT OF TRANSLATIONAL RELEVANCE

The major cause of death in patients with solid tumors is metastasis to distant sites, 

resulting in organ failure. Since metastasis has often commenced prior to diagnosis, the 

focus of therapy should be on eliminating metastatic disease. In this study, we 

demonstrate a method to directly target metastatic tumour cells with toxic agents by 

virtue of their selective cell surface expression of GRP78. Unlike normal cells, tumor 

cells are under constant stress, leading to up-regulation of GRP78 both in the 

endoplasmic reticulum and on the cell surface. In this study, we demonstrate that a toxin 

coupled to a GRP78 binding peptide can cause a significant delay in the growth of 

established micrometastatic disease in three models of breast cancer metastasis. Further, 

we show that primary tumors and matched metastases from patients who died from breast 

cancer express high levels of GRP78.
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Figure 1. GRP78 staining of primary breast carcinomas and their matched metastases
Primary tumors and matched metastases immunostained for GRP78 are shown for four of 

the five patients, MBC017, MBC018, MBC019 and MBC20. Scale bar is 100μm and applies 

to all images.
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Figure 2. GRP78 expression is elevated in highly metastatic tumors and is available for 
therapeutic targeting
A) Immunolocalization of GRP78 in a panel of syngeneic mouse mammary tumors and in 

spontaneous kidney, femur, heart and lung metastases from 4T1.2 tumors. Elevated GRP78 

levels are observed in cancer cells relative to host stroma. m, metastatic cancer cells, k, 

kidney epithelium, g, glomeruli, b, bone, c, cardiac muscle, e, lung epithelium. Scale bars 

represent 50μm except on lung metastasis image (25μm). B) FACS analysis of cell surface 

GRP78 in cells isolated from normal mouse organs and from 4T1.2 primary and secondary 

lesions (n=3 mice). C) Viability of metastatic 4T1.2 cells after exposure to BMTP78. The 

control peptide is WIFPWIQL-GG-D(KLAKLAK). D) The ability of BMTP78 to kill 4T1.2 

cells following a 1h pretreatment with 1μg/ml of anti-GRP78 antibody or with the isotype 

matched IgG control. All results are expressed relative to the zero BMTP78 value, set at 

100%. Mean values are shown, error bars represent SEM. *P<0.05, **P<0.01, two-tailed t-

test.
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Figure 3. Atmospheric oxygen concentrations increase surface localized GRP78 in non-
tumorigenic cells
The effect of oxygen on cell surface expression of GRP78 in human (A) or mouse (D) 
normal breast epithelial or tumorigenic cells was determined by flow cytometry. Human 

cells (B, C) or mouse cells (E, F) grown in either 10% or 20% O2 were pre-incubated with 

1μg/ml of anti-GRP78 antibody or the isotype matched IgG control for 1h before challenge 

with 20μM BMTP78 or the control peptide (WIFPWIQL-GG-D(KLAKLAK). Results are 

expressed as percent viable cells compared to the control peptide. Mean values are depicted; 

error bars, SEM. *P<0.05, **P<0.01. # P<0.01 for cells in 10% O2 compared to 20% O2, 

two-tailed t-test.
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Figure 4. GRP78-mediated suppression of tumor growth and metastasis following BMTP78 
treatment
Mice bearing 67NR (n=4) (A), 66cl4 (n=4) (B) or 4T1.2 (n=18) (C) mammary tumors were 

treated once weekly with 15mg/Kg BMTP78 or control peptide, commencing the day after 

tumor cell inoculation. Primary tumor growth was measured using electronic calipers. 4T1.2 

primary tumors were weighed upon excision at the end of the experiment (C). Metastatic 

burden from 4T1.2 tumors in lung (D) and spine (E) was measured by qPCR. (F) 

Metastasis-free survival of mice treated with BMTP78, the control peptide or saline (n=15/

group) administered once weekly, commencing the day after surgical resection of the 

primary 4T1.2 tumor on day ten. Mice were monitored daily and culled at the first signs of 

distress or ill-health due to manifestation of visible lung metastasis (confirmed at autopsy). 

For panels A, B, each point represents the mean+/−SEM. For panels C, D and E, each point 

represents the primary tumor weight (C) or metastatic burden (D, E) of an individual mouse, 

with the bar indicating the mean for the group. *p<0.05, two-tailed t-test. For panel F, 

**p<0.01, Log-rank test.
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Figure 5. BMTP78 reduces growth of established lung metastases
(A) Mice bearing established MDA-MB-231-luc lung metastases (n=7/group) were treated 

with BMTP78 on days 10 and 17 after tumor cell inoculation and monitored by in vivo 

bioluminescence imaging. (B) Assessment of lung tumor burden by bioluminescence. The 

inset shows bioluminescence prior to the first treatment on day 10, demonstrating that the 

tumors were growing in the lung prior to therapy. (C) Assessment of EF43-fgf4-mCherry 

lung tumor burden (n=5/group) on day 16 following treatment on days 3 and 10. The 

number of tumor cells in the lung was determined by flow cytometry comparing the 

proportion of viable mCherry-positive cells relative to viable mCherry-negative cells. 

**P<0.05 analysed by two-way Anova.
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