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Abstract

Basal subtype breast cancers have a particularly poor prognosis, with high invasiveness and 

resistance to most targeted therapies. TGFβ and MYC drive central features of basal breast cancer: 

TGFβ is an autocrine and paracrine signaling factor that drives cell invasion and metastasis, and 

MYC is a central regulator of cellular proliferation that is upregulated in many cancer types. We 

show here that genetic or pharmacological inhibition of MYC in MCF10A basal breast cells 

results in increased sensitivity to TGFβ-stimulated invasion and metastasis, and also show that this 

signaling loop is dependent on activation of SRC. Analysis of human breast cancer datasets and 

additional experiments with breast cancer cell lines further suggest the relevance of this signaling 

loop in basal, but not luminal, breast cancers. Our results imply precaution should be taken when 

utilizing therapeutic inhibitors of MYC with basal breast cancer patients as this could lead to 

increased metastasis; however, simultaneous pharmacological inhibition of SRC and MYC for 

these patients could facilitate the anti-proliferative effects of MYC inhibition while blocking the 

consequent promotion of metastasis.
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INTRODUCTION

Breast cancers can be classified into clinically relevant groups with distinct therapeutic 

responsiveness on the basis of their intrinsic molecular subtypes (1, 2). Human breast cancer 

cell lines can also be clustered according to these intrinsic molecular subtypes, which are 

associated with differences in phenotypic and genetic features, as well as differences in 
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responsiveness to drug treatments (1, 3). Both basal subtype breast cancers and basal cell 

lines are associated with aggressive features, invasiveness, higher grade and poor prognosis, 

and as basal breast cancers overlap with the triple negative histological phenotype (ER-, 

PR-, HER2-), there exist few effective targeted therapies for this group of patients (4, 5). 

Thus, there is a need to better understand the distinct molecular pathways controlling 

progression of basal breast cancers in order to develop new effective therapeutic approaches.

MYC is a pleiotropic transcription factor that regulates cellular proliferation, growth, 

differentiation, apoptosis, adhesion, and migration (6). Elevated or deregulated expression of 

MYC has been found in multiple types of cancer, including breast cancer (7, 8). MYC 

induces cell proliferation by targeting genes that promote progression of the cell cycle, as 

well as by inhibiting transcription of growth inhibitory genes (9). It also plays roles in 

inhibition of apoptosis, induction of angiogenesis and epithelial-mesenchymal transition 

(EMT) (7). In breast cancer, MYC gene amplification is associated with higher tumor grade, 

poor clinical prognosis, risk of relapse and ER/PR-negativity (7), and inhibitors of MYC are 

being evaluated for antitumor activity in clinical trials (10). However, despite its role as a 

pleiotropic oncogene, a recent study of MYC has shown that it can also behave as a tumor 

suppressor under certain circumstances through inhibition of cancer cell invasion and 

metastasis (11).

Integrins are heterodimeric cell membrane proteins that consist of α and β transmembrane 

subunits; acquisition of malignancy is associated with cancer subtype-dependent increased 

expression of specific integrins that facilitate cell invasion and metastasis (12). Integrin αvβ3 

is often upregulated in breast cancer and has been found to be associated with increased 

invasion and metastasis (12). A recent study identified a tumor suppressor activity for MYC 

that was dependent upon specific regulation of integrins αv and β3; specifically, while 

overexpression of MYC in mammary epithelial cells induced cell proliferation in culture and 

led to formation of larger tumors in mice, direct inhibition of integrin subunits αv and β3 by 

MYC was shown to inhibit cell invasion and metastasis (11).

TGFβ is a multi-functional cytokine that can act as a tumor suppressor, inhibiting 

proliferation and suppressing stromal mitogens, as well as a tumor promoter, allowing 

evasion of immune surveillance and driving invasion and metastatic colonization (13–15). 

The consequences of TGFβ signaling are highly dependent on cellular context (16), and it is 

a prominent player during tumorigenesis (17, 18). Early findings that growth inhibition by 

TGFβ occurred through transcriptional inhibition of MYC (19) were supported by 

identification of a SMAD-responsive element in the MYC promoter (20) and demonstration 

of direct binding of SMAD3 to the MYC promoter (21). As downregulation of MYC also 

leads to increased breast cancer cell invasion and metastasis, we hypothesized that TGFβ-

induced inhibition of proliferation and promotion of invasion could be linked through 

downregulation of MYC in breast cancer cells.

Here, we show that TGFβ decreases expression of MYC and consequently leads to 

upregulation of integrin αvβ3, and that this signaling axis can drive invasion and metastasis. 

We further show that this effect is specific for the basal subtype of breast cancer, and find 

that MYC knockdown or inhibition can drive the invasive phenotype, but that simultaneous 
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inhibition of SRC can block this effect. Our study reveals a hidden danger of MYC 

inhibition: while suppressing cancer cell proliferation, these drugs can also stimulate 

invasion and metastasis of basal subtype breast cancer cells. Importantly, by defining the 

mechanistic basis for this phenomenon, we have also identified a solution: the simultaneous 

inhibition of MYC and SRC can block the proliferative capacity of MYC while abrogating 

its SRC-dependent pro-invasive activity. Based on our findings we propose a novel 

therapeutic strategy for these patients through simultaneous targeted inhibition of MYC and 

SRC. This strategy has the potential to block the proliferative capacity of MYC while 

abrogating the activation of invasion and metastasis mediated through SRC signaling.

METHODS

Cell culture

MCF10A and MCF12A cells were grown in DMEM/F12 (Gibco), supplemented with 5% 

horse serum (Gibco), 20 ng/ml EGF (Peprotech), 0.5 μg/ml hydrocortisone (Sigma), 100 

ng/ml cholera toxin (Sigma), 10 μg/ml insulin (Sigma) and 100 μg/ml gentamicin (Gibco); 

and maintained as previously described(22). MCF10CA1h cells were grown in DMEM/F12 

(Gibco), supplemented with 5% horse serum (Gibco) and 100 μg/ml gentamicin (Gibco). 

HCC38, BT-474, BT-549, T47D and MCF7 cells were maintained in RPMI 1640 (Gibco), 

MDA-MB-231and MDA-MB-468 cells were grown in DMEM (Gibco), and SKBR3 cells in 

McCoy’s 5A (Gibco), all supplemented with 10% heat inactivated fetal bovine serum (FBS) 

(Thermo Scientific) and 100 μg/ml gentamicin (Gibco). SUM149 cells were grown in Ham’s 

F12 medium (Gibco), supplemented with 5% FBS (Thermo Scientific), 5 μg/ml insulin 

(Sigma), 1 μg/ml hydrocortisone (Sigma), 10 mM HEPES (Gibco), 25 μg/ml gentamicin 

(Gibco) and 2.5 μg/ml Fungizone (Gibco). SUM149 cells were maintained at 37°C in 10% 

CO2. All other cell lines were maintained at 37°C in 5% CO2.

293FT cells, used for lentivirus production, were purchased from Invitrogen and maintained 

in DMEM (Gibco), supplemented with 10% heat inactivated FBS (Thermo Scientific), 1X 

MEM Non-essential amino acids (Gibco) and 500 μg/ml G418 sulfate (Cellgro). No G418 

sulfate was present in the medium used for lentivirus production. Pheonix-A cells, used for 

retrovirus production, were grown in DMEM (Gibco), supplemented with 10% heat 

inactivated FBS (Thermo Scientific) and 100 μg/ml gentamicin (Gibco).

For TGFβ treatments recombinant human TGFβ1 (R&D Systems) was used, and unless 

otherwise indicated, cells were treated with TGFβ at 25 ng/ml for 18 h. For drug treatments 

following compounds were used: Dasatinib (Selleckchem); PP2 (Calbiochem); c-Myc 

inhibitor 2 (MI2) (Calbiochem), JQ1 (Cayman Chemical). Dasatinib treatments were 

performed at 50 nM.

All relevant human cell lines used in experiments were obtained from ATCC, which 

authenticates using short tandem repeat profiling.

Lentivirus production and shRNA-mediated gene knockdown, and gene expression

Specific gene knockdowns were achieved by lentiviral transduction with Mission shRNAs 

(Sigma). Third generation lentiviruses were produced using HEK293FT cells. Briefly 6 × 
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106 cells were plated in 10 cm plates and simultaneously transfected with 3 μg shRNA 

plasmid and 3 μg of each packaging plasmid: pMD2.G (Addgene, #12259), pRSV-Rev 

(Addgene, #12253), pMDLg/pRPE (Addgene, #12251) (23); lipofectamine 2000 

(Invitrogen) was used for transfection, according to manufacturer’s instructions. Medium 

was changed after 24 hours and lentivirus containing medium was collected 48 hours post 

transfection. For lentiviral transduction in a 6-well format, 600 μl viral supernatant, 400 μl 

regular medium and 6 μg/ml polybrene (Millipore) were used. Following shRNAs were 

used: MYC NM_002467.3-1661s21c1 (TRC2), targeting sequence 5′-CCAGAGGAGGA 

ACGAGCTAAA-3′; ITGAV NM_002210.x-2551s1c1 (TRC1/1.5), targeting sequence 5′-

CTCTGTTGTATATCCTTCATT-3′; ITGB3 NM_000212.x-2084s1c1, targeting sequence 5′-

GTCGTCAGATTCCAGTACTAT-3′ (TRC1/1.5); SRC NM_198291.1-648s21c1 

(TRC1/1.5), targeting sequence 5′-GACAGACCTGTCC TTCAAGAA-3. Non target 

shRNAs were used as a control, specifically SHC002 for TRC1 /1.5 library constructs and 

SHC202 for TRC2 library constructs, both with the same non-mammalian hairpin sequence 

5′-

CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGT

TT TT-3′. In experiments involving double knockdown with constructs from both TRC1/1.5 

and TRC2 libraries, both NTs were used as a control. The same lentivirus production and 

lentiviral transduction protocols were used for specific gene expression. Refer to ‘Plasmids 

and cloning’ section for construct details.

For MCF10A cells following antibiotic concentrations were used for selection, where 

indicated: puromycin 1 μg/ml, neomycin (G418) 200 μg/ml. For MDA-MB231 cells 

puromycin was used at 1 μg/ml for lentiviral transduction selection and at 0.25 μg/ml for 

retroviral transduction selection.

Retrovirus production and transduction

Retrovirus for expression of Myc was produced using Pheonix-A cells and pMSCV/puro 

Myc plasmid (11). Retrovirus with an empty vector was used as a control. Briefly, 3 × 106 

cells were plated in 10 cm plates and transfected the following day with 6 μg od plasmid 

DNA, using Fugene6 transfection reagent (Promega), following manufacturer’s instructions. 

Retrovirus containing medium was collected 48 hours post transfection. For retroviral 

transduction of MBA-MB231 and MCF10A cells, 1 × 106 cells were plated in 10 cm plates 

the day before transduction; 1.8 ml viral supernatant, 4.2 ml regular medium and 10 μg/ml 

polybrene (Millipore) were used. Medium was changed after 24 hours and antibiotic 

selection using 0.25 μg/ml puromycin was started 48 hours post transduction.

RNA extraction, cDNA synthesis and real-time quantitative PCR (RT-qPCR) analysis

RNA was isolated using Trizol reagent (Invitrogen), following manufacturer’s instructions. 

Briefly, the cells were lysed with Trizol, followed by phenol-chloroform phase separation. 

RNA was precipitated with isopropanol, washed with 75% ethanol and dried RNA pellet 

was resuspended in DEPC water. RNA from mouse tissue was isolated using RNeasy mini 

kit (Invitrogen), according to the instruction manual. cDNA was synthesized using the High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems). Gene expression levels 

were assayed by RT-qPCR using 7900 HT FAST Real-Time PCR system, TaqMan Fast 
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Universal Master Mix and TaqMan probes for specific genes (Applied Biosystems): ITGAV 

Hs00233808_m1, ITGB3 Hs00173978_m1, MYC Hs00153408_m1, SERPINE (PAI-1) 

Hs01126607_g1, GAPDH Hs99999905_m1. All assays were performed in triplicate and 

analysis was performed using RQ Manager software (Applied Biosystems) and the 2^−ΔΔCt 

method to obtain relative quantitation (RQ) values, with GAPDH used as endogenous 

control.

Plasmids and cloning

Cloning was performed utilizing Gateway cloning approach. MYC was cloned from 

pMSCV/puro MYC (11). Constitutively active TGFβ Receptor I was cloned from pCMV5 

TBRI-HA T204D (Addgene, #19162). For obtaining inserts in an entry vector pENTR/D-

TOPO cloning kit with One Shot Mach1-T1 chemically competent E. coli (Invitrogen) was 

used, following manufacturer’s instructions. PCR of inserts for the TOPO reaction was done 

using PfuUltra high-fidelity DNA polymerase (Stratagene). Following primers were used: 

for MYC, forward, 5′-CACCATGCCCCTCAACGTTAGCTT-3′, reverse, 5′-

TTACGCACAAGAGTTCCG TAG-3′; for constitutively active TGFβ Receptor I, forward 

5′-CACCATGGAG GCGGCGGTCGCTGCTCCGCGTCCCCGGCTGCTCCTCCTC-3′, 

reverse, 5′-CT AGAGGCTAGCATAATCAGGA-3′; for YFP, forward, 5′-

CACCATGGTGAGCAA GGGCGAGGA-3′, reverse, 5′-

TTACTTGTACAGCTCGTCCATGCC-3′. After verifying the inserts in entry vectors by 

sequencing, the LR recombination reaction (defined as the recombination between attL and 

attR sites) was performed with Gateway LR Clonase II enzyme mix (Invitrogen) and specific 

destination vectors. MYC was cloned into pLenti CMV Puro DEST (Addgene, #17452) (24) 

vector, for constitutive expression, and into pLenti CMVtight Neo DEST (Addgene, #26432) 

vector, for tetracycline-inducible expression. FUW-M2rtTA (Addgene, #20342) plasmid was 

used to for subsequent tetracycline-inducible expression experiments. Constitutively active 

TGFβ Receptor I, as well as YFP, were cloned into pLenti 6.3/V5-DEST (Invitrogen). One 

Shot Stbl3 chemically competent E. coli (Invitrogen) were used for transformation and 

plasmid amplification after the LR reaction. All final insert sequences were verified by 

sequencing.

Luciferase assay

For luciferase assays, Dual-Luciferase Reporter Assay System (Promega) was used, 

according to manufacturer’s instructions. Briefly, 48 hours post-transfection the cells, grown 

in 6-well plates, were lysed by scraping in 250 μl passive lysis buffer. The lysates were 

cleared by brief centrifugation and 10 μl of lysate was used per measurement. Luminescence 

measurements were performed in Veritas microplate luminometer (Turner Biosystems), with 

a 2-second pre-measurement delay and a 10-second signal integration time. The Firefly 
luciferase activity was normalized to either Renilla luciferase activity. All samples were 

assayed in triplicates.

Immunoblot analysis

Cells were lysed by scraping in lysis buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris 

pH 7.4, 1 mM EDTA, 1 mM EGTA in water) with added Halt phosphatase inhibitor cocktail 

(Thermo Scientific) and Halt protease inhibitor cocktail (Thermo Scientific). Lysates were 
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cleared by centrifugation at 13 000 rpm × 10 min × 4°C. Protein concentrations were 

determined using bicinchonic acid (BCA) protein assay kit (Pierce), following 

manufacturer’s instructions, and using SpectraMax M5 microplate reader (Molecular 

Devices). Equal protein amounts were loaded onto Mini-Protean TGX 4–20% gradient gel 

and SDS-PAGE electrophoresis was performed at 150 V. Transfer was done at 100 V for 90 

min. using Immobilon-P PVDF membrane with pore size 0.45 μm (Millipore). Membrane 

was blocked in 5% non-fat dry milk in TBS+1% Tween20 for 90 min. and probed with 

primary antibody overnight at 4°C. Following primary antibodies were used: c-Myc (9E10) 

mouse monoclonal (Santa Cruz, #sc-40) 1:250; integrin αv mouse monoclonal (BD 

Biosciences #611012) 1:5000; integrin β3 mouse monoclonal (BD Biosciences #611140) 

1:200; Src rabbit monoclonal (Cell Signaling, #2123) 1:2000; Phospho-Src (Tyr416) rabbit 

polyclonal (Cell Signaling, #2101) 1:1000; PAI-1 mouse monoclonal (American 

Diagnostica, #380) 1:200; HA-tag (HRP-conjugated) mouse monoclonal (Cell Signaling 

#2999) 1:1000. Secondary antibody incubations were performed for 1 hour at room 

temperature, using: goat anti-mouse IgG (H+L) cross adsorbed secondary antibody at 

1:5000 dilution (Thermo Scientific, #31432) or goat anti-rabbit (Invitrogen #656120) 

1:7000. GAPDH was used as loading control probing with GAPDH rabbit monoclonal 

(Meridian, #H86504M) 1:500 000 for 15 min., followed by incubation in secondary goat 

anti-mouse antibody 1:10 000 for 30 min., both at room temperature. All antibody 

incubations were performed in blocking buffer. All washes were performed in TBS+1% 

Tween20. Either Amersham ECL Plus western blotting detection reagent (GE Healthcare) or 

Clarity western ECL substrate (Bio-Rad) was used for detection. Blue Devil film (Genesee 

Scientific) was developed in KODAK X-OMAT 2000A (Kodak).

Immunofluorescence

Cells were fixed in 3% paraformaldehyde in PBS for 30 min., permeabilized with 0.2% 

Triton-X100 in PBS for 5 min., and blocked in 5% non-fat dry milk in PBS for 10 min; all 

done at room temperature. Washes in between were done with 10mM glycine in PBS. 

Incubation with primary antibodies was performed overnight at 4°C, followed by secondary 

antibody incubation for 30 min. at room temperature, both in blocking buffer. Nuclei were 

stained with Hoechst 33342 (Invitrogen, #H3570) 1:10 000 for 10 min. at room temperature. 

The following primary antibodies and dilutions were used: anti- vinculin mouse monoclonal 

antibody (Sigma, #V9131) 1:100, anti-β-tubulin mouse monoclonal (Sigma, #T4026) 1:200. 

The following secondary antibodies were used: goat anti-mouse Alexa Fluor 488 

(Invitrogen, #A11017) 1:200, goat anti-mouse Alexa Fluor 546 (Invitrogen, #A11030) 

1:500. Aqua Polymount (Polysciences) was used to mount coverslips on glass slides. Images 

were acquired using Olympus IX71 microscope, equipped with Olympus LUCPLanFLN 

objectives (20X NA 0.45, 40X NA 0.6, 60X NA 0.7) and a QuantiFire XI camera 

(Optronics).

Proliferation assays

Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen, #C10337) was used to directly 

detect proliferation by immunofluorescence of newly synthesized DNA. Briefly, cells were 

incubated with 10 μM EdU (5-ethynyl-2′-deoxyuridine) for 2 hours to allow EdU 

incorporation into the DNA, followed by fixation in 3% paraformaldehyde in PBS for 15 
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min. and permeabilization in 0.5% Triton-X100 for 20 min. at room temperature. EdU 

detection was performed by incubation in Click-iT reaction cocktail containing for 30 min at 

room temperature. Nuclei were stained with Hoechst 33342 (Invitrogen, #H3570) 1:10 000 

for 10 min. at room temperature. Images were acquired using Olympus IX71 microscope, an 

Olympus LUCPLanFLN 20X NA 0.45 objective and a QuantiFire XI camera (Optronics). 

Proliferation was determined as percentage of EdU positive cells among Hoechst stained 

cells.

Invasion assay

Cell culture inserts (8 μm pore size, 24-well format) (BD Biosciences) were coated with 50 

μg/well growth factor-reduced Matrigel (BD Biosciences) diluted with plain DMEM/F12 

medium to a total volume of 100 μl. The invasion chambers were placed in a cell culture 

incubator for 3 hours, after which 750 μl of complete MCF10A growth medium was added 

to the bottom wells. 5 × 104 MCF10A cells resuspended in 300 μl assay medium which 

contained a reduced 2% serum amount and no EGF, as described in (22), were seeded in the 

invasion chambers and incubated at 37°C. After 24 hours non-invading cells on top of the 

invasion inserts were removed with a cotton swab. The invaded cells on the bottom of the 

inserts were fixed with methanol at −20°C for 30 min. and stained with 0.1% crystal violet 

in 200 mM MES at room temperature for 1 hour. The invasion chambers were photographed 

using Olympus IX51 microscope equipped with a PlanN 2X NA 0.06 objective, and the total 

invaded cells per chamber were counted. The presented data represents triplicates ± SEM for 

each experimental condition.

Flow cytometry analysis and FACS

The cells were trypsinized, counted and washed three times with sterile 2% BSA in PBS. 

For antibody incubation 1 × 106 cells (scaled up for FACS) was resuspended in 100 μl 

‘wash’ buffer and incubated with indicated antibodies for 30 min. at 4°C. Following 

antibodies were used: APC-CD49f (BioLegend, #313615) 5 μl/reaction, FITC-EpCAM (BD 

Biosciences, #347197) 20 μl/reaction, FITC-CD49f (BioLegend, #313606) 5 μl/reaction, 

APC-EpCAM (BD Biosciences, #347200) 5 μl/reaction. The cells were then washed three 

times and sieved through a cell strainer. Flow cytometry analysis and FACS were performed 

using FACSAriaII flow cytometer (BD Biosciences).

Orthotopic xenograft model of breast cancer metastasis

All animal procedures were performed under the guidance of an approved Mayo Clinic 

Institutional Animal Care and Use Committee protocol (protocol no. A330–13). 8–10 week 

old female NOD/SCID mice were anesthetized with ketamine 100 mg/kg and xylazine 10 

mg/kg by intraperitoneal injection. The mice also received buprenorphine for pain relief at 

0.1 mg/kg. The abdomen was shaved and sterilized using providone iodine swabsticks (PDI) 

and ethanol. The left number four mammary fat pad was exposed by performing a small Y-

shaped incision in the skin. Suspension of MDA-MB-231 cells was prepared in a mix of 

50% DMEM (Gibco) and 50% phenol red-free Matrigel (BD Biosciences). 1 × 105 MDA-

MB-231 cells in 50 μl were injected into the number four fat pad using a 28-gauge insulin 

syringe (BD Biosciences). The incision was closed with 7 mm surgical clips (Cell Point 

Scientific). Mice were subcutaneously injected with 0.9% sodium chloride (Baxter) and 
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placed on a warming bed during recovery. Mice were sacrificed at 6 weeks post-surgery. 

Tissues (primary tumors and lungs) were formalin fixed and paraffin embedded for further 

analysis.

Biophotonic imaging of mice

Mice were injected intraperitoneally with 200 mg/kg body weight of D-luciferin (Gold 

Biotechnology) in PBS, anesthesized with 1.5–2% isoflurane (Piramal Healthcare) using 

XGI-8 anesthesia system (Xenogen), and imaged in IVIS 200 Imaging Spectrum System 

biophotonic imager (Xenogen). Imaging was performed within 5–10 min after injection. A 

region of interest (ROI) was drawn around each tumor and quantified. At the time of 

experimental end points animals were injected with D-luciferin prior to sacrifice, and 

primary tumor and organs were removed and imaged. Analysis was performed using Living 

Image software (Xenogen). Luminescence is shown as photons/sec/ROI.

Immunohistochemistry

Formalin-fixed, paraffin-embedded primary tumors and lungs were sectioned and stained, 

either with hematoxylin-eosin or specific antibodies. Briefly, the tissue sections mounted on 

glass slides were de-paraffinized and rehydrated with distilled water, followed by a 25-

minute incubation in Target Retrieval Solution pH 6 (Dako) heated to 100°C. After a 25-

minute incubation at room temperature, the sections were blocked in 3% H202 for 5 min, 

then in serum-free protein block (Dako) for another 5 min. Primary antibody incubations 

were performed at room temperature for 1 hour. Detection of exogenous TGFBRI used anti-

HA tag rat monoclonal (Roche, #11867423001) 1:100. EnVision+ System HRP DAB+ 

(Dako, #K4007) anti-mouse and Rat-on-Mouse secondary antibody kit (Biocare, #RT517) 

were used for secondary antibody incubations, performed for 30 min., followed by a 5-

minute incubation with the DAB+ chromogen, and counter-stain with hematoxylin, all at 

room temperature. Stained sections were scanned and images were captured using the T2 

ScanScope console and Aperio ImageScope software (Aperio Technologies).

Statistics

Data analysis was performed using Microsoft Excel and GraphPad Prism. Bar graphs 

represent means ± SEM, as indicated. Student’s t-test or Mann-Whitney test was performed, 

as indicated, to assess statistical significance.

RESULTS

TGFβ-induced downregulation of MYC expression leads to increased metastasis

In a recent study we found that MYC inhibits breast cancer metastasis in experimental 

models(11). Corroborating the clinical relevance of this tumor suppressor activity of MYC, 

we performed a meta-analysis of published datasets using the Gene expression-based 

Outcome for Breast cancer Online (GOBO) (25), and found that MYC expression in node-

positive breast cancers is associated with improved distant metastasis-free survival (Fig. 1A). 

Because TGFβ is a key driver of breast cancer metastasis, we hypothesized that MYC 

downregulation is required for TGFβ-induced breast cancer metastasis, and thus that forced 

overexpression of MYC would inhibit TGFβ-induced metastasis. We tested this hypothesis 
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using metastatic MBA-MB-231 breast cancer cells in an orthotopic xenograft model. As a 

surrogate for exogenous TGFβ in the in vivo experiments, we transduced cells with the HA-

tagged constitutively active TGFβ Receptor I (CA TGFBR1) (R1) (26), which effectively 

activated a SMAD-responsive luciferase reporter construct (Fig. 1B). MDA-MB-231 cells 

were transduced with a retrovirus conferring constitutive expression of MYC or retroviral 

control, then transduced with CA TGFBR1 lentivirus or control, and then injected into the 

mammary gland of immunocompromised mice. All cells were additionally transduced with 

lentiviral firefly luciferase to enable tumor monitoring (Fig. 1C–D). Primary tumors from 

mice sacrificed after 6 weeks showed sustained tumor expression of HA-tagged 

constitutively active TGFβ receptor 1 (CA TGFBR1) (Fig. 1E) and increased expression of 

TGFβ-responsive plasminogen activator inhibitor-1 (PAI-1) transcript levels (Fig. 1F) in 

tumors transduced with the CA TGFBR1 construct, as well as sustained MYC 

overexpression in the MYC-transduced cells (Fig. 1G). Consistent with our hypothesis, 

MYC expression significantly decreased the number of lung metastases induced by CA 

TGFBR1 (Fig. 1H–I), showing that TGFβ-induced metastasis can be inhibited by expression 

of MYC.

TGFβ-induced downregulation of MYC is necessary for induction of integrin αvβ3

TGFβ is known to be able to downregulate MYC (19, 20), and MYC has been recently 

shown to decrease expression of integrin αvβ3 in breast cancer models (11). We found that 

these effects are linked: in MCF10A breast epithelial cells, an established model for TGFβ-

dependent regulation of MYC (27), TGFβ treatment led to downregulation of MYC 

transcription and protein expression, while upregulating transcript and protein levels of both 

integrin αv and β3 (Fig. 2A). Similar results were obtained by exogenous expression of CA 

TFBR1 (26), although expression of this transgene was less effective at regulating MYC, 

ITGAV, and ITGB3 than treatment with TGFβ (Fig. 2B). Of note, exogenous expression of 

MYC inhibited TGFβ-induced upregulation of integrin subunits αv and β3 in a dose-

dependent manner (Fig. 2C), demonstrating that TGFβ-induced upregulation of integrin 

subunits αv and β3 is dependent upon downregulation of MYC.

TGFβ-dependent regulation of integrin αvβ3 is specific to basal breast cancer cells

To begin to evaluate the clinical impact of TGFβ-dependent downregulation of MYC on 

breast cancer metastasis, we performed a meta-analysis of MYC expression using the 

GOBO server, and found that MYC expression was significantly increased with cancer grade 

(Fig. 2D), and was elevated in ER-negative cancers vs ER-positive cancers (Fig. 2E). 

Strikingly, MYC expression was significantly elevated in basal breast cancers compared to 

other subtypes in these datasets (Fig. 2F), as has been noted previously (28, 29). To evaluate 

the impact of subtype-dependent differences on TGFβ- and MYC-dependent regulation of 

integrin αvβ3, we tested the effect of MYC knockdown and TGFβ treatment in a selection of 

breast cancer cell lines. We found that knockdown of MYC in basal subtype MCF10A and 

breast cancer cell lines led to increased levels of integrin subunits αv and β3 (Fig. 2G), while 

similar effects were not observed in luminal subtype cell lines (Fig. 2H). Responsiveness of 

cell lines to TGFβ was verified by checking transcriptional levels of PAI-1 (Supplemental 

Fig. S1).
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Simultaneous TGFβ treatment and MYC knockdown potentiates cell invasion through 
highly amplified levels of integrin αvβ3

In evaluating TGFβ treatment and MYC knockdown in basal subtype breast cancer cell 

lines, we made the unexpected discovery that MYC knockdown can potentiate the TGFβ-

induced increase in integrin αv and β3 levels (Fig. 2G, 3A). The striking increase in αv and 

β3 levels induced by combined TGFβ treatment and MYC knockdown in MCF10A cells was 

reflected in equally striking potentiation of cellular invasiveness in transwell assays (Fig. 3B; 

similar results with SUM149 cells, Supplemental Fig. 3). We further found that potentiation 

of invasion in MCF10A cells was specifically dependent on expression of integrin αvβ3, 

since the effect could be blocked by knocking down integrin αv (Fig. 3A–B), and we 

verified that the observed differences in cell invasion were independent of MYC-driven 

effects on cell proliferation (Fig. 3B; Supplemental Fig. 2A–B), which are not impacted by 

integrin αv expression level.

The invasion assays of TGFβ pre-treated cells were performed in the absence of exogenous 

TGFβ; thus, the observed TGFβ-stimulated invasion suggested a persistent mechanism of 

signaling after its removal from the media. We found that the effects of TGFβ on 

downregulation of MYC, upregulation of integrin αvβ3, and SMAD-dependent signaling in 

MCF10A cells persisted after removing exogenous TGFβ from the cell culture medium (Fig. 

3C–D), and were associated with endogenous TGFβ transcription that persisted once 

induced by exogenous TGFβ (Fig. 3E). These results suggest that the effects of TGFβ on 

MYC-dependent inhibition of proliferation and increased invasion, once induced, will 

require active targeting of susceptible pathways to reverse.

Treatment of mammary epithelial cells with TGFβ has been shown to induce features of a 

claudin-low phenotype (30, 31), including highly increased invasiveness, acquisition of 

progenitor-like characteristics, and altered expression of many transcripts, including 

downmodulation of the epithelial marker EpCAM (32). Flow-analysis of MCF10A cells 

treated 3d with TGFβ revealed the induction of an EpCAM-low population; when the 

TGFβ–treated cells were sorted by EpCAM expression and cultured in the absence of TGFβ 

for six additional days, we found that the EpCAM-low-population differentiated into 

EpCAM-high parental-like cells, while the EpCAM-high cells maintained their 

differentiated status (Fig. 4A). We further found that MYC KD in MCF10A cells induced a 

similar induction of the EpCAM-low population and that this was potentiated by TGFβ (Fig. 

4B), and that the TGFβ-induced effect was blocked by dox-dependent exogenous expression 

of MYC (Fig. 4C). These results suggest that modulation of MYC levels is fundamental to 

the phenotypic alterations induced by TGFβ

MYC knockdown potentiates TGFβ-induced, integrin αvβ3-mediated invasion in a SRC-
dependent mechanism

It has been previously shown that integrin αvβ3 can lead to SRC activation and that integrin 

β3-dependent SRC activation can lead to activation of TGFβ signaling (33–38). Based on 

these previous findings, we hypothesized that decreased MYC and consequent increased 

expression of integrin β3 could activate a SRC-dependent positive feedback loop (Fig. 5A). 

Consistent with this hypothesis, we found that MYC knockdown led to potentiation of 
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TGFβ-induced increase of the SMAD-dependent PAI-1 gene expression levels in MCF10A 

cells, and that this effect could be inhibited by reduction of integrin αvβ3 (Fig. 5B) or SRC 

(Fig 5C). We also found that the potentiating effect of MYC knockdown on TGFβ-induced 

integrin αv and β3 expression could be inhibited either by SRC knockdown (Fig. 5D), or by 

pharmacological inhibition of SRC using Dasatinib (Fig. 5E, Supplemental Fig. 4A), or by 

the alternative SRC inhibitor PP2 (Supplemental Fig. 4B). Furthermore, cellular invasion 

induced by MYC knockdown and TGFβ treatment could also be inhibited by Dasatinib (Fig. 

5F).

Pharmacological MYC inhibition upregulates integrin αvβ3 and increases cell invasion in a 
SRC-dependent manner

As inhibition of MYC represents a potential therapeutic strategy for breast cancer, we next 

considered whether pharmacological inhibitors of MYC might also potentiate αvβ3-driven 

cellular invasion. We evaluated the effects of two different MYC inhibitors on MCF10A 

cells. Similar to the effects with MYC knockdown, we found that both JQ1 (Fig. 6A) and 

MI2 (Fig. 6B) led to dose-dependent increases in αv and β3 integrin subunits (Supplemental 

Fig. 5A–C), with comparable results found with another basal subtype cell line MCF12A 

(Supplemental Fig. 5D). Also similar to the effects of MYC knockdown, pharmacological 

inhibition of MYC with Dasatinib potentiated TGFβ-induced upregulation of αvβ3 in a 

SRC-dependent fashion in MCF10A cells (Fig. 6C). Furthermore, MYC inhibition with MI2 

stimulated cell invasion, and this effect could also be blocked by Dasatinib (Fig. 6D) which 

also enhanced the antiproliferative effects of MYC inhibition (Fig 6E–F). These results 

suggest that inhibition of MYC in basal breast cancer could have optimal therapeutic benefit 

when combined with therapeutic inhibition of SRC.

DISCUSSION

Basal subtypes of breast cancer have poor prognosis, with high breast cancer mortality 

within the first few years after diagnosis and the highest risk of recurrence after therapy (39, 

40). The poor outcomes for basal breast cancer patients are related to the lack of available 

targeted therapies, by contrast with the more common luminal subtypes for which standard 

therapies have been developed, as also to the intrinsically aggressive nature of the basal 

breast cancer disease (41). As a consequence, considerable effort has been devoted to 

identifying signaling pathways in basal subtype tumors that can be therapeutically targeted 

with sufficient specificity so as to minimize adverse effects in normal tissue, towards 

development of personalized therapy for women with basal breast cancer. Here, we have 

identified a signaling axis connecting TGFβ, MYC, and integrin αvβ3 that controls both 

cellular proliferation and invasiveness, the key features of malignancy that underlie 

mortality, and we show that this pathway is specific for basal breast cancer cells. We found 

that TGFβ-induced suppression of MYC transcript and protein levels specifically increased 

abundance of integrin αvβ3, thus promoting invasion and metastasis (Fig. 1, 2). We 

demonstrated that knockdown or pharmacological inhibition of MYC effectively activates 

the feedback loop driving invasive and metastatic properties in basal breast cancer cells (Fig. 

2–6), that this feedback loop can be interrupted by SRC inhibition (Fig. 5), and that 

pharmacological inhibition of SRC is sufficient to inhibit the pro-invasive effects while 
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maintaining the antiproliferative characteristics of MYC inhibitors (Fig. 6). Our findings 

have important implications for using MYC as a therapeutic target and suggest that in 

certain cases MYC inhibition could potentially result in deleterious clinical responses, by 

promoting increased tumor metastasis. Based on our findings we propose a novel therapeutic 

strategy for patients who have the basal subtype of breast cancer through simultaneous 

targeted inhibition of MYC and SRC. We have demonstrated that this strategy has the 

potential to block the proliferative capacity of MYC while abrogating the activation of 

invasion and metastasis mediated through SRC signaling.

We found that the TGFβ/MYC-dependent regulation of integrin αvβ3, including the 

potentiating effects of MYC knockdown and active TGFβ signaling, were specific to basal 

subtype breast cancer cells lines (Fig. 2G,H). In luminal cell lines not only did TGFβ fail to 

downregulate MYC and increase levels of integrin αv or β3, but MYC knockdown itself had 

no effect on integrin αvβ3 (Fig. 2H). One possible contributor to the observed specificity of 

this signaling axis is the increased expression of integrin β3 in basal breast cancer cell lines 

as compared to luminal-derived cell lines; of note, we have previously reported that integrin 

β3 is required for MYC-knockdown-induced cellular invasiveness (11).

One limitation of the study is the focus on the basal subtype of breast cancer, while at 

present clinical decisions are made on the basis of histological analyses of marker 

expression. Breast cancers that lack expression of ER, PR, and Her2, designated as triple-

negative cancers, are frequently also basal subtype, while the majority of basal subtype 

cancers are also histologically triple negative (41). At present, the biology and treatment of 

basal subtype cancers that express hormone receptors or Her2 has not been clearly defined, 

although preliminary data suggesting that basal subtype tumors that are not triple negative 

behave similarly to the larger population of triple negative basal subtype tumors (42). 

Another limitation is that it is not clear whether the TGFβ-MYC-Integrin αvβ3 prometastatic 

pathway is limited to breast cancers, or whether it may also be found in tumors developing 

in other organs. Systematic analyses directly comparing multiple cancer types have 

confirmed that basal subtype breast cancers are substantially different from luminal subtype 

breast cancers, reinforcing concepts that these represent very different diseases with distinct 

etiologies (43). These studies suggest that basal breast cancers share many molecular 

similarities with serous ovarian cancers, including a central role for MYC signaling; the 

potential that the TGFβ-MYC-Integrin αvβ3 signaling axis could exist in serous ovarian 

cancer cells offers an intriguing direction for future study.

Our results have particular relevance for clinical studies which therapeutically target MYC, 

particularly for basal breast cancer patients. The majority of current clinical trials as listed 

on www.clinicaltrials.gov that target MYC employ agents that inhibit bromodomain and 

extra-terminal (BET) family members. Selective inhibitors of BET bromodomains, of which 

the agent JQ1 used in our investigation is one of the best studied (44), constitute a family of 

agents that regulate a broad range of transcriptional events, although inhibition of MYC 

transcription is believed to underlie their therapeutic effect (45, 46). Several other current 

clinical trials are testing the utility of DCR-MYC, a small interfering RNA targeting MYC 

(47), and these have shown promising initial results for patient tolerance (10). Our findings 

predict that while these agents may effectively inhibit basal breast cancer cell proliferation, 
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there is likely to be increased incidence of relapse with metastasis. Importantly, our results 

point also to a solution to this problem, in that inhibitors of MYC expression can be 

combined with agents that target SRC, such as dasatinib. While dasatinib has shown limited 

efficacy as a single agent for triple negative (48) and hormone receptor positive breast cancer 

patients (49), our results suggest that combination therapy of a MYC inhibitor with dasatinib 

could confer both antiproliferative and antimetastatic effects. Clinical trials evaluating such a 

combination therapy in basal breast cancer patients will be required to test this strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MYC overexpression inhibits TGFβ-induced metastasis
(A) High MYC expression is associated with longer metastasis free survival. Kaplan-Meier 

analysis for n=346 lymph node positive breast cancer patients stratified into two equally 

sized groups by MYC expression levels. (B) Constitutively active TGFBR1 (R1) acts as a 

surrogate for exogenous TGFβ in activating TGFβ-responsive luciferase reporter construct. 

(C) Bioluminescence analysis of decreasing cell numbers of MDA-MB-231 cells transduced 

with a luciferase construct, with either control or MYC, and control or R1. (D) Growth of 

orthotopic xenografts was monitored by bioluminescent imaging of the animals (n=7 per 

group). Representative images of mice after 6 weeks. (E) IHC staining of representative 

tumors with H&E or an anti-HA tag antibody to detect R1 expression (left image of pair, 

scale bar 2 mm; right image of pair, scale bar 100 mm). (F–G) Transcript levels of (F) PAI-1 

(as an indicator of TGFβ signaling) and (G) MYC expression in primary tumors, presented 

as relative quantification, normalized to GAPDH. (H) Sample bioluminescence images of 

lungs. (I) MYC overexpression decreases number of lung metastases induced by 

constitutively active TGFBR1. Results are presented as number of metastases per section in 

each group. Error bars, SEM; * p<0.5; ** p<0.01; *** p<0.001; **** p<0.0001.
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Figure 2. TGFβ modulates integrin αvβ3 levels through regulation of MYC in basal subtype 
breast cancers
(A) MCF10A cells treated with TGFβ decreased transcription of MYC and increased 

transcription of αv and β3 integrins. Results are presented as relative quantification, 

normalized to GAPDH. Error bars, SEM. (B) Constitutively active TGFBR1 (R1) acts as a 

surrogate for exogenous TGFβ and decreases MYC while increasing integrin αv and β3. (C) 
MYC overexpression under control of a dox-inducible promoter inhibits TGFβ-induced 

upregulation of integrin subunits αv and β3 in a dose-dependent manner. (D–F) Meta-

analysis of MYC expression using Gene expression-based Outcome for Breast cancer 

Online (GOBO); number of patients indicated above plots. MYC expression by breast 
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cancer stage (D; p=1e-5), by estrogen receptor (ER) status (E; p<1e-5), and intrinsic subtype 

classified by PAM50 (F; p<1e-5). (G–H) Expression of MYC, integrin αV (ITGAV), and 

integrin β3 (ITGB3) in response to MYC knockdown (KD) and TGFβ treatment in basal cell 

lines MCF10A, MCF10CA1h, MCF12A, and SUM149 (G) and luminal cell lines BT474, 

MCF7, SKBR3, and T47D (H). Error bars, SEM; * p<0.5; ** p<0.01; *** p<0.001.
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Figure 3. MYC reduction potentiates TGFβ-induced upregulation of integrin αvβ3 and an 
invasive cellular phenotype
(A–B) TGFβ treatment and MYC knockdown of MCF10A cells stimulate integrin αvβ3 

through a potentiation effect that is dependent upon expression of integrin αvβ3, assessed by 

protein expression (A) and cell invasion (B). (C–E) MCF10A cells continuously exposed to 

TGFβ or exposed for a short period of time and then cultured in the absence of exogenous 

TGFβ showed persistent expression of MYC, integrin αv and integrin β3 (C) and TGFβ-

responsive reporter construct (D) through consistent activation of TGFβ expression (E). 

Transcriptional results are presented as relative quantification, normalized to GAPDH. Error 

bars, SEM; * p<0.5; ** p<0.01; *** p<0.001.
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Figure 4. MYC mediates TGFβ-induced generation of EpCAM-high and Ep-CAM-low cell 
populations
(A) MCF10A cells exposed to TGFβ for 3d were sorted into EpCAM-high and EpCAM-low 

populations, cultured for six additional days in the absence of TGFβ, and then reanalyzed for 

EpCAM expression. (B) TGFβ treatment and MYC knockdown for 3d stimulate 

development of the EpCAM-low population of MCF10A cells. (C) MYC overexpression 

under control of a dox-inducible promoter inhibits TGFβ-induced development of the 

EpCAM-low population in a dose-dependent manner after 4d treatment of MCF10A cells. 

Insets in histograms indicate percent of population below threshold.
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Figure 5. MYC knockdown potentiates TGFβ-induced upregulation of integrin αvβ3 through a 
SRC-dependent mechanism
(A) A schematic of the proposed model of signaling. (B–C) TGFβ/MYC KD potentiated 

PAI-1 expression is blocked by ITGAV KD (B) or SRC KD (C) in MCF10A cells. 

Transcriptional results are presented as relative quantification, normalized to GAPDH (C,D) 
SRC knockdown (D) or treatment with SRC kinase inhibitor Dasatinib (E), inhibit MYC 

knockdown-induced potentiation of TGFβ-induced increase in integrin αvβ3 in MCF10A 

cells. (F) Dasatinib inhibits MYC knockdown-induced potentiation of TGFβ-induced 

invasion in MCF10A cells. Error bars, SEM; * p<0.5; ** p<0.01; *** p<0.001.
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Figure 6. Pharmacological MYC inhibition upregulates integrin αvβ3 and increases cell invasion 
in a SRC-dependent fashion
(A–B) MYC inhibition by JQ1 (A) and MI2 (B) increase αv and β3 protein levels and 

potentiate the TGFβ-induced effect in MCF10A cells. (C) Potentiation of TGFβ-induced 

upregulation of integrin αv and β3 by MI2-inhibited MYC is blocked by Dasatinib in 

MCF10A cells. (D) Dasatinib (DAS) blocks MI2-dependent activation of invasion. (E–F) 

Dasatinib further activates MI2-dependent inhibition of proliferation in MCF10A cells, 

assessed by EdU (images, E; quantification, F). Scale bars, 50 μm. Error bars, SEM; * 

p<0.05; ** p<0.01.
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