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ABSTRACT

Triple-negative breast cancer (TNBC) is aggressive and typically has a poor
prognosis. Chemokines have chemoattractant potential for cancer metastasis.
Here, we investigated the chemokine signatures in BC subtypes and the underlying
mechanisms that enhance proinflammatory chemokines in TNBC. Analysis from
microarray dataset revealed that basal-like BC subtype including TNBC expressed
dominantly proinflammatory chemokines, such as CXCL1 and 8, compared to non-
TNBC. Chemokine PCR array confirmed the dominant chemokines in TNBC cells. To
identify a driving factor for proinflammatory chemokines in TNBC cells, we determined
the expression and signaling profiles of epidermal growth factor receptor (EGFR)
family members. TNBC cells expressed higher levels of EGFR and phosphorylated
Akt/Erk than non-TNBC cells. In addition, EGF further enhanced the proinflammatory
chemokines in TNBC cells, including CXCL2. Knockdown of Akt reduced the CXCL2
promoter activity, while overexpression of Akt enhanced it. MK2206, an Akt inhibitor,
reduced the CXCL2 promoter activity, while inhibition and knockdown of Erk did not
reduce its activity. We found that transforming growth factor alpha (TGFa) could
serve as a main ligand for EGFR to drive EGFR-mediated Akt activation in TNBC cells.
MK2206 decreased TGFa promoter activity, while overexpression of Akt increased it.
MK2206 also reduced TGFa release from TNBC cells. Moreover, MK2206 downregulated
CXCL2 mRNA expression, while TGFa upregulated it. Taken together, the TGFa-EGFR-
Akt signaling axis can play a role in enhancing proinflammatory chemokine expression
in TNBC, subsequently contributing to the inflammatory burden that ultimately lead
to cancer progression and a higher mortality rate among TNBC patients.

INTRODUCTION

Breast cancer (BC) is the most frequently diagnosed
cancer and the second most common cause of cancer
deaths in women in the US [1]. Gene expression profiling
has classified BC into four distinct intrinsic molecular
subtypes as follows: luminal A (LA), luminal B (LB),
epidermal growth factor receptor 2 (HER2)-enriched, and
basal-like (BL) BC including triple-negative breast cancer
(TNBC) [2-5]. The LA subtype is estrogen receptor (ER)-
and progesterone receptor (PR)-positive, and typically

has a good prognosis [5]. On the other hand, accounting
for 15-20% of total BC, TNBC is more aggressive and
typically has a poor prognosis [6]. TNBC cells have little
or no response to many current treatments for BC due to
the cancer heterogeneity and the absence of a well-defined
therapeutic target, such as ER, PR, and HER2. Apart
from being aggressive, TNBC tumors grow bigger, are of
higher grade, and often present lymph node involvement
[7-9]. While TNBC patients generally respond well to
neoadjuvant chemotherapy, they still face a higher rate
of metastasis compared to patients with other subtypes
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of BC; a five-year survival for women with metastatic
TNBC is less than 30% [7, 10]. Therefore, treating TNBCs
remains a major challenge.

TNBCs are heterogenous because these tumors are
comprised of several molecular subtypes with discrete
histological features and oncogenic signaling pathways
[11-13]. Recent molecular analysis defined TNBC into
four subtypes, namely basal-like 1 and 2 (BL1, BL2),
mesenchymal-like (ML) and luminal androgen (LAR) [14].
ML-TNBC accounts for 30% of TNBCs and has worse
prognosis due to enhanced epithelial-to-mesenchymal
transition (EMT) [11, 15] and elevated expression of
genes involved in growth factor pathways [14]. BL1-
TNBC presents with high levels of cell cycle aberrations
and DNA damage, while BL2-TNBC shows enhanced
activation of growth factor pathways [11, 16]. LAR-TNBC
is driven by androgen signaling [11].

To better understand the molecular basis of
TNBC, we need to identify its molecular drivers for the
aggressiveness. Considerable attention has recently been
paid to the possible involvement of chemokines and
chemokine receptors in BC progression and metastasis
[17]. Chemokines, small cytokine-like proteins that
interact with G-protein-coupled receptors, play a role in
cell proliferation, inflammation, invasion, metastasis,
angiogenesis, and tumorigenesis, in addition to regulating
immune cell migration during immune responses [18-23].
The CXC chemokine family are implicated in both
angiogenesis and anti-angiogenesis [23]. Proinflammatory
chemokines such as CXCLI1, 2, 3, 5, 6 and 8 interact with
the CXCR?2 receptor and can mediate angiogenesis during
cancer development [23, 24]. Normal breast tissues express
these chemokines at relatively low levels [17]. On the other
hand, TNBC tissues have a higher proinflammatory index
than non-TNBC tissues. Altered expression of transcription
factors such as NF-«kB affects chemokine levels and
may promote tumorigenesis [25, 26]. In this study, we
investigated the chemokine signatures in TNBC and non-
TNBC cells and elucidated the underlying mechanisms that
enhance proinflammatory chemokine expression in TNBC.

RESULTS

BL- and ML-TNBC cells express high levels of
proinflammatory chemokines

We investigated the chemokine signatures in human
BC cancer lines to exclude the tumor heterogeneity
observed in tumor tissues. Analysis of the National Center
for Biotechnology Information (NCBI) Gene Expression
Omnibus (GEO) dataset on 51 human BC cell lines
revealed the following chemokine signatures: CXCL1, 5,
8 and 16 in BL-TNBC cells; CCL2, 5, 20, CXCL1, 2, 3, 5,
6 and 8 in ML-TNBC cells; and CXCL14, CXCR4 and 7
in LA cells (Figure 1A). Particularly, BL- and ML-TNBC
cells dominantly expressed proinflammatory chemokines

CXCLI and 8, as the main CXCR2 ligands, compared to
non-TNBC cells (Figure 1B). On the other hand, LAR-
TNBC cells expressed lower levels of proinflammatory
chemokines than BL- and ML-TNBC cells, being similar
to non-TNBC cells (Figure 1A and 1B). We selected
representative human TNBC (MB468, MB231 and
BT549) and LA-BC (MCF7, T47D) cell lines to perform
PCR array for 43 chemokines and 19 chemokine receptors.
A web-based PCR array data analysis protocol provided
by SABiosciences (Qiagen) defined >35, 30-35 and
<30 average threshold cycles as absent, low expression
level, and high expression level, respectively. BT549
cells expressed high levels of chemokines CCL2 and 25,
CXCL1, 5, 8 and 16 (Figure 2A), and chemokine receptors
CCR10 and CXCR7 (Figure 2B). MB231 cells expressed
high levels of chemokines CCL2, 25 and 28, CXCLI,
2, 3 and 8 (Figure 2A), and chemokine receptors CCR1
and CXCR4 (Figure 2B). MB468 cells expressed high
levels of chemokines CCL2, 20, 22, 25 and 28, CXCLI1,
2,3,8,16 and17, and CX3CL1 (Figure 2A). On the other
hand, T47D cells expressed high levels of chemokines
CCL2, 4, 20, 22 and 24, CXCL3, 10 and 12 (Figure
2A). MCF7 expressed high levels of chemokines CCL25
and 28, CXCL12 and 16 (Figure 2A), and chemokine
receptors CXCR4 and 7 (Figure 2B). The comparison
between the chemokine signatures in TNBC and LA-BC
cells (Figure 2C) confirmed that TNBC cells dominantly
expressed proinflammatory chemokines CXCL1 and 8
compared to LA-BC cells (Figure 2D).

Basal-like BC subtype including TNBC has
higher levels of proinflammatory chemokines
than other BC subtypes in human BC tissues

We used The Cancer Genome Atlas (TCGA)-based
dataset for human BC tissues to define the chemokine
signatures in heterogenous breast tumors. Analysis
of TCGA-based dataset using Gitools 2.3.1 revealed
the following chemokine signatures: BL subtype
representing TNBC expressed high levels of chemokines
CCL20, CXCLI1, 2, 3, 5 and 16, and CX3CLI1
(Figure 3A and 3C); HER2 subtype expressed high
levels of chemokines CCL11 and 22, CXCL9 and 17
(Figure 3A and 3C); LA subtype expressed high levels of
chemokines CCL14, CXCL12 and 14 (Figure 3A and 3C)
and chemokine receptor CX3CR1 (Figure 3B and 3D).
Both BL and HER2 subtypes expressed high levels of
chemokines CCLS, 13 and 18, CXCL6, 8, 10, 11 and
13 (Figure 3A and 3C), and chemokine receptors CCRS,
CXCRS5 and 6 (Figure 3B and 3D). The intersection
between chemokine signatures in human BC cell lines
and tissues (Figures 1 and 3) revealed that TNBC cells
expressed high levels of proinflammatory chemokines
CCL20, CXCL1, 2, 3, 5, 6, 8 and 16, while LA-BC
cells expressed high levels of CXCL14 (Supplementary
Figure 1).
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The BL-BC subtype has higher levels of EGFR
compared to other BC subtypes in human BC
tissues

We analyzed expression profiles for EGFR family
members using TCGA-based dataset. The BL-BC subtype
representing TNBC expressed higher levels of EGFR
mRNA than other subtypes such as LA-, LB- and HER2-
BC (Figure 4A and 4B). On the other hand, HER2-BC
subtype dominantly expressed HER2 mRNA, while BL-
BC subtype expressed lower levels of ErbB3 mRNA
(Figure 4A and 4B). Analysis of the NCBI GEO dataset
on 51 human BC cell lines revealed that BL-TNBC cells
had the highest expression levels of EGFR, while LA- and
LB-BC subtypes had the lowest levels (Figure 4C and
Supplementary Figure 2). HER2-BC and LB-BC cells
expressed higher levels of HER2 than other types of BC
cells, while BL- and ML-TNBC cells expressed lower
levels of ErbB3 (Figure 4C and Supplementary Figure 2).

A

LA-BC subtype cells expressed higher levels of ErbB4
than BL-TNBC cells (Figures 4C and Supplementary
Figure 2). Moreover, western blot data also revealed that
TNBC cells (MB468, MB231 and BT549) expressed
higher levels of EGFR than non-TNBC cells (MCF7 and
T47D), while non-TNBC cells expressed higher levels
of ErbB3 and ErbB4 than TNBC cells (Figure 4D). In
addition, we found that the elevation of CXCLI, 2, 5 and
8 has a positive correlation with EGFR (Supplementary
Figure 3A), but not with HER2 and ErbB3 levels
(Supplementary Figure 3B).

EGF enhances proinflammatory chemokine
expression in TNBC BT549 cells

We selected MCF7 and BT549 as models for non-
TNBC and TNBC cells, respectively, to identify EGF-
responsive chemokines. After a 1-h stimulation with
recombinant human EGF, BT549 cells showed more than
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Figure 1: Chemokine signatures in BC cell lines. (A) Heatmap for RNA expression levels of chemokines and chemokine receptors
based on analysis of GEO dataset (Accession: GSE12777) with 51 human BC cell lines using Gitools 2.3.1. Pink and red dots indicate

high expression levels in basal-like (BL)- and mesenchymal-like

(ML)-TNBC cells, respectively. Blue dots indicate high expression levels

in luminal A (LA) subtype. LAR: luminal androgen receptor, LB: luminal B. (B) Average intensity for the expression levels of dominant

chemokines and chemokine receptors in different BC subtypes.

TNBC, LAR-TNBC, HER2, LA and LB subtypes, respectively.

Pink, red, grey, yellow, blue, and green bars indicate BL-TNBC, ML-
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two-fold induction in levels of CCL20, CXCL1, 2, 3 and 8§,
while MCF7 cells showed as increase in CCL22 levels and
a decrease in CCL25 levels (Figure 5). The EGF exposure
for 1 h had no effect on chemokine receptor expression
in both cell types (data not shown). Based from the
chemokine profiling of our representative cell lines under
basal or unstimulated condition (Figure 2A), MB468 cells
highly express CCL2 and CXCL2 compared to BT549
cells. However, when stimulated with EGF, MB468 cells
showed only 3-fold induction of CXCL2 (Supplementary
Figure 4) compared to above 10-fold induction in BT549
cells (Figure 5). Thus, for the subsequent mechanistic
experiments, we selected BT549 cells as a model for
TNBC. We also checked the status of downstream
EGFR signaling components such as Akt, Erk and NF-
kB in TNBC and non-TNBC cells at their basal levels.
TNBC BT549 and MB468 cells expressed higher levels
of phosphorylated Akt compared to non-TNBC MCF7
and T47D cells (Figure 6A). On the other hand, MB231
expressed higher levels of phosphorylated Erk (Figure 6A).

Chemokines

We used human SKOV-3 and OVCAR-3 ovarian cancer
cells as positive controls for NF-kB signaling components
(Figure 6B) since those cells potently activated NF-
kB [27]. TNBC and non-TNBC cells did not exhibit
any difference in the basal levels of NF-kB signaling
components (Figure 6B). Since EGF treatment produced
different chemokine signatures in MCF7 and BT549 cells
(Figure 5), we next compared the levels of EGF- and tumor
necrosis factor a (TNF)-activated signaling pathways such
as Akt, Erk and IkB in these cells. BT549 cells showed
more activation of Akt and Erk in response to EGF than
MCEF7 cells (Figure 6C). While EGF had minimal effects
on IkB activation (Figure 6C), TNF activated IkB to
similar levels in both cells but had minimal effects on
Akt and Erk activation (Figure 6C). We also analyzed the
activity of phosphatidylinositol-kinase-3-catalytic-alpha
(PIK3CA) isoform after treatment with EGF and TNF in
BT549 and MCF7 cells. BT549 cells treated with EGF
(5 min) showed significant increase in PIK3CA activity
compared to MCF7 cells (Supplementary Figure SA). On
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Figure 2: Confirmation of PCR array on elevated proinflammatory chemokines in TNBC cells. (A) Heatmap for RNA
expression levels of chemokines in representative human TNBC (BT549, MB231 and MB468) and non-TNBC (T47D, MCF7) cell lines.
(B) Heatmap for RNA expression levels of chemokine receptors in TNBC and non-TNBC cell lines. After isolating total RNA and choosing
the qualified RNAs, a human chemokine PCR array was performed. Red trend indicates high expression levels of chemokines. (C) The
status of estrogen receptor (ER), progesterone receptor (PR) and HER2 expression in TNBC and LA-BC cells. (D) Average intensity for

the expression levels of dominant chemokines and chemokine re
LA-BC cells, respectively.

ceptors in TNBC and LA-BC cells. Red and blue bars indicate TNBC and
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the other hand, TNF showed no effect on PIK3CA activity
in both cell lines (Supplementary Figure 5B).

Akt activation is critical for regulating CXCL2
in TNBC BT549 cells

Since TNBC cells expressed high protein levels of
EGFR as well as phosphorylated Akt and Erk (Figures 4D
and 6A), we assessed the role of Akt and Erk signaling in
regulating proinflammatory chemokines in BT549 cells. We
generated a luciferase promoter of CXCL2 as a dominant
EGF-induced chemokine in BT549 cells (Figure 5).
We inhibited Akt with MK2206 and activated NF-«xB
signaling with TNF. Activated NF-«B signaling induces the
expression of proinflammatory chemokines [28]. MK2206
specifically abrogated the Akt phosphorylation in BT549
cells but had minimal effects on Erk phosphorylation
(Figure 7A). MK2206 also reduced CXCL2 promoter

activity at basal and TNF-induced levels (Figure 7B).
On the other hand, PD98056 (Erk inhibitor) enhanced
basal CXCL2 promoter activity and did not attenuate
TNF-induced CXCL2 promoter activity (Figure 7C).
We also used commercial siRNAs to knockdown Akt
and Erk expression, respectively. The knockdown of Akt
significantly reduced CXCL2 promoter activity, while the
knockdown of Erk did not alter the activity (Figure 7D).
Furthermore, overexpression of Aktl increased CXCL2
promoter activity at both basal and TNF-induced levels
(Figure 7E). MK2206 reduced the Aktl-enhanced effects
on CXCL2 promoter activity (Figure 7E).

TGFa is a dominant EGFR ligand in TNBC cells

We analyzed the gene expression profiles of the
EGFR-related ligands in human BC tissues. We found
that the BL-BC tissues exhibited higher levels of TGFa
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Figure 3: Chemokine signatures in human BC tissues. (A) Heatmap for chemokine expression profiles in human BC tissues from
TCGA-based dataset using Gitools 2.3.1. (B) Statistical analysis of chemokine expression profiles in human BC tissues. (C) Heatmap
for chemokine receptor expression profiles in human BC tissues from TCGA-based dataset using Gitools 2.3.1 (D) Statistical analysis of
chemokine receptor expression profiles in human BC tissues. BC tissues used include 140 basal-like (BL), 67 HER2 (H2), 419 Luminal A
(LA), and 192 Luminal B (LB) samples. The bright green colors in (A) and (C) indicate no determination. The pink letters in (B) and (D)
indicate dominant chemokines and chemokine receptors in both BL and HER2 samples. The red, yellow, and blue letters in (B) and (D)
indicate dominant chemokines and chemokine receptors in BL, HER2, and LA samples, respectively. Significant increase (p < 0.05) was

determined using ANOVA and Tukey’s pairwise comparisons.

www.oncotarget.com

29290

Oncotarget



and betacellulin (BTC) than tissues from other BC
subtypes (Figure 8A and 8B). Interestingly, the BL-BC
tissues expressed the lowest levels of EGF compared to
tissues from other BC subtypes (Figure 8A and 8B). Since
enhanced TGFa and BTC levels in the BL-BC tissues
could be due to tumor heterogeneity, we analyzed the
NCBI GEO dataset on 51 human BC cell lines to exclude
this possibility. Our analysis revealed that BL-TNBC cells
expressed higher levels of TGFa than non-TNBC cell lines
(Figure 8C and Supplementary Figure 6). We also found
that amphiregulin (AREG) was a dominant EGFR ligand
in LA-BC cells (Figure 8C and Supplementary Figure 6).

Akt plays a role in regulating TGFa in TNBC
BT549 cells

To delineate the role of Akt in regulating TGFa
expression in TNBC BT549 cells, we performed TGFa

luciferase promoter assay. MK2206 significantly
decreased TGFa promoter activity in BT549 cells
(Figure 9A), while overexpression of Aktl increased its
activity (Figure 9B). We further defined if Akt inhibition
reduced TGFa release from TNBC cell lines (BT549,
MB231, HCC1806) using an ELISA. MK2206 reduced
TGFa release in these TNBC cells at 24 and 48 h post-
treatment (Figure 9C). Additionally, we checked if Akt
inhibition attenuated CXCL2 mRNA expression in
TNBC BT549 cells. MK2206 downregulated CXCL2
mRNA expression as early as 1 h post-treatment, and the
downregulation was reversed after 24 h post-treatment
(Figure 9D). TGFa upregulated CXCL2 mRNA at various
time points (Figure 9D). In addition, TGFa-induced
CXCL2 mRNA expression level was abrogated by the
pre-treatment of MK2206 (Figure 9E). MK2206 alone
did not induce the expression level of CXCL2 mRNA
(Figure 9E). These results indicate that the enhanced
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Figure 4: Expression profiles of EGFR family members in BC cells. (A) Heatmap for RNA expression levels of EGFR family
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and BT549) and non-TNBC (MCF7 and T47D) cells. B-actin was used as the loading control.
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expression of proinflammatory chemokines in TNBC
cells could be associated with the TGFa-EGFR-Akt axis
via both autocrine and paracrine manner (Figure 9F).

DISCUSSION

Our main findings highlight that TNBC cells express
higher levels of proinflammatory chemokines such as
CXCL1, 2, 3 and 8 than non-TNBC cells. TNBC cells also
express higher levels of EGFR, exhibit more activation
of Akt and a higher release of TGFa as the main EGFR
ligand. The TGFa- and EGFR-mediated Akt activation
may contribute to the enrichment of proinflammatory
chemokines in TNBC cells. The aggressiveness of TNBC
cells and poorer outcomes in patients with TNBC might
be partly due to the enrichment of proinflammatory
chemokines potentiated by the TGFa-EGFR-Akt
signaling axis, which subsequently results in an increased
inflammatory burden and produces a proinflammatory
tumor microenvironment.

EGFR, a receptor tyrosine kinase of the HER
family, is highly expressed in TNBC [29, 30]. Elevated
EGFR expression level in tumors corresponds with
aggressive basal-like phenotype and predicts for poor
patient prognosis [31]. On the other hand, MCF7 and
T47D (LA representative cell lines) could highly express
ErbB3 and ErbB4, coinciding the case that ErbB3 level
is paramount in mature luminal and luminal precursor
cells and lowest in the basal cell of the breast [32].
Furthermore, LA subtypes highly express ErbB4 [33],
being consistent with our analysis and results. Therefore,
expression profiles of EGFR family indicate EGFR-
driven in TNBC, HER2-driven in HER2, and ErbB3- and
4-driven in luminal subtypes. EGFR-targeted therapies
could be an attractive option to treat TNBC, which lacks
specific target genes. Unfortunately, the response rate of
TNBC to EGFR inhibitors has only been 5% [34, 35]. To
overcome this low efficacy, we would need to combine
EGFR-targeted therapeutics with inhibitors for other
targets. TNBC cells express high levels of TGFa, a ligand

6 MCF7 {non-TNBC) Average cycle threshold
35 3253027525
-,
4-
2 4 I
) 'I [ I II IIIIIII.I 1 I"I IIIII l Ul
2 I I _______
4 J
H S
8 4
2 10 #
] ] it B o et e i R e e e e g e e o
US| QRN G SN [y Uy o § )
- E"E"E"E"a‘dda‘a‘_l_l_l_l_l_I_I_I_J_J_I_I_I_I_I_I_IUUUUUUDDUUUUUUUU
rx} ololo|lo|lo|o|o|o|o|olololololo ool = === = =2 =2 == |2 2 2| 2|2 | 2] 2] 82
EFO OO alo|ofolo|ofo|o|o(o|o|o|o|o|o|o|ofo|o|o|o|o|ofo|o oS S| SIS 1S 1S5S
=
s 12 - * * k% *
BT549 (TNBC)
10 -
8 4
6
4
2 4 I
" “Illllllllllllllll Illlllll I.II L III [
2
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for EGFR. Therefore, it is possible that TGFa-mediated
EGFR signaling promotes the aggressiveness of TNBC
via both autocrine and paracrine signaling. Interestingly,
TGFa is implicated in the growth and invasion of ovarian
cancer cells via the activation of EGFR signaling [36].
Moreover, a significant association exists between
TGFa expression and angiogenesis in invasive BC [37].
Overexpression of TGFa contributes to resistance to
EGFR inhibitor cetuximab in colorectal cancer cells
[38]. HER2-BC tumors respond poorly to lapatinib and
capecitabine due to high serum TGFa levels [39]. TGFa
is highly associated with axillary lymph node metastasis
and low survival rates among BC patients [40]. Co-
expression of EGFR and TGFa worsens the prognosis of
patients with aggressive BC [41]. Therefore, it is possible

that the TGFa-EGFR signaling axis promotes cancer cell
proliferation, invasion, and metastasis, all of which drive
the aggressiveness of TNBC and lead to poor response to
EGFR inhibitors. Usually, overexpression of growth factor
receptors like EGFR in human tumors may contribute
to Akt activation [42]. Our findings are consistent with
this observation in that TNBC cells with higher levels
of EGFR expression exhibited more activation of Akt
and Erk than non-TNBC cells. In addition, exposure to
EGF, a main ligand for EGFR, led to induce activity of
PIK3CA in TNBC cells compared to non-TNBC cells.
Cumulative evidence indicated a high frequency of
mutations in the PIK3CA gene, which codes for p110a
in various human cancers [43, 44]. The mutations in
PIK3CA lead to induce PI3K kinase activity followed by
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Figure 6: Protein expression profiles of Akt, Erk and NF-kB signaling in non-TNBC and TNBC cells. (A) Basal protein
levels of Akt and Erk in TNBC (BT549, MB231, MB468) and non-TNBC (MCF, T47D) cell lines. (B) Basal protein levels for NF-xB
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IkB, Akt, Erk and their phosphorylated forms in BT549 and MCF7 cells in response to EGF (10 ng/ml) and TNF (10 ng/ml) treatments.

B-actin was used as the loading control.
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Akt activation, leading to increased cell survival and cell
cycle progression [45]. Moreover, the exposure to EGF
induces the higher levels of phosphorylated Akt and Erk
in TNBC cells compared to non-TNBC cells. EGFR-
activated two major pathways in BC are the PI3K/Akt and
MAPK/Erk signaling pathways [46] and TNF-activated
major pathway is NF-kB signaling. EGF had little effect
on NF-kB signaling pathway (Figure 6C), but more
effects on the PI3K/Akt and MAPK/Erk. The relationship
between EGFR activation and NF-«xB signaling is very
controversial in other model systems. EGF treatment
contributed to NF-«B activity in human proximal tubule
cells and in pancreatic cancer [47, 48]. In contrast, EGF
did not activate NF-kB or alter NF-kB activation by TNF
in chondrocytes [49]. Even ovarian cancer cells appeared
induction of proinflammatory chemokines in EGF- or
TNF-responsive manner [28]. Despite little activation
of NF-«B, EGF is likely to broadly induce CCL20,
CXCLI1-3 and CXCLS through Akt activation in BT549
cell (Figure 5). Therefore, EGF-activated Akt looks like
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potentiate these chemokines rather than NF-«xB, driving
us to focus on Akt activation to induce these chemokines.
Activated Akt and Erk pathways are potential prognostic
markers for TNBC [50] and phosphorylation of Akt
appears to be significantly higher in TNBC samples [51].
These reports indicate that EGFR-mediated signaling
is more active in TNBC cells at both basal and induced
levels than in non-TNBC cells. This enhancement
in EGFR-mediated signaling likely promotes the
aggressiveness of TNBC. Akt signaling plays a crucial role
in the initiation and progression of breast tumorigenesis
because it regulates various cellular processes such as
proliferation, survival, and metabolism [52, 53]. Human
tumors frequently exhibit alterations in Akt, which may
contribute to cancer development and/or progression
[54, 55]. Interestingly, Akt activation may also play a role
in regulating TGFa expression as a main ligand for EGFR
in TNBC. In this regard, we found that overexpression of
Akt induced TGFa promoter activity, while Akt inhibitor
MK?2206 downregulated the activity. PI3K/Akt inhibition
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Figure 7: Involvement of Akt in regulating CXCL2 in BT549 cells. (A) Effects of MK2206 (Akt inhibitor) on Akt activation in
BT549 cells. B-actin was used as the loading control. (B) Effects of MK2206 on basal and TNF-induced levels of CXCL2 promoter activity.
(C) Effects of PD98059 (PD, Erk inhibitor) on basal and TNF-induced levels of CXCL2 promoter activity. (D) Effects of Akt and Erk
knockdown on CXCL2 promoter activity. Knockdown of Akt and Erk was confirmed by western blots, with B-actin as the loading control.
(E) Effects of Akt] overexpression on basal and TNF-induced levels of CXCL2 promoter activity. Overexpression of Aktl was confirmed
(*,”) and hash (*) indicate a statistically significant increase and decrease
(p < 0.05) as determined by ANOVA and Tukey’s pairwise comparison, respectively. The Student’s #-test was also performed for values
marked with a horizontal line. EV: empty expression vector, Akt1-EV: Aktl expression vector.

by western blots, with -actin as the loading control. The asterisks
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has been shown to reduce dexamethasone-induced TGFa
promoter activity and mRNA levels in astrocytes [56].
In agreement with this previous observation, we found
that MK2206 reduced TGFa production in and release
from TNBC cells. Based on previously published results
and our new findings, we conclude that the Akt pathway
likely plays a critical role in regulating TGFa production
in TNBC cells. Therefore, overexpression of EGFR and
constitutive release of TGFa from TNBC can enhance
the potency of Akt activation, subsequently potentiating
the TGFa-EGFR signaling axis in both autocrine and
paracrine manner (Figure 9F, blue lines).

In this study, we observed that TNBC cells
expressed high levels of proinflammatory chemokines
CXCLI1 and 8. Several previous studies have implicated
the role of proinflammatory chemokines in BC
progression and metastasis. For instance, CXCR2
ligands such as CXCLI, 2, 3, 5, 6 and 8 are associated
with angiogenesis [24, 57]. BC cells that overexpress
CXCLI1 and 2 are primed for survival at metastatic sites,
which links cancer chemoresistance [58]. TNF-activated
mesenchymal stromal cells express CXCR2 ligands
including CXCL1, 2 and 5 and promote BC metastasis
[59]. Elevated CXCL1 expression in BC stroma correlates
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Figure 8: Expression profiles of EGFR-related ligands in BC tissues and cells. (A) Heatmap for RNA expression levels of
EGFR-related ligands in human BC tissues from TCGA-based dataset using Gitools 2.3.1. AREG: Amphiregulin, BTC: Betacellulin,
EGF: epidermal growth factor, EREG: Epiregulin, HBEGF: Heparin-binding EGF-like growth factor, TGFa: Transforming growth
factor alpha, NRG1: Neuregulin 1. (B) Statistical analysis for RNA expression levels of EGFR-related ligands in human BC tissues.
The asterisk (") and hash (*) indicate a statistically significant increase and decrease (p < 0.05) as determined by ANOVA and Tukey’s
pairwise comparisons, respectively. (C) Heatmap for RNA expression levels of EGFR-related ligands based on analysis of the GEO dataset
(Accession: GSE12777) for 51 human BC cell lines using Gitools 2.3.1. Pink and blue dots indicate dominant EGFR-related ligands in

BL-TNBC and LA-BC cells, respectively.
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positively with tumor grade, disease recurrence, and
decreased patient survival [60]. Downregulation of
CXCL1 and 2 inhibits BC metastasis [61]. Concurrent
inhibition of IL-6 and CXCL8 expression in TNBC
cells inhibits colony formation, cell survival, and tumor
growth [62]. Targeting CXCR2 enhances the antitumor
activity of paclitaxel and inhibits mammary tumor
growth, angiogenesis, and lung metastasis [63]. These
findings indicate that proinflammatory chemokines play
a critical role in TNBC progression and metastasis by
forming an inflammatory tumor microenvironment that
can lead to chemoresistance. The AR and GATA3 were
enriched in LAR-TNBC subtype and were absent in
ML-TNBC subtype [15]. A high level of “luminal-like”
genes such as AR and GATA3 in LAR-TNBC subtype
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has a relatively favorable prognosis compared to tumors
expressing cancer stem cell markers [15]. GATA3 is
recognized as a marker of luminal ER-positive breast
tumor [15, 64, 65]. Therefore, it is noteworthy to mention
that BL- and ML-TNBC subtypes highly express CXCL1,
2, 5, and 8 compared to LAR-TNBC with luminal-like
characteristics. On the other hand, non-TNBC cells such
as T47D highly express CXCL10. Cumulative evidence
suggested that increased expression levels of CXCL9 and
CXCL10 induced tumor-infiltrating CD8+T cells, leading
to reduced cancer progression or metastasis and enhanced
survival in ovarian and colon cancer patients [66—72].
Of note, the infiltration of CD8" T cells in the tumor
microenvironment had been suggested to have antitumor
effects [72]. In addition, CXCL10 has angiostatic role,
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Figure 9: Involvement of Akt in regulating TGFa in TNBC cells. (A) Effects of MK2206 (Akt inhibitor) on TGFo promoter
activity in BT549 cells. (B) Enhanced effects of Aktl overexpression on TGFa promoter activity in BT549 cells. (C) Effects of MK2206 on
TGFa release from TNBC BT549, MB231 and HCC1806 cells. The asterisk () and hash (*) indicate a statistically significant increase and
decrease (p < 0.05) by the Student’s z-test or ANOVA and Tukey’s pairwise comparisons, respectively. (D) Effects of MK2206 and TGFa
on CXCL2 mRNA expression levels in BT549 cells. (E) Combined treatment of TGFa and MK2206 on CXCL2 mRNA expression levels
in BT549 cells. (F) Schematic representation of the molecular mechanisms that drive the enrichment of proinflammatory chemokines in
TNBC cells. Blue arrows represent autocrine and paracrine TGFa-EGFR-Akt signaling, and red arrows represent inflammatory burden.
Purple arrows represent the combined effect of Akt activation and proinflammatory chemokine enrichment. RE: responsive elements.
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blocking microvascular endothelial cell migration and
proliferation [23, 24]. Therefore, overexpression of
CXCLI10 indicates attenuation of BC aggressiveness.

Previously, we demonstrated that EGF or TNF
could induce the expression of proinflammatory
chemokines such as CXCLI1, 2, 3 and 8 in ovarian
cancer cells via NF-kB, Akt and Erk signaling pathways
[28]. Here, we used the CXCL2 promoter to confirm
the involvement of the TGFa-EGFR-Akt signaling axis
in the enrichment of proinflammatory chemokines in
TNBC cells. Our promoter, knockdown, inhibitor, and
overexpression experiments revealed that Akt activation
regulated CXCL2 expression. However, Erk activation
did not upregulate CXCL2 expression in TNBC cells. In
addition, TGFa upregulated CXCL2 mRNA expression
levels in TNBC cells. A previous study showed that
EGF could enhance CXCLS5 expression in endothelial
cells via EGFR signaling [73]. In bronchial epithelial
cells, Il-nitropyrene/l-aminopyrene and airborne
particulates induce CXCL8 expression via the TGFa-
EGFR signaling pathway [74, 75]. EGFR activation is
essential for CXCLS release from intestinal epithelial
cells in response to challenge by Escherichia coli
O157:H7 flagellin [76]. All these previous reports
support our current observation that CXCL1 and 8 are
the dominant chemokines in TNBC cells which express
high levels of EGFR. In addition, CXCLS can stimulate
cell proliferation in non-small cell lung cancer through
EGEFR transactivation [77]. CXCR2 ligands like CXCL1
and 2 are closely associated with EGFR transactivation
[27, 78]. We postulate that CXCL1 and 8 potentiate
EGFR transactivation in TNBC cells to enhance the
cancer aggressiveness and chemoresistance. Targeting
both CXCL8 and EGFR with antibodies inhibits
metastasis of human BC xenografts [79]. Based on
previously published results and our current findings,
we conclude that the TGFa-EGFR-Akt signaling drives
the enrichment of proinflammatory chemokines in TNBC
cells. On the other hand, non-TNBC cells exhibit weak
activation of TGFa-EGFR-Akt signaling, resulting in
low expression levels of proinflammatory chemokines
and a low inflammatory burden.

Contrary to non-TNBC cells, TNBC cells express
high levels of EGFR and TGFa, which can activate
Akt signaling via the TGFa-EGFR axis. This activation
promotes cell proliferation, migration, and invasion
(Figure 9F, blue lines), all of which are critical for cancer
progression. Moreover, the TGFa-EGFR-Akt signaling
axis in TNBC cells can be potentiated in both autocrine
and paracrine manner, resulting in the enrichment of
proinflammatory chemokines. The higher levels of
proinflammatory chemokines subsequently generate
a higher inflammatory burden, thereby accelerating
TNBC progression and metastasis (Figure 9F). The
aggressiveness of TNBC ultimately results in higher
mortality rates among BC patients.

MATERIALS AND METHODS

Reagents

Recombinant human proteins and inhibitors were
purchased as follows: TNF and EGF from Cell Signaling
Technology (Beverly, MA, USA), TGFa from Raybiotech
Inc. (Norcross, GA, USA), and MK2206 (Akt inhibitor) and
PD98059 (Erk inhibitor) from Cayman Chemical Company
(Ann Arbor, MI, USA). Antibodies were purchased as
follows: NF-kB family members, IxB, EGFR, Erk1/2, Akt,
and their phosphorylated forms such as pIkB (Ser32/36),
pEGFR (Tyr1173), pErkl/2 (Thr202/Tyr204) and pAkt
(Ser473) from Cell Signaling Technology (Beverly, MA,
USA); and ErbB isoforms, p65, and -actin from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). A customized PCR
array for chemokines, SYBR® Green Master Mix and RNeasy
Mini Kit came from SABiosciences in Qiagen (Frederick,
MD, USA). TGFa ELISA kits were from Raybiotech Inc.
(Norcross, GA, USA). Chemiluminescent detection kits were
from GE Healthcare (Piscataway, NJ, USA). Antisense and
sense oligonucleotides were obtained from Eurofins MWG
Operon (Huntsville, AL, USA). Lipofectamine 2000 and all
liquid culture media were acquired from Invitrogen (Grand
Island, NY, USA). The siRNAs for control, Akt and Erk were
purchased from Cell Signaling Technology (Beverly, MA,
USA). The Luciferase Reporter Assay System was obtained
from Promega (Madison, WI, USA).

Cell culture

Human TNBC (MB468, MB231, BT549 and
HCC1806) and non-TNBC (MCF7, T47D) cell lines were
purchased from the American Type Culture Collection
(Manassas, VA, USA). The cells were cultured in RPMI
medium containing penicillin/streptomycin and 10%
fetal bovine serum (FBS) at 37° C in a water-saturated
atmosphere of 95% air and 5% CO,. After an overnight
culture in 24- and/or 6-well plates to allow cellular
attachment, the medium was removed and fresh medium
without FBS was added to eliminate the effects of serum,
per se. Where indicated, the cells were treated with vehicle
(phosphate-buffered saline, PBS), 10 ng/ml EGF, 10 ng/
ml TNF, and incubations continued for the indicated time
periods. Treatments with reagents were described in detail
in the Results.

Western blot

Whole-cell lysates were prepared, fractionated on
SDS-polyacrylamide gels, and transferred to nitrocellulose
membranes according to established procedures [80]. The
following primary antibodies were used: EGFR, Akt,
Erk, IxB, and their phosphorylated forms (Cell Signaling
Technology, Beverly, MA). The protein bands were
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visualized by chemiluminescence detection kits. $-actin
was used as the loading control.

RT-PCR

Total RNA was isolated using RNeasy Mini
Kit (Qiagen, Frederick, MD, USA) according to
manufacturer’s instructions. The reverse transcriptase
reaction conditions using random primers began at 42° C
for 60 min, followed by 94° C for 10 min. Specific primers
were designed as follows: 5'- GCA GGG AAT TCA CCT
CAA G-3' (sense) and 5'- GGG GTT GAG ACA AGC
TTT C -3’ (antisense) for CXCL2 and 5'- CCT CAT GAA
GAT CCT CAC CG -3’ (sense) and 5'- CCA TCT CTT
GCT CGA AGT CC-3' (antisense) for B-actin. B-actin
was used as an internal control. PCR was performed
under the following conditions: denaturation at 94 C
for 1 min, annealing at 60 C for 1 min, and extension at
74 C for 1 min with 30 cycles. Amplified PCR products
were analyzed by electrophoresis on 2% agarose gels and
fluorescent images were photographed under UV light.

Chemokine PCR array

After isolating total RNA from cancer cells and
eliminating genomic DNA, the RT reaction was performed
at 42° C for 15 min, followed by 94° C for 5 min. A
real-time PCR reaction for chemokines was performed
according to manufacturer’s instructions using a Bio-Rad
CFX96 instrument (Hercules, CA, USA) and the following
two-step cycling program: one cycle at 95° C for 10 min,
and 40 cycles at 95° C for 15 sec and at 60° C for 1 min.
Data analysis was performed using a web-based PCR
array data analysis software (http://saweb2.sabiosciences.
com/pcr/arrayanalysis.php) provided by SABiosciences in
Qiagen (Frederick, MD, USA).

Construction of the CXCL2 and TGFa
promoters

Human TGFa promoter was generated as described
previously [81]. The DNA fragment of the human
CXCL2 was generated by PCR using genomic DNA
isolated from BT549 cells. The following primers were
designed: 5'-AGA GAA GTA ACT CCC CCC GG-3'
(sense) containing an X#%ol site and 5-GCT CTG TGG
CTC TCC GAG AA-3' (antisense) containing a HindIIl
site at =379 and +10 bp position of CXCL2 promoter,
respectively. The PCR reaction was performed with 35
cycles at 94° C for 30 sec, 58° C for 30 sec, and 74°
C for 1 min, followed by a final extension at 74° C
for 10 min. The amplified CXCL2 DNA fragment was
digested with Xhol and Hind III, and purified according
to manufacturer ‘s instructions (Gel Extraction System,
Qiagen, Valencia, CA). The purified CXCL2 promoter

fragment was subcloned into the Xhol and HindlIII sites
in the pGL4.12-basic vector (Promega, Madison, WI,
USA). The CXCL2 promoter-luciferase construct was
confirmed by DNA sequencing.

Transient transfection and luciferase assay

CXCL2 and TGFa promoter activities were assessed
using generated CXCL2-379LUC and TGFa-799LUC
vectors. BT549 cells at approximately 50% confluency in
24-well plates were washed once with fresh media without
additives, transiently transfected with the target plasmids
using Lipofectamine 2000 (Invitrogen, Grand Island, NY,
USA), and incubated for 24 h at 37° C. The transfected
cells were treated as outlined in Results. The cells were
then rinsed with cold PBS and lysis buffer (Promega,
Madison, WI, USA) was added. The cell lysates were used
for luciferase activity determination using a microplate
luminometer. Luciferase activity, expressed as relative
light units, was normalized to measured protein levels.

Enzyme-linked immunosorbent assay (ELISA)

The levels of secreted TGFa from representative
TNBC cell lines (BT549, MB231 and HCC1806) in their
basal or post-MK2206 treatment (outlined in Results) were
assessed by an ELISA kit (Raybiotech Inc., Norcross, GA,
USA) according to the manufacturer’s instructions. The
PIK3CA activity in BT549 and MCF7 cells (lysate) after
time-dependent treatment with EGF and TNF was analyzed
by an ELISA kit (Aviva Systems Biology Corporation,
San Diego, CA, USA) according to the manufacturer’s
instructions. The optical density of each well was
determined at 450 nm with a microplate reader. Assays
were calibrated using serial dilutions of recombinant human
TGFa and lyophilized standard of PIK3CA, respectively,
according to the manufacturer’s instructions.

Data analysis from GEO and the TCGA datasets

Data analysis was performed using the NCBI GEO
microarray dataset (http://www.ncbi.nlm.nih.gov/geo/)
with accession number GSE12777. Raw microarray data
for chemokines were obtained from RNA expression levels
in 51 human BC cell lines. The basal chemokine expression
levels were determined by global gene expression profiling
of BC cell lines, while molecular subtyping was determined
using gene expression and HER?2 status by fluorescent in
situ hybridization. We employed Gitools 2.3.1 (http://www.
gitools.org), an open-source tool based on Oracle Java 7,
to analyze and visualize the genomic data via interactive
heat-maps [82]. The breast invasive carcinoma dataset from
TCGA individual projects was used to analyze different BC
subtypes (http://www.gitools.org/datasets/tcga).
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Transfection of BC cells with Erk and Akt
siRNAs

BT549 cells at approximately 50% confluency in
six-well plates were washed once with 1% FBS fresh
media without additives. Then cells were transiently
transfected with Control, Akt and Erk siRNAs (final
concentration: 100 nM) for 48 h at 37° C using
Lipofectamine solution. Knockdown was confirmed
by western blot and the cells were treated as outlined in
Results.

Statistical analysis

Data were analyzed using the paired Student’s
t-test and one-way analysis of variance (ANOVA) as
appropriate. If statistical significance (p < 0.05) was
determined by ANOVA, the data were further analyzed
by Tukey’s pairwise comparisons to detect specific
differences between treatments
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