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Abstract
Metastatic breast cancer is one of the leading causes of cancer mortality worldwide. While many
therapeutic strategies try to control and combat this disease, a better understanding of cellular
communication within the acidic tumour microenvironment is needed to improve treatment success. Here
we characterized the secretory pro�le of MCF-7 breast cancer cells in medium of physiological pH, and
compared it to those cells treated with medium of 6.5 and 3.2. MCF-7 cells secreted IP-10, VEGF, EGF, FGF,
G-CSF, GDF-15, and myoglobin at baseline. When treated with acidic medium, MCF-7 cells downregulated
secretion of many of these factors, although myoglobin and GDF-15 were signi�cantly increased at pH
6.5 (1hr) (p < 0.0001). This may provide a survival advantage to the tumour cells at slightly acidic pH.
Further studies investigating the effects of acidosis on breast carcinoma cells are needed to understand
both their autocrine and paracrine signaling functions in the tumour microenvironment.

Introduction
The tumour microenvironment (TME) is typically acidic owing to high levels of glycolysis, and secretion
of H + ions and lactate from tumour cells [1]. Reciprocal signaling occurs between tumour cells and their
microenvironment that impact on cell growth and proliferation, invasion, metastasis, and evasion of the
immune system [1]. Acidosis is involved in invasion and metastatic progression of breast cancer [2]. Little
is known however, about the exact impact of the acidosis on the cells themselves, or on their secretory
pro�le.

Intercellular signaling is important for controlling cellular processes in both normal and cancerous
tissues. Tumour cells secrete factors that recruit other cells to the TME to assist with extracellular matrix
(ECM) remodeling, angiogenesis, and tumour cell motility. Several complex cytokine, chemokine, and
growth factor networks are associated with tumorigenesis. In the TME, these secreted proteins can either
effect tumour growth and proliferation through autocrine or paracrine signaling, can modify the activity
of surrounding stromal cells, or can in�uence the activity of immune cells[3]. They affect many
downstream signaling pathways, and some have been proposed as potential therapeutic targets.

Breast cancer cells secrete many factors into the TME. MCF-7, a commonly studied breast cancer cell line,
is both estrogen receptor (ER) and progesterone receptor (PR) positive [4], which makes it a useful model
for studying anti-hormone therapy. It is only weakly metastatic under normal cell culture conditions, with
high aneuploidy, and with elevated levels of genetic instability [4]. The epidermal growth factor (EGF)
receptor (EGFR) and human epidermal growth factor receptor-2 (HER2) control the growth of the MCF-7
cell line, and the autocrine vascular endothelial growth factor (VEGF) feedback loop that promotes
angiogenesis [4]. Other growth factors and signaling molecules are known to play a role in promoting
tumourigenesis in other cancers, including in breast cancer. We have highlighted the analytes of interest
assayed in this study, and have brie�y summarized what is currently known about their pro- or anti-
tumorigenic roles in breast cancer speci�cally (Table 1).
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While a number of reports explore the in�uence of cytokines, chemokines, and growth factors on MCF-7
cells, few studies have investigated which of these factors are secreted by the tumour cells themselves. In
addition, the impact of the acidic TME on proteins secreted by MCF-7 has not been investigated. This
study aims to characterized the secretory pro�le of MCF-7 cells, and study the effects of extracellular
acidity on secretion of these proteins.

Methods

1.1 Cell lines
The breast carcinoma cell line MCF-7 was cultured in Dulbecco’s Modi�ed Eagle’s Medium
(DMEM)/Hams F12 (3:1) supplemented with 10% fetal calf serum (FCS) and 2% penicillin/streptomycin.
Cells were maintained at 37°C with humidity, with 5% CO2 in air, and were passaged when reaching ~80%
con�uency.

2.2 Experimental conditions
Cells were counted, and 150 000 cells were seeded into 6cm culture dishes, and were treated as described
previously [5]. Brie�y, cells were treated with medium of pH 6.5 and 3.2 for 15 minutes and 1 hour. Acidic
medium was removed, cells were washed with phosphate buffered saline (PBS), and were incubated for
24 hours in serum-free medium. The conditioned medium was removed and stored at -20°C. An untreated
control was included to measure baseline secretory protein levels.

2.3 Luminex assay
Protein concentrations in conditioned culture media were measured using the following kits: Human
Cytokine 10-Plex Panel (Cat #LHC001, Invitrogen), Human Chemokine 10-Plex Panel (cat #LHC6001,
Invitrogen), Human Growth Factor 4-Plex Panel (cat # LHC0004, Invitrogen), SDF-1 alpha Human
ProcartaPlex™ Simplex Kit (EPX01A-12138-901, Invitrogen), and Human Cardiovascular Disease (CVD)
Magnetic Bead Panel (HCVD2MAG-67K, Merck Millipore) following manufacturer’s instructions.
Standards and samples were assayed in duplicate on the Luminex Bio-Plex 200 analyzer (Bio-Rad) using
Bio-Plex Manager v 5.0 software.

2.4 Statistical analyses
Sample concentrations were determined from standard curves for each analyte. Descriptive statistics
including mean concentrations and standard deviations were determined for all samples. One- and two-
way ANOVAs were performed, followed by post-hoc Dunnett’s tests for multiple comparisons.  All
analyses were performed using GraphPad Prism for Windows version 9.3.1 (California, USA).
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Data

2.1 Baseline secretion of cytokines, chemokines, and growth factors
To evaluate the baseline levels of cytokine, chemokine, and growth factor secretion we incubated MCF-7
cells in serum-free medium for 24 hours. We measured the concentration of 32 analytes (as listed in
Table 1) secreted into the medium, of which only 7 were detectable. These included interferon-γ inducible
protein-10 (IP-10), VEGF, EGF, �broblast growth factor (FGF), and myoglobin, which were expressed at
moderate levels, with higher levels of expression of growth-differentiation factor-15 (GDF-15) and
granulocyte colony-stimulating factor (G-CSF). Descriptive statistics including mean and standard
deviation of replicates are reported (Supplementary data Table S1).

2.2 Brief acid exposure affects levels of protein secreted by MCF-7
cells
Protein concentrations were determined for each analyte in the different acid medium treatments. Two-
way ANOVA analysis comparing the combined mean protein concentrations of all analytes between the
different acid treatment groups showed the effect of acidic medium treatment as extremely signi�cant,
(p<0.0001). Post-hoc Dunnett’s test showed that comparisons between the untreated control and each
acidic treatment were also highly signi�cant (Table 2). For most of the acidic medium treatments, the
combined mean protein concentration was signi�cantly lower than the untreated control (p<0.0001),
however, it was signi�cantly higher in cells treated with pH 6.5 for 1 hr compared to the untreated control
(mean 675.3 vs. 294.0 pg/ml respectively, p<0.0001). 

One-way ANOVA analysis compared the mean concentrations of each analyte between the different
acidic medium treatments (Table 3). Signi�cance was determined as p<0.05. With the exception of G-CSF
and IP-10, signi�cant differences in the mean concentrations were observed between different pH
treatments for the other analytes, with GDF-15 and myoglobin being the most signi�cant (p<0.0001).
Post-hoc Dunnett’s comparison tests revealed signi�cant differences in a number of different analytes
with different acidic medium treatments compared to the untreated control.  Again, GDF-15 and
myoglobin were highly signi�cant with all acidic treatments compared to the untreated control (Table 3).
With these two analytes, in most of the acidic medium treatments, the mean protein concentration was
signi�cantly lower than the untreated control (p<0.0001).  The mean protein concentration was however
signi�cantly higher in cells treated with pH 6.5 for 1 hr compared to the untreated control (GDF-15: mean
3824 vs. 1379 pg/ml, p<0.0001; myoglobin: mean 462.5 vs. 171.8 pg/ml, p<0.0001).

Discussion
In the study, we aimed to assess the effect of an acidic microenvironment of the secretion of proteins by
the human MCF-7 breast cancer cell line. At baseline, this cell line secreted the chemokine IP-10, growth
factors GDF-15, VEGF, EGF, G-CSF, FGF, as well as myoglobin.  There was no secretion of a number of
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other pro- and anti-in�ammatory cytokines, as well as chemokines, which is in keeping with other studies
[6, 7]. 

When treating the cells with acidic medium of pH 3.2, there was a general reduction in protein secretion,
possibly indicating that highly acidic pH compromises cellular integrity and function. Of note, G-CSF
concentration was not signi�cantly affected by acidic medium. This may be advantageous, as G-CSF
acts in an autocrine loop to enhance EMT, migration, and invasion of breast cancer cells through
activation of Stat3 [8], and also impairs the activity of  neutrophils, macrophages, and �broblasts [8]. EGF,
and FGF expression were also not signi�cantly affected, which may offer some tumour cell protection in
an acidic microenvironment, although VEGF expression was signi�cantly reduced (p<0.01), which may
impact tumour angiogenesis under low pH conditions. 

In contrast, tumour cell function was largely preserved under mildly acidic conditions with the expression
of myoglobin and GDF-15, which was signi�cantly elevated in cells treated at pH 6.5 for 1 hr. Myoglobin
is a key effector of oxygen storage and distribution, and its expression is induced in epithelial tumours in
response to mitogenic stimuli, oxidative stress, and hypoxia [9]. In our study, myoglobin was expressed at
a moderate level in the baseline samples, and although expression decreased at most treatment points, it
was signi�cantly elevated when treated with medium of pH 6.5 for 1 hr. (p<0.0001). Myoglobin may
assist to scavenge nitric oxide (NO) and reactive oxygen species (ROS), as well as binding oxygen to
provide an adaptive advantage to MCF-7 tumour cells. GDF-15 is a pleomorphic cytokine. It can promote
tumour growth arrest and apoptosis (including in MCF-7 cell lines), but may also  promote tumour
proliferation in malignant glioma cells [10]. More importantly, GDF-15 has signi�cant immunomodulatory
functions including blocking lymphocyte recruitment to the TME, dendritic cell (DC) maturation, and
antigen presentation, promoting tra�cking of tumour-associated macrophages (TAMs) to the TME, and
preventing tumour destruction by natural killer cells [10-12]. 

In conclusion, we successfully identi�ed a number of analytes that are secreted by MCF-7 cells. Levels of
speci�c analytes were signi�cantly increased when tumour cells were treated with acidic media of pH 6.5.
These may provide a selective advantage, ensuring survival of tumour cells in the acidic TME, as well as
preventing tumour cell destruction by the immune system. Thus, the acidic tumour microenvironment
promotes the evolution of tumour cells, and identifying and targeting these biomarkers could be of
prognostic and therapeutic use.

Limitations
Our data re�ect changes in protein secretion using decreasing pH in culture medium. It is possible that
this may not represent the changes that happen in vivo. It would be of interest to compare these results to
other cell lines. MCF-7 is one of the least aggressive breast cancer cells lines, and it would be interesting
to compare secretory pro�les of more aggressive cells lines under similar conditions. In addition, cells
treated with medium of pH 6.5 for 1 hr expressed signi�cantly higher levels of myoglobin and GDF-15.
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Future studies should look at the effects of this pH over a longer treatment period to see if there are any
other signi�cant observations that can be made.
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Table 1. Analytes of interest and their roles in breast cancer
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Analyte Reported activity in breast cancer Pro- or anti-
tumorigenic

Reference

Interleukin-1β (IL-1β) Upregulated expression leads to
upregulation of IL-6

Pro [13]

Interleukin-2 (IL-2) Induces T cell responses to destroy tumour
cells

Anti [14]

Interleukin-4 (IL-4) Stimulates macrophages to increase
breast cancer cell invasion

Pro [15]

Interleukin-6 (IL-6) Increased IL-6 leads to an increase in
luminal-type breast cancer

Pro [13]

Interleukin-8 (IL-8) Enhances angiogenic effects of breast
adipocytes

Pro [16]

Interleukin-10 (IL-10) Released by tumour-associated
macrophages (TAMs) and regulatory T
cells (Tregs), promoting tumourigenesis

Pro [17]

Granulocyte macrophage
colony-stimulating factor
(GM-CSF)

Induces cytotoxic immune cell activity Anti [14]

Interferon-γ (IFN-γ) Enhances CD8 cytotoxic activity Anti [18]

Tumour necrosis factor-
α (TNF-α)

Involved in driving epithelial-mesenchymal
transition (EMT) and metastasis

Pro [19]

Interferon-γ inducible
protein-10 (IP-10)

Promotes recruitment of T cells to tumour
site

Anti [20]

Eotaxin Attracts M2 macrophages to hypoxic areas
of tumour

Pro [21]

Rantes Co-operates with IL-6 to induce aggressive
metastatic phenotypes

Pro [22]

Monocyte
chemoattractant protein 1
(MCP-1)

Drives invasion and metastasis Pro [23]

Monocyte
chemoattractant protein 2
(MCP-2)

Unknown signi�cance in breast Unknown  

Monocyte
chemoattractant protein 3
(MCP-3)

Unknown signi�cance in breast Unknown  

Growth regulated
oncogene-α (GRO-α)

Unknown signi�cance in breast Unknown  

Monokine induced
gamma interferon (MIG)

Promotes glucose metabolic
reprogramming and tumour growth

Pro [24]
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Analyte Reported activity in breast cancer Pro- or anti-
tumorigenic

Reference

Macrophage
in�ammatory protein
-1α (MIP-1α)

Unknown signi�cance in breast Unknown  

Macrophage
in�ammatory protein
-1β (MIP-1β)

Unknown signi�cance in breast Unknown  

Stromal cell-derived factor
1 (SDF-1)

Mediates metastasis and tra�cking of
breast cancer cells

Pro [25]

Vascular endothelial
growth factor (VEGF)

Promotes tumour growth and
tumourigenesis

Pro [4]

Granulocyte colony-
stimulating factor (G-CSF)

Enhances EMT, migration, and invasion Pro [8]

Epidermal growth factor
(EGF)

Promotes tumour cell growth Pro [4]

Fibroblast growth factor
(FGF)

Promotes tumour growth, metastasis and
resistance to therapy

Pro [26]

ADAMTS13 Unknown signi�cance in breast Unknown  

Growth/differentiation
factor-15 (GDF-15)

Increases tumour spheroid formation Pro [27]

Lipocalin-2/NGAL Promotes breast cancer metastasis Pro [28]

Myeloperoxidase (MPO) Expressed by neutrophils, associated with
good prognosis

Anti [29]

Myoglobin Protects cells due to increased ROS and
NO scavenging

Pro [30]

Soluble intercellular cell
adhesion molecule-1
(sICAM-1)

Associated with metastatic breast cancers,
but signi�cance unknown

Unknown [31]

Soluble vascular cell
adhesion molecule-1
(sVCAM-1)

Elevated in breast cancers, but signi�cance
unknown

Unknown [31]

P-selectin Elevated in breast cancer patients causing
platelet aggregation

Pro [32]

Table 2. Dunnett’s test comparison of acidic medium treatments to untreated control
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  Mean
1

Mean
2

Mean
difference

95% CI of
difference

Adjusted p-
value

Untreated vs. pH 6.5 15
min

294.0 97.53 196.5 141.4 to 251.6 <0.0001

Untreated vs. pH 6.5 1hr 294.0 675.3 -381.3 -436.4 to -326.2 <0.0001

Untreated vs. pH 3.2 15
min

294.0 71.67 222.4 167.3 to 277.5 <0.0001

Untreated vs. pH 3.2 1hr 294.0 61.39 232.6 177.5 to 587.7 <0.0001

Table 3. 1-way ANOVA and Dunnett’s test per analyte

Analyte 1-way
ANOVA p-
value

Dunnett’s adjusted p-value

Untreated vs. pH
6.5 15 min

Untreated vs.
pH 6.5 1hr

Untreated vs. pH
3.2 15 min

Untreated vs.
pH 3.2 1hr

VEGF 0.0045** 0.0042** 0.0094** 0.0340* 0.0022**

G-CSF 0.0987 0.9999 0.9935 0.9553 0.0958

EGF 0.0260* 0.2839 0.0325* 0.3711 0.6997

FGF 0.0443* 0.1644 0.1671 0.0891 0.0163*

IP-10 0.1512 0.2519 0.9994 0.3805 0.8791

GDF-15 <0.0001**** 0.0015** <0.0001**** 0.0007*** 0.0008***

Myoglobin <0.0001**** <0.0001**** <0.0001**** <0.0001**** <0.0001****

*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001
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