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Abstract

Purpose—The CD44+/CD24− cell phenotype is enriched in triple negative breast cancers 

(TNBCs), is associated with tumor invasive properties, and serves as a cell surface marker profile 

of breast cancer stem-like cells. Activation of Epidermal Growth Factor Receptor (EGFR) 

promotes the CD44+/CD24− phenotype, but the specific signaling pathway downstream of EGFR 

responsible for this effect is not clear. The purpose of this study was to determine the role of the 

MEK/ERK pathway in the expansion of CD44+/CD24− populations in TNBC cells in response to 

EGFR activation.

Methods—Representative TNBC cell lines SUM159PT (claudin-low) and SUM149PT (basal) 

were used to evaluate cell surface expression of CD44 and CD24 by flow cytometry in response to 

EGFR and MEK inhibition or activation. EGFR and ERK phosphorylation levels were analyzed 

by Western blotting. The relationship between EGFR phosphorylation and MEK activation score 

in basal and claudin-low tumors from the TCGA database was examined.

Results—Inhibition of ERK activation with selumetinib, a MEK1/2 inhibitor, blocked EGF-

induced expansion of CD44+/CD24− populations. Sustained activation of ERK by overexpression 

of constitutively active MEK1 was sufficient to expand CD44+/CD24− populations in cells in 

which EGFR activity was blocked by either erlotinib, an EGFR kinase inhibitor, or BB-94, a 

metalloprotease inhibitor that prevents generation of soluble EGFR ligands. In basal and claudin-

low tumors from the TCGA database, there was a positive correlation between EGFR_pY1068 and 

MEK activation score in tumors without genomic loss of DUSP4, a negative regulator of ERK, but 

not in tumors harboring DUSP4 deletion.

Conclusion—Our results demonstrate that ERK activation is a key event in EGFR-dependent 

regulation of CD44+/CD24− populations. Furthermore, our findings highlight the role of ligand-

mediated EGFR signaling in the control of MEK/ERK pathway output in TNBC tumors without 

DUSP4 loss.
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Introduction

Epidermal Growth Factor Receptor (EGFR) is frequently overexpressed in triple negative 

breast cancers (TNBCs, negative for expression of estrogen receptor (ER) and progesterone 

receptor (PR), and lacking amplification of the human epidermal growth factor receptor-2 

(HER2) gene), and its overexpression is associated with poor clinical outcomes [1–3]. EGFR 

and its downstream signaling pathways regulate many aspects of cell behavior associated 

with tumor growth and progression, including cell proliferation, survival, epithelial-to-

mesenchymal transition (EMT), migration, invasion, and drug resistance [4–13].

The CD44+/CD24− cell surface marker profile is associated with basal-like breast tumors 

[14], which are largely represented by triple-negative tumors [15], EMT [16], enhanced 

invasiveness [17], and stem-like properties of breast cancer cells [18]. Recently, it has been 

reported that inhibition of EGFR signaling in SUM159PT and MDA-MB-231 TNBC cell 

lines using Cetuximab, an anti-EGFR blocking monoclonal antibody, reduced CD44+/

CD24−/low and Aldefluor+ cell populations, decreased mammosphere formation, and 

partially inhibited tumor growth in vivo in mouse xenograft models [19]. These results 

indicated that inhibition of EGFR signaling reduced cancer stem cell (CSC) populations and 

suggested that anti-EGFR therapies, in combination with chemotherapy, may be more 

effective in eliminating CSCs compared to chemotherapy alone in some TNBC patients. It 

was further postulated that the reduction of CSC populations by Cetuximab was mediated 

through inhibition of autophagy [19]. However, while EGFR may regulate autophagy in a 

context-dependent manner, most of the published reports indicate that EGFR tyrosine kinase 

activity inhibits autophagy [13, 20–23]. Therefore, inhibition of EGFR activity with 

Cetuximab should lead to activation, rather than inhibition, of autophagy, and the 

mechanism by which EGFR would control CSC populations is not clear.

Importantly, the CSC phenotype in basal and claudin-low breast cancers was reported to be 

promoted by activation of two mitogen-activated protein kinase (MAPK) pathways: the 

extracellular signal-regulated kinase (ERK) pathway and the Jun N-terminal kinase (JNK) 

pathway [24]. Specifically, activation of these pathways due to genomic loss of dual 

specificity phosphatase 4 (DUSP4), a negative regulator of ERK1/2 and JNK1/2, expanded 

CSC populations in several TNBC cell lines. Conversely, enforced expression of DUSP4 in 

BT549 and SUM159PT cell lines reduced CD44+/CD24− populations [24]. Since ERK1 and 

ERK2 are downstream effectors of mitogen-activated protein kinase kinases 1 and 2 

(MEK1/2) [25], which in turn are regulated by EGFR, our first goal was to determine 

whether EGFR activity controls the CD44+/CD24− phenotype through the MEK/ERK 

pathway.

The second goal of this study was to examine the role of metalloproteases in regulation of 

the CD44+/CD24− phenotype and the MEK/ERK pathway output in TNBC. ADAM 
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metalloproteases release soluble ligands for EGFR, namely EGF, heparin-binding EGF (HB-

EGF), amphiregulin, epiregulin, transforming growth factor (TGF-), or betacellulin, and act 

as upstream regulators of EGFR [26, 27]. Ligand-dependent activation of EGFR represents 

the critical first step of the transcriptional programs regulated by the MEK/ERK pathway, 

provided that the tumors lack genetic alterations in pathway components that would render 

the pathway constitutively active. While activating mutations in the 

EGFR/RAS/RAF/MEK/ERK pathway are rare in breast cancer, approximately 50% of 

TNBCs are characterized by hemi- or homozygous deletion of the DUSP4 gene, which leads 

to aberrant pathway activation [24, 28, 29]. Thus, TNBCs harboring DUSP4 genomic loss 

should be less dependent on EGFR activation. However, in the remaining ~50% of TNBCs 

without DUSP4 copy loss, efficient MEK/ERK pathway activation might require the 

function of metalloproteases, generation of soluble EGFR ligands, and ligand-dependent 

EGFR activation.

Here, we show that ERK1/2 activation is necessary for EGFR-induced expansion of CD44+/

CD24− populations. Furthermore, we show that sustained activation of ERK1/2 by 

overexpression of constitutively active MEK1 is sufficient to expand CD44+/CD24− 

populations in cells in which EGFR activity is blocked by either erlotinib, an EGFR kinase 

inhibitor, or BB-94, a metalloprotease inhibitor that prevents generation of soluble EGFR 

ligands. These results indicate that ERK1/2 plays an essential role in ligand-dependent 

EGFR signaling, which promotes the CD44+/CD24− marker profile. Moreover, in basal and 

claudin-low tumors from the TCGA database, there is a positive correlation between 

EGFR_pY1068 and MEK1/2 activation score in tumors without DUSP4 loss, but not in 

tumors harboring DUSP4 loss. This further highlights the role of ligand-mediated EGFR 

signaling in regulation of the MEK/ERK pathway in TNBC tumors without DUSP4 loss. 

The results of our investigations may help identify biomarkers to help predict which TNBC 

patients are most likely to respond to EGFR inhibitors.

Methods

Reagents and antibodies

Antibodies for immunoblotting included anti-EGFR_pY1068 (#D7A5), anti-total EGFR 

(#D38B1), anti-ERK1/2_pT202/Y204 (#D13.14.4E), anti-total ERK1/2 (#137F5), and anti-

MEK1/2 (#D1A5), all from Cell Signaling Technology. Antibodies for flow cytometry, PE-

conjugated anti-CD24 (#ML5) and APC-conjugated anti-CD44 (#IM7), were from BD 

Biosciences and Affymetrix eBioscience, respectively.

Calculation of EGFR and MEK activation scores

The top 100 genes whose expression was most significantly changed upon stable expression 

of EGFR or constitutively active MEK in MCF-7 cells, compared to control MCF-7 cells 

adapted for long-term estrogen-independent growth [30], were retrieved from Gene 

Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/), using accession number 

GSE3542. Expression values for these EGFR- or MEK-regulated genes in CD44+/CD24− 

and CD44−/CD24+ subpopulations of MCF10A cells [31] were then extracted from GEO 

using accession number GSE15192. The EGFR and MEK scores were calculated as:
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where w is the weight +1 or −1, depending on whether the gene was upregulated or 

downregulated in the signature, and x is the normalized gene expression level.

TCGA data mining

Expression values for MEK-regulated genes (mRNA expression z-scores, measured by 

Agilent microarrays) and the EGFR phosphorylation status at Y992, Y1068, and Y1173 

(protein expression z-scores, measured by reverse-phase protein arrays) were retrieved from 

The Cancer Genome Atlas (TCGA) (Nature 2012 dataset) [32] via the cBioPortal for Cancer 

Genomics (http://www.cbioportal.org/public-portal/) [33, 34]. The DUSP4 copy number 

status was determined by the Genomic Identification of Significant Targets in Cancer 

(GISTIC) algorithm. GISTIC copy numbers “−2” (a deep loss) and “−1” (a shallow loss) for 

DUSP4 were considered homozygous and heterozygous deletions of DUSP4, respectively. 

Tumors for which DUSP4 GISTIC copy numbers were 0 were assumed not to harbor 

DUSP4 deletion. Pearson r correlation coefficient and two-tailed P values were calculated 

using GraphPad Prism 6.0 software.

Cell culture, retroviral transduction, generation of stable cell lines, and immunoblotting were 

performed as previously described [35–37]. Additional experimental details are provided in 

Online Resource 1: Supplementary Methods.

Results

It has been previously shown that the transcriptional signature of activation of the MEK 

pathway is positively correlated with the CD44:CD24 mRNA ratio in the NCI-Integrative 

Cancer Biology Program-50 (ICBP50) panel of breast cancer cell lines [24] and in 

mammosphere cultures derived from primary breast tumors [24, 38]. Here, we examined the 

EGFR and MEK pathway activation scores in flow cytometry-sorted subpopulations of 

MCF10A cells expressing the CD44+/CD24− or CD44−/CD24+ marker profile [31] (data 

were retrieved from GEO:GSE15192). To calculate the EGFR and MEK activation scores, 

we used the top 100 genes whose expression was most significantly changed upon stable 

expression of ligand-activatable EGFR or constitutively active MEK in MCF-7 cells [30]. 

We determined that the CD44+/CD24− subpopulation had significantly higher EGFR and 

MEK activation scores than the CD44−/CD24+ subpopulation (Fig. 1a).

To study a potential cause-and-effect relationship between EGFR activation and cell surface 

expression of CD44 and CD24, and the role of MEK1/2 in this process, we utilized two 

representative TNBC cell lines, SUM159PT and SUM149PT, corresponding to the claudin-

low and basal molecular subtypes of breast cancer, respectively [39]. We first examined the 

activation status of EGFR and its downstream effector ERK1/2 in these two cell lines in 

response to erlotinib, a specific inhibitor of EGFR tyrosine kinase activity, and to EGF, an 

activating ligand. Treatment for 72 h with 1 μM erlotinib caused a decrease in EGFR 

phosphorylation at Y1068, one of the major autophosphorylation sites in EGFR, in both cell 
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lines. Stimulation for 48 h with 20 ng/ml EGF increased the EGFR phosphorylation signal 

and decreased the amount of total EGFR, leading to higher pEGFR/EGFR ratios (Fig. 1b), 

which is consistent with enhanced turnover of activated EGFR [40, 41]. Importantly, the 

extent of ERK1/2 phosphorylation was decreased after erlotinib treatment and increased in 

the presence of EGF in both cell lines (Fig. 1b). This is notable, because SUM159PT cells, 

but not SUM149PT cells, contain an activating G12D mutation in the HRAS gene [42]. One 

of the reasons why ERK1/2 phosphorylation in SUM159PT cells was still modulated by 

EGFR could be the fact that the G12D mutation is heterozygous and approximately half of 

the HRAS protein, plus other members of the RAS family, are wild-type and amenable to 

regulation by external signals. Based on the results shown in Fig. 1b, we concluded that at 

the basal level, EGFR and ERK1/2 were partially active in both SUM159PT and 

SUM149PT cells, and they were further stimulated by adding EGF.

As reported previously, we found that the sizes of CD44+/CD24− populations in SUM159PT 

and SUM149PT cells were very different [43, 44], and amounted to ~90–95% for 

SUM159PT cells and ~5–10% for SUM149PT cells (Fig. 1c and e, respectively). Inhibition 

of the basal activation levels of EGFR with erlotinib decreased CD44+/CD24− populations in 

both SUM159PT and SUM149PT cells. Histogram analysis of the flow cytometry data 

showed a modest, but reproducible increase of CD24 expression in erlotinib-treated 

SUM159PT cells (Fig. 1d) and a clear increase of the CD24 staining in erlotinib-treated 

SUM149PT cells (Fig. 1f). Erlotinib did not have any effect on CD44 levels in SUM159PT 

cells, but it decreased CD44 expression in SUM149PT cells (Fig. 1d and f, respectively). 

These results agreed with a recently reported effect of Cetuximab on the CD44+/CD24− 

population in MDA-MB-231 cells [19]. EGF treatment caused a small increase of CD44+/

CD24− populations in SUM159PT and SUM149PT cells (Fig. 1c and e, respectively), and 

these effects were statistically significant (see Figs. 2c and 3c for statistical analyses).

To determine the role of the MEK pathway in maintaining CD44+/CD24− populations, cells 

were treated for 72 h with selumenitib, a MEK1/2 inhibitor. Selumenitib dose response in 

SUM159PT cells established that the lowest concentration of the inhibitor that entirely 

blocked MEK1/2-mediated phosphorylation of ERK1/2 in response to sustained EGFR 

activation was 75 μM (Fig. 2a). Treatment of SUM159PT cells with 75 μM selumetinib did 

not significantly affect cell viability (results not shown), but it dramatically decreased the 

CD44+/CD24− population, and this effect was not rescued by 48 h incubation with 20 ng/ml 

EGF (Fig. 2b and 2c). In SUM149PT cells, the lowest effective concentration of selumenitib 

was determined to be 10 μM (Fig. 3a), and this concentration had negligible effect on cell 

viability (results not shown). Treatment of SUM149PT cells with 10 μM selumetinib entirely 

eliminated the CD44+/CD24− population and, as in SUM159PT cells, this effect was not 

rescued by 48 h incubation with 20 ng/ml EGF (Fig. 3b and 3c). Thus, MEK1/2 activity is 

required for EGF-induced expansion of CD44+/CD24− populations.

To examine whether activation of the MEK/ERK pathway in the absence of an active EGFR 

is sufficient to expand CD44+/CD24− populations, we established cells with stable 

overexpression of a constitutively active phosphomimetic mutant of human MEK1 (MEK1-

DD) [45], wild-type human MEK1 bearing an N-terminal HA-tag (HA-MEK1-WT) [46], or 

empty vector (EV). Overexpression of MEK1-DD or HA-MEK1-WT in SUM159PT cells 
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was confirmed by Western blotting using anti-MEK1/2 or anti-HA-tag antibodies (Fig. 4a). 

The basal phosphorylation level of ERK1/2 in MEK1-DD-expressing SUM159PT cells was 

elevated and similar to the level of ERK1/2 phosphorylation in EGF-treated cells, validating 

constitutive activation of MEK1-DD (Fig. 4b). Importantly, while inhibition of EGFR with 

erlotinib diminished CD44+/CD24− populations in EV- and HA-MEK1-WT-expressing 

SUM159PT cells, erlotinib did not have any effect on the CD44+/CD24− marker profile in 

MEK1-DD-expressing cells (Fig. 4c and d).

Similar results were obtained for SUM149PT cells with stable overexpression of EV, 

MEK1-DD, or HA-MEK1-WT (Fig. 5a). The basal phosphorylation level of ERK1/2 in 

MEK1-DD-expressing SUM149PT cells was higher than it was in EV- or HA-MEK1-WT-

expressing cells and, in contrast to EV or HA-MEK1-WT cells, it was not inhibited by 

erlotinib (Fig. 5b), confirming the constitutive activation of MEK1-DD. Furthermore, while 

treatment of EV- or HA-MEK1-WT-expressing SUM149PT cells with erlotinib diminished 

CD44+/CD24− population, overexpression of MEK1-DD blocked the effect of erlotinib on 

the CD44+/CD24− population (Fig. 5c and d). Collectively, the results in Figs. 4 and 5 

indicted that constitutive activation of the MEK/ERK pathway in the absence of an active 

EGFR was sufficient to expand CD44+/CD24− populations in SUM159PT and SUM149PT 

cells.

Partial activation of EGFR in SUM159PT and SUM149PT cells in the absence of the 

exogenously added EGF, which was also observed previously in our lab in SUM159PT cells 

in serum-free media [37], suggested that EGFR might have been activated by endogenously 

expressed ligands. All EGFR ligands are synthesized as transmembrane precursors that need 

to be converted to biologically active, soluble molecules via cleavage by ADAM 

metalloproteases [26, 27]. This raised a possibility that ADAMs may be involved in 

regulation of the CD44+/CD24− marker profile. This hypothesis was tested here by treatment 

of cells with batimastat (BB-94), a broad-spectrum metalloprotease inhibitor. BB-94 did not 

have a noticeable effect on cell viability or proliferation rates at the concentrations up to 30 

μM (results not shown). A 24 h incubation of SUM159PT, SUM149PT, or MCF10A, a non-

tumorigenic mammary epithelial cell line, with 10 μM BB-94 significantly decreased the 

amount of soluble amphiregulin, an EGFR ligand highly expressed in all three cell lines, in 

the media (Fig. 6a). Consequently, the basal phosphorylation level of EGFR was 

significantly reduced after BB-94 treatment (Fig. 6b). The effect of BB-94 was eliminated 

after 30 min stimulation with exogenous EGF (Fig. 6b), which was consistent with the fact 

that metalloproteases act as upstream regulators of ligand availability and EGFR activation.

In addition to its effect on EGFR phosphorylation, a 72-h incubation of SUM159PT cells 

with 10 μM BB-94 significantly inhibited the basal phosphorylation level of ERK1/2 (Fig. 

7a). Importantly, CD44+/CD24− population was diminished after BB-94 treatment of EV- of 

HA-MEK1-WT-expressing SUM159PT cells, but not of cells expressing the constitutively 

active MEK1-DD (Fig. 7b and c). Similarly, BB-94-treated SUM149PT cells exhibited 

decreased levels of EGFR and ERK1/2 phosphorylation after 72-h treatment with 10 μM 

BB-94 (Fig. 8a), and BB-94 treatment reduced CD44+/CD24− populations in EV- and HA-

MEK1-DD-expressing SUM149PT cells, but not in MEK1-DD-expressing cells (Fig. 8b and 

c). Thus, inhibition of metalloproteases, which are upstream modulators of EGFR signaling, 
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with BB-94 exerted a similar effect to direct inhibition of EGFR tyrosine kinase activity with 

erlotinib.

While ligand-mediated activation of EGFR and the resulting activation of the MEK/ERK 

pathway may be important in some TNBCs, in other breast tumors in which ERK1/2 is 

hyperactive due to genomic loss of DUSP4, the status of EGFR activation should be less 

relevant for the MEK/ERK pathway output. To examine the relationship between EGFR 

activation, a transcriptional signature associated with MEK/ERK activation, and DUSP4 
copy number alterations, we analyzed gene expression data for basal and claudin-low tumors 

(which are predominantly triple-negative) from the TCGA database [32]. EGFR 

phosphorylation status was available for three Tyr residues, Y992, Y1068, and Y1173, in 72 

tumors. EGFR phosphorylation at Y1068 facilitates the binding of an adaptor protein GRB2 

and activation of the RAS/RAF/MEK/ERK pathway, while phosphorylated Y992 and Y1173 

are the major binding sites for PLC and SHP1 phosphatase, leading to the activation of PKC 

and receptor dephosphorylation, respectively [47, 48]. The MEK activation score in the 72 

basal and claudin-low tumors was calculated based on the expression levels of top 100 

MEK-regulated genes [30]. DUSP4 copy number data were generated by the GISTIC 

algorithm (see Methods).

There was a significant positive correlation (Pearson r = 0.375, P = 0.029) between 

EGFR_pY1068 and MEK activation score in tumors without DUSP4 deletion, but not in 

tumors harboring a heterozygous or homozygous deletion of DUSP4 (Table 1). 

EGFR_pY992 and EGFR_pY1173 were not significantly correlated with MEK activation in 

any tumor group. These results are consistent with the notion that metalloprotease-

dependent ligand-mediated EGFR signaling plays an important role in regulation of the 

MEK/ERK pathway in TNBC tumors without DUSP4 loss.

Discussion

While a tumor-promoting role of EGFR signaling in TNBC has been well established, the 

results of EGFR-targeted therapies for TNBC, either as a monotherapy or in combination 

with cisplatin, [49], carboplatin [50], or Ixabepilone [51], have been disappointing. One of 

the reasons is the lack of specific markers predicting which patients are most likely to 

respond to anti-EGFR therapies [1, 2, 52–55]. Recent studies demonstrating that EGFR 

inhibitors reduce CSC populations in TNBC tumors [19] further highlight the importance of 

EGFR in the pathology of triple-negative disease and underscore the need for better markers 

guiding patient selection for anti-EGFR therapies. Understanding the mechanism by which 

EGFR activation controls CSCs is needed to maximize the clinical benefit of EGFR 

inhibitors in the treatment of TNBCs.

Here, we show that the MEK/ERK pathway is a key component of the signaling cascade 

downstream of the activated EGFR that regulates the CD44+/CD24− phenotype in 

SUM159PT and SUM149PT cells. MEK1/2 inhibition reduced CD44+/CD24− populations 

in both cell lines, and this effect was not rescued by activation of EGFR with exogenously 

added EGF. In contrast, overexpression of constitutively active MEK1 was sufficient to 

increase CD44+/CD24− populations, and this effect was not blocked by EGFR inhibition 

Wise and Zolkiewska Page 7

Breast Cancer Res Treat. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with erlotinib. Furthermore, we showed that inhibition of cell surface metalloproteases that 

generate soluble, bioactive ligands for EGFR diminished CD44+/CD24− populations, and 

metalloprotease inhibition with BB-94 was as effective as inhibition of tyrosine kinase 

activity of EGFR with erlotinib. Also, BB-94-mediated reduction of CD44+/CD24− 

populations was entirely blocked by overexpression of constitutively active MEK1. 

Collectively, these results demonstrate that MEK/ERK activity is both necessary and 

sufficient for EGFR-mediated regulation of CD44+/CD24− populations.

Our results corroborate previous studies demonstrating an important role of MEK/ERK in 

regulation of CSCs in breast tumors. As reported by Balko et al., activation of MAPK 

pathways due to DUSP4 knockdown increased mammosphere formation in MDA-MB-231 

cells, and overexpression of DUSP4 in SUM159PT cells decreased mammosphere 

formation, reduced the CD44+/CD24− compartment, and impeded tumor growth in a mouse 

xenograft model [24]. Furthermore, pharmacological inhibition of MEK1/2 reduced 

mammosphere numbers in MDA-MB-231, BT549, and SUM159PT cell cultures and 

decreased the CD44+/CD24− population in MDA-MB-231 cells [24]. MEK1/2 inhibition 

also reduced anchorage-independent cell growth of MDA-MB-231 and SUM149PT cell 

lines, reversed EMT in 3D culture system, inhibited ALDH1 activity, and prevented lung 

metastasis in a MDA-MB-231 xenograft model [11].

While EGFR is one of the main upstream regulators the MEK/ERK pathway, and while 

EGFR inhibition, similarly to MEK1/2 inhibition, reduces the numbers of breast cancer cells 

with the stem-like phenotype [10, 19, 56], direct involvement of MEK/ERK in the EGFR-

mediated control of breast CSCs has not been demonstrated before. Instead, it has been 

proposed that EGFR inhibition reduces CSC population in breast cancer through inhibition 

of autophagy [19]. This notion is supported by the observations that chloroquine, a 

lysotropic agent that inhibits a late step of autophagy, or knock-down of autophagy-specific 

genes diminished the CSC populations in TNBC cell lines [57–59]. The universally positive 

role of autophagy in CSC maintenance is, however, at odds with a report demonstrating that 

autophagy deficiency stabilizes the transcription factor TWIST1, promotes EMT in vitro, 

and tumor growth and metastasis using a A431 squamous cell carcinoma xenograft mouse 

model [60, 61]. Most importantly, in several cancer cell types, including breast cancer, 

EGFR activation suppresses autophagy [13, 20, 21]. Thus, EGFR inhibition should lead to 

an increase, rather than a decrease, in autophagy [22, 23], and the role of autophagy in 

EGFR-mediated regulation of breast CSCs needs further clarification.

The MEK/ERK pathway is hyperactivated in ~50% of TNBCs due to genomic loss of 

DUSP4, a negative regulator of ERK1/2. Since activating mutations in the MEK/ERK 

pathway components upstream of ERK1/2 are rare in breast cancer, it might be postulated 

that TNBCs without DUSP4 loss should rely on ligand-dependent EGFR activation to 

generate a sizeable ERK pathway output. Indeed, our analysis of gene expression and 

phosphoproteomics data from the TCGA database shows a significant positive correlation 

between EGFR phosphorylation at Y1068 and MEK activation score in basal and claudin-

low breast cancers without DUSP4 loss, but not in basal and claudin-low breast cancers 

harboring DUSP4 loss. Thus, in the absence of DUSP4 loss, ligand-dependent 

metalloprotease-mediated activation of EGFR plays an essential role in regulating the 
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MEK/ERK pathway output. Therefore, the efficacy of EGFR inhibitors should be greater in 

TNBCs containing an intact DUSP4 gene than in DUSP4-deficient TNBCs.

In summary, our results underscore the central role of the MEK/ERK signaling pathway in 

regulation of breast CSCs. A large body of evidence demonstrates an important role of the 

MEK/ERK signaling pathway in other aspects of breast cancer pathology as well. For 

example, inhibition of the MEK1/2 activity in estrogen receptor (ER)-negative breast cancer 

cell lines using a pharmacological inhibitor U0126 resulted in re-expression of ER [30, 62]. 

More recently, increased activation of MEK/ERK in tumor cells was shown to be associated 

with reduced numbers of tumor-infiltrating lymphocytes in TNBC, leading to immune 

evasion [63]. Thus, targeting the MEK/ERK pathway may offer multiple benefits in DUSP4-

deficient TNBC, whereas EGFR inhibitors should be more efficient in DUSP4-positive 

TNBC.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

TNBC triple negative breast cancer

EGF epidermal growth factor

EGFR epidermal growth factor receptor

HER2 human epidermal growth factor receptor 2

ER estrogen receptor

PR progesterone receptor

MEK mitogen-activated protein kinase kinase

MAPK mitogen-activated protein kinase

ERK extracellular signal-regulated kinase

JNK Jun N-terminal kinase

DUSP4 dual specificity phosphatase 4

EMT epithelial-to-mesenchymal transition

CSCs cancer stem cells

FACS fluorescence-activated cell sorting
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PE phycoerythrin

APC Allophycocyanin

GEO Gene Expression Omnibus

TCGA The Cancer Genome Atlas

GISTIC Genomic Identification of Significant Targets in Cancer
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Fig 1. 
EGFR signaling modulates the CD44+/CD24− marker profile in representative TNBC cells. 

a EGFR and MEK pathway activation scores in CD44−/CD24+ and CD44+/CD24− 

subpopulations of MCF10A cells. Microarray gene expression data for these two cell 

populations were retrieved from GEO:GSE15192, and EGFR and MEK scores were 

calculated based on ref. [30], as described in Methods. Results are shown as means from 4 

determinations, S.E.M. b Response of SUM159PT and SUM149PT cells to sustained EGFR 

inhibition or activation. Cells were treated for 72 h with DMSO alone, 1 μM erlotinib, an 

EGFR inhibitor, dissolved in DMSO, or for 48 h with 20 ng/ml EGF and DMSO. The extent 

of EGFR phosphorylation at Y1068 and ERK1/2 phosphorylation at T202/Y204, total 

EGFR, and total ERK1/2 were analyzed by Western blotting. Tubulin is a gel-loading 

control. c–f Effect of EGFR inhibition or activation on the CD44 and CD24 markers. 

SUM159PT and SUM149PT cells were treated as in panel b, stained with anti-CD24-PE 

and anti-CD44-APC antibodies, and analyzed by flow cytometry. Quadrant markers were set 
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based on control antibody staining. Results of a representative experiment (n = 5) are shown 

as dot plots (c and e) or histogram analyses (d and f).
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Fig 2. 
MEK1/2 inhibition blocks the effect of EGF on the CD44+/CD24− marker profile in 

SUM159PT cells. a Dose response of selumetinib, a MEK1/2 inhibitor, on the extent of 

ERK1/2 phosphorylation. Cells were treated with either DMSO or indicated concentrations 

of selumetinib. Twenty-four hours later, 20 ng/ml EGF or vehicle alone was added for an 

additional 48 h. Cells were analyzed by Western blotting using anti-phospho-ERK1/2 and 

anti-total ERK1/2 antibodies; β1-integrin is a gel-loading control. b Cells were treated for 

24 h with DMSO or 75 M selumetinib, and then for an additional 48 h with or without 20 

ng/ml EGF. Cells were stained with anti-CD24-PE and anti-CD44-APC antibodies and 

analyzed by flow cytometry. c Percentages of CD44+/CD24− cells are shown as mean values 

S.E.M. from three independent experiments. *, P < 0.05; ***, P < 0.001.
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Fig 3. 
MEK1/2 inhibition blocks the effect of EGF on the CD44+/CD24− marker profile in 

SUM149PT cells. a Dose response of selumetinib, a MEK1/2 inhibitor, on the extent of 

ERK1/2 phosphorylation. Cells were treated with either DMSO or indicated concentrations 

of selumetinib. Twenty-four hours later, 20 ng/ml EGF or vehicle alone was added for an 

additional 48 h. Cells were analyzed by Western blotting using anti-phospho-ERK1/2 and 

anti-total ERK1/2 antibodies; β1-integrin is a gel-loading control. b Cells were treated for 

24 h with DMSO or 10 M selumetinib, and then for an additional 48 h with or without 20 

ng/ml EGF. Cells were stained with anti-CD24-PE and anti-CD44-APC antibodies and 

analyzed by flow cytometry. c Percentages of CD44+/CD24− cells are shown as mean values 

S.E.M. from three independent experiments. *, P < 0.05; **, P < 0.01.
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Fig 4. 
Constitutively active MEK1 blocks the effect of erlotinib on CD44+/CD24− population in 

SUM159PT cells. a Confirmation of MEK1 overexpression. Cells stably transduced with 

empty vector (EV), constitutively active MEK1 (MEK1-DD), or wild-type HA-tagged 

MEK1 (HA-MEK1-WT) were analyzed by Western blotting using anti-MEK1 and anti-HA 

tag antibodies; β1-integrin is a gel-loading control. b Verification of constitutive activation 

of MEK1-DD. Cells expressing EV, MEK1-DD, or HA-MEK1-WT were incubated for 30 

min with or without 20 ng/ml EGF and analyzed by Western blotting using anti-phospho-

ERK1/2 and anti-total ERK1/2 antibodies. c Effect of MEK1-DD on the CD44+/CD24− 

marker profile. EV, MEK1-DD, or HA-MEK1-WT cells were treated with either DMSO or 1 

μM erlotinib for 72 h, stained with anti-CD24-PE and anti-CD44-APC antibodies, and 

analyzed by flow cytometry. d Percentages of CD44+/CD24− cells are shown as mean values 

S.E.M. from two independent experiments. *, P < 0.05; **, P < 0.01.
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Fig 5. 
Constitutively active MEK1 blocks the effect of erlotinib on CD44+/CD24− population in 

SUM149PT cells. a Confirmation of MEK1 overexpression. SUM149PT cells stably 

transduced with empty vector (EV), constitutively active MEK1 (MEK1-DD), or wild-type 

HA-tagged MEK1 (HA-MEK1-WT), were analyzed by Western blotting using anti-MEK1/2 

and anti-HA tag antibodies; β1-integrin is a gel-loading control. b Verification of 

constitutive activation of MEK1-DD. Cells expressing EV, MEK1-DD, or HA-MEK1-WT 

were incubated for 24 h with DMSO or 1 μM erlotinib and analyzed by Western blotting 

using anti-phospho-ERK1/2 and anti-total ERK1/2 antibodies. c Effect of MEK1-DD on the 

CD44+/CD24− marker profile. EV, MEK1-DD, or HA-MEK1-WT cells were treated with 

either DMSO or 1 μM erlotinib for 72 h, stained with anti-CD24-PE and anti-CD44-APC 

antibodies, and analyzed by flow cytometry. d Percentages of CD44+/CD24− cells are shown 

as mean values S.E.M. from two independent experiments. *, P < 0.05; ***, P < 0.001.

Wise and Zolkiewska Page 19

Breast Cancer Res Treat. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 6. 
Metalloprotease inhibitor batimastat (BB-94) decreases the amount of soluble amphiregulin 

(AREG) released from cells to the media and reduces the basal activation level of EGFR. 

SUM159PT, SUM149PT, or MCF10A cells were incubated for 24 h with DMSO or 10 μM 

BB-94. a The amount of soluble AREG in conditioned media was measured using ELISA. 

Shown are the mean values S.E.M. from three independent measurements; ***, P < 0.001, 

****, P <0.0001. b DMSO- or BB-94-treated cells were incubated for 30 min with or 

without 20 ng/ml EGF and analyzed by Western blotting using anti-phospho-EGFR or anti-

total EGFR antibody; tubulin is a gel loading control.
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Fig 7. 
Metalloprotease inhibitor batimastat (BB-94) reduces CD44+/CD24− population in 

SUM159PT cells, and this effect is blocked by the presence of constitutively active MEK1. a 
Effect of 72-h treatment with BB-94 on the basal activation levels of EGFR and ERK1/2. 

Cells were analyzed by Western blotting using anti-phospho-EGFR, anti-total EGFR, anti-

phospho-ERK1/2, or anti-total ERK1/2 antibody. b Effect of BB-94 on the CD44+/CD24− 

marker profile, in the absence or presence of constitutively active MEK1. SUM159PT cells 

with stable expression of EV, MEK1-DD, or HA-MEK1-WT were treated as in panel a, 

stained with anti-CD24-PE and anti-CD44-APC antibodies, and analyzed by flow cytometry. 

c Percentages of CD44+/CD24− cells are shown as mean values S.E.M. from two 

independent experiments. *, P < 0.05; **, P < 0.01.
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Fig 8. 
Metalloprotease inhibitor batimastat (BB-94) reduces CD44+/CD24− population in 

SUM149PT cells, and this effect is blocked by the presence of constitutively active MEK1. a 
Effect of 72-h treatment with BB-94 on the basal activation levels of EGFR and ERK1/2. 

Cells were analyzed by Western blotting using anti-phospho-EGFR, anti-total EGFR, anti-

phospho-ERK1/2, or anti-total ERK1/2 antibody. b Effect of BB-94 on the CD44+/CD24− 

marker profile, in the absence or presence of constitutively active MEK1. SUM149PT cells 

with stable expression of EV, MEK1-DD, or HA-MEK1-WT were treated as in panel a, 

stained with anti-CD24-PE and anti-CD44-APC antibodies, and analyzed by flow cytometry. 

c Percentages of CD44+/CD24− cells are shown as mean values S.E.M. from two 

independent experiments. **, P < 0.01; ***, P < 0.001.
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Table 1

Relationship between EGFR phosphorylation at Y992, Y1068, or Y1173, and MEK1/2 activation score in 

breast tumors from the TCGA database. Pearson r correlation coefficients and two-tailed P values are shown 

for all basal and claudin-low (CL) tumors, and for basal and CL tumors without or with DUSP4 copy loss.

MEK activation score EGFR_pY992 EGFR_pY1068 EGFR_pY1173

All Basal and CL tumors, n=72 r = 0.114
P = 0.342

r = 0.190
P = 0.110

r = 0.062
P = 0.605

Basal and CL tumors without DUSP4 deletion, n=34 r = 0.301
P = 0.084

r = 0.375
P = 0.029

r = 0.103
P = 0.563

Basal and CL tumors with hom. or het. deletion of DUSP4, n=38 r = −0.004
P = 0.979

r = 0.105
P = 0.531

r = 0.035
P = 0.832
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