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Purpose: To investigate the role of EGFR and STAT3 in breast cancer development and

progression.

Methods: Through bioinformatics analysis differently expressed genes (DEGs) includ-

ing EGFR and STAT3 were identified in breast cancer tissue. QRT-PCR and Western

blot analysis were used to investigate EGFR and STAT3 levels in breast cancer tissues

and cells. The influence of EGFR and STAT3 on the breast cancer cell proliferation

(CCK-8 assay, clone formation assays), migration (wound healing assays) and invasion

(transwell assays) were investigated. The influence of EGFR on breast cancer in vivo

was examined by Nude mouse transplantation tumor experiments and immunohisto-

chemistry (IHC) staining. The effects of EGFR on breast cancer signaling were

assessed via Western blot.

Results: Both EGFR and p-STAT3 were up-regulated in breast cancer tissues and cell lines.

EGFR expression was positively associated with p-STAT3. Moreover, EGFR and p-STAT3

activity enhanced the proliferation and invasion of tumor cells. Breast cancer cell growth was

dramatically inhibited by EGFR silencing in vivo.

Conclusion: EGFR promotes breast cancer progression via STAT3 phosphorylation and

JAK/STAT3 signaling.
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Introduction
Approximately 16% of all breast cancer patients are diagnosed with primary triple

negative breast cancers (TNBC). Younger patients or African-American women are

most vulnerable to TNBC.1 TNBC lacks estrogen receptor (ER) and progesterone

receptor (PR) overexpression and human epidermal growth factor receptor 2

(HER2) amplification.2–4 TNBC is typically associated with a large size, higher

grade, lymph node involvement at diagnosis and biological aggression.5 In addition,

patients with TNBC, despite the higher rates of clinical response to pre-surgical

chemotherapy, are prone to distant recurrence and poorer prognosis than other

breast cancer patients.6 Due to its heterogeneity and lack of defined molecular

targets, TNBC treatment remains challenging.

Epidermal growth factor receptor (EGFR), also termed ErbB1/HER1, is the

prototype of the EGFR family that includes ErbB2/HER2/Neu, ErbB3/HER3, and

ErbB4/HER4.7 EGFR is a proto-oncogene that enhances cell proliferation and

survival. Lee et al suggested that ubiquitin-associated and SH3 domain-containing
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B was overexpressed in TNBC, which supported malig-

nant growth, invasion, and metastasis largely through

modulating EGFR.8 Sun et al identified that PTPN12

suppressed transformation by interacting with and inhibit-

ing multiple oncogenic tyrosine kinases in TNBC, includ-

ing HER2 and EGFR.9 A range of EGFR-targeting

therapies exist that target its complex signaling network.10

Signal transducer and activator of transcription (STAT)

is related to inflammation-associated tumorigenesis, which

has emerged as an environmental or genetic alteration in

malignant cells.11–13 The STAT family, particularly

STAT3, maintains a pro-carcinogenic inflammatory micro-

environment during malignant transformation and cancer

progression.14,15 Initially, Catlett et al reported that STAT3

was constitutively activated in bone marrow mononuclear

cells from patients with multiple myeloma and activated

STAT3 signaling that contributes to the pathogenesis of

multiple myeloma through the prevention of apoptosis.

Noticeably, Gao et al demonstrated that mutant EGFR

could activate gp130/JAK/STAT3 pathways via IL-6 upre-

gulation in primary human lung adenocarcinomas.16

However, the role of EGFR and STAT3 in TNBC remain

largely undefined.

In this study, we analyzed data generated from both

ChIP-seq and microarray analysis of breast cancer tissue.

We performed bioinformatics to evaluate the regulatory

effects of EGFR between TNBC and normal samples.

From these analyses, the significance of EGFR and

STAT3 in TNBC were identified. We provide further data

suggesting that the effects of EGFR on TNBC are through

the regulation of STAT3 during JAK/STAT3 signaling.

Methods
Tissue Samples and Cell Culture
Twenty pairs of tissue from TNBC patients were analyzed.

The criteria for TNBC included negativity for ER, PR and

HER2, an original histological diagnosis of invasive breast

carcinoma, and the efficiency of clinical pathological data.

Specimens were frozen in liquid nitrogen (−80°C) for ana-

lysis. The study was approved by the Ethical Committee of

Shandong Cancer Hospital affiliated to Shandong

University (No.SDTHEC201001031) and each patient pro-

vided informed consent. MCF-7, MDA-MB-231 and MCF-

10A cells were purchased from the Bena Culture

Collection. Cells were cultured in Dulbecco’s modified

Eagle medium (DMEM) supplemented with 10% fetal

bovine serum (FBS), 1% penicillin-streptomycin and 1%

non-essential amino acids and cultured at 5% CO2 at 37°C.

Medium was replaced every 2 d. When cells were 80–90%

confluent, cells were passaged at a culture ratio of 1:1. Cells

in the logarithmic growth phase were assessed for further

experiments.

Bioinformatics Analysis
RNA samples were obtained from 6 patients with breast

cancer and near normal tissue from the Gene Expression

Omnibus (GEO) database. Sequence reads that passed qual-

ity filters were mapped to the human genome (hg19) by

hisat2. For RNA-seq analysis, we compared the reads of

each sample to the genome, calculated the read count values

of each gene, and identified DEGs between the two condi-

tions (P value < 0.05 and |fold change|>2 in gene expression).

Gene ontology analysis was performed using the online

website Metascape (http://metascape.org/gp/index.html#/

main/step1). MCODE descriptions are shown in Table 1.

Table 1 MCODE Description

MCODE GO Description Log10

(P)

MCODE_1 GO:0000209 Protein polyubiquitination −6.5

MCODE_1 GO:0006888 ER to Golgi vesicle-

mediated transport

−6

MCODE_1 GO:0004842 Ubiquitin-protein

transferase activity

−5.5

MCODE_2 GO:1902042 Negative regulation of

extrinsic apoptotic signaling

pathway via death domain

receptors

−9.6

MCODE_2 GO:0032813 Tumor necrosis factor

receptor superfamily binding

−9.3

MCODE_2 GO:1902041 Regulation of extrinsic

apoptotic signaling pathway

via death domain receptors

−8.8

MCODE_3 GO:0030136 Clathrin-coated vesicle −12.6

MCODE_3 GO:0005905 Clathrin-coated pit −11.9

MCODE_3 GO:0030135 Coated vesicle −11.6

MCODE_4 GO:0070098 Chemokine-mediated

signaling pathway

−6.7

MCODE_4 GO:0008528 G-protein coupled peptide

receptor activity

−6.1

MCODE_4 GO:0001653 Peptide receptor activity −6.1

MCODE_5 GO:0051298 Centrosome duplication −7.7

MCODE_5 GO:0097711 Ciliary basal body-plasma

membrane docking

−7.1

MCODE_5 GO:0007098 Centrosome cycle −6.9
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Cell Transfection
MIF-10A, MCF-7 and MDA-MB-231 cells were seeded into

6-well plates and transfected with siRNAs using

Lipofectamine 2000 according to manufacturers instructions.

Ruxolitinib and STAT3 inhibitor III were purchased from

Selleck Chemicals (Houston, TX, USA) and were added to

cells for 24 h. The experiments were repeated at least three

times.

qRT-PCR
TRIzol was used to extract total mRNAwhich was reverse

transcribed into cDNA at 25°C for 10 min; 50°C for 30

min; and 85°C for 5 min. Fluorescent-based qRT-PCR was

used to quantify cDNA synthesis. PCR conditions: 95°C

for 5 min; 95°C for 15 s and 60°C for 1 min; 40 cycles.

Primers are shown in Table 2. The experiments were

repeated at least three times.

Western Blotting
Cells were washed in pre-cooled PBS and lysed in RIPA

buffer. Lysates were centrifuged to remove cell debris

and proteins (20 μg) were mixed with 5 × SDS loading

buffer for denaturation for 5 min at 100 °C. Proteins

were resolved by SDS-PAGE electrophoresis and trans-

ferred onto PVDF membranes. Membranes were

blocked in 5% skimmed milk powder for 1 h and

probed with primary antibodies including anti-EGFR

(ab52894, 1/1000, Abcam, Cambridge, MA, USA),

anti-STAT3 (ab119352, 1/5000, Abcam, Cambridge,

MA, USA), anti-MCL1 (ab32087, 1/1000, Abcam,

Cambridge, MA, USA), anti-PIM1 (ab54503, 1 µg/mL,

Abcam, Cambridge, MA, USA), anti-GAPDH (ab8245,

1/500, Abcam, Cambridge, MA, USA) were added over-

night at 4°C. Membranes were washed in TBS-T and

labeled with HRP-conjugated secondary antibodies

(anti-rabbit IgG, 1:1000, Proteintech) at room tempera-

ture for 1 h. Membranes were washed in TBST and gray

value analysis was performed using Image J software to

quantify band intensities. Values were normalized to α-
actin expression. The experiments were repeated at least

three times.

CCK-8 Assays
CCK-8 kits (Beyotime Institute of Biotechnology,

Beijing, China) were used to measure cell proliferation.

Cells (4 × 103 per well) were cultured in 96-well plates

(Corning Costar, NY, USA) and absorbances were mea-

sured at 450 nm using a microplate reader (BioTek,

Winooski, VT, USA). Experiments were repeated on

three occasions. The experiments were repeated at least

three times.

Co-Immunoprecipitation
Cells were lysed in RPIA buffer and 5 μg of rabbit

polyclonal anti-EGFR, anti-p-STAT3 or non-immunized

rabbit IgG were added to the lysates overnight at 4 °C.

Immuno-complexes were formed through the addition

of protein A/G magnetic beads and proteins were pur-

ified and subjected to Western blot assays to determine

the expression of p-STAT3 and EGFR. The experi-

ments were repeated at least three times.

Colony Formation Assays
Cells were seeded into six-well plates at a density of 500

cells per well and exposed to DHT alone or DHT plus

G-1. Colonies were fixed in methanol and stained with

0.5% crystal violet in absolute ethanol for 2-weeks.

Colonies with ≥ 50 cells were counted on a dissection

microscope. Experiments were repeated on a minimum of

three occasions. The experiments were repeated at least

three times.

Transwell Assays
Cell suspensions (100 μL) were added to the upper cham-

bers of transwell assays plates and 600 μL of complete

medium was added to the lower wells. Cells were then

fixed stained and imaged and the number of migrating

cells were counted. The experiments were repeated at

least three times.

Wound-Healing Assays
Cells were seeded into 6-well plates in serum-free

DMEM and at 90–100% confluency, a wound was

Table 2 Sequences of Primers for RT-qPCR

Gene Sequences

EGFR Forward 5ʹ- ACATTAAGGAGGCCTGTCT-3’

EGFR Reverse 5ʹ- AGCAAACTTGTACCAGCTT-3’

PIM1 Forward 5ʹ- AGCAAATGGGGAAGACCTTT-3’

PIM1 Reverse 5ʹ- GTCACTGGTACTCGGGAAGC-3’

MCL1 Forward 5ʹ-CATTCCTGATGCCACCTTCT-3’

MCL1 Forward 5ʹ-TCGTAAGGACAAAACGGGAC-3’

GAPDH Forward 5ʹ- GGCATGGACTGTGGTCATGAG-3’

GAPDH Reverse 5ʹ- TGCACCACCAACTGTTAGC-3’
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produced using a 10 μL spearhead perpendicular to the

bottom of the plate. Cells were washed three times in

PBS and the migration distances were measured at 0

h and 24 h on a light microscope. The experiments were

repeated at least three times.

Immunohistochemistry (IHC) Staining

and Evaluation
Tissues were subject to xylene and ethanol and citrate

buffer to deparaffinize the slides. Sections were probed

with rabbit anti-Ki67 antibodies (ab15580, 1:500,

Abcam) and Goat anti-mouse lgG H&L (HRP) (ab6785,

1:1000, Abcam). Sections were imaged by microscopy

(Aiovert 200, Carl Zeiss). The experiments were repeated

at least three times.

Statistical Analysis
All data are shown as the mean ± standard deviation of at

least three independent experiments. A Student’s t-test was

used for group comparisons. A one-way analysis of var-

iance (ANOVA) was used for multi-group comparisons.

For all tests, a P<0.05 was used to indicate statistical

differences. Data were analyzed on GraphPad Prism ver-

sion 6.0 (GraphPad Software, Inc., La Jolla, CA, USA)

and SPSS version 20.0 (SPSS Inc., Chicago, IL, USA).

The experiments were repeated at least three times.

Results
Bioinformatics Analysis
RNA-seq quality controls were reached in control and tumor

groups (Figure 1A and B) and p-STAT3 was identified with

Figure 1 (A, B) Quality control chart of the RNA-seq.
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high transcriptional activity in tumor tissue (Figure 2A–C).

Based on the RNA expression profiles of glioma patients

from the gene expression omnibus (GEO), we screened out

differentially expressed mRNAs in breast cancer. The top-10

significantly up and down regulated mRNAs are shown in

the heat maps (Figure 3A). Amongst the differentially

expressed RNAs, we selected the highly-expressed EGFR

due to its known roles in breast cancer (Figure 3B). KEGG

analysis showed that JAK/STAT signaling was activated in

the tumor groups (Figure 3C). GSEA analysis showed that

JAK-STAT signaling was up-regulated according to the

DEGs of breast cancer. (Figure 3D). Gene ontology analysis

determined different gene enrichment conditions in biologi-

cal processes (BP), cellular components (CC) and molecular

functions (MF) (Figure 4). In this research, we just focused

on and verified the EGFR and JAK/STAT3 signal pathway,

but the other key molecules, which are noteworthy, may play

key role in TNBC, such as PRRX1 and FGFB1 (Figure 3A

and B).

EGFR and p-STAT3 are Upregulated in

Breast Cancer Tissues and Cells
The expression of EGFR in breast cancer tissues was detected

by qRT-PCR. EGFR was upregulated in cancer tissue com-

pared to adjacent tissues (Figure 5A). The levels of EGFR

expression were determined in three different cancer cell lines

includingMCF-7,MDA-MB-231 and normal breast epithelial

cell line MCF-10A. Similar data were observed in tissue

samples (Figure 5B). EGFR expression was significantly

down-regulated following silencing (P<0.01, Figure 5C).

EGFR and p-STAT3 were highly-expressed in breast cancer

tissues and cells (Figure 5D and E). Following EGFR over-

expression, p-STAT3 was upregulated. Similarly, EGFR silen-

cing led to a loss of p-STAT3 (P<0.01, Figure 5F).

Figure 2 Functional verification of transcription factors. (A, B) Differences in transcriptional activity between tumor and normal groups. (C) Pie chart of location

probability for transcription factor binding sites.
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EGFR Promotes the Proliferation and

Invasion of Cancer Cells Through

p-STAT3
Western blot analysis showed that EGFR could promote

the phosphorylation of STAT3 (Figure 6A). CCK-8 and

colony formation assays demonstrated that in MCF-7 and

MDA-MB-231 cells, the overexpression of EGFR pro-

moted cell proliferation (P<0.01), which was reduced by

STAT3 inhibitor III or EGFR silencing (Figure 6B).

Wound healing assays showed that tumor cell proliferation

was enhanced by EGFR. The effects of EGFR on cell

proliferation were blocked by the STAT3 inhibitor III

(Figure 6C). EGFR also promoted tumor cell invasion

(P<0.01, Figure 7).

EGFR Activates JAK/STAT3 Signaling
We found that MCL1 and PIM1, as the important downstream

proteins of JAK/STAT3 signaling, were highly expressed in

Figure 3 Gene screening and KEGG pathway analysis. (A) The 10 most significantly up-and-down regulated genes in tumor and normal groups. (B) Intersection of the genes

were screened (C, D). KEGG analysis showing that JAK/STAT signaling is activated in tumor groups.
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breast cancer tissues or cells in the EFGR overexpression

group. Accordingly, their relative expression was significantly

reduced in the presence of the STAT3 inhibitor or following

EGFR silencing (P<0.01, Figure 8A-B). Following JAK/

STAT3 inhibition by Ruxolitinib, the relative expression of

MCL1 and PIM1 decreased (P<0.01, Figure 9A) and tumor

Figure 4 Gene ontology analysis. (A, B) Selected genes were clustered with different gene functions. (C) P-values of the differential gene function enrichment.
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Figure 5 EGFR and phosphorylated STAT3 are highly expressed in breast cancer tissues. (A) RT-qPCR analysis of EGFR expression in tumor tissues and adjacent

noncancerous tissues. (B) RT-qPCR analysis of EGFR expression in MCF-10A, MCF-7 and MDA-MB-231 cells. (C) Relative expression levels of EGFR following its

overexpression or silencing. (D, E) Western blot analysis of EGFR, STAT3 and phosphorylated STAT3 in tumor tissues, adjacent tissues and cell lines. (F)
Immunoprecipitation analysis of phosphorylated STAT3 following EGFR overexpression or silencing. *P<0.05.**P<0.01.
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Figure 6 EGFR regulates the proliferation of tumor cells through STAT3. (A, B) CCK8 and colony formation assays demonstrated that EGFR and STAT3 influence cell

proliferation. (C) Wound healing assays showed that tumor cell proliferation was affected by EGFR and STAT3 and could be prevented by the STAT3 inhibitor III.

**P<0.01.
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cell proliferation and invasion were inhibited (P<0.01,

Figure 9B–D).

EGFR Silencing Inhibits Tumor Growth
Compared to the NC group, lower levels of EGFR

expression inhibited the proliferation of subcutaneous

tumors. The volume of the tumors in the mimics group

were smaller than those of the NC group. (P<0.01,

Figure 10A). On the 31th day, nude mice were sacrificed

and tumors were removed and measured. Following

EGFR silencing, MCL1, PIM1 and pSTAT3 expression

were dramatically reduced (P<0.01, Figure 10B and C).

In vivo experiments confirmed that EGFR silencing

could inhibit the proliferation of breast cancer cells.

This further verified that EGFR regulates breast cancer

signaling by regulating the JAK/STAT3 axis via STAT3

phosphorylation.

Discussion
EGFR regulates a multitude of cell signaling pathways to

promote oncogenesis.17 However, studies on the role of

EGFR in TNBC are poorly defined.18–20 Our results

showed that the expression of EGFR, both at the mRNA

and protein level, were higher in TNBC vs normal tissue.

We further assessed the relationship between EGFR and

STAT3, which illustrated that EGFR was a positive reg-

ulator of STAT3 and regulated cell proliferation in TNBC.

To investigate the functional role of EGFR and STAT3

in TNBC, MCF-7 and MDA-MB-231 cells were trans-

fected under 4 different treatment conditions, including

NC, EGFR, EGFR plus STAT3 inhibitor III and si-

EGFR. EGFR silencing significantly induced apoptosis in

MCF-7 and MDA-MB-231 cells. Dai et al identified

a positive relationship between EGFR expression and the

invasion ability of TNBC.21 Previous studies reported the

Figure 7 EGFR regulates the invasion of tumor cells through STAT3. Transwell assays showed that tumor cell proliferation was affected by EGFR and STAT3. Effects of EGFR

on cell proliferation could be prevented by the STAT3 inhibitor III. **P<0.01.
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activation of the EGFR-STAT3-Bcl-XL signaling axis in

TNBC and highlighted its contribution to the aberrant

proliferation and survival of malignant cells.22 KRAS-

mutant lung adenocarcinoma cells can be treated through

the co-suppression of STAT3 and the SRC/ARHGAP35

axis.23 Kang et al verified that salidroside inhibits the

migration, invasion and angiogenesis of MDA-MB 231

TNBC cells by regulating EGFR/Jak2/STAT3 signaling

via MMP2.24 Transwell assays were used to assess the

degree of cell proliferation and invasion in cells treated

with EGFR, si-EGFR and STAT3 plus inhibitor VIII

in vitro. EGFR or STAT3 inhibition could prevent the

cell invasion in vitro.

JAK/STAT3 signaling is a major contributor to cancer

progression. TWIST is down-regulated by EGFR and

JAK/STAT3 inhibitors, but is unaffected by phosphoinosi-

tide-3 kinase and MEK/ERK inhibition.25 A strong asso-

ciation exists between cancer procession and MCL1, PIM1

Figure 8 EGFR and STAT3 affect JAK/STAT3 signaling. (A, B) Dysregulated expression of JAK/STAT3 signaling components assessed by RT-qPCR and Western blot analysis

in tumor cells. (C) Western blot demonstrating that JAK/STAT3 signaling is regulated by EGFR and STAT3. The effects of EGFR on cell proliferation could be prevented by

the STAT3 inhibitor III. **P<0.01.
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Figure 9 EGFR and STAT3 affect tumor growth through JAK/STAT3 signaling. (A–D) CCK8 assay, colony formation and wound healing assays showed that the JAK/STAT3

inhibitor Ruxolitinib could suppress tumor cell proliferation and invasion. **P<0.01.
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Figure 10 Nude mice tumor formation assays. (A) Nude mouse tumor formation assays were used to verify EGFR silencing to suppress tumor cell growth. (B, C)

Western blot analysis and IHC assays showed that MCL1, PIM1 and phosphorylated STAT3 expression were dramatically reduced following EGFR silencing.

**P<0.01.
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and JAK/STAT3. The repression of MCL1 renders leuke-

mic cells more sensitive to synergistic cell death induced

by ABT-263 in mouse models.26 Moreover, Zhang et al

provided evidence that glucose deprivation leads to ele-

vated PIM1 expression in colorectal cancer cells.27 MCL1

and PIM1 were quantified to assess ruxolitinib efficacy on

TNBC through the suppression of JAK/STAT3 signaling.

Ruxolitinib is an orally administered inhibitor of Janus

kinases 1 and 2 used for the management of patients

with myelofibrosis.28 CCK8 assays, colony formation

assays and wound healing assays showed that ruxolitinib

could suppress cell proliferation and tumor invasion. Nude

mouse tumor formation assays verified that EGFR silen-

cing could suppress tumor cell growth.

In summary, ChIP-seq and microarray analysis were

performed to reveal differential expression patterns in

TNBC. We identified that EGFR silencing inhibits TNBC

cell proliferation and increases apoptosis through the sup-

pression of STAT3. Furthermore, ruxolitinib was identified

as an effective inhibitor of JAK/STAT3 signaling. This

revealed the EGFR/STAT3 axis as a key target for TNBC

treatment.
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