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Abstract

Melanoma differentiation-associated gene-7/interleukin-24 (mda-7/IL-24) displays a broad range 

of antitumor properties including cancer-specific induction of apoptosis, inhibition of tumor 

angiogenesis and modulation of antitumor immune responses. In our study, we elucidated the role 

of MDA-7/IL-24 in inhibiting growth of breast cancer-initiating/stem cells. Ad.mda-7 infection 

decreased proliferation of breast cancer-initiating/stem cells without affecting normal breast stem 

cells. Ad.mda-7 induced apoptosis and endoplasmic reticulum stress in breast cancer-initiating/

stem cells similar to unsorted breast cancer cells and inhibited the self-renewal property of breast 

cancer-initiating/stem cells by suppressing Wnt/β-catenin signaling. Prevention of inhibition of 

Wnt signaling by LiCl increased cell survival upon Ad.mda-7 treatment, suggesting that Wnt 

signaling inhibition might play a key role in MDA-7/IL-24-mediated death of breast cancer-

initiating/stem cells. In a nude mouse subcutaneous xenograft model, Ad.mda-7 injection 

profoundly inhibited growth of tumors generated from breast cancer-initiating/stem cells and also 

exerted a potent “bystander” activity inhibiting growth of distant uninjected tumors. Further 

studies revealed that tumor growth inhibition by Ad.mda-7 was associated with a decrease in 

proliferation and angiogenesis, two intrinsic features of MDA-7/IL-24, and a reduction in vivo in 

the percentage of breast cancer-initiating/stem cells. Our findings demonstrate that MDA-7/IL-24 

is not only nontoxic to normal cells and normal stem cells but also can kill both unsorted cancer 
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cells and enriched populations of cancer-initiating/stem cells, providing further documentation that 

MDA-7/IL-24 might be a safe and effective way to eradicate cancers and also potentially establish 

disease-free survival.
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Breast cancer continues to be a leading cause of cancer-related deaths in women worldwide 

despite significant advances in screening techniques that lead to early disease detection. This 

disease evades most conventional therapies frequently leading to relapse although the 

primary lesion is eradicated.1 Over the last years, evidence has accumulated supporting the 

notion that tumors are organized in a hierarchy of heterogeneous cell populations with 

different biological properties and that the ability to sustain tumor formation and growth 

exclusively resides in a small proportion of tumor cells, termed cancer stem cells or tumor-

initiating cells.2,3 In breast cancer, a population of CD24−/low/CD44+ cells has been isolated 

that is highly enriched for cancer-initiating/stem cells. This population is 1,000 times more 

tumorigenic than cell populations that are depleted of CD24−/low/CD44+ cells, and injection 

of as few as 200 cells leads to tumor formation in Severe combined immunodeficiency 

(SCID) mice.4 Breast cancer-initiating/stem cells can be established from patients’ surgical 

specimens or breast cancer cell lines and encompass undifferentiated cells capable of self-

renewal, extensive proliferation as clonal nonadherent spherical clusters and differentiation 

along different mammary epithelial lineages.4–6

Tumor-initiating/stem cells have the important feature of self-renewal, which is an intrinsic 

property of stem cells.7 Wnt/β-catenin signaling is one of the key pathways that promote 

self-renewal of breast cancer-initiating/stem cells.5 Activation of Wnt target genes is 

mediated by β-catenin, which translocates into the nucleus and binds to the transcription 

factor T-cell factor/lymphoid enhancer factor (TCF/LEF). The level of intracellular β-

catenin is modulated by a multiprotein complex consisting of glycogen synthase kinase 3β 

(GSK3β), adenomatous polyposis coli, casein kinase 1α and axin. GSK3β promotes the 

ubiquitin-proteasome degradation of β-catenin by phosphorylating three specific amino 

acids, Ser33/Ser37/Thr41, on β-catenin.8,9 Similarly, Akt (protein kinase B) is a central 

regulator in the Wnt and PI3K signaling pathways.10 Apoptosis resistance, a characteristic 

feature of cancer cells, has been demonstrated prominently in cancer-initiating/stem cells.11 

Breast cancer-initiating/stem cells display high levels of expression of apoptotic regulating 

proteins including Bcl-2, NF-κB and Akt.2,3,11 A comparative gene expression profile study 

illustrated that a side population of cells isolated from MCF-7 when compared to the non-

side population of MCF-7 cells displayed alterations in several different pathways 

documenting deregulation of a number of apoptotic genes including BCL-2, BCL-xL, IAPs, 

PI3K and FADD.12 Consequently, the effective targeting of breast cancer-initiating/stem 

cells with novel antitumor agents has the potential to significantly improve outcome for 

women with both early and advanced stages of breast cancer.
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Using subtraction hybridization combined with induction of cancer cell terminal 

differentiation, our laboratory cloned melanoma differentiation-associated gene-7/

interleukin-24, a novel member of the IL-10-related cytokine gene family.13 Subsequent 

experiments document that mda-7/IL-24 has nearly ubiquitous antitumor properties in vitro 

and in vivo,14–21 which culminated in a successful entry into the clinic where safety and 

clinical efficacy when administered by adenovirus (Ad.mda-7; INGN 241) were shown in a 

phase 1 clinical trial in patients with advanced cancers.18 Forced mda-7/IL-24 expression in 

cancer cells in vitro and in vivo inhibits angiogenesis22; stimulates an antitumor immune 

response23; sensitizes cancer cells to radiation-, chemotherapy- and antibody-induced 

killing14,16,24,25 and elicits potent “antitumor bystander activity.”26,27 After forced 

expression of mda-7/IL-24 by an adenovirus, the MDA-7/IL-24 protein interacts with the 

endoplasmic reticulum (ER) chaperone protein BiP/GRP78 and initiates a cascade of 

“unfolded protein response” (UPR) events in tumor cells that culminate in apoptosis.28 We 

have shown that mda-7/IL-24 selectively induces apoptosis in human breast cancer cells and 

inhibits tumor growth in nude mice.29 Moreover, chemotherapeutic agent- and antibody-

mediated killing is enhanced in the presence of mda-7/IL-24 providing a synergistic effect 

thereby expanding treatment options for breast cancer patients.30–32 We have also found that 

a conditionally replication competent adenovirus expressing mda-7/IL-24, a cancer 

terminator virus (CTV), displays dual cancer-specific activity resulting in eradication of both 

primary and distant breast carcinomas in nude mice.33 It has been reported that Ad.mda-7 

downregulates both the PI3K and the Wnt/β-catenin signaling pathways in breast, lung and 

pancreatic cancer cells and remedies aberrant signaling in tumor cells, resulting in 

restoration of apoptosis induction.34,35

In our study, we investigated the role of mda-7/IL-24 on breast cancer-initiating/stem cells. 

Our findings show that Ad.mda-7 is able to inhibit the growth of different breast cancer-

initiating/stem cells via induction of ER stress and apoptosis without exerting any 

deleterious effect in normal stem cells. We also document that Ad.mda-7 inhibits self-

renewal of breast cancer-initiating/stem cells by inhibiting the Wnt signaling pathway and 

Ad.mda-7 effectively inhibits in vivo growth of tumors originating from breast cancer-

initiating/stem cells. Accordingly, Ad.mda-7 might provide an effective means of safely 

eradicating both unsorted cancer cells and cancer-initiating/stem cells, thereby establishing 

an enduring therapeutic response in patients with breast cancer.

Material and Methods

Cell culture

MCF-7, MDA-MB-231, T47D human breast carcinoma cell lines and MCF-10A, a normal 

breast cell line, were obtained from the American Type Culture Collection and were 

cultured as recommended. Human mammary epithelial cells (HMEpC) were obtained from 

Promocell Promocell, Boston, MA, USA and cultured as recommended. Cells were infected 

with 100 plaque-forming units (pfu)/cell of Ad.mda-7 or Ad.vec and analyzed as 

described.28 Cell viability by MTT assay was performed as described.29,33
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Flow cytometry and sorting

Breast cancer cells were detached with trypsin, washed once in Fluorescence activated cell 

sorter (FACS) buffer (phosphate buffered saline (PBS) containing 1–2% bovine serum 

albumin (BSA) and 5 mM EDTA), stained with anti-CD24-FITC and anti-CD44-PE using 

10 μl of antibody per 106 cells and incubated at 4°C for 15 min. After incubation, cells were 

washed once with FACS buffer, suspended in FACS buffer at 2 × 106 cells/ml and cancer-

initiating/stem cells were sorted on an Aria cell sorter (BD Biosciences, San Jose, CA). Live 

cells were gated on the basis of forward and side scatters, and single cells were gated on the 

basis of forward scatter and pulse width. Gates were determined by analysis of unstained 

cells and isotype-specific stains.4

Mammosphere cultures and inhibition assays

The sorted breast cancer cells were plated and cultured in ultra-low attachment plates 

(Corning Life Sciences, Corning, NY) in a serum-free mammary epithelial growth medium 

supplemented with B27 (Life Technologies, NY), 20 ng/ml EGF (Epidermal growth factor) 

and 20 ng/ml bFGF (basic fibroblast growth factor) (BD Biosciences) as described.5,6 To 

quantify the effect of Ad.mda-7 on mammospheres, different concentrations of Ad.mda-7 

(pfu) were used to infect primary mammosphere cultures, whereas the second passage 

cultures were grown in the absence of Ad.mda-7. After 7 days of culture, the number of 

mammospheres was counted under a microscope.36

Annexin V and propidium iodide staining

The breast cancer-initiating/stem cells were seeded in six-well plates (2 × 105 per well) and 

were infected with Ad.mda-7 or Ad.vec for 48 hr and processed and evaluated for Annexin 

V binding as described.33

Western blotting analysis

Preparation of whole-cell lysates and Western blotting for MDA-7/IL-24 (1:100, mouse 

monoclonal, GenHunter Corp., Nashville, TN), BiP/GRP78 (1:1,000, rabbit polyclonal, 

Santa Cruz, Dallas, TX), GRP94 (1:1,000, rabbit polyclonal, Santa Cruz), GADD133 

(1:1,000, rabbit polyclonal, Santa Cruz), PARP, Bcl2, Bcl-xL, phospho-Akt, phospho-β-

catenin, phospho-GSK3β, phospho-eIF2α, Akt, β-catenin and GSK3β (1:1,000, rabbit 

monoclonal, Cell Signaling, Boston, MA) protein levels were as described.28

Caspase assays

The breast cancer-initiating/stem cells were seeded in 96-well (10,000 cells per well) 

ultralow attachment plates and were infected with Ad.mda-7 or Ad.vec for 48 hr. After 

treatment caspase 3/7 activities were measured using CellPlayer™ 96-well kinetic Caspase 

3/7 reagent kits following the manufacturer’s protocol (Essen Bioscience Corp. Ann Arbor, 

MI).

Reporter assays

Breast cancer-initiating/stem cells were suspended in 24-well ultralow attachment plates and 

were transduced with lentiviruses expressing TCF/LEF Reporter (TCF/LEF-Luc) at an 
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optimized multiplicity of infection (MOI) of 5 for 48 hr in a final volume of 1.0 ml serum-

free medium. The cells were infected with Ad.mda-7 for 12 hr and cell lysates were 

prepared and assayed for luciferase activity using Luciferase Assay System (Promega, 

Madison, WI) according to the manufacturer’s instructions.36

Human breast cancer xenografts in athymic nude mice and immunohistochemistry

T47D-initiating/stem cells (1 × 104) were injected s.c. in 100 μl of PBS in both flanks of 

female athymic nude mice (NCRnu/nu; 4-week old; ≈20 g of body weight) and xenograft 

studies were done as described previously.29 Formalin-fixed and paraffin-embedded 

specimens were sectioned, 3- to 4-μm thick, and immunohistochemistry was done as 

described previously.25

Statistical analysis

Data are represented as the mean ± standard error of mean and analyzed for statistical 

significance using one-way analysis of variance followed by Newman–Keuls test as a post 

hoc test. A p value of <0.05 was considered significant.

Results

Ad.mda-7 infection results in expression of MDA-7/IL-24 in breast cancer-initiating/stem 
cells

To determine if Ad.mda-7 is effective in selectively inhibiting growth and inducing 

apoptosis in breast cancer-initiating/stem cells versus normal stem cells and to define 

potential therapeutic applications, we sorted initiating/stem cells (CD24−/low/CD44+), which 

were ~1–5% of the total unsorted population, from different breast cancer cells, including 

MCF-7, MDA-MB-231 and T47D, as well as MCF-10A37 and HMEpC normal breast 

epithelial cells, and cultured them in serum-free media. Initially, we confirmed the 

expression of MDA-7/IL-24 in different cell types 48 hr after Ad.mda-7 infection. Ad.mda-7 

infection resulted in a dose-dependent expression of MDA-7/IL-24 protein in all types of 

initiating/stem cells, irrespective of their cancer or normal origin (Fig. 1 and Supporting 

Information Fig. S1A).

Ad.mda-7 inhibits proliferation and induces ER stress and apoptosis in breast cancer-
initiating/stem cells

We demonstrated previously that infection of unsorted populations of breast cancer cells 

with Ad.mda-7 inhibits their proliferation and induces apoptosis.29–33 To investigate the 

effect of Ad.mda-7 on breast cancer-initiating/stem cells, we sorted cancer stem cells and 

non-stem cell populations from MCF-7 cells by flow cytometry using CD24 and CD44 as 

markers (Fig. 2a). Both CD24- and CD44-negative non-stem cells, CD24-positive cells, 

CD44-positive cells and both CD24- and CD44-positive cells were infected with Ad.mda-7 

at different doses. Ad.mda-7 effectively reduced cell viability in all of these cell populations 

in a dose-dependent manner as measured by standard MTT assays (Fig. 2b). The finding that 

Ad.mda-7 inhibited growth of non-stem cell populations and stem cell populations to a 

similar extent indicates that mda-7/IL-24 might be an effective cancer therapeutic for 

chemotherapy-resistant breast cancer cells, which are enriched with cancer-initiating/stem 
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cells.7,11,12 Similarly, Ad.mda-7 dose-dependently inhibited viability of cancer-initiating/

stem cells sorted from T47D and MDA-MB-231 cells without affecting the normal stem 

cells derived from MCF-10A or HMEpC cells, thereby further confirming the cancer cell-

specific nature of mda-7/IL-24 (Fig. 2c and Supporting Information Fig. S1B). Annexin V 

staining performed 48 hr post-Ad.mda-7 infection demonstrated a strong dose-dependent 

induction of apoptosis in cancer-initiating/stem cells, but not in normal stem cells (Fig. 2d). 

Dose-dependent apoptosis induction by Ad.mda-7 was further confirmed after Ad.mda-7 

infection by increased cleavage of PARP and caspases, downregulation of the anti-apoptotic 

protein Bcl-2 and upregulation of the proapoptotic protein Bax in cancer-initiating/stem cells 

sorted from MCF-7 and T47D cells (Fig. 2e and Supporting Information Fig. S2A). 

Moreover, Western blotting and caspase assays by CellPlayer assay showed that both 

caspase 3 and 7 were activated in T47D-sorted cells and only caspase 7 was activated in 

MCF-7-sorted cells as these cells are deficient in caspase 3 (Figs. 2e and 2f).

We next analyzed the modulation of mda-7/IL-24 downstream genes and signaling pathways 

that contribute to its tumor-suppressing properties in the context of breast cancer-initiating/

stem cells. MDA-7/IL-24 induces an ER stress response (UPR)28; therefore, we determined 

the expression levels of ER stress markers. The levels of BiP/GRP78, GRP94 and 

GADD153, and activation of p-eIF2α were significantly higher upon infection with 

Ad.mda-7 when compared to control and Ad.vec-infected breast cancer-initiating/stem cells 

(Fig. 3a). In addition, ER stress response element (ERSE) reporter assays confirmed that 

Ad.mda-7 increased ER stress in a dose-dependent manner (Fig. 3b). These findings further 

confirm that Ad.mda-7 also maintains its bona fide downstream effects in breast cancer-

initiating/stem cells.

Ad.mda-7 inhibits mammosphere formation and Wnt signaling in breast cancer stem cells

Breast cancer-initiating/stem cells are enriched in nonadherent spherical clusters of cells, 

termed mammospheres, and these cells are capable of yielding secondary spheres and 

differentiating along multiple lineages.5,6 To evaluate whether Ad.mda-7 could suppress the 

formation of mammospheres in vitro, we infected breast cancer-initiating/stem cells, 

obtained from MCF-7 and T47D cells, with Ad.mda-7 for 48 hr and then cultured these cells 

in nonadherent conditions to determine mammosphere formation in the absence of 

Ad.mda-7. Compared to control and Ad.vec infection, Ad.mda-7 inhibited in a dose-

dependent manner not only the number of mammospheres (Fig. 4a) but also the size of the 

spheres (Fig. 4b), indicating a reduced self-renewal capacity of these initiating/stem cells. It 

should be noted that Ad.mda-7 inhibited mammosphere formation in both MCF-7 and T47D 

cancer-initiating/stem cells even at 10 pfu, a dose at which no cytotoxic effect was observed 

in cell viability assays.

There is considerable evidence that the Wnt pathway regulates self-renewal in breast cancer-

initiating/stem cells.8,9 In addition, previous reports have shown that Ad.mda-7 inhibits the 

Wnt/β-catenin pathway in lung and breast cancer cells.34 Therefore, we determined the 

effect of Ad.mda-7 on Wnt signaling in breast cancer-initiating/stem cells by analyzing the 

levels of protein expression in this signaling pathway. Ad.mda-7 transduction of MCF-7- 

and T47D-derived breast cancer-initiating/stem cells resulted in a significant dose-dependent 
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downregulation of p-β-catenin and p-GSK3β (Fig. 4c and Supporting Information Figs. S2B 

and S2C). Ad.mda-7 also decreased the expression of p-AKT, without affecting total Akt 

expression (Fig. 4c and Supporting Information Fig. S2D), which regulates initiating/stem 

cell self-renewal downstream of Wnt signaling.10 Transduction with Ad.vec did not alter 

Wnt or PI3K pathway proteins, thereby confirming the specificity of the MDA-7/IL-24 

effect. To confirm that downregulation of β-catenin protein level decreases its transcriptional 

activity, we used a TCF/LEF TOP-luc lentiviral reporter system. Infection with Ad.mda-7 

resulted in significant downregulation of β-catenin/LEF-dependent luciferase activity in 

MCF-7- and T47D-derived cancer-initiating/stem cells, further confirming the role of 

MDA-7/IL-24 in the inhibition of the Wnt signaling pathway (Fig. 4d). LiCl inactivates 

GSK3β through Ser9 phosphorylation, which in turn reduces the phosphorylation of β-

catenin at Ser33/Ser37/Thr41 and its degradation.38 Ad.mda-7-mediated inhibition of β-

catenin phosphorylation was reversed upon treatment of breast cancer-initiating/stem cells 

with LiCl as indicated by the lack of change in p-β-catenin levels upon Ad.mda-7 infection 

when performed in the presence of LiCl when compared to infection with only Ad.mda-7 

(Fig. 4e). More importantly, pretreatment of breast cancer-initiating/stem cells with LiCl 

significantly prevented cell death induced by Ad.mda-7 as demonstrated by MTT assays 

(Fig. 4f). Taken together, these data suggest that downregulation of the Wnt/β-catenin self-

renewal pathway might contribute to the inhibitory effects of MDA-7/IL-24 on breast 

cancer-initiating/stem cells.

Ad.mda-7 eradicates primary and inhibits distant tumors generated by breast cancer-
initiating/stem cells in nude mice

To determine whether the in vitro growth inhibitory activity of Ad.mda-7 in breast cancer-

initiating/stem cell translated into the in vivo state, T47D-initiating/stem cells (1 × 104) were 

subcutaneously injected into the left and right flanks of athymic nude mice. After palpable 

tumors of ~100 mm3 developed on both flanks, in ~ 30–40 days, the animals received seven 

intratumoral injections over a 4-week period with 1 × 108 pfu of Ad.vec or Ad.mda-7 in 

tumors on the left flank. The tumors on the right flank were not injected with virus. T47D-

initiating/stem cells formed large, aggressive and actively proliferating tumors in control-

untreated and in Ad.vec-injected animals. In contrast, the Ad.mda-7-treated group showed 

profound growth inhibition of the left flank-injected tumors, which was evident by 2 weeks 

after initiating the therapeutic treatment protocol (Figs. 5a and 5b). Furthermore, a 

significant inhibition of growth of the right-sided uninjected tumors was also observed upon 

treatment with Ad.mda-7 in the left flank tumor, highlighting the potent “bystander” 

antitumor effect of MDA-7/IL-24 (Figs. 5a and 5b). These results were anticipated, because 

direct injection of the right-side tumor with a nonreplicating adenovirus expressing mda-7/

IL-24 (Ad.mda-7) results in high levels of MDA-7/IL-24 protein in the injected tumor, 

whereas secretion of this cytokine “bystander effect” will generate less MDA-7/IL-24 in the 

circulation and in the distant tumor and the inhibitory effect will therefore be less profound. 

These findings provide definitive evidence for therapeutic efficacy of Ad.mda-7 in breast 

cancer-initiating cells in vivo.

We next determined the efficacy of Ad.mda-7 in in vivo transgene delivery by staining for 

MDA-7/IL-24 protein, CD-31 (which monitors angiogenesis and microvessel formation) 
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and Ki-67 (which monitors cell proliferation). Tumors were harvested from the animals after 

three injections and tumor sections were interrogated by immunohistochemistry. Strong 

MDA-7/IL-24 staining was observed in left-sided tumors only upon Ad.mda-7 treatment 

(Fig. 6a and Supporting Information Fig. 3S). No significant MDA-7/IL-24 staining was 

observed in right-sided untreated tumors after three Ad.mda-7 injections of the left tumor, 

possibly reflecting the need for more injections to produce sufficient quantities of MDA-7/

IL-24 in the circulation to induce expression in the untreated tumor. However, compared to 

Ad.vec treatment, Ad.mda-7 treatment resulted in a significant reduction in staining for 

CD-31 and Ki-67 in both left- and right-sided tumors (Fig. 6a and Supporting Information 

Fig. 3S). Analysis of cells isolated from in vivo tumor tissue by flow cytometry indicated 

that Ad.mda-7 administration decreased breast cancer-initiating/stem cells when compared 

to control unsorted tumor cells (Fig. 6b). These results may indicate that angiogenesis and 

cell proliferation in untreated tumors are sensitive to lower levels of circulating MDA-7/

IL-24, which would need to be confirmed by further experiments. In total, these findings 

indicate that in breast cancer-initiating/stem cells Ad.mda-7 can efficiently generate 

MDA-7/IL-24 protein that exerts a potent “bystander” effect in distant tumors by inhibiting 

cell proliferation and angiogenesis (Figs. 5 and 6).

Discussion

It is hypothesized that a small proportion of cancer-initiating/stem cells found within a 

tumor may be the prime movers of cancer regrowth after therapy, thereby having profound 

clinical implications for cancer therapeutics and prevention.2,39 Cancer-initiating/stem cells 

display resistance to conventional therapies and are associated with cancer relapse/

recurrence after therapy.40,41 Moreover, the lack of efficacy of current therapies in advanced 

and metastatic disease requires novel approaches that can specifically or selectively target 

cancer-initiating/stem cell populations. In these contexts, therapies that are directed against 

both differentiated cancer cells and cancer-initiating/stem cells might provide advantages to 

treat cancer. We and others have established that mda-7/IL-24 has significant potential as an 

anticancer therapeutic because of its multiplicity of antitumor properties, its nontoxic effects 

to normal cells and tissues and its safety and efficacy as observed in clinical trials.14,16–21 

Accordingly, based on the profound antitumor activity of MDA-7/IL-24 and to examine its 

potential effects in cancer-initiating/stem cells, we used both in vitro and in vivo systems to 

determine whether Ad.mda-7 is biologically active against purified populations of breast 

cancer-initiating/stem cells.

Several techniques have been developed to isolate and characterize breast cancer-initiating/

stem cells in vitro. We sorted CD44+/CD24−/low cells as breast cancer-initiating/stem cells 

and observed that Ad.mda-7 effectively and equally inhibited proliferation of the initiating/

stem as well as the non-stem breast cancer cell populations. In fact, the cancer-initiating/

stem cells did not demonstrate any resistance toward MDA-7/IL-24 as has been observed for 

chemotherapeutic reagents and radiation.42,43 It is noteworthy that the doses of Ad.mda-7 

(pfu) used in our study are comparable to those previously shown to induce cell death in 

unselected tumor cell populations.28,29 Moreover, Ad.mda-7 also selectively inhibited 

cancer-initiating/stem cells, while exerting minimal toxicity to normal stem cells derived 

from immortal MCF-10A and primary HMEpC cells. These observations are consistent with 
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previous reports demonstrating that MDA-7/IL-24 preferentially targets transformed versus 

normal cells.29,33 We now demonstrate that MDA-7/IL-24 induces apoptosis and ER stress 

in breast cancer-initiating/stem cells making this therapeutic cytokine an attractive and 

beneficial option for targeting cancer-initiating/stem cells.44 Similar to epithelial tumor 

cells14,28 and leukemia cells,45 Ad.mda-7 triggers a response classically associated with ER 

stress induction, including upregulation of BiP/GRP78, GRP94 and GADD153, as well as 

eIF2α phosphorylation, in various breast cancer-initiating/stem cells. These findings indicate 

that the same genetic/epigenetic changes that elicit tumor cell sensitivity to mda-7/IL-24 are 

maintained in the entire tumor population (both breast cancer non-stem and stem cells), 

which is important for developing effective therapies for breast cancer.

The Wnt/β-catenin signaling pathway is implicated in a wide range of developmental 

processes including maintenance of stem cell compartments in adult tissue.8 As a novel 

target for cancer stem cell therapy, previous studies showed that anti-Wnt-2 monoclonal 

antibody induced apoptosis in malignant melanoma cells and inhibited tumor growth.46 

Several phytochemicals, such as selenium, EGCG (Epigallo-catechin gallate) and vitamin D, 

have recently been shown to inhibit Wnt signaling in cancers and could potentially be 

excellent candidates for targeting cancer-initiating/stem cells.47 MDA7/IL-24 delivered by 

adipose-derived stromal/mesenchymal stem cells48 has potent proapoptotic activity toward 

different cancer cell lines and reduced tumor growth in the TRAMP-C2-Ras (TC2Ras) 

prostate cancer model.48 MDA-7/IL-24 expressed in neural stem cells in combination with 

neural stem cells expressing TRAIL display potent antitumor activity against glioblastoma 

multiforme brain tumors.49 Here, we show that MDA-7/IL-24 downregulates the Wnt/β-

catenin self-renewal pathway in breast cancer-initiating/stem cells, through activation of 

GSK3β and Akt inhibition resulting in a decrease of β-catenin phosphorylation (Ser33/

Ser37/Thr41) and proteasome degradation. Similar findings were also observed in lung and 

breast cancer cells further confirming that Ad.mda-7 might provide an effective means of 

eradicating both cancer non-stem and cancer-initiating/stem cells through overlapping 

mechanisms.30 The in vitro efficacy of MDA-7/IL-24 was also confirmed in vivo 

demonstrating that MDA-7/IL-24 is able to profoundly reduce tumor burden in treated 

tumors developed from breast cancer-initiating/stem cells and also has potent “bystander” 

antitumor effects in a distant untreated population of breast cancer-initiating/stem cells. This 

finding is consistent with our previous observations showing that secreted MDA-7/IL-24 

from injected tumors can inhibit the growth of distant tumors by suppressing proliferation 

and angiogenesis.14,33 In recent years, breast cancer-initiating/stem cells have been 

confirmed as integral components of cancer recurrence after chemotherapy. The 

mechanisms involved in chemoresistance are multifaceted and can be due to overexpression 

of ABC transporters, detoxification enzymes (aldehyde dehydrogenase), low cell turnover 

rates and/or the ability to activate a DNA checkpoint response.12,43 Our observations 

suggest a means of overriding the significant therapeutic roadblock of chemoresistance 

associated with cancer stem cells and current conventional therapies and provide further 

validation of the potential use of MDA-7/IL-24 as an innovative therapy for enhanced and 

long-term cure rates in breast cancer.
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What’s new?

Cancer stem cells, or tumor-initiating cells, are the small population of cells within a 

tumor that promote the growth and spread of the tumor. These self-renewing cells 

produce high levels of proteins that thwart apoptosis, such as Bcl-2, NF- κB, and Akt. In 

this paper, the authors investigated a protein, MDA-7/IL-24, which has been shown to 

slow tumor growth and induce apoptosis. They found that it specifically targets the 

cancer stem cells and stops them from self-renewing, which may help prevent recurrence 

of the disease.
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Figure 1. 
Ad.mda-7 infection results in expression of MDA-7/IL-24 in breast cancer-initiating/stem 

cells. MCF-7-, T47D-, MDA-MB-231- and MCF-10A-derived initiating/stem cells were 

sorted from their respective cell lines by flow cytometry and infected with either Ad.mda-7 

(50 or 100 pfu) or Ad.vec (100 pfu) for 48 hr and total proteins were isolated. The 

expressions of MDA-7/IL-24 and actin (as a loading control) proteins were analyzed by 

Western blotting.
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Figure 2. 
Ad.mda-7 infection induces apoptosis in breast cancer-initiating/stem cells. (a) MCF-7 cells 

were analyzed by flow cytometry for CD44 and CD24 expression. The gates shown were 

used for sorting of cells with the indicated phenotypes. (b) The sorted populations, based on 

surface markers, were infected with Ad.mda-7 (10, 50 and 100 pfu/cell) or Ad.vec (100 pfu/

cell) and after 48 hr cell proliferation was measured by MTT assay. (c and d) Cancer-

initiating/stem cells from MCF-7, T47D, MDA-MB-231 and MCF-10A were infected with 

Ad.mda-7 (50 or 100 pfu/cell) or Ad.vec (100 pfu/cell) and after 48 hr cell proliferation was 

measured by MTT assay (c) and Annexin V staining assay using flow cytometry (d) 

measured apoptosis. MCF-7- and T47D-initiating cells were infected with Ad.mda-7 (50 or 

100 pfu/cell) or Ad.vec (100 pfu/cell) and cell lysates were prepared after 48 hr. (e) MCF-7- 

and T47D-initiating cells were infected with Ad.mda-7 (50 or 100 pfu/cell) or Ad.vec (100 
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pfu/cell) and cell lysates were prepared after 48 hr. Activation of poly(ADP-ribose) 

polymerase-1 (PARP), caspases 3 and 7 and expression of Bcl-2 and Bax were detected by 

Western blotting analysis. (f) After 48-hr infection with Ad.mda-7 or Ad.vec the apoptotic 

index as indicative of caspase 3/7 activity in MCF-7- and T47D-initiating cells was 

determined using a fluorescence microscope. The apoptotic index was calculated by 

dividing the number of caspase 3/7 fluorescent cells by the total number of DNA-containing 

cells after staining with Vybrant DyeCycle Green. Data represent mean ± SD (n = 3). 

Asterisk (*) represents significant difference (p < 0.5) with corresponding control.
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Figure 3. 
Ad.mda-7 induces ER stress in breast cancer-initiating/stem cells. MCF-7- and T47D-

initiating/stem cells were infected with Ad.mda-7 (50 or 100 pfu/cell) or Ad.vec (100 pfu/

cell) and cell lysates were prepared after 48 hr. (a) Changes in BiP/GRP78, GRP94 

GADD153 and activation of phospho-eukaryotic initiation factor 2 (p-eIF2α) proteins were 

evaluated by Western blotting. (b) MCF-7- and T47D-initiating/stem cells were transfected 

with ERSE reporter followed by infection with Ad.mda-7 or Ad.vec for 24 hr and dual 

Luciferase assays were performed and promoter activity values are expressed as arbitrary 

units using a Renilla reporter for internal normalization. Data represent mean ± SD (n = 3). 

Asterisk (*) represents significant difference (p < 0.5) with corresponding control.
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Figure 4. 
Ad.mda-7 inhibits mammosphere formation and Wnt signaling in breast cancer-initiating/

stem cells. (a) Cancer-initiating/stem cells from MCF-7 and T47D were infected with 

Ad.mda-7 (50 or 100 pfu/cell) or Ad.vec (100 pfu/cell) for 48 hr and the infected cells were 

seeded for formation of secondary mammospheres as described in “Material and Methods” 

section and quantified by counting the mammospheres by microscope. Data represent mean 

± SD (n = 3). (b) Photomicrograph of primary mammospheres following the indicated 

treatments (magnification, ×100). (c) MCF-7- and T47D-initiating/stem cells were infected 

with Ad.mda-7 (50 or 100 pfu/cell) or Ad.vec (100 pfu/cell) and cell lysates were prepared 

after 48 hr and changes in phospho- and total β-catenin, GSK3β and Akt expression were 

evaluated by Western blotting. (d) MCF-7- and T47D-initiating/stem cells were infected 

with a TCF/LEF TOP-luc lentiviral reporter system for 48 hr followed by infection with 

Ad.mda-7 (50 or 100 pfu/cell) or Ad.vec (100 pfu) for 12 hr and relative luciferase activity 

was measured as described in the “Material and Methods” section. (e and f) T47D-initiating/

stem cells were infected with 100 pfu/cell of Ad.mda-7 or Ad.vec in the presence of LiCl 

(20 mM) for 48 hr and expression of phospho- and total β-catenin was analyzed (e) and cell 

proliferation was measured by MTT assay (f). Asterisk (*) represents significant difference 

(p < 0.5) when compared to Ad.mda-7-infected cells without LiCl.
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Figure 5. 
Ad.mda-7 eradicates primary tumors and inhibits distant tumors generated by breast cancer-

initiating/stem cells in nude mice. Tumor xenografts from T47D-initiating/stem cells were 

established in athymic nude mice in the left and right flanks and only tumors on the left side 

were injected with PBS (control) or with the indicated Ad for 3 weeks (total of seven 

injections). (a) Measurement of tumor weight at the end of the study. Lower panel, picture 

of isolated tumors from the left-treated and right-untreated regions of animals. (b) 

Measurement of tumor volume at the end of the study. The data represent the mean ± SD 

with a minimum of five mice per group. Asterisk (*) represents significant difference (p < 

0.5) with corresponding control.
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Figure 6. 
Immunohistochemical analysis of tumor xenografts induced by T47D-initiating/stem cells 

infected with Ad.vec or Ad.mda-7 or controls injected with PBS. Tumor tissues were 

harvested and formalin-fixed and paraffin-embedded sections were immunostained for 

MDA-7/IL-24, CD-31 and Ki-67. The left and right tumors were from animals injected three 

times (left tumor) with PBS, Ad.vec or Ad.mda-7. Experimental details are given in 

“Material and Methods” section. (b) Single-cell suspensions were generated from the tumors 

of all groups and were fixed and stained with CD24 and CD44 antibodies to quantify the 

percentage of CD24−/low/CD44+ cells by fluorescence-activated cell sorting. The data 

represent the mean ± SD with a minimum of five mice per group. Asterisk (*) represents 

significant difference (p < 0.5) vs. corresponding control.
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