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ABSTRACT
We have previously identified a novel intra-tumoral dichotomy in triple-negative 

breast cancer (TNBC) based on the differential responsiveness to a reporter containing 
the Sox2 regulatory region-2 (SRR2), with reporter responsive (RR) cells being more 
stem-like than reporter unresponsive (RU) cells. Using bioinformatics, we profiled 
the protein-DNA binding motifs of SRR2 and identified Myc as one of the potential 
transcription factors driving SRR2 activity. In support of its role, Myc was found 
to be highly expressed in RR cells as compared to RU cells. Enforced expression of 
MYC in RU cells resulted in a significant increase in SRR2 activity, Myc-DNA binding, 
proportion of cellsexpressing CD44+/CD24–, chemoresistance and mammosphere 
formation. Knockdown of Myc using siRNA in RR cells led to the opposite effects. We 
also found evidence that the relatively high ERK activation in RR cells contributes 
to their high expression of Myc and stem-like features. Using confocal microscopy 
and patient samples, we found a co-localization between Myc and CD44 in the same 
cell population. Lastly, a high proportion of Myc-positive cells in tumors significantly 
correlated with a short patient survival. In conclusion, inhibition of the MAPK/ERK/
Myc axis may be an effective approach in eliminating stem-like cells in TNBC.

INTRODUCTION

Triple-negative breast cancers (TNBC) are defined 
as tumors that lack the expression of estrogen receptor 
(ER), progesterone receptor (PR), and human epidermal 
growth factor receptor 2 (HER2) [1]. TNBC is the subtype 
of breast cancer that carries the worst clinical outcome [2]. 
Accumulating evidence suggests that TNBC is a highly 
heterogeneous disease at the genetic level [3]. Similar 
to many others solid tumors, TNBC comprise a subset 
of cells carrying stem-like features, commonly referred 
to as cancer stem cells (CSCs) [4]. In these tumors, 
CSCs have been shown to contribute to metastasis [5], 
chemoresistance [6] and poor clinical outcomes [7]. 

Nonetheless, the molecular biology and protein drivers of 
cells carrying stem-like features in the context of intra-
tumoral heterogeneity remains to be fully understood.

The Sox2 regulatory region 2 (SRR2) is a conserved 
enhancer for the SOX2 gene [8]. Recently, we have 
published that the activation of a SRR2-regulated, dual 
green fluorescence protein (GFP) and luciferase reporter 
construct  was a good marker for the identification 
of a novel, intra-tumoral, phenotypically-distinct cell 
population in TNBC cell lines and primary TNBC patient 
tumors [9]. Specifically, we identified a very small subset 
of cells that were reporter responsive (RR), detectable 
based on their expression of GFP and luciferase; in 
contrast, the majority of cells were reporter unresponsive 
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(RU), and they do not express GFP or luciferase [9]. We 
purified RU and RR cells from TNBC cell lines for further 
characterization and found that RR cells exhibited a larger 
CD44+/CD24- cell population as compared to their RU 
counterparts [9]. Moreover, these RR cells were more 
tumorigenic in vivo and formed more mammospheres 
and Matrigel colonies in vitro [9]. Previously, we also 
had demonstrated that the SRR2 reporter responsiveness 
was heterogeneous within estrogen receptor positive 
(ER+) breast cancer cell lines and patient tumors [10, 11]. 
Furthermore, RR cells derived from ER+ breast cancers 
also exhibited enhanced tumorigenic capacity in vivo and 
in vitro [10]. Intriguingly, unlike the ER+ breast cancer 
cell lines which have robust Sox2 expression [10], we 
discovered that TNBC cells showed little to no expression 
of Sox2, and Sox2 was not a driver of the SRR2 reporter 
response [9]. This leads us to elucidate further mechanisms 
driving the SRR2 reporter response and associated 
tumorigenic phenotype in TNBC cells. 

The Mitogen Activated Protein Kinase (MAPK)/
Extracellular signal-Regulated Kinase (ERK) pathway has 
been shown to regulate cancer stem-like features in TNBC 
[12, 13]. The MAPK pathway stabilizes downstream target 
Myc by phosphorylation at the serine 62 site and this has 
been demonstrated in ER+ breast cancer and other types of 
cancer [14–16]. Myc is an established oncoprotein [17, 18]. 
Higher expression of Myc and its downstream targets have 
been documented in breast cancer including TNBC [17, 
18]. Further, Myc expression has been linked to normal and 
breast CSCs [18–20]. Importantly, Myc transcription activity 
and expression remain to be characterized in heterogeneous 
breast tumor cell sub-populations within a single tumor.

In this study, using our purified RU/RR cell sub-
population study model, we have uncovered that the 
MAPK/ERK-regulated Myc pathway is higher in the 
RR cell sub-population as compared to the RU cell sub-
population within TNBC cell lines. Furthermore, Myc is 
the key regulator of the observed tumorigenic and cancer 
stem-like features in RR cells within these TNBC cell lines. 
Myc is more transcriptionally active in RR cells. In primary 
TNBC patient tumors, we found that Myc significantly co-
localized with CD44 in a subset of cells. We also found that 
a high proportion of cells expressing Myc in TNBC patient 
tumors significantly correlate with short overall survival. 
Taken together, using this RU/RR cell sub-population 
study model, we have gained insights into the differential 
Myc expression and transcription activity that underlie the 
biology of cancer stemness in TNBC.

RESULTS

Myc expression and activity are substantially 
different between RU and RR cells 

We have previous ly published that Sox2 does not 
play a key role in contributing to the differential SRR2 

reporter activity or tumorigenic properties in the purified 
RU/RR cells derived from TNBC cell lines [9]. In this 
study, we aimed to identify the alternative transcription 
factor(s) that might be responsible for the differential 
SRR2 reporter responsiveness in TNBC. To achieve this 
goal, we employed bioinformatics to profile the protein-
DNA binding motifs in the 81-bp SRR2 sequence. Using 
an in silico approach and the JASPAR database, we found 
16 transcription factors, including Sox2, that show a high 
probability of binding to the SRR2 consensus sequence 
with a p-value < 0.001 (Supplementary Figure 1A). 

To shortlist the important transcription factor(s), we 
evaluated the relative abundance of the mRNA of the 16 
targets using quantitative reverse transcriptase-PCR (qRT-
PCR). We found that MYC was the highest expressed MDA-
MB-231 cells (supplementary Figure1B). Importantly, 
RR cells derived from MDA-MB-231 cells expressed 
significantly more MYC mRNA as compared to RU cells 
(Supplementary Figure 1B). In keeping with our previous 
results, SOX2 was minimally expressed. We repeated the 
same experiment using another TNBC cell line, SUM-149, 
and similar results were obtained (data not shown).

We then assessed the protein expression level of 
Myc in purified RU and RR cells. As shown in Figure 1A, 
we found that RR cells derived from both MDA-MB-231 
and SUM-149 cells expressed a higher level of Myc as 
compared to RU cells. We also evaluated the expression 
of the phosphorylated form of Myc, p-MycSer62, the 
functionally active form of Myc [14], which was found 
to be substantially higher in RR cells in both cell lines 
(Figure 1A). Using nuclear/cytoplasmic fractionation, 
we found that Myc in both RU and RR cells was mainly 
localized to the nuclei in both cell lines and was found to 
be higher in RR cells in both cell lines (Figure 1B). The 
same pattern was found for p-MycSer62 (Figure 1B). 

To further support the relevance of Myc in RU and 
RR cells, we measured Myc-specific reporter activity 
using the Cignal Myc Reporter Assay Kit. As shown in 
Figure 1C, we found that RR cells derived from both 
MDA-MB-231 and SUM-149 cell lines expressed 
significantly higher Myc reporter activity as compared 
to their RU counterparts. Furthermore, we evaluated the 
gene expression levels of two known Myc gene targets, 
TERT and CCND1 [21], and these genes expression were 
found significantly higher in RR cells derived from both 
cell lines (Figure 1D–1E). Furthermore, we performed 
chromatin immunoprecipitation-qPCR (ChIP-qPCR) to 
assess the interactions between Myc and the genomic 
SRR2 sequences, and we found that Myc binding 
to the genomic SRR2 sequences was significantly 
more frequent in RR cells than RU cells derived from 
SUM-149 cells (Figure 1F). Lastly, we performed 
immunoprecipitation experiments using a biotinylated 
SRR2 probe and found that the SRR2-Myc binding was 
substantially higher in RR cells derived from MDA-
MB-231 cells (Figure 1G). 
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Myc is a key regulator of the differential SRR2 
reporter activity in TNBC cells

To provide additional support to the concept that 
the Myc expression level is an important regulator of the 
SRR2 reporter activity in TNBC cells, we down-regulated 
Myc expression using siRNA. As shown in Figure 2A, the 
SRR2 reporter activity in RR cells was reduced by 40–60%  
in MDA-MB-231 and SUM-149 cells; no appreciable 
effect was observed in RU cells when they were treated 
with Myc siRNA. The efficiency of Myc knockdown is 
illustrated in the lower panel of Figure 2A. In comparison, 
when we enforced Myc expression by Myc plasmid 
transient transfection in RU cells derived from both TNBC 
cell lines, we found a 4-fold increase in the SRR2 reporter 

activity (Figure 2B). Transfection efficiency of this 
experiment is illustrated in the lower panel of Figure 2B. 
Next, we generated stable transfected Myc cells, derived 
from RU cells from MDA-MB-231 and SUM-149 cells. 
These cells were labeled RU-EV (empty vector) and RU-
MYC. Similar to the transient transfection experiment, the 
SRR2 reporter activity increased by approximately 4-fold 
in MYC-overexpressed stable cell clones compared to 
those transfected with the empty vector (EV) plasmid in 
both cell lines (data not shown). 

To explore if the Myc expression level regulates 
SRR2 activity through direct protein-DNA interaction, 
we performed immunoprecipitation and ChIP-qPCR 
experiments. As shown in Figure 2C, RU-MYC cells from 
both cell lines resulted in substantially more Myc protein 

Figure 1: RR cells exhibit higher level of Myc and transcription activity compared to RU cells. (A) Western blot was 
performed to assess p-Myc Ser62 and Myc expression in RU and RR cells derived from MDA-MB-23 and SUM-149 cells. β-actin protein 
expression was used as a loading control of the experiment. (B) The subcellular localization of p-MycSer62 and Myc in RU and RR cells 
derived from MDA-MB-231and SUM-149 cells were assessed by the nuclear/cytoplasmic fractionation assay. HDAC-1 and α-tubulin 
were used as a loading control of the experiment. (C) Myc specific reporter activity was measured using the Cignal Myc Reporter Assay 
Kit in RU and RR cells derived from MDA-MB-231and SUM-149 cells. (D–E) The relative mRNA levels of Myc transcript targets, TERT 
and CCND1 were measured by qRT-PCR in RU and RR derived from MDA-MB-231and SUM-149 cells. The mRNA expression levels 
were normalized with GAPDH. (F) Chromatin-immunoprecipitation-qPCR (ChIP-qPCR) was performed in RU and RR cells derived from 
SUM-149 cells to determine the Myc binding to SRR2 DNA sequence. (G) Immunoprecipitation assay was performed using SRR2 probe 
to determine Myc binding in RU and RR cells derived from MDA-MB-231 cells. Western blot in the right panel showed the input of the 
pull-down assay. HDAC-1 was used as a loading control of the input of the experiment. 
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immunoprecipitated with SRR2 probe as compared to 
RU-EV cells. Similarly, in ChIP-qPCR, Myc bound 
significantly more frequently to genomic SRR2 DNA 
sequence in RU-MYC cells (approximately 15-fold higher) 
as compared to RU-EV cells derived from MDA-MB-231 
cells (Figure 2D). On the contrary, siRNA knockdown 
of Myc in RR cells abrogated the binding of Myc with 
genomic SRR2 sequences (Figure 2E). 

Correlating with these findings, upon Myc 
siRNA knockdown, we observed a significant decrease 
in the mRNA level of a known Myc downstream 
target, CCND1 [21], in the MDA-MB-231 RR cells 
(Figure 2F); no appreciable effect was observed in RU 
cells. Furthermore, the mRNA level of CCND1 and 
TERT, were significantly up-regulated in RU-MYC cells 
derived from MDA-MB-231 cells (Figure 2G). Taken 
together, our collected data strongly suggests that 
differential Myc expression in TNBC cells is a crucial 
factor dictating the observed heterogeneous SRR2 
reporter activity, SRR2-Myc binding and expression of 
Myc downstream targets. 

Differential Myc expression underlies distinct 
cancer stem-like features within heterogeneous 
TNBC cell lines

To evaluate the relevance of Myc in the context 
of cancer stem-like features within TNBC cells we first 
performed the Matrigel colony formation assay. As 
shown in Figure 3A–3B, RR cells treated with either 
Myc siRNA or 10058-F4 (a pharmacological inhibitor 
of Myc which inhibits Myc-Max heterodimerization 
[22]) formed a significantly lower number of Matrigel 
colonies compared to their negative controls in both 
TNBC cell lines. In comparison, RU-MYC cells derived 
from both TNBC cell lines formed a significantly 
higher number of Matrigel colonies compared to RU-
EV cells (Figure 3C). Secondly, we utilized the serial 
mammosphere assay, which is a method used to measure 
cancer stemness [23]. As shown in Figure 3D, RR cells 
treated with Myc siRNA formed significantly fewer 
primary (T1) and secondary mammospheres (T2) as 
compared to the cells treated with the negative control 
siRNA. Further passage (i.e. T3) was not possible since 
RR cells treated with Myc siRNA did not yield sufficient 
number of T2 cells. In comparison, RU-MYC cells 
derived from MDA-MB-231 cells formed significantly 
more mammospheres compared to RU-EV cells at T1, 
T2 and T3 mammosphere (Figure 3E). Thirdly, we 
found that RU-MYC cells derived from MDA-MB-231 
cells exhibited significantly higher cisplatin resistance 
compared to RU-EV cells (Figure 3F). Lastly, as CD44+ 
and CD24- cells are well-known stem cell markers in 
breast cancer [4], we quantified the frequency of the 
CD44+/CD24- cell population within TNBC cell lines. 
As shown in Figure 4A, siRNA knockdown of Myc in 

RR cells significantly decreased the size of the CD44+/
CD24- cell population, from 7% to 2%. In comparison, 
RU-MYC cells showed a significantly increase in the size 
of the CD44+/CD24- cell population compared to RU-EV 
cells, from 1.5% to 6% (Figure 4B). 

MAPK/ERK signaling regulates SRR2 activity 
via Myc 

Myc is known to be a downstream target of 
multiple signal transduction pathways, including the 
Wnt canonical pathway, JAK/STAT and RAS/RAF/
MAPK pathways [24]. We did not observe differential 
expression of active β-catenin, p-AKT and p-STAT3 
in RU and RR cells (data not shown). It has been 
previously shown that the MAPK/ERK pathway can 
up-regulate Myc expression in ER+ breast cancer 
[16]. Thus, we asked if this pathway also regulates the 
expression of Myc, the RU/RR phenotype, and thus 
the differential Myc-induced tumorigenic properties in 
TNBC. As shown in Figure 5A, U0126, a pharmacologic 
inhibitor of MAPK kinase, induced a significant and 
dose-dependent decrease in the SRR2 reporter activity 
in RR cells derived from both TNBC cell lines; no 
appreciable changes were found in RU cells upon U0126 
treatment in both TNBC cell lines (Figure 5A). By 
western blots, we found that RR cells show substantially 
higher p-ERK1/2 expression as compared to RU cells 
derived from both MDA-MB-231 and SUM-149 
cell lines (Figure 5B). We also confirmed that U0126 
treatment led to a substantial reduction in p-ERK1/2, 
Myc and p-MycSer62 expression in both RU and RR 
cells derived from both TNBC cell lines (Figure 5B). 
Furthermore, U0126-induced reduction in Myc protein 
expression resulted in a significant decrease in Matrigel 
colony formation ability in RR cells (Figure 5C) derived 
from MDA-MB-231 cells; no significant changes were 
found in RU cells in the same experiment. We repeated 
the same experiment using SUM-149 cells and observed 
similar results (Supplementary Figure 2A–2B). 

To further support our hypothesis that the MAPK/
ERK/Myc axis is a key factor for the RU/RR phenotypic 
dichotomy, we treated RU cells with epidermal growth 
factor (EGF), which is known to activate the MAPK/ERK 
signaling pathway [25]. We found that EGF treatment 
increases the expression of Myc, SRR2 reporter activity 
and size of Matrigel colonies (Supplementary Figure 3A-
3C). Further, we found that RU cells have a higher CD44+/
CD24- cell population upon EGF treatment compared to 
the untreated cells (Supplementary Figure 3D). To further 
validate that EGF-treated upregulation is dependent on 
Myc expression in RU cells, we down-regulated Myc 
expression using siRNA treatment followed by the EGF 
treatment. As shown in Figure 5D–5G, Myc siRNA 
treatment substantially decreased the biological effects of 
EGF in RU cells.
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Myc co-localizes with CD44 in a cell subset in 
primary patient tumors

Our in vitro data strongly suggests that RR cells are 
enriched with cells expressing CD44, a marker of cancer 
stem cells in TNBC [4]. To verify this phenomenon in 
primary TNBC patient tumors, we performed double 
immunofluorescence (Myc and CD44) and confocal 

microscopy in 5 primary TNBC patient tumors. As 
illustrated in Figure 6A, we were able to identify 4 
different cell populations: cells double positive for both 
markers, cells singly positive for Myc or CD44, and cells 
negative for both markers. Three to five random fields 
were examined per case, and approximately 2000 cells 
were counted in total for each case. As summarized in 
the lower right panel, we found a significant correlation 

Figure 2: Differential Myc expression contributes to differential SRR2 reporter activity and differential binding 
capacity. (A) The impact of Myc siRNA knockdown on the SRR2 reporter activity was measured by luciferase activity in RU and RR cells 
derived from MDA-MB-231 and SUM-149 cells. The western blots below showed the Myc knockdown efficiency. (B) RU cells derived 
from both TNBC cell lines were transiently transfected with pcDNA3.3-Myc. pcDNA empty vector (EV) was included as a negative 
control. The impact of enforced transient transfection of MYC on the SRR2 reporter activity was measured by luciferase activity. The 
western blots below showed the MYC transfection efficiency. β-actin protein expression was used as a loading control of the experiment. 
(C) RU cells derived from both TNBC cell lines were stably transfected with MYC and EV (negative control). The SRR2 probe pull-down 
assay was performed to assess the Myc and SRR2 binding in RU-MYC and RU-EV cells. The western blots in the right panel showed the 
input of the pull-down assay. HDAC-1 was used as a loading control of the experiment. (D) ChIP-qPCR was performed in RU-MYC and 
RU-EV cells derived from MDA-MB-231 cells to determine the Myc binding to SRR2 DNA sequence. RR-EV cells were included as a 
control of the experiment. (E) The impact of Myc siRNA knockdown on the Myc binding to SRR2 DNA sequence was performed using 
ChIP-qPCR in RR cells derived from MDA-MB-231 cells. RU cells transfected with scrambled siRNA were included as a control of the 
experiment. (F) The relative mRNA level of CCND1 was measured by qRT-PCR after Myc knockdown in RU and RR cells derived from 
MDA-MB-231 cells. The mRNA expression level was normalized with GAPDH. (G) The relative mRNA level of Myc transcript targets, 
CCND1 and TERT was measured by qRT-PCR in RU-MYC and RU-EV cells derived from MDA-MB-231 cells. The mRNA expression 
levels were normalized with GAPDH.
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(p < 0.0001, Fisher’s exact test) between the Myc and 
CD44 co-localization within the primary TNBC tumor 
samples. Taken together, our collected data strongly 
suggests that the co-localization of Myc and CD44 is not 
a cell line-specific phenomenon and Myc-expressing cells 
are enriched with cancer stem cells. 

High proportion of Myc-expressing cells 
correlates with a worse clinical outcome

In order to assess the clinical significance of Myc 
in TNBC, we correlated its expression with the overall 
survival (OS) and recurrence free survival (RFS) in cohort 
of TNBC patients (n = 35). Representative Myc staining, 

with one case showing low Myc expression and one case 
showing high Myc expression, are shown in Figure 6B 
(400Χ). Using the receiver operator characteristics (ROC) 
curves, we estimated that the cut-off point for Myc was 
26.7; thus, tumors with a Myc score of ≤ 26.7 were 
assessed Myc low and those with a Myc score of > 26.7 
were assessed Myc high. Of the 35 cases, 26 tumors 
were Myc low and 9 tumors were Myc high.  As shown 
in Figure 6C, patients with Myc high had a significantly 
lower OS with a HR 2.79 (p = 0.03, 95%, CI: 1.05–7.42). 
We also found that patients with Myc high tumors had a 
shorter RFS, with a HR 2.64 (p = 0.06, 95% CI: 0.93–7.5) 
than those with Myc low tumors, although the difference 
is just short of statistical significance (Figure 6D). 

Figure 3: Myc expression contributes to cancer stem-like features in TNBC cell subsets. Matrigel colony formation assay 
was performed after (A) Myc knockdown by siRNA in RR cells derived from MDA-MB-231 and SUM-149 cells and (B) Myc inhibition 
using 10058-F4 (10 µM) treatment in RR cells derived from MDA-MB-231 and SUM-149 cells. 2500 cells/well were seeded into the 8 well 
chambers. Colonies were counted and images were taken on Day 7. (C) Matrigel colony formation assay was performed to compare the 
colony formation ability in RU-MYC and RU-EV cells derived from MDA-MB-231 and SUM-149 cells. 2500 cells/well were seeded into 
the 8 well chambers. Colonies were counted and images were taken on Day 7. (D) Serial Mammosphere formation assay was performed to 
compare the mammosphere formation ability after Myc knockdown in RR cells and (E) RU-MYC and RU-EV cells, derived from MDA-
MB-231 cells. Mammospheres were counted and images were taken on Day 7 for each passage. (F) MTS assay was performed to determine 
the cisplatin resistance in RU-MYC and RU-EV cells derived from MDA-MB-231 cells. RR-EV cells were included as a control of the 
experiment.
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DISCUSSION

We have previously identified a novel intra-tumoral 
heterogeneity in TNBC cell lines and primary patient 
tumors based on the differential responsiveness to the 
SRR2 reporter [9]. The observed RU/RR dichotomy 
appears to be a widespread phenomenon, as we have made 
similar observations in a number of other cancer types, 
including ER+ breast cancer [10], esophageal cancer [26] 
and ALK-positive anaplastic large cell lymphoma [27]. 
Importantly, in all of these 3 models, the RR phenotype is 
also associated with significantly more cancer stemness. 
Similar to our studies, Iglesias et al., [28] also employed 
the SRR2 reporter and found intra-tumoral heterogeneity 
in ER+ breast cancer; importantly, this small subset of 
cells with SRR2 responsiveness also displayed relatively 
high tumorigenicity. In the ER+ breast cancer and ALK-
positive anaplastic large cell lymphoma models, Sox2 
was found to be the key determinant of the SRR2 reporter 
activity (i.e. the RR phenotype), since siRNA knockdown 

of Sox2 in these cells resulted in a significant loss of 
cancer stemness features. In contrast, we found that Sox2 
is not a key factor in regulating SRR2 responsiveness in 
TNBC, as Sox2 is lowly expressed in TNBC and siRNA 
knockdown of Sox2 did not result in any significant 
biological changes and SRR2 responsiveness [9]. Thus, 
one of the main objectives of the current study is to 
identify the regulator(s) of the RR phenotype and its 
associated cancer stemness features in TNBC.

One of the main findings of this study is that Myc, 
a transcription factor which has been implicated in cancer 
stemness and pluripotent properties [29, 30], is the key 
regulator of the RU/RR dichotomy in TNBC.First, Myc was 
found to be highly expressed and highly transcriptionally 
activated in RR cells as compared to RU cells. Second, 
through a series of siRNA knockdown and gene 
transfection experiments, Myc was found to significantly 
modulate the RU/RR phenotype and associated cancer 
stem-like features, including the proportion of the CD44+/
CD24-  cell population, mammosphere formation ability, 

Figure 4: Myc expression regulates CD44+/CD24- cell population in TNBC cell subsets. (A) Flow cytometry was performed 
to measure CD44+/CD24- cell population after Myc knockdown by siRNA in RR cells derived from MDA-MB-231 cells. Bar diagram 
represents the summary of 3 independent experiments. RU cells transfected with scrambled siRNA were included as a control of the 
experiment. (B) CD44+/CD24- cell population was measured using Flow cytometry in RU-MYC and RU-EV cells derived from MDA-
MB-231 cells. Bar diagram represents the summary of 3 independent experiments. RR-EV cells were included as a control of the experiment. 
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Matrigel colony formation ability and chemoresistance. 
Our collected data suggested that the expression level and 
transcription activity of Myc is the key determinant of the 
RR and cancer stem-like phenotypes in TNBC. To our 
knowledge, heterogeneous Myc expression and differential 
Myc transcriptional activity within breast cells have not 
been previously characterized or studied in detail. 

Myc, an important transcription factor, regulates the 
expression of many genes involved in cellular metabolism, 

growth and proliferation [21]. It plays an important role 
in tumorigenesis and its deregulation has been found in 
a variety of cancers including TNBC [18, 21, 31, 32]. In 
breast cancer, Myc deregulation has been associated with 
poor outcome [18, 33, 34]. Recent studies have shown 
that Myc regulates cancer stemness features, including 
the tumor initiating ability [19], chemoresistance [35] 
and self-renewal ability  [36]. Recently, Zhao et al., 
[36] showed that Myc regulates sphere formation ability 

Figure 5: MAPK/ERK pathway regulates SRR2 reporter activity via Myc and regulates cancer stem-like features 
in TNBC cell subsets. (A) The SRR2 reporter activity was measured in RU and RR cells derived from MDA-MB231 and SUM-
149 cells after MEK inhibitor (U0126) treatment. (B) Western blot was performed to assess p-MycSer62, Myc, pERK1/2 and ERK1/2 
expression in U0126 treated RU and RR cells derived from MDA-MB-231 and SUM-149 cells. β-actin protein expression was used 
as a loading control of the experiment. (C) Matrigel colony formation assay was performed to measure colony formation ability 
after U0126 treatment (10 µM) in RU and RR cells derived from MDA-MB-231 cells. 2500 cells/well were seeded into the 8 well 
chambers. Colonies were counted and images were taken on Day 7. (D) Western blot was performed to assess the protein expression of  
p-MycSer62, Myc, pERK1/2 and ERK1/2 after Myc knockdown followed by EGF (10 ng) treatment in RU cells derived from MDA-MB-231 
cells. β-actin protein expression was used as a loading control of the experiment. (E) The SRR2 reporter activity was measured after Myc 
knockdown followed by EGF treatment (10 ng) in RU cells derived from MDA-MB-231 cells. (F) Mammosphere assay was used to 
evaluate mammosphere formation ability after Myc knockdown followed by EGF treatment (10 ng) in RU cells derived from MDA-MB-23 
cells. Mammospheres were counted and images were taken on Day 7. One representative image has been shown here. (G) CD44+/CD24- 
cell population was measured using Flow cytometry after Myc knockdown followed by EGF treatment (10 ng) in RU cells derived from 
MDA-MB-231 cells. Bar diagram represents the summary of 3 independent experiments.
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and drives cancer-initiating stem cells in TNBC. In our 
study, we found that the differential expression of Myc 
in RU/RR cells regulates cancer stem-like features 
(size of the CD44+/CD24- cell population, resistance to 
cisplatin and serial mammosphere ability) in TNBC. 
Our immunofluorescence/confocal microscopy results 
in primary TNBC samples again have provided further 
evidence to support that high Myc expression correlates 
with cancer stemness in TNBC. In keeping with this 
concept, the Myc expression level has been reported to 
be relatively high in CSCs derived from several cancer 
types as compared to the bulk cell population [37, 38]. 
This observation correlates well with our findings as we 
also found that the RR cell subset (more tumorigenic and 
cancer stem-like features) derived from TNBC cells have 
relatively high Myc expression as compared to the general 
cell pool (RU) cells. Taken together, we report that Myc 
expression is heterogeneous within TNBC tumors and cell 
lines, resulting in differential observed Myc downstream 
gene regulation and differential observed tumorigenic 
phenotypes within tumors.

We have investigated the mechanisms that might 
have contributed to the significant difference in Myc 
expression between RU and RR cells. Myc is a downstream 
target of multiple signal transduction pathways, including 
the Wnt canonical pathway, RAS/RAF/MAPK and JAK/
STAT pathways [24]. Except for p-ERK1/2 expression, we 
did not observe differential expression of active β-catenin, 
p-AKT and p-STAT3 (data not shown) in RU and RR 
cells. Indeed, experimental stimulation of the MAPK/
ERK pathway (such as addition of EGF) significantly 
up-regulated Myc expression, SRR2 reporter activity and 
the associated stem-like features in RU cells. Moreover, 
pharmacologic inhibition (U0126 inhibitor) of this 
signaling led to the opposite effects on RR cells derived 
from both MDA-MB-231 and SUM-149 cell lines. Similar 
to our findings, Tsai et al., [15], also reported that the 
MAPK/ERK pathway is involved in Myc stabilization 
in melanoma cancer cells as U0126 treatment abolished 
Myc and p-MycSer62 expression. Recently, Luo et al., [39] 
reported that ERK pathway drives and regulates stem-like 
cells expansion and tumorigenicity in breast cancer and 

Figure 6: Myc co-localizes with CD44 in distinct tumor sub-populations and has prognostics significance in primary 
TNBC tumors . (A) Immunofluorescence staining was performed in 5 primary TNBC tumors for Myc and CD44.  As shown in the 
lower right panel, Myc (nucleus) was significantly (p < 0.0001) co-localized with CD44 (membrane) in patient tumor samples (Fisher’s 
exact test). Four-five random fields of 5 patient tumor samples were chosen under the microscope (Χ400). One representative image has 
been shown here. (B) Immunohistochemistry was performed to evaluate Myc expression in a cohort of 35 TNBC patient tumors. Kaplan-
Meier survival curves depicting (C) five years overall survival (HR =  2.79, 95% CI: 1.05–7.42) and (D) recurrence free survival (HR 2.64, 
95% CI: 0.93–7.5) outcome of Myc expression in TNBC patient tumors.   
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Horst et al. [40] also reported that the MAPK signaling 
regulates intra-tumoral heterogeneity and contributes 
to stem-like features in colon cancer. To the best of our 
knowledge, there is no literature available regarding the 
MAPK/ERK/Myc axis regulated intra-tumor heterogeneity 
in TNBC. We believe that these data are complimentary to 
what has been published in the literature regarding the role 
of the MAPK/ERK pathway and cancer stemness. 

Myc amplification and its correlation with 
clinicopathological characteristics in breast cancer are 
less consistent. Deming et al., [32] conducted a meta-
analysis of 29 studies and found that Myc amplification 
exhibited significant association with risk of relapse and 
death (RR = 2.05, RR = 1.74). Further studies also have 
confirmed the correlation between Myc amplification and 
prognosis [33, 41–43]. In contrast, others have reported 
no association between Myc and clinicopathological 
characteristics [44, 45]. This could be largely due to 
breast tumor heterogeneity and diversity of research 
methodologies. Few studies have shown that Myc 
amplification occurs more frequently in TNBC [18, 46]. 
Similar to these studies, we also found that Myc expression 
was higher in TNBC and it had strong and significant 
association with short overall survival (HR = 2.79, 
p = 0.03), indicating that Myc may be used as a 
prognostic marker in TNBC. We also found an association 
(HR = 2.64) between short recurrence free survival and 
high Myc expression, however this association was not 
statistically significant (p = 0.06) and the explanation can 
be the small sample size (n = 35). We found that out of 
29 ER+ breast cancer cases, only 1 case had higher Myc 
expression (data not shown), and this finding indicates that 
Myc expression is limited to TNBC. We recognize that the 
sample size of this study is relatively small, and further 
studies involving larger cohort are warranted. 

In conclusion, we have identified that Myc is a key 
regulator of the RU/RR dichotomy in TNBC, which is in 
turn linked to stem-like features in these tumors. While the 
mechanisms responsible for the high level of Myc in RR cells 
is likely to be multi-factorial, we have identified the MAPK/
ERK to be an important contributor, and the MAPK/ERK/Myc 
axis may serve as a therapeutic target. Our clinicopathologic 
studies suggest that Myc expression detectable by 
immunohistochemical also may hold prognostication value. 

MATERIALS AND METHODS

Patient information and tumor microarray 
analyses

Pre-treatment tumor samples were accessed from 
the Alberta Cancer Research Biobank/CBCF Tumor Bank. 
Patient information was collected under research ethics 
board approval (HREB Biomedical). All patients received 
guideline based standard therapy. Tissue microarray (TMA) 
was generated from formalin fixed tumor samples obtained 

for primary breast cancer patients as described in detailed 
previously [47]. Evaluation of histology slides from tissue 
adjacent to the frozen samples indicated that at least 70% 
of the cells present were invasive tumor cells. A total of 60 
primary breast tumor samples were examined and only ER, 
PR and HER2 negative cases were included in the analysis. 
A detailed summary of the clinical characteristics of the 
TNBC patient tumors is described in Table 1. 

Cell culture and reagents

MDA-MB-231 cells were purchased from ATCC and 
cultured in DMEM high glucose media (Life Technologies, 
Grand Island, NY, USA) supplemented with 10% fetal 
bovine serum (FBS). SUM-149 cells were obtained from 
Dr. Sandra E. Dunn (University of British Columbia) 
through collaboration and were cultured in F12 media (Life 
Technologies, Grand Island, NY, USA) supplemented with 
5% FBS, 5 µg/mL insulin, 1 µg/mL hydrocortisone, and 
10 mM Hepes. Cell lines were virally infected twice with 
mCMV or SRR2 reporter as described previously [9]. Both 
cell lines have been authenticated using short tandem repeat 
DNA profiling (from TCAG Genetic Analysis Facility, 
Toronto, CA). U0126 (#9903, Cell Signaling), 10058-F4 
(#F3680, Sigma), epidermal growth factor (EGF) (#E9644, 
Sigma) and Cisplatin (Sigma) reagents were used following 
the manufacturer’s instructions.

Immunofluorescence

Myc antibody (Y69) was purchased from Abcam 
(Cambridge, MA) and CD44 antibody was purchased 
from Millipore (MA) for immunofluorescence study. 
Immunofluorescence study was performed as per the 
manufacture’s guidelines. 1:100 dilution for Myc antibody 
and 1:50 dilution for CD44 antibody were used for the 
staining. Tissue sections were viewed using a laser 
confocal microscope (Zeiss LSM 710). 

Immunohistochemistry

Immunohistochemistry (IHC) was performed 
with Anti-Myc (1/50, EP121, 395R-15; Cell marquee, 
Rocklin, CA) antibody, following the procedure described 
previously [48]. The average of three samples was used 
to define the staining for each patient. The scoring of 
the immunostained TMA was performed in an outcome 
blinded fashion according to training and guidelines.

SRR2 probe pull-down assay

A biotinylated SRR2 probes was synthesized by 
Integrated DNA Technologies, USA. SRR2 sequence  
is 5′-AAGAATTTCCCGGGCTCGGG CAGCCATTGTGAT 
GCATATAG GATTATTCACGTGGTAATG-3′ in which 
Myc consensus sequence is underlined. 300µg nuclear 
protein was incubated with 3 pmole of either with or without 
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biotin-labeled SRR2 probe for 30 min at room temperature. 
Then 75 µl streptavidin beads were added and the samples 
were incubated overnight by rotation at 4°C. The next day 
beads were washed 3 times with cold PBS and protein was 
eluted at 100°C in 4 × protein loading dye and loaded on 
SDS-PAGE gels and then processed for western blotting.

Short interfering RNA and western blotting

Myc siRNAs (SMARTpool: ON-TARGET plus 
Myc siRNA, Dharmacon, Fisher Scientific, ON, Canada) 
or scrambled (Scr) siRNAs (ON-TARGETplus Non-
targeting Pool, #477C20, Dharmacon, Fischer Scientific, 
ON, Canada) at 40 pmol per reaction (20 nM final 
concentration) and 5 µL of Lipofectamine RNAiMAX 
(Life Technologies, Grand Island, NY, USA) were added 
to 0.5 mL of OptiMEM media (Life Technologies, Grand 
Island, NY, USA). 500,000 cells were seeded 24 hours prior 
to transfection in normal culture medium in a 6-well plate 

format and cells were incubated with siRNAs for 48 hours 
before harvesting. Western blotting was performed as 
described previously [9]. Antibodies were all diluted 
in TBST supplemented with 5% BSA. Antibodies for 
phospho Myc Ser62 (E1J4K), Myc (D84C12), Phospho-
Erk Thr202/Tyr204, T-Erk were purchased from Cell 
Signaling Technology (Danvers, MA). The expression of 
β-actin served as the loading control for all western blots.

Myc reporter assay

Myc reporter activity was measured using the 
Cignal Myc Reporter Assay Kit (#336841, CCS012L, 
SABiosciences, Qiagen) as per the manufacturer’s protocol.

JASPAR protein motif analysis

SRR2 sequence used was TAATTAATGCAGAG 
ACTCTAAAAGAATTTCCCGGGCTC GGGCAGCCA 

Table 1: Clinical characteristics of TNBC patients

Clinical parameters
Total patient number (n = 35)

Patient number Percentage

Median age at diagnosis (age range) 30–89
< 54 years 17 49%
≥ 54 years 18 51%
Tumor Size
T1 14 40%
T2 17 49%
T3 0 0%
T4 4 11%
Lymph node metastasis
N0 17 49%
N1 18 51% 
N2 0 0% 
N3 0 0%
Stage
I 9 26%
II 22 63% 
III 4 11% 
IV 0 0% 
Distant Metastasis

M0 35 100%
M1 0 0% 

Overall grade
Low 3 9% 
High 32 91%
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TTGTGATGCATATAGGATTATTCACGTGGTAATG. The  
JASPAR vertebrate core database was used for the reporter 
sequence matching. Analysis was performed using R-3.0.0, 
with reports generated using RStudio and Sweave. The 
sequence is not particularly GC biased or skewed with a 
nucleotide distribution so a uniform background (even 
nucleotide distribution) will be assumed for Motif scoring 
on both strands. The set of JASPAR vertebrate core set of 
transcription factors (Downloaded April 17, 2013) was 
applied to the reporter sequence on both strands with a 
p-value < 0.001.

pcDNA3.3-Myc plasmid was a gift from Derrick 
Rossi (Addgene plasmid #26818) and pcDNA plasmid 
was purchased from Addgene (Cambridge, MA). Transient 
transfection of cells (500,000) with 3µg plasmid was 
performed using Lipofectamine 2000 (Life Technologies, 
Grand Island, NY, USA) and added to 0.5 mL  
of OptiMEM media (Life Technologies, Grand Island, NY, 
USA). Media was replaced with fresh media after 6 hours 
of transfection and cells were harvested after 48 hours of 
transfection. For stable cell lines 10 million RU and RR 
cells derived from MDA-MB-231 and SUM-149 cells 
were initially transfected with 15 µg pcDNA3.3-Myc 
and pcDNA plasmids and then cultured for 3–4 weeks in 
selection medium with increasing concentrations of G418 
up to 400 ng/ml.  Western blot study was performed to 
examine the stable cell lines. 

Nuclear-cytoplasmic fractionation

Nuclear and cytoplasmic proteins of cells were 
extracted using the NE-PER Protein Extraction Kit 
(#78833, Thermo Scientific, USA) according to the 
manufacturer’s protocol. Histone deacetylase 1 (HDAC-1,  
Santa Cruz biotechnology Inc. USA) and α-tubulin were 
used as nuclear and cytoplasmic fraction markers for 
western blotting experiments. 

SRR2 luciferase reporter, flow cytometry and 
chromatin-immunoprecipitation  
q-PCR (ChIP-qPCR) assays

Luciferase reporter assay was performed using 
luciferase assay system kit (#E4530, Promega, Corporation, 
Madison, USA) according to the manufacturer’s 
protocol, on costar white polystyrene opaque 96-well 
plates (#3912, Corning, NY, USA) and analyzed on the 
FLUOstar Omega multi-mode microplate reader (BMG 
Labtech, Ortenburg, Germany). Flow cytometry analysis 
was performed as described previously [9]. Chromatin 
immunoprecipitation (ChIP) was performed as described 
previously [11]. 5 μg of Myc antibody (sc-40, Santa Cruz) 
or 5 μg of mouse normal IgG antibody (sc-2025, Santa 
Cruz) were used. Human SRR2 primers; Forward primer: 
5ʹ-ACATTGTACTGGGAAGGGACA-3ʹ, Reverse primer: 
5ʹ- GCAAGAACTGGCGAATGTG-3ʹ were used for qPCR. 

Matrigel, mammosphere formation and MTS assay

In the Matrigel assay, cells were seeded at 2500 
cells/well in 200 μL of media atop of 40 μL of corning 
Matrigel matrix in 8-well slide chamber and pictures 
were taken on Day 7. U0126, EGF, or vehicle controls 
were added directly into media and incubated for the  
7-days assay duration. In the mammosphere assay cells 
were seeded and cultured as previously described [9]. 
Briefly, cells were trypsinized and passed through a 40 μm 
cell strainer (BD, Franklin Lakes, New Jersey, USA) and 
seeded into ultra-low adherent plates (Corning, NY, USA) in 
MammoCult media (StemCell Technologies, Vancouver, BC, 
Canada) as per manufacturer’s instructions. Mammosphere 
formed after 7 days were collected by centrifugation at 1000 
rpm. For serial passaging, obtained mammosphere were 
dissociated into single cells and seeded again into ultra-
low adherent plates (Corning, NY, USA). Cell viability was 
determined using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 
inner salt (MTS) assay (#G3580, Promega, Madison, WI, 
USA) according to the manufacturer’s instructions.

RNA extraction, cDNA synthesis, quantitative 
reverse transcription PCR (q-RT-PCR) 

Total RNA extraction was performed with the 
Qiagen RNeasy Kit (Qiagen, Canada) according to 
the manufacturer’s protocol. 1 µg of RNA was reverse 
transcribed using oligo-dT and Superscript II (Life 
Technologies, Grand Island, NY, USA) according to the 
manufacturer’s protocol. 1 µL of the resulting cDNA mixture 
was added to the Platinum SYBR Green qPCR SuperMix-
UDG with Rox (Life Technologies, Grand Island, NY, 
USA) and amplified with target gene-specific primers on the 
Applied Biosystems 7900HT (Carlsbad,CA; The Applied 
Genomics Centre, Edmonton, Alberta, Canada). All genes 
of interest were normalized to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) transcript expression levels. Please 
see Supplementary Table 1 for list of primer sequences.

Statistical analysis 

The statistical analysis was performed by Graphpad 
Prism (La Jolla, CA) software.  Significance of two 
independent groups of samples was determined by using 
Student’s t-test. Statistical significance is denoted by *(p < 
0.05), **(p < 0.01) and ***(p < 0.001). All graphs represent 
the average of at least 3 independent experiments with 
triplicates. Data are expressed as mean ± standard deviation 
(SD). Receiver operator characteristics (ROC) curve analysis 
was used as a measure of sensitivity versus specificity for 
determining the optimum cutpoint value for Myc expression. 
Overall survival (OS) and Recurrence free survival (RFS) 
was calculated by Kaplan-Meier analysis using SPSS 
(ver.17.0) software. Significant differences between Kaplan-
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Meier curves were measured by log-rank test. Hazards 
ratio (HR) and confidence interval (CI) are calculated as 
univariate test result using Cox regression model. 

ACKNOWLEDGMENTS

We acknowledge the technical assistance of Gareth 
Palidwor, University of Ottawa, in the in silico JASPAR 
motif analyses. We also thank Jingzhou Huang, the 
Core Flow Cytometry Laboratory at the Department of 
Experimental Oncology, Cross Cancer Institute, for his 
technical assistance and Dr. Xuejun Sun in the Cell Imaging 
Facility at the Department of Experimental Oncology, Cross 
Cancer Institute, University of Alberta, for his assistance.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was financially supported by grants from 
the Canadian Institutes of Health Research (CIHR) and 
Canadian Breast Cancer Foundation (CBCF) awarded 
to R.L., S.D. received operating funds from CBCF and 
CIHR. K.J. was a recipient of the Izaak Walton Killam 
Memorial Scholarship, CIHR Vanier Canada Graduate 
Scholarships, and the University of Alberta’s President’s 
Doctoral Prize of Distinction.

Author’s contributions

N.G. assisted in developing and designing the 
research plan, designed and performed experiments, 
analyzed data, and wrote the manuscript. K.J. conceived 
and designed the research plan, designed and performed 
experiments, analyzed data, and wrote the manuscript. 
C.W. and A.A. assisted with experiments and edited the 
manuscript. H.A. assisted with experiments. S.D., J.R.M., 
S.S., B.S.A. and G.B.; provided intellectual input and 
critical reading of the manuscript. SJ performed statistical 
analysis. R.L. conceived and designed the research plan, 
and wrote the manuscript. All authors read and approved 
the final manuscript.

REFERENCES

 1. Lehmann BD, Bauer JA, Chen X, Sanders ME, 
Chakravarthy AB, Shyr Y, Pietenpol JA. Identification 
of human triple-negative breast cancer subtypes and 
preclinical models for selection of targeted therapies. J Clin 
Invest. 2011; 121:2750–67. doi: 10.1172/JCI45014.

 2. Foulkes WD, Smith IE, Reis-Filho JS. Triple-negative 
breast cancer. N Engl J Med. 2010; 363:1938–48. doi: 
10.1056/NEJMra1001389.

 3. Shah SP, Roth A, Goya R, Oloumi A, Ha G, Zhao Y, 
Turashvili G, Ding J, Tse K, Haffari G, Bashashati A, 
Prentice LM, Khattra J, et al. The clonal and mutational 
evolution spectrum of primary triple-negative breast cancers. 
Nature. 2012; 486:395–9. doi: 10.1038/nature10933.

 4. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, 
Clarke MF. Prospective identification of tumorigenic breast 
cancer cells. Proc Natl Acad Sci USA. 2003; 100:3983–8. 
doi: 10.1073/pnas.0530291100.

 5. Sheridan C, Kishimoto H, Fuchs RK, Mehrotra S, Bhat-
Nakshatri P, Turner CH, Goulet R, Jr., Badve S, Nakshatri H. 
CD44+/CD24- breast cancer cells exhibit enhanced invasive 
properties: an early step necessary for metastasis. Breast 
Cancer Res. 2006; 8:R59. doi: 10.1186/bcr1610.

 6. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, 
Wu MF, Hilsenbeck SG, Pavlick A, Zhang X, Chamness GC, 
Wong H, Rosen J, Chang JC. Intrinsic resistance of 
tumorigenic breast cancer cells to chemotherapy. J Natl 
Cancer Inst. 2008; 100:672–9. doi: 10.1093/jnci/djn123.

 7. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-
mesenchymal transitions in development and disease. Cell. 
2009; 139:871–90. doi: 10.1016/j.cell.2009.11.007.

 8. Tomioka M, Nishimoto M, Miyagi S, Katayanagi T, 
Fukui N, Niwa H, Muramatsu M, Okuda A. Identification of 
Sox-2 regulatory region which is under the control of Oct-
3/4-Sox-2 complex. Nucleic Acids Res. 2002; 30:3202–13. 
doi: 10.1093/nar/gfk435.

 9. Jung K, Gupta N, Wang P, Lewis JT, Gopal K, Wu F, Ye X, 
Alshareef A, Abdulkarim BS, Douglas DN, Kneteman NM, 
Lai R. Triple negative breast cancers comprise a highly 
tumorigenic cell subpopulation detectable by its high 
responsiveness to a Sox2 regulatory region 2 (SRR2) 
reporter. Oncotarget. 2015; 6:10366–73. doi: 10.18632/
oncotarget.3590.

10. Wu F, Zhang J, Wang P, Ye X, Jung K, Bone KM, 
Pearson JD, Ingham RJ, McMullen TP, Ma Y, Lai R. 
Identification of two novel phenotypically distinct 
breast cancer cell subsets based on Sox2 transcription 
activity. Cell Signal. 2012; 24:1989–98. doi: 10.1016/j.
cellsig.2012.07.008.

11. Jung K, Wang P, Gupta N, Gopal K, Wu F, Ye X, 
Alshareef A, Bigras G, McMullen TP, Abdulkarim BS, 
Lai R. Profiling gene promoter occupancy of Sox2 in 
two phenotypically distinct breast cancer cell subsets 
using chromatin immunoprecipitation and genome-wide 
promoter microarrays. Breast Cancer Res. 2014; 16:470. 
doi: 10.1186/s13058-014-0470-2.

12. Hashimoto K, Tsuda H, Koizumi F, Shimizu C, Yonemori K, 
Ando M, Kodaira M, Yunokawa M, Fujiwara Y, Tamura K. 
Activated PI3K/AKT and MAPK pathways are potential 
good prognostic markers in node-positive, triple-negative 
breast cancer. Ann Oncol. 2014; 25:1973–9. doi: 10.1093/
annonc/mdu247.

13. Balko JM, Schwarz LJ, Bhola NE, Kurupi R, Owens P, 
Miller TW, Gomez H, Cook RS, Arteaga CL. Activation of 



Oncotarget28114www.impactjournals.com/oncotarget

MAPK pathways due to DUSP4 loss promotes cancer stem 
cell-like phenotypes in basal-like breast cancer. Cancer Res. 
2013; 73:6346–58. doi: 10.1158/0008-5472.CAN-13-1385.

14. Wang Z, Ge L, Wang M, Carr BI. Phosphorylation regulates 
Myc expression via prolonged activation of the mitogen-
activated protein kinase pathway. J Cell Physiol. 2006; 
208:133–40. doi: 10.1002/jcp.20649.

15. Tsai WB, Aiba I, Long Y, Lin HK, Feun L, Savaraj N, 
Kuo MT. Activation of Ras/PI3K/ERK pathway induces 
c-Myc stabilization to upregulate argininosuccinate 
synthetase, leading to arginine deiminase resistance in 
melanoma cells. Cancer Res. 2012; 72:2622–33. doi: 
10.1158/0008-5472.CAN-11-3605.

16. Xu J, Chen Y, Olopade OI. MYC and Breast Cancer. Genes 
Cancer. 2010; 1:629–40. doi: 10.1177/1947601910378691.

17. Alles MC, Gardiner-Garden M, Nott DJ, Wang Y, 
Foekens JA, Sutherland RL, Musgrove EA, Ormandy CJ. 
Meta-analysis and gene set enrichment relative to er status 
reveal elevated activity of MYC and E2F in the “basal” 
breast cancer subgroup. PLoS One. 2009; 4:e4710. doi: 
10.1371/journal.pone.0004710.

18. Horiuchi D, Kusdra L, Huskey NE, Chandriani S, 
Lenburg ME, Gonzalez-Angulo AM, Creasman KJ, 
Bazarov AV, Smyth JW, Davis SE, Yaswen P, Mills GB, 
Esserman LJ, et al. MYC pathway activation in triple-
negative breast cancer is synthetic lethal with CDK inhibition. 
J Exp Med. 2012; 209:679–96. doi: 10.1084/jem.20111512.

19. Moumen M, Chiche A, Decraene C, Petit V, Gandarillas A, 
Deugnier MA, Glukhova MA, Faraldo MM. Myc is 
required for beta-catenin-mediated mammary stem cell 
amplification and tumorigenesis. Mol Cancer. 2013; 12:132. 
doi: 10.1186/1476-4598-12-132.

20. Moumen M, Chiche A, Deugnier MA, Petit V, 
Gandarillas A, Glukhova MA, Faraldo MM. The proto-
oncogene Myc is essential for mammary stem cell function. 
Stem Cells. 2012; 30:1246–54. doi: 10.1002/stem.1090.

21. Dang CV, O’Donnell KA, Zeller KI, Nguyen T, Osthus RC, 
Li F. The c-Myc target gene network. Semin Cancer Biol. 
2006; 16:253–64. doi: 10.1016/j.semcancer.2006.07.014.

22. Huang MJ, Cheng YC, Liu CR, Lin S, Liu HE. A small-
molecule c-Myc inhibitor, 10058-F4, induces cell-cycle 
arrest, apoptosis, and myeloid differentiation of human 
acute myeloid leukemia. Exp Hematol. 2006; 34:1480–9. 
doi: 10.1016/j.exphem.2006.06.019.

23. Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, 
Coradini D, Pilotti S, Pierotti MA, Daidone MG. Isolation 
and in vitro propagation of tumorigenic breast cancer cells 
with stem/progenitor cell properties. Cancer Res. 2005; 
65:5506–11. doi: 10.1158/0008-5472.CAN-05-0626.

24. Vervoorts J, Luscher-Firzlaff J, Luscher B. The ins and outs 
of MYC regulation by posttranslational mechanisms. J Biol 
Chem. 2006; 281:34725–9. doi: 10.1074/jbc.R600017200.

25. Booy EP, Henson ES, Gibson SB. Epidermal growth 
factor regulates Mcl-1 expression through the MAPK-

Elk-1 signalling pathway contributing to cell survival in 
breast cancer. Oncogene. 2011; 30:2367–78. doi: 10.1038/
onc.2010.616.

26. Zhang HF, Wu C, Alshareef A, Gupta N, Zhao Q, Xu XE, 
Jiao JW, Li EM, Xu LY, Lai R. The PI3K/AKT/c-MYC 
axis promotes the acquisition of cancer stem-like features 
in esophageal squamous cell carcinoma. Stem Cells. 2016. 
doi: 10.1002/stem.2395.

27. Gelebart P, Hegazy SA, Wang P, Bone KM, Anand M, 
Sharon D, Hitt M, Pearson JD, Ingham RJ, Ma Y, Lai R. 
Aberrant expression and biological significance of Sox2, an 
embryonic stem cell transcriptional factor, in ALK-positive 
anaplastic large cell lymphoma. Blood Cancer J. 2012; 
2:e82. doi: 10.1038/bcj.2012.27.

28. Iglesias JM, Leis O, Pérez Ruiz E, Gumuzio Barrie J, 
Garcia-Garcia F, Aduriz A, Beloqui I, Hernandez-Garcia S, 
Lopez-Mato MP, Dopazo J, Pandiella A, Menendez JA, 
Martin AG. The Activation of the Sox2 RR2 Pluripotency 
Transcriptional Reporter in Human Breast Cancer 
Cell Lines is Dynamic and Labels Cells with Higher 
Tumorigenic Potential. Frontiers in Oncology. 2014; 4. doi: 
10.3389/fonc.2014.00308.

29. Pelengaris S, Khan M, Evan G. c-MYC: more than just a 
matter of life and death. Nat Rev Cancer. 2002; 2:764–76. 
doi: 10.1038/nrc904.

30. Araki R, Hoki Y, Uda M, Nakamura M, Jincho Y, Tamura C, 
Sunayama M, Ando S, Sugiura M, Yoshida MA, Kasama Y, 
Abe M. Crucial role of c-Myc in the generation of induced 
pluripotent stem cells. Stem Cells. 2011; 29:1362–70. doi: 
10.1002/stem.685.

31. Eilers M, Eisenman RN. Myc’s broad reach. Genes Dev. 
2008; 22:2755–66. doi: 10.1101/gad.1712408.

32. Deming SL, Nass SJ, Dickson RB, Trock BJ. C-myc 
amplification in breast cancer: a meta-analysis of its 
occurrence and prognostic relevance. Br J Cancer. 2000; 
83:1688–95. doi: 10.1054/bjoc.2000.1522.

33. Robanus-Maandag EC, Bosch CA, Kristel PM, Hart AA, 
Faneyte IF, Nederlof PM, Peterse JL, van de Vijver MJ. 
Association of C-MYC amplification with progression from 
the in situ to the invasive stage in C-MYC-amplified breast 
carcinomas. J Pathol. 2003; 201:75–82. doi: 10.1002/path.1385.

34. Green AR, Aleskandarany MA, Agarwal D, Elsheikh S, 
Nolan CC, Diez-Rodriguez M, Macmillan RD, Ball GR, 
Caldas C, Madhusudan S, Ellis IO, Rakha EA. MYC functions 
are specific in biological subtypes of breast cancer and confers 
resistance to endocrine therapy in luminal tumours. Br J 
Cancer. 2016; 114:917–28. doi: 10.1038/bjc.2016.46.

35. Zhang Y, Chen HX, Zhou SY, Wang SX, Zheng K, Xu DD, 
Liu YT, Wang XY, Wang X, Yan HZ, Zhang L, Liu QY, 
Chen WQ, et al. Sp1 and c-Myc modulate drug resistance 
of leukemia stem cells by regulating survivin expression 
through the ERK-MSK MAPK signaling pathway. Mol 
Cancer. 2015; 14:56. doi: 10.1186/s12943-015-0326-0.

36. Zhao D, Pan C, Sun J, Gilbert C, Drews-Elger K, 
Azzam DJ, Picon-Ruiz M, Kim M, Ullmer W, El-Ashry D, 



Oncotarget28115www.impactjournals.com/oncotarget

Creighton CJ, Slingerland JM. VEGF drives cancer-
initiating stem cells through VEGFR-2/Stat3 signaling to 
upregulate Myc and Sox2. Oncogene. 2015; 34:3107–19. 
doi: 10.1038/onc.2014.257.

37. Wang J, Wang H, Li Z, Wu Q, Lathia JD, McLendon RE, 
Hjelmeland AB, Rich JN. c-Myc is required for maintenance 
of glioma cancer stem cells. PLoS One. 2008; 3:e3769. doi: 
10.1371/journal.pone.0003769.

38. Akita H, Marquardt JU, Durkin ME, Kitade M, Seo D, 
Conner EA, Andersen JB, Factor VM, Thorgeirsson SS. 
MYC activates stem-like cell potential in hepatocarcinoma 
by a p53-dependent mechanism. Cancer Res. 2014; 
74:5903–13. doi: 10.1158/0008-5472.CAN-14-0527.

39. Luo ML, Gong C, Chen CH, Hu H, Huang P, Zheng M, 
Yao Y, Wei S, Wulf G, Lieberman J, Zhou XZ, Song E, 
Lu KP. The Rab2A GTPase promotes breast cancer stem 
cells and tumorigenesis via Erk signaling activation. Cell 
Rep. 2015; 11:111–24. doi: 10.1016/j.celrep.2015.03.002.

40. Horst D, Chen J, Morikawa T, Ogino S, Kirchner T, 
Shivdasani RA. Differential WNT activity in colorectal 
cancer confers limited tumorigenic potential and is regulated 
by MAPK signaling. Cancer Res. 2012; 72:1547–56.  
doi: 10.1158/0008-5472.CAN-11-3222.

41. Schlotter CM, Vogt U, Bosse U, Mersch B, Wassmann K. 
C-myc, not HER-2/neu, can predict recurrence and 
mortality of patients with node-negative breast cancer. 
Breast Cancer Res. 2003; 5:R30–6. doi: 10.1186/bcr568.

42. Al-Kuraya K, Schraml P, Torhorst J, Tapia C, Zaharieva B, 
Novotny H, Spichtin H, Maurer R, Mirlacher M, Kochli O, 
Zuber M, Dieterich H, Mross F, et al. Prognostic relevance of 
gene amplifications and coamplifications in breast cancer. Cancer 
Res. 2004; 64:8534–40. doi: 10.1158/0008-5472.CAN-04-1945.

43. Aulmann S, Adler N, Rom J, Helmchen B, Schirmacher P, 
Sinn HP. c-myc amplifications in primary breast carcinomas 
and their local recurrences. J Clin Pathol. 2006; 59:424–8. 
doi: 10.1136/jcp.2005.029264.

44. Chrzan P, Skokowski J, Karmolinski A, Pawelczyk T. 
Amplification of c-myc gene and overexpression of c-Myc 
protein in breast cancer and adjacent non-neoplastic tissue. 
Clin Biochem. 2001; 34:557–62. doi: 10.1016/S0009-
9120(01)00260-0.

45. Rodriguez-Pinilla SM, Jones RL, Lambros MB, Arriola E, 
Savage K, James M, Pinder SE, Reis-Filho JS. MYC 
amplification in breast cancer: a chromogenic in situ 
hybridisation study. J Clin Pathol. 2007; 60:1017–23. doi: 
10.1136/jcp.2006.043869.

46. Persons DL, Borelli KA, Hsu PH. Quantitation of HER-2/
neu and c-myc gene amplification in breast carcinoma using 
fluorescence in situ hybridization. Mod Pathol. 1997; 10:720–7.

47. Germain DR, Graham K, Glubrecht DD, Hugh JC, Mackey 
JR, Godbout R. DEAD box 1: a novel and independent 
prognostic marker for early recurrence in breast cancer. 
Breast Cancer Res Treat. 2011; 127:53–63. doi: 10.1007/
s10549-010-0943-7.

48. Bigras G, Dong WF, Canil S, Lai R, Morel D, Swanson PE, 
Izevbaye I. New MYC IHC Classifier Integrating 
Quantitative Architecture Parameters to Predict MYC 
Gene Translocation in Diffuse Large B-Cell Lymphoma. 
Appl Immunohistochem Mol Morphol. 2016. doi: 10.1097/
PAI.0000000000000367.


