Cellular Signalling 53 (2019) 400-412

Contents lists available at ScienceDirect

Cellular
Signalling

Cellular Signalling .

journal homepage: www.elsevier.com/locate/cellsig

Bevacizumab induces inflammation in MDA-MB-231 breast cancer cell line @ f)

Check for

and in a mouse model

Layal EL-Hajjar™', Nour Jalaleddine™', Abdullah Shaito”, Kazem Zibara®, Jalal M. Kazan®-?,
Jamal El-Saghir?, Marwan El-Sabban®*

2 Department of Biological and Environmental Sciences, Faculty of Science, Beirut Arab University, Beirut, Lebanon

Y Department of Biological and Chemical Sciences, Faculty of Arts and Sciences, Lebanese International University, Beirut, Lebanon

© ER045- Laboratory of Stem Cells, PRASE, Biology Department, Faculty of Sciences, Lebanese University, Beirut, Lebanon

d Department of Anatomy, Cell Biology and Physiological Sciences, Faculty of Medicine, American University of Beirut, Beirut, Lebanon

ARTICLE INFO ABSTRACT

Keywords: Background: Bevacizumab or Avastin® (Av) is an anti-vascular endothelial growth factor agent. It does not im-
Inflammation prove survival of breast cancer patients due to development of refractoriness. Av treatment was shown to in-
Angiogenesis crease inflammation in a diabetic mouse model, and also to induce epithelial-to-mesenchymal transition of non-
NF-xB

transformed breast epithelia. This study aimed to understand if the Av-induced inflammatory microenvironment
could be a mechanism of Av refractoriness. Expression profiles of inflammatory mediators, in vitro in MDA-MB-
231 cells, in vivo in a mouse model xenografted with MDA-MB-231 cells and from archived cases of human breast
carcinoma tissues were evaluated. Gap junctions are also crucial for angiogenesis and tumor cell extravasation.
The effect of connexin 43 (Cx43) overexpression on the expression of inflammatory markers in MDA-MB-231
cells treated with Av was assessed.

Methods: MDA-MB-231 cells, control or overexpressing Cx43, were used in this study. Proliferation and invasion
assays were performed. Quantitative PCR, ELISA and western blotting were performed to assess the regulation of
inflammatory mediators and other factors upon Av treatment. Immunofluorescence was performed to document
the translocation of Nuclear Factor-kappa B p65.

Results: Breast cancer tissues had elevated transcriptional levels of inflammatory mediators. Av treatment in-
creased expression levels of inflammatory mediators and metastatic factors in vitro and in vivo. Interestingly,
overexpressing Cx43 in MDA-MB-231 cells alleviated the inflammatory effects induced by Av treatment.
Conclusion: This study attributes Av refractoriness to the Av therapy-induced inflammatory microenvironment.

Connexin 43
Breast cancer
Metastasis

1. Introduction carcinomas due to the absence of ER, PR, and HER2 [3,7].

Massive data support a central role for angiogenesis in breast cancer

Triple negative breast cancer (TNBC), high-grade invasive ductal
carcinoma, is characterized by the lack of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor re-
ceptor 2 (HER2) [1-3] rendering it refractory to targeted therapies
[1,2,4-6]. TNBCs, though heterogeneous, are mostly high-grade in-
vasive ductal carcinomas that frequently affect younger patients and
follow an aggressive treatment course [1,2,4-6]. TNBC is refractory to
the effective targeted therapy used in luminal and HER2-positive breast

growth and metastasis. Vascular endothelial growth factor (VEGF) is a
major regulator of angiogenesis. Avastin’ (Av) is an anti-VEGF agent
that has been FDA approved for the treatment of various cancers in-
cluding breast cancer [8,9]. Despite being an effective treatment at
early stages, Av does not improve overall survival since patients de-
velop resistance [10,11]. It is crucial to understand the mechanism of
Av refractoriness to improve its clinical outcomes. Tumors bypass an-
tiangiogenic therapies, such as Av therapy, via a variety of mechanisms

Abbreviations: Cx43, connexin 43; VEGF, vascular endothelial growth factor; RAGE, receptor of advanced glycation end products; IL-1f, interleukin-13; TNF-a,
tumor necrosis factor-a; NF-kB, nuclear factor-kB; MMP, matrix metalloproteinase; CD44, cluster of differentiation 44; GFP, green fluorescent protein; FFPE, for-
malin-fixed paraffin-embedded; IkB-a, inhibitor of kappa B; PVDF, polyvinylidene fluoride; PBS, phosphate buffered saline
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Fig. 1. Av-treated MDA-MB-231 cells acquire a more mesenchymal-like morphology (A) and increases cell proliferation (B) and mRNA expression level of in-
flammatory mediators. (C) qPCR showing mRNA levels of RAGE, IL-1f3, TNF-a, IL-12a, IL-6 and IL-17 on Av-treated MDA-MB-231 cells, (D) IL-13 and IL-10. (E) TNF-
a concentration (pg/ml/cell) in Av-treated MDA-MB-231 cells for 24h and (E) IL-1f. Data for each target mRNA were normalized to GAPDH. Results are re-

presentative of three different independent experiments. *, **, *** indicate P < .05, P < .001, P < .0001, respectively.

[12]. Av induces extracellular matrix (ECM) remodeling due to induced
hypoxia [13]. It also increases inflammation in diabetic mice [14].
Hypoxia and inflammation are major culprits during cancer progression
and are intimately linked [15-17]. In inflammatory breast cancer (IBC),
the most aggressive form of breast cancer, intermittent hypoxia acti-
vating nuclear factor kappa B (NF-kB) pathway is behind its high me-
tastatic potential [18]. The inflammatory mediators in the tumor mi-
croenvironment promote growth and metastasis by inducing epithelial-
to-mesenchymal transition (EMT) of non-transformed breast epithelial
cells [19]. Cancer cells communicate with endothelial cells via para-
crine and heterocellular communication, making both VEGF and gap
junctions (GJs) crucial in extravasation and metastasis [20,21]. GJs are
channels allowing the exchange of metabolites and electric signals be-
tween adjacent cells. They are made of connexin proteins which can
form non-junctional hemichannels that allow the paracrine interaction
with the extracellular milieu [22-24]. VEGF was found to mediate
autocrine regulation of myocyte Cx43 [25]. Moreover, hypoxia dysre-
gulates Cx43 by modulating NF-xB activity [26]. In fact, over-expres-
sion of Cx43 in breast cancer cells reversed their malignant properties

and suppressed tumor growth and angiogenesis in vivo [27-29].

The aim of this study was to investigate the role of the inflammatory
milieu in refractoriness to Av and to evaluate if Cx43 overexpression in
MDA-MB-231, a highly metastatic breast cancer cell line, would at-
tenuate the inflammatory effects of Av in vitro and in vivo.

2. Materials and methods
2.1. Cell culture
MDA-MB-231, a highly metastatic triple-negative mammary ade-

nocarcinoma cell line, MDA-MB-231 and Cx43-Dendra (MDA-Cx43D,
overexpressing Cx43) were used in this study [30].

2.2. Lentiviral transduction and cell sorting

MDA-Cx43D cells are MDA-MB-231 cells overexpressing Cx43 in
fusion with Dendra, a photo-convertible fluorescent protein from green
to red. To generate MDA-Cx43D cells, a pCSCW-Cx43-Dendra2 lentiviral
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Fig. 2. Av treatment induced the activation of NF-kB pathway. (A) Immunofluorescence staining of Rel A in MDA-MB-231 cells treated with Av for 24 h. (B)
Densitometry quantification of nuclear:cytoplasmic ratios of NF-kB p65 in a time course study of NF-kB nuclear translocation in MDA-MB-231 cells. (C) Western blot
and (D) Densitometric analysis for NF-kB p65, p-IkBa and IkBa and GAPDH from Av-treated MDA-MB-231 cells for 24 h. Values represent the average fold change of
NF-kB p65, p-IkB-a and IkB-a expression, normalized to GAPDH, and relative to control, for a total of three western blots. Results are representative of three different

independent experiments. *,

vector was co-transfected with packaging plasmids, using calcium
phosphate method, into 293 T cells, for the production of viral particles.
The produced viral particles were used to infect MDA-MB-231 cells.
Following viral transduction, MDA-MB-231 cells were sorted to at-
tain > 90% Dendra-fluorescence positive cells by fluorescence-assisted
cell sorting (FACS Aria-SORP, Becton Dickenson, San Jose, USA). Cells
were maintained in RPMI-1640 medium (Lonza, USA) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Sigma, USA), and incubated at 37 °C in a humidified incubator (95%
air, 5% CO,). Cells were treated with bevacizumab (Avastin’,
Genentech, USA) at 50 ug/ml for 24 h [31].

2.3. Flow cytometric analysis of CD44 expression

The expression of the cell surface glycoprotein CD44 was evaluated
by flow cytometry and data were analyzed using the FlowJo software
(BD Biosciences, USA). Briefly, cells were treated by Av for 24 h, har-
vested and labeled with APC-tagged CD44 antibody (BioLegend, USA).
Finally, cells were analyzed by BD FACS Aria II SORP (BD Biosciences,
USA).

2.4. Xenograft mouse model of solid cancer metastasis

This study was approved by the Institutional Animal Care and
Utilization Committee of the American University of Beirut (IACUCC#
10-07-154). Mice were xenografted with MDA-MB-231 cells using our
previously established protocol [32]. Briefly, immune-deficient NSG
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* indicate P < .05, P < .001, P < .0001, respectively.

mice (NOD.Cg-Prkdcscid I12rgtm1Wjl/SzJ, Jackson Laboratory, USA)
were injected subdermally (s.d.) with 2 X 10° MDA-MB-231 cells. At
the day of injection, mice were randomized into two experimental
groups: control or Av-treated. Av (10 mg/kg) was administered in-
traperitoneally (i.p.), for 4 weeks, twice per week. Cell culture media
was used as a vehicle control.

2.5. Animal tissue harvesting

At weeks 5 or 9, mice were anesthetized with isoflurane and eu-
thanized by cervical dislocation. Lung samples were collected and snap
frozen in liquid nitrogen and then stored at —80 °C for later RNA and
protein extractions.

2.6. Patients and specimens

Samples of breast carcinoma patients were retrieved from the
Pathology Department at the American University of Beirut Medical
Center and Hammoud Hospital University Medical Center. This study
was performed according to the regulations of the IRB committee at the
American University of Beirut Medical Center (reference number:
PALM. FB. 01). Patients were females with no treatment history, clas-
sified into 3 groups: Group 1 (11 TNBC cases), group 2 (11 ER™ /PR™/
HER2™" cases) and group 3 (15 ER*/PR*/HER2™ cases).
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Fig. 3. Av treatment decreases transcriptional expression of VEGF. (A and B)
qPCR showing mRNA levels of Cx43 and VEGF in 24 h Av-treated MDA-MB-231
cells. Data of each target mRNA were normalized to GAPDH. (C) Western blot
analysis of Cx43 and GAPDH in Av-treated MDA-MB-231. Densitometry quan-
tification of Cx43 and GAPDH bands were done using Image Lab software.
Values represent the average fold change in Cx43 expression, normalized to
GAPDH, and relative to control non-transduced cells, for a total of three western
blots. Results are representative of three different independent experiments. *,
** % jndicate P < .05, P < .001, P < .0001, respectively.

2.7. RNA extraction and quantitative PCR (qPCR)

Total RNA was isolated from cells or mouse tissues using Nucleospin
RNA II Kit (Machery-Nagel, USA) or Trizol reagent (Life Technologies,
USA), respectively. Total RNA from formalin-fixed paraffin-embedded
(FFPE) breast specimens was extracted using the RecoverALL Total
Nucleic Acid Isolation Kit (Ambion, USA). 1 pug of total RNA was first
reverse-transcribed to cDNA using RevertAid 1st strand cDNA synthesis
kit (Thermo, USA) and then amplified by qPCR using iQ SYBR Green
Supermix in a CFX96 system (Bio-Rad Laboratories, USA). Human
primers are listed in Supplementary Table 1. AACq was used to calcu-
late the relative fold change in gene expression after normalization to
the housekeeping gene, GAPDH.

2.8. Analysis of protein expression by western blot

Following cell lysis, proteins were resolved using SDS-PAGE,
transferred overnight to PVDF membranes (Bio-Rad Laboratories, USA),
then incubated with primary and secondary antibodies. Primary anti-
bodies for VEGF, NF-xB p65, NF-kB p50, IkB-a, p-IkB-a (Santa Cruz
Biotechnology, Santa Cruz, CA), Cx43 (Invitrogen, USA), IL-1f, TNF-a,
and GAPDH (Abcam, USA) were used. Protein bands were visualized by
chemiluminescence and quantified by densitometry using Image Lab
Software (Bio-Rad Laboratories, USA).
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2.9. Enzyme-linked immunosorbent assay

The levels of IL-1f3, TNF-a, and VEGF secreted from cells treated or
not with Av were measured using specific ELISA kits (BD Biosciences,
USA).

2.10. Immunofluorescence

MDA-MB-231 and MDA-Cx43D treated or not with Av were fixed,
permeabilized and incubated with NF-kB p65, IkB-a or p-IkB-a primary
antibodies followed by secondary antibodies. Nuclei were counter-
stained with Hoechst 33342 (Eugene, USA) and samples were imaged
using a laser scanning confocal microscope (LSM 710, Carl Zeiss,
Germany).

2.11. Immunofluorescence staining of paraffin-embedded tissues

Lung tissue sections were obtained from control or Av-treated mice.
Tissues, 5-um thick, were immunostained for IkB-a and p-IkB-o ex-
pression. Sections were heated to 50 °C for 40min, deparaffinized in
xylol, and then rehydrated. Following antigen retrieval sections were
washed with deionized water and blocked with 5% normal goat serum
in PBS for 1h in a humidified chamber. Sections were incubated with
primary antibodies overnight at 4°C, followed by washing and in-
cubation with IgG-conjugated secondary antibody (Alexa 488 and
Texas Red). The sections were then washed with PBS, mounted with
Prolong Anti-fade, and observed under the fluorescent microscope (LSM
710, Carl Zeiss, Germany).

2.12. Gelatin zymography

Proteins extracted from control or Av-treated cells were resolved on
SDS-PAGE gel containing gelatin as a substrate. Gels were incubated in
substrate buffer overnight at 37°C. Gels were then stained with
Coomassie blue (R250) and visualized using Chemidoc MP Imaging
System. Band intensity was analyzed using Image Lab Software (Bio-
Rad Laboratories, USA).

2.13. Real-time migration, invasion and proliferation assay

Quantitative analysis of the effect of Av treatment on the migration,
invasion and proliferation of MDA-MB-231 and MDA-Cx43D was per-
formed with slight modifications using xCELLigence Real-time Cell
Analyzer (RTCA, Roche Applied Science, USA) [33]. Control or Av-
treated cells were re-suspended in serum-free media and seeded in the
upper chamber of the RTCA CIM-plates, coated with Matrigel for in-
vasion assays or left uncoated for the migration assays. For proliferation
assays, cells were seeded in E-plates. Migration, invasion and pro-
liferation were monitored every 15mins for a minimum of 18h, by
recording cell impedance produced as the cells attached and detached
from the gold electrodes in the CIM and E-plates. The generated cell
index (CI) correlates directly with cell number. Data were expressed as
bar graphs of CI % of control.

2.14. Statistical analysis

Results are expressed as individual data or as the average + SEM.
Statistical comparisons were performed using Student's t-test or ANOVA
in order to determine statistical significance. P value was determined
and significance level was set at P < .05. Microsoft Excel and
GraphPad Prism 7 were used to perform statistical analysis.
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Fig. 4. Av treatment increases mRNA levels of EMT
markers and decreases mRNA levels of MET marker,
E-Cadherin. (A) qPCR showing the effect of Av
treatment of MDA-MB-231 cells on Twist mRNA ex-
pression (B) Snail (C) N-Cadherin and (D) E-
Cadherin. Data foreach target mRNA were normal-
ized to GAPDH. Results are representative of three
different independent experiments. *, **, “ in-
dicate P < .05, P < .001, P < .0001, respectlvely

Fig. 5. Av treatment increases mRNA levels and ac-
tivity of MMP2 and MMP9. qPCR showing the effect
of Av treatment in MDA-MB-231 cells on transcrip-
tional levels of MMP2 (A) and MMP9 (B). Data for
each target mRNA were normalized to GAPDH. (C)
Gelatin zymography of Av-treated MDA-MB-231
cells. FBS was used as an internal control. Proteins
were separated on a gel containing gelatin, the sub-
strate of MMPs, in order to assess the activation
status and levels of these enzymes. Densitometry
quantification of MMP2 and MMP9 bands was then
performed using Image Lab software. Quantification
of each band was normalized to control. (D) Invasion
of MDA-MB-231 cells. Quantification graphs nor-
malized cell index values, relative to controls, for
24 h pre-treatment. Cell impedance readings were
taken every 15 min for a minimum of 18h. Results
are representatives of two independent experiments
(n = 2). Results are representative of three different
independent experiments. *, **, *** jindicate
P < .05, P < .001, P < .0001, respectively.
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P < .0001, respectively.

3. Results shape in control cells (Fig. 1A). This morphological change was ac-
companied by a significant 50% increase in proliferation of MDA-MB-
3.1. Invitro study 231 cells treated with Av compared to control untreated cells (Fig. 1B).
3.1.1. Av treatment induces a mesenchymal like phenotype in MDA-MB-
231 cells 3.1.2. Av treatment increases inflammation in MDA-MB-231 cells
MDA-MB-231 cells treated with Av showed a change in morphology The expression of different pro-inﬂammato_r}f mediators (IL-17, I‘L-6,
towards a more mesenchymal-like shape compared to a more cuboidal IL-12a, IL-1B, TNF-a and RAGE) and the anti-inflammatory cytokines

IL-10 and IL-13 was examined in Av-treated cells using qPCR. Results
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Fig. 7. Cx43 overexpression leads to the downregulation of the mRNA and protein levels of inflammatory mediators (IL-13 and TNF-a) and VEGF in MDA-MB-231
cells. qPCR showing the effect of Cx43 overexpression on IL-1 mRNA levels (A), TNF-a (B), VEGF (C). (D, E and F) Levels of secreted IL-1, TNF-a and VEGF,

respectively, as determined by ELISA. Results are representative of three different independent experiments.

respectively.

showed that Av treatment significantly increased IL-17, IL-6, IL-12a, IL-
1B, TNF-a and RAGE and significantly decreased IL-10 mRNA levels, as
compared to untreated cells (Fig. 1C and D).

Evaluation of secretion levels of TNF-a and IL-1 confirmed the data
obtained by qPCR where their secretion levels increased by 75% fol-
lowing Av treatment (Fig. 1E).

Upregulation of pro-inflammatory cytokines mRNA and protein le-
vels by Av treatment lead to the investigation of the NF-kB pathway
activation and subsequent NF-xB translocation into the nucleus.
Immunofluorescence revealed a significant increase in nuclear: cyto-
plasmic ratio of NF-kB in Av-treated cells (Fig. 2A and B). In addition, a
significant increase in NF-kB p65 protein expression and IkB-a phos-
phorylation was observed accompanied by a significant decrease in IxB-
a protein levels (Fig. 2C and D).

3.1.3. Av significantly down regulates transcriptional levels of VEGF while it
significantly upregulates transcription of invasion and EMT markers

To examine the effect of Av on angiogenic, communication and EMT
genes, we studied the expression of VEGF, Cx43, MMP2, MMP9, Twist,
Snail, N-Cadherin and E-Cadherin (E-Cad) by qPCR. Av significantly
downregulated VEGF mRNA expression (Fig. 3A) but showed no effect
on Cx43 mRNA levels at 24 h of Av treatment (Fig. 3B and C). In ad-
dition, Av caused a time-dependent increase in Twist, Snail, N-Cad-
herin, MMP2 and MMP9 (Figs. 4 and 5A and B), and concurrently re-
sulted in a time-dependent decrease in E-Cadherin mRNA levels, a
mesenchymal-to-epithelial marker, reaching a maximal 50% decrease
at 48 h following Av treatment (Fig. 4D).

3.1.4. Av treatment increases migration and invasion of MDA-MB-231 cells

The enzymatic activities of MMP2 and MMP9 showed a time-de-
pendent increase, 24h and 48h after Av treatment of MDA-MB-231
cells as revealed by Gelatin zymography (Fig. 5C). This increase was
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correlated with a higher invasive potential of MDA-MB-231 cells fol-
lowing Av treatment (Fig. 5D).

3.1.5. Overexpression of Cx43 enhances the sensitivity of MDA-MB-231
cells to Ay

We next investigated the effect of Cx43 overexpression on Av-in-
duced inflammation. Overexpression of Cx43 in MDA-MB-231 cells lead
to a significant decrease of the protein levels of NF-kB p65 and phos-
phorylated IkBa and to a decrease of the levels of transcripts of in-
flammatory mediators (IL-1B and TNF-a) and the angiogenic factor,
VEGF. Consistently, Av treatment of MDA-Cx43D cells caused a similar
decrease in NF-kB pathway components as compared to untreated cells
(Figs. 6 and 7). Furthermore, Av-treated MDA-Cx43D cells showed a
decrease in the protein expression levels of CD44, a target of NF-xB
signaling. Fig. 6E, shows a shift of the histogram to the left indicative of
a decrease in mean fluorescence intensity (MFI) and thus of CD44
protein expression levels in Av-treated cells. Immunofluorescence
showed a significant decrease in nuclear: cytoplasmic ratio of NF-xB
(Fig. 6C and D), further confirming that Cx43 overexpression alleviates
the Av-induced inflammatory state in MDA-MB-231 cells. The decrease
of NF-kB translocation in Av-treated MDA-Cx43D cells was paralleld by
a decrease in the migration and invasion of Av-treated MDA-Cx43D
cells (Fig. 8B and C), this was supported by a decreased MMP9 pro-
teolytic activity (Fig. 8D and E).

3.2. In vivo study

3.2.1. Av treatment increases primary tumor volume and does not block
metastasis in the xenograft mouse model

Av treatment increased the volume of primary tumors of NSG mice
xenografted with MDA-MB-231 cells (Supplementary Fig. S1).
Moreover, Av treatment failed to inhibit metastases of MDA-MB-231
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cells to the lungs of mice xenografted with MDA-MB-231 cells.
Supplementary Fig. S2, shows that metastatic lesions have appeared in
the lungs of both Av-treated or vehicle control xenografted mice.

3.2.2. Av treatment increases transcriptional expression of Cx43, N-
Cadherin and inflammatory mediators

Next we assessed whether Av-induced inflammation in MDA-MB-
231 cells in culture translates in vivo in the xenograft mouse model.
mRNA levels of several of the markers acting during Av treatment of
MDA-MB-231 in vitro were quantified by qPCR in metastatic lung tis-
sues obtained from xenografted mice. Results showed a significant in-
crease in the transcriptional level of IL-1B at week 5 which became
more pronounced at week 9 following Av treatment. RAGE expression
was also significantly increased at week 9 of Av treatment (Fig. 9A and
B). Although VEGF and Cx43 expression significantly decreased at week
5, their expression increased at week 9 (Fig. 9A and B). Protein levels of
NF-kB pathway components were also evaluated. At week 5 following
xenograft, there was an increase in the protein levels of NF-kB pathway
components including inflammatory mediators (TNF-o and IL-1B) as
well as N-Cadherin (Fig. 9C and D). Immunofluorescence staining on

CTL 24hr
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Fig. 8. Upregulation of Cx43 significantly decreases
migration and invasion of MDA-Cx43D cells after Av
treatment. (A) Proliferation, (B) Migration and (C)
Invasion quantification graphs, as detected by Real-
Time Cell Analysis (RTCA) assay, after normalizing
cell index values to control untreated cells. Cell im-
pedance readings were taken every 15min for a
minimum of 18h. (D) Gelatin zymography of Av-
treated MDA-Cx43D cells. FBS was used as an in-
ternal control. Proteins were separated on a gel
containing gelatin, the substrate of MMPs, in order to
assess the activation status and levels of these en-
zymes. (E) Quantification analysis MMP2 and MMP9
activity levels showing the effect of Cx43 over-
expression on control and Av-treated cells. The in-
tensity of each band was determined by densito-
metry, using Image Lab software. Quantification of
each band was normalized to control. Results are

Av 24 hr

MMP9

representative of three different independent ex-
periments. *, **, *** ipndicate P < .05, P < .001,
P < .0001, respectively.
* %
L)
)
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lung tissues obtained from Av-treated xenografted mice further con-
firmed activation of inflammatory signaling pathways. Fig. 9G shows a
significant increase in the phospohorylation of IkB-a. Surprisingly, at
week 9 all inflammatory mediators showed a significant decrease
(Fig. 9E and F). This was accompanied by a significant increase in Cx43
expression (Fig. 9E and F).

3.3. Archived cases of different breast cancer sub-types

3.3.1. Tumor tissues show higher expression of inflammatory mediators and
a lower expression of anti-inflammatory cytokine (IL-10)

We assessed the inflammatory state in a cohort of breast carcinoma
patients of different sub-types by measuring their mRNA levels using
qPCR. Human breast tumor tissue showed a significant mRNA expres-
sion of RAGE, TNF-a and IL-1p but not IL-17 as compared to their non-
cancerous counterparts (Fig. 10A, B, C and F). Whereas IL-13 expression
was increased, IL-10 mRNA levels were significantly decreased
(Fig. 10D and E). When comparing the three sub-types, we found that
TNBC tissues showed significantly higher IL-17 mRNA levels accom-
panied by significantly lower levels of IL-13 as compared to normal
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Fig. 9. Av affects the expression of inflammatory mediators, N-Cadherin and Cx43 in weeks 5 and 9 lung tissues of xenograft mice. (A) gPCR showing the effect of Av
treatment in lung tissue at week 5 on IL-13, TNF-a, VEGF, N-Cadherin, NF-kB p50, NF-kB p65, IkB-a and Cx43 mRNA expression, (B) at week 9. (C&D) Western blot
and its quantification for IL-1f, TNF-a, VEGF, N-Cadherin, NF-kB p50, NF-kB p65, IkB-a, Cx43and GAPDH from lung tissue at week 5, (E&F) at week 9. Values
represent the average fold change in IL-1p, TNF-a, VEGF, N-Cadherin, NF-kB p50, NF-kB p65, IkB-a and Cx43 expression, normalized to GAPDH, and relative to
control lung tissue, for a total of three western blots. (G) Immunofluorescence staining of IkB-a and p-IkB-a in lung tissue at week 5. Results are representative of
three different independent experiments. *, **, *** indicate P < .05, P < .001, P < .0001, respectively.

counter part breast tissue (Fig. 11). Interestingly, TNF-a mRNA levels
were significantly lower levels in all groups of breast cancer patients
(Fig. 11B).

4. Discussion

Tumor-promoting inflammation is an enabling characteristic of
cancer [34]. Therapy-induced inflammation may lead to tumor re-
emergence and resistance to treatment [35]. In this study we in-
vestigated whether cancer cells become refractory to Av due to therapy-
induced inflammation using MDA-MB-231 human breast cancer cells in
vitro and in vivo. We have shown that Av induced inflammation, where
the NF-xB pathway and its down-stream components were activated.
Data showed that Av treatment increased protein expression levels of
NF-kB along with its translocation into the nucleus and decreased the
protein levels of its regulatory protein, IkB [36]. After activation, NF-kB
binds to promoter sequences of its target genes, which play key roles in
cellular growth, inflammation and apoptosis [37]. Inflammatory med-
iators are prime NF-kB target genes, and in this study Av-activated NF-
kB altered expression of several inflammatory mediators. Data on ex-
pression levels of RAGE, IL-1B and TNF-a, emphasizes this fact and il-
lustrates the effect of Av on inflammation. In addition, constitutive
activation of NF-kB has been also observed in breast [38], lung [39],
lymphoma [40], and leukemia [41] cell lines. Moreover, increased NF-
kB levels associate with poor prognostic consequences in glioblastoma
[42] and ovarian cancer [43]. This can be explained by anti-tumor
responses mediated by the inhibition of NF-xB signaling or by NF-xB
gene knockout [44,45].

Av increased the expression of metalloproteinases (MMP2 and
MMP9) and EMT markers (Twist and Snail). Consistent with our results,
previous studies showed that NF-kB regulates expression of EMT mar-
kers [46]. Moreover, MMP2 and MMP9 are targets of many therapeutic
treatments since their expression levels and activities are associated
with higher invasive phenotypes [47]. Previous studies elucidated that
downregulation of microRNA-138 enhances the proliferation, migra-
tion and invasion of cholangiocarcinoma cells through the upregulation
of MMP2 and MMP9 [48].

Moreover, Av elicited an enhanced migration not only in metastatic
cells such as MDA-MB-231 cells, but also in non-invasive MCF-7 cells
(Fig. 2, in Data in Brief). Noteworthy, there was no change in the
morphology of Av-treated MCF-7 cells, unlike Av-treated MDA-MB-231
which became more mesenchymal (Fig. 1, in Data in Brief).

MDA-MB-231 cells express low levels of Cx43 and have sparse in-
tercellular communication. Surprisingly, upregulation of Cx43 alle-
viated the effect of Av on inflammation [27]. In fact, VEGF biosynthesis
decreased upon upregulation of Cx43. This finding is in line with pre-
vious studies that reported the dominance of epithelial phenotype and
attenuation of angiogenesis upon Cx43 upregulation [28]. Upregulation
of Cx43 combined with Av treatment not only decreased the expression
of inflammatory mediators but also decreased translocation of NF-kB.
Moreover, it decreased the expression of CD44 that is involved in many
cellular processes including cell adhesion and migration [49-52]. These
observations are consistent with previous observations where inhibition
of NF-kB lead to a decrease in CD44 expression which resulted in de-
creased cell proliferation and invasiveness of MDA-MB-231 cells [53].
In addition, our data showed that Av-treated MDA-MB-231 cells elicited
a decrease in invasion and migration potential accompanied with a
decrease in MMP9 activity. A previous study showed that, MMP9 down-
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regulation is associated with a decrease in invasion and vascularization
of skin cancer [54].

In the in vivo assays, tumor cells were injected sub-dermally into the
lower neck region where a primary tumor forms. This model allows the
development of solid tumors at the site of injection, that later metas-
tasize. Expression levels of inflammatory mediators were assessed in
lung tissues harvested at weeks 5 and 9 following xenograft. Results
confirmed the observations of in vitro studies. However, at week 9, the
protein expression level of all mediators decreased while that of Cx43
significantly increased. This stated result matches with a previous work
that reported that exposure to inflammatory conditions increases Cx43
expression [55]. Therefore, the observed decrease in inflammatory state
at week 9 may be due to the induced upregulation of Cx43 which
parallels the observation of in vitro study on cells upregulating Cx43.

Experiments done on human samples showed that inflammatory
mediators (RAGE, TNF-a and IL-1P) are highly expressed in breast
cancer specimens. Our finding comes in line with a previous study
showing that TNF-a and IL-1f are highly expressed in tumor cells but
not in normal breast epithelial cells [56]. Contrary to expectation, IL-17
showed low mRNA levels in tumor tissue. This may be explained by a
study done by Muraski et al. showing that the adoptive transfer of Th;,
cells results in pronounced regression and enhanced overall cure
[57,58]. Therefore, for an untreated tumor tissue Th;, cells may be low
especially in highly metastatic ones. This is also in accordance with the
finding of Yang et al. who indicated that the count of Tz but not Th;;
cells is increased in breast cancer [59]. Together, these results suggest
that expression of these potential mediators are confined either in the
tissues adjacent to the breast tumor or in the tumor itself. This finding
may have an effect on the systemic levels of these mediators and also on
their biological effects at various stages of cancer progression in pa-
tients. Conversely, TNBC showed high levels of IL-17 and low levels of
the anti-inflammatory cytokine IL-13. Given the lack of validated mo-
lecular targets and the poor outcome in patients with TNBC, it remains
a chief challenge in today's clinical practice [60]. Our data highlight the
fact that TNBC usually have high levels of inflammatory mediators, and
the Av treatment further induces this inflammatory microenvironment.
As a result, Av may increase the challenges of treating this type of
cancer. Our findings come in accordance with previous work that
identified only 32% of TNBC patients having low pro-inflammatory
interleukin 8 had good prognosis [61].

Our study postulates that anti-angiogenesis therapy is more sig-
nificant in tumors that express Cx43.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2018.11.007.
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Fig. 10. Tumor tissues show increased expression of inflammatory mediator and decreased expression of anti-inflammatory cytokine (IL-10). QPCR showing mRNA
expression of RAGE (A), TNF-a (B), IL-18 (C), IL-10 (D), IL-13 (E) and IL-17 (F). Data for each target mRNA were normalized to GAPDH. Results are representative of
three different independent experiments. *, **, *** indicate P < .05, P < .001, P < .0001, respectively.
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