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in settings where LE/Lys accumulate cholesterol, such as in NPC1 disease or after pharmacological NPC1
inhibition, increased amounts of AnxA6 proteins were found associated with LE/Lys [57]. The latter
findings were based on colocalization studies using confocal microscopy as well as subcellular
fractionation techniques, and in order to get additional insights into the AnxA6 location in the
complex membrane organization of the LE/Lys compartment of NPC1 mutant cells, we compared
the distribution of AnxA6 in CHO-WT and CHO M12 cells at much higher resolution, using electron
microscopy. Therefore, ultrathin sections of both cell lines were labeled (for details see Methods)
with an anti-AnxA6 polyclonal antibody [57] followed by anti-rabbit 12 nm colloidal gold antibodies
(Figure 5A). Quantification of gold particle density (gold particles/μm2) or vesicle area (μm2) validated
previous findings, identifying a significant increase of AnxA6-gold labeling in LE/Lys structures of
CHO M12 compared to CHO-WT cells (Figure 5A,B). Moreover, the complex and heterogeneous inner
LE/Lys structures consisting of multilamellar membranes and electrodense material in prototypical
endolysosome in CHO M12 cells were enriched (~95%) with anti-AnxA6 labeling (Figure 5C, red
arrowheads). Much less prominent AnxA6 labeling was also observed at the perimeter membrane
of those LE/Lys structures (white arrowheads). In fact, these findings are supported by others,
identifying significant levels of AnxA6 in the lysosomal matrix, compared to the corresponding
lysosomal membranes isolated from liver [30].

Figure 5. AnxA6 is enriched in inner membranes of the late endosome/lysosome (LE/Lys) compartment
in NPC1 mutant cells. Lowicryl HM20 ultrathin sections of CHO-WT and CHO M12 cells were labeled
with anti-AnxA6. (A) A region of the cytoplasm of CHO-WT and CHO M12 cells with several LE/Lys
structures is shown. Note that in CHO M12 cells AnxA6 gold labeling is much more prominent
compared to CHO-WT cells. Encircled gold particles (dashed yellow) indicate cytoplasmatic AnxA6
labeling. (B) Quantification of gold particle density (gold particle/μm2) and LE/Lys vesicle area (μm2).
The data is shown as dot plot per cell. The mean ± SEM is also given (*** p < 0.001). (C) Representative
enlarged image of a prototypical endolysosome in CHO M12 cells. AnxA6 labeling is enriched in inner
LE/Lys structures (red arrowheads) and less prominent at the LE/Lys perimeter (white arrowheads).
mit, mitochondria; ccv, clathrin coated vesicles; ER, endoplasmic reticulum. Scale bar is 200 nm.

Therefore, AnxA6 and LE-Chol seem to be engaged in a feedback loop in the LE/Lys compartment
of NPC1 mutant cells (Figure 6). Upregulated AnxA6 levels increase the amount of LE-Chol, and,
inversely, increased LE-Chol levels upon loss of NPC1 function raise AnxA6 protein amounts.
Given that several studies pointed at LE-Chol accumulation to interfere with CMA and lysosomal
function [13,45,48,58–60], we propose that this connectivity of LE-Chol levels and CMA efficacy is the
underlying cause for the inhibition of AnxA6 degradation by selective autophagy. In support of this
hypothesis, Rodriguez-Navarro et al., 2012 demonstrated that increased lipid intake in mice, either
feeding a high-fat or cholesterol-rich diet, dramatically decreased Lamp2A levels due to accelerated
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degradation [48], causing a substantial decline in CMA activity that was associated with increased
amounts of AnxA6.

Figure 6. Scheme depicting the feedback loop of AnxA6 and LE-Chol levels in NPC1 mutant
cells. NPC1 loss-of-function mutations or pharmacological NPC1 inhibition (U18666A) lead
to late endosome/lysosome (LE/Lys)-cholesterol accumulation [1,6,61]. This interferes with
Lamp2A-dependent chaperone-mediated autophagy (CMA) [31,48], which leads to reduced AnxA6
protein degradation (this study). Elevated AnxA6 protein levels promote Rab7 inactivation, which
further contributes to cholesterol accumulation in LE/Lys (this study and [25]). In fact, diminution
of active Rab7 in NPC1 mutant cells could also inhibit CMA [62]. This inhibitory feedback loop
can be overcome by Lamp2A overexpression, which activates CMA [49], leading to reduced AnxA6
levels and concomitantly, also induces the diminution of LE/Lys-cholesterol accumulation (this study).
Lamp2A-induced restoration of LE-cholesterol export being responsible for reduced AnxA6 protein
levels cannot be completely ruled out. Alternatively, AnxA6 depletion in NPC1 mutant cells increased
Rab7 activity [25], which restored cholesterol export from LE/Lys. Taken together, this feedback loop
connects cholesterol levels in LE/Lys with CMA-mediated AnxA6 protein degradation, with CMA
functionality being highly dependent on cholesterol levels in the LE/Lys compartment. N, nucleus.

Although the data presented here may favor Lamp2A-induced CMA activation being responsible
for AnxA6 degradation (Figure 6), it should be emphasized that other routes, such as eMi or even
specific lysosomes, may also contribute to control AnxA6 protein turnover, and cannot be entirely
excluded [30,50]. Importantly, this study clearly identifies a close relationship between AnxA6
protein and LE-Chol levels in NPC1 mutant cells. Future studies, using pharmacological inhibitors to
specifically block the abovementioned pathways will be needed to dissect the contribution of CMA or
other degradation routes in AnxA6 protein turnover.

The underlying mechanisms that lead to an enrichment of AnxA6 protein pools on inner LE/Lys
membranes and its molecular consequences remain to be clarified. AnxA6 is the largest member of the
annexin family and instead of the four annexin repeats in all other annexins, has an unusual size and
structure with eight annexin domains that are connected by a hinge-like loop. This provides some
flexibility in the membrane interactions for AnxA6, which may be sensitive to changes in the lipid
microenvironment. Within this context, alterations in the amount of LE-Chol indeed appear to induce
conformational changes in proteins residing in the limiting membrane of LE/Lys, with consequences
for protein-protein interactions. The LE-Chol-sensitive formation of the ORP1L-VAP-A complex,
which participates in cholesterol transfer from LE to the ER, is currently the best example for
this mechanism. Moreover, ORP1L-VAP-A interaction in response to alterations in LE-Chol levels
impairs Rab7-dependent autophagosome maturation [63,64]. Thus, LE-Chol levels may also promote
redistribution and conformational changes that impact on the ability of AnxA6, and possibly another
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annexin, AnxA1, to participate in the control of cholesterol transfer from LE/Lys to the ER (and vice
versa) through MCS, with far reaching implications for cholesterol homeostasis [8,24,25].

Previous studies identified AnxA6 as a cholesterol-interacting protein [65,66]. This coincides
with the increased association of AnxA6 with LE-Chol-enriched vesicles [57], which not only contain
increased amounts of cholesterol in internal vesicles, but, as shown by several studies, also in the
perimeter LE/Lys membrane [52]. Thus, the recruitment of cytosolic pools of AnxA6 proteins with
an increased affinity for cholesterol in the limiting membrane of LE/Lys could in part explain these
observations. Strikingly, this study identified substantial amounts of AnxA6 associated with inner
membranes and ILV of the late endocytic compartment. Although it remains to be determined how
AnxA6 is delivered to inner LE/Lys membranes upon LE-Chol accumulation, it is well known that
cholesterol can accumulate in ILV of MVB [67]. This observation may be relevant for other biological
events that commence in the LE/Lys compartment. For instance, exosomes originate from the ILV
of MVB to then fuse with the plasma membrane for subsequent extracellular release. Despite the
rapidly increasing knowledge regarding the complex repertoire of bioactive molecules in exosomes,
including proteins, RNAs, and lipids, its biogenesis and the loading of these structures with cargo
is still not well understood. Interestingly, based on the proteomic databases available on exosomes
isolated from a large variety of settings, amongst all kinds of proteins, exosomes are highly enriched
in annexins (ExoCarta exosome database: www.exocarta.org, accessed on 29 July 2015). Several
questions arise from these observations: (1) What are the targeting mechanisms that deliver and
allow access of annexins into exosomes? Could these mechanisms include an escape from CMA-
or eMI-mediated degradation once annexins enter the lumen of MVBs? (2) What is the function of
annexins once they are released in exosomes and enter target cells? (3) Finally, and most relevant in
relation to NPC disease, do annexins and cholesterol pools deposited in exosomes have a function in
cellular cholesterol homeostasis? In fact, recent studies identified drastically increased amounts of
cholesterol-rich exosomes released from NPC1 mutants or U18666A-treated cells. Thus, it was proposed
that upregulated exosome release of exosomes might serve to ameliorate LE-Chol accumulation [68]
and consequently the NPC1 phenotype.

In summary, this study demonstrates that CMA is inhibited in NPC1 mutant cells causing an
increase in AnxA6 protein levels. This inhibits Rab7 activity and its ability to overcome accumulation
of cholesterol in LE/Lys, which is detrimental for cellular homeostasis. Lamp2A-mediated restoration
of CMA promotes AnxA6 protein degradation and is associated with a rescue of LE-Chol accumulation
in NPC1 mutant cells. Taken together, AnxA6 protein levels appear to be associated with LE-Chol
accumulation and CMA-mediated protein degradation, the functionality of the latter being highly
dependent on LE-Chol levels.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/5/1152/s1,
Figure S1: AnxA6 depletion normalizes increased capacity for bulk lysosomal degradation in NPC1 mutant cells.
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Abstract: When breast cancer progresses to a metastatic stage, survival rates decline rapidly and it is
considered incurable. Thus, deciphering the critical mechanisms of metastasis is of vital importance
to develop new treatment options. We hypothesize that studying the proteins that are newly
synthesized during the metastatic processes of migration and invasion will greatly enhance our
understanding of breast cancer progression. We conducted a mass spectrometry screen following
bioorthogonal noncanonical amino acid tagging to elucidate changes in the nascent proteome that
occur during epidermal growth factor stimulation in migrating and invading cells. Annexin A2
was identified in this screen and subsequent examination of breast cancer cell lines revealed that
Annexin A2 is specifically upregulated in estrogen receptor negative (ER-) cell lines. Furthermore,
siRNA knockdown showed that Annexin A2 expression promotes the proliferation, wound healing
and directional migration of breast cancer cells. In patients, Annexin A2 expression is increased in
ER- breast cancer subtypes. Additionally, high Annexin A2 expression confers a higher probability of
distant metastasis specifically for ER- patients. This work establishes a pivotal role of Annexin A2 in
breast cancer progression and identifies Annexin A2 as a potential therapeutic target for the more
aggressive and harder to treat ER- subtype.

Keywords: breast cancer; estrogen receptor negative; Annexin A2; mass spectrometry; metastasis

1. Introduction

All cells, including tumor cells, exist not in a vacuum but in a continuous, interconnected and
unbounded network of relationships. This includes relationships with other cells and with the
extracellular or stromal environment in which the cells reside. In the case of tumor cells, these
surroundings are collectively known as the tumor microenvironment (TME) [1]. Understanding
how the TME can affect cellular behavior is of particular interest in attempts to elucidate the cellular
mechanisms that enable a metastatic phenotype. This is because two of the cellular behaviors essential
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to the process of metastasis (migration and invasion) rely on interactions between the tumor cell and its
surrounding TME [2,3]. In migration, cells gain the ability to become aberrantly motile. This motility
is given directionality via chemotaxis in which a receptor expressed by the cancer cells interacts with a
chemoattractant ligand present within the TME [4]. Invasion, referred to as the defining feature of
malignancy, is the ability of cancer cells to change their morphology and alter their surroundings in
order to penetrate the basement membrane, degrade encompassing stroma and escape usual tissue
boundaries [5]. These pivotal mechanisms of cancer disease progression can be modelled in vitro using
cell lines and well-defined transwell migration and invasion assays [6].

Deciphering the steps involved in the metastatic process is of vital importance in breast cancer.
Breast cancer begins as a disease localized to the breast tissue. Advancements in multi-modal treatments
such as surgery and radiation, have increased the chances for cure for over 70% of patients [7]. However,
the mortality associated with the disease of breast cancer does not arise from these localized breast
tumors but rather, from when the cancer undergoes metastasis and spreads to distant sites and colonizes
vital organs of the body. At present, metastatic breast cancer is considered incurable. Once this stage
of disease is reached, treatment aims to prolong survival and control symptoms. For this reason,
there is an urgent need to decipher the specific environmental cues and resultant mechanisms involved
in the metastatic process. This is of particular importance in estrogen receptor (ER) negative breast
cancer subtypes (including both the triple negative (TNBC) and HER2+ groupings) as these tumors
have a more aggressive phenotype and higher rate of distant metastasis than ER positive tumors [8].
This understanding will guide the development of interventions aimed at preventing the metastasis
and associated mortality seen in those diagnosed with ER negative breast cancer.

One method to assess the effect of environmental cues is to study the resulting influence on
the cell’s proteome [9]. There is strong evidence that proteomic analysis offers a truer physiological
insight over transcriptomic methods. Measurements of mRNA transcript abundance alone have been
reported to be a poor predictor of protein synthesis due to the fact it is subject to an independent
layer of translational control that controls protein expression [10]. Transcriptomics also fails to take
into account protein turnover and degradation as well as activation state through post-translational
modification. Proteomic analysis of breast cancers has revealed prognostic markers [11], novel subtype
classifications [12] and targetable protein abundance differences as cancer progresses through clinical
stages [13]. Analysis of proteins that are newly translated and synthesized by cells allows for an
accurate snapshot of cellular activities during a specific process or duration. In fact, the execution of
cancer hallmarks—such as migration and invasion—which drive progression are ultimately achieved
by dynamic alterations in protein expression and post-translational modifications of those proteins [14].

With this in mind, we have developed a model to investigate changes in the nascent proteome
of aggressive, ER negative breast cancer cells as they undergo migration and invasion, stimulated
through modulation of the extra-cellular environment. In this study, we utilized these in vitro transwell
models in combination with bioorthogonal noncanonical amino acid tagging (BONCAT) to investigate
proteomic changes in MDA-MB-231 breast cancer cells as they undergo epidermal growth factor (EGF)
mediated migration and invasion. BONCAT is a widely used method to assess the primary nascent
proteomic response to a specific stimulus within a specific short time period [9]. This method allowed
us to isolate and identify newly synthesized proteins that were translated in the two hours following
directional EGF stimulation. Metastasis is a dynamic process of changes in cellular expression and
behaviors and thus, must be investigated via a dynamic and temporal model. Isolating the nascent
proteome in this manner facilitates the precise examination of the cancer cell’s translational response
to environmental cues, which trigger a metastatic phenotype. This knowledge may elucidate novel
therapeutic strategies or treatments that prevent the metastatic spread of cancer cells.
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2. Materials and Methods

2.1. Cell Culture

Human breast cancer cell lines (MDA-MB-231, MCF-7, ZR-75-1) were purchased from the
ECACC culture collection (Sigma Aldrich, Wicklow, Ireland). Cell lines were routinely tested
upon freezing and thawing for mycoplasma contamination using PCR. Cells were maintained at
37 ◦C, 5% CO2 humidified incubator in DMEM-high glucose (MDA-MB-231 & MCF-7) or RPMI
(ZR-75-1) supplemented with 10% fetal bovine serum, 5% l-glutamine and 5% penicillin/streptomycin
(all obtained from Sigma Aldrich). ZR-75-1 media was additionally supplemented with 5% sodium
pyruvate (Sigma Aldrich). For 3-dimensional culture, the on-top method was used where cells were
seeded into wells containing Growth-Factor Reduced Matrigel™ (Biosciences, Dublin, Ireland) then
covered with DMEM supplemented with 2% Matrigel. For analysis of cell signaling, cells were washed
with PBS before being covered with serum free medium for 4 h prior to EGF stimulation (Peprotech,
London, UK).

2.2. Click-iT Reaction

Cell cultures plated in 2-D (24 h) and 3-D (6 day) on transwell membranes were starved of serum
and methionine for 4 h. After this, serum free, methionine free DMEM supplemented with 50 ng/mL
EGF was placed into the lower chamber. At the same time, the upper chamber media was replaced with
serum free, methionine free DMEM supplemented with 50 μM Azido Homo Alaine (AHA) (Thermo
Fisher, Dublin, Ireland), a methionine analogue that is incorporated into newly synthesized proteins.
Cells were then allowed to migrate and invade for 2 h. Cells were harvested from Matrigel or scraped
from the membrane then lysed. The Click-iT reaction and incorporation of the tetramethylrhodamine
(TAMRA) tag was then carried out according to Click-iT TAMRA Protein Analysis Detection Kit
protocol (Thermo Fisher) to isolate newly synthesized proteins which had incorporated the AHA
labelling. A control replicate omitting the EGF supplementation was carried out for both 2-D and
3-D cultures.

2.3. Immunoprecipitation

Newly synthesized proteins that had incorporated the TAMRA residue were then isolated from
total cell lysate using anti-TAMRA immunoprecipitation. Lysates were precleared with protein G
agarose beads (Roche, via Sigma Aldrich). The supernatant was then incubated with Anti-TAMRA
antibody (Thermo Fisher) and protein G agarose beads at 4 ◦C overnight. The beads were washed with
cell lysis buffer before being boiled with SDS loading buffer for 5 min. Immunoprecipitated samples
were resolved on a 12% SDS gel and stained with Coomassie Instant Blue (Expedeon, Cambridge,
UK). A control containing only beads was also performed to account for non-specific binding and
contaminant exclusion.

2.4. Mass Spectrometry and Data Analysis

Following SDS-PAGE, gel lanes containing protein bands stained with Coomassie were excised
from the gel and placed in 20% glycerol for transport to Mass Spectrometry and Proteomics Facility,
University of St Andrews, Fife. Gel chunks were subjected to trypsin digestion. Next, proteolytic
peptide mixtures were separated by nano-LC utilizing an Eksigent two-dimensional LC NanoLC
system (Eksigent/Applied Biosystems Sciex, MA, USA) interfaced with a QStar XL mass spectrometer
(Applied Biosystems Sciex, MA, USA). Data sets were searched against the NCBInr 20160830 database
using MASCOT software (Matrix Science, MA, USA) under the following parameters: maximum
one missed cleavage of trypsin digestion, carbamidomethyl (C) as a fixed modification, oxidation
(M) as a variable modification, a peptide mass tolerance of ± 20 ppm and a fragment mass tolerance
of ±0.05 Da. Only scores higher than the significance threshold (p < 0.05) were reported. Proteins
identified in bead only and non-EGF supplemented controls were subtracted from the protein lists.
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Proteins were then characterized functionally based on the available literature associated with their
NCBI entry. Gene ontology (Molecular Function–Slim) enrichment analysis was carried out using
the Panther overrepresentation test (Version 14.1) [15] with the Fisher’s exact test to calculate p-value
and Benjamini–Hochberg procedure to calculate false discovery rate (FDR). FDR cut-off was <0.05.
Protein-protein interaction networks were probed using STRING v11 [16] and visualized using
Cytoscape StringApp [17].

2.5. Cell Lysis, SDS PAGE and Western Blotting

The cells were lysed in 1% NP-40 lysis buffer then quantified and denatured with SDS loading buffer
and boiled for 5 min. Lysates were separated on 12% SDS acrylamide gels and subsequently transferred
to nitrocellulose membrane. Membranes were blocked using 5% BSA for 1 h at room temperature then
probed with corresponding primary antibodies at 4 ◦C overnight. Dilutions of antibodies were as
follows: Annexin A2 1:1000 (Abcam, Cambridge UK), Annexin A2 1:1000 (BD Bioscience), B-Actin
1:1000 (Sigma), phospo-Tyr24-Annexin A2 1:250 (Santa Cruz Biotechnology, Heidelberg, Germany)
E-Cadherin 1:1000 (Abcam). IRdye700- or IRdye800-conjugated secondary antibodies, were then
coupled to the primary antibody for 1 h at room temperature. Protein bands were detected using the
Odyssey Sc (LI-COR, Cambridge, UK).and quantified using Image Studio 5.2 (LI-COR)).

2.6. siRNA Transfection

To reduce Annexin A2 expression, the Neon Transfection System (Thermo Fisher) was used
to transiently transfect MDA-MB-231 cells with siRNA oligonucleotides targeting ANXA2 mRNA
according to the protocol supplied by Neon. Two different siRNA oligonucleotides were obtained from
Qiagen (Manchester, UK) and used at 10 nM for 72 h (Sequences reported in Table S3). MISSION®

siRNA Universal Negative Control (Sigma Aldrich) was transfected as negative control.

2.7. Tissue Collection

Ethical approval was granted by the University Hospital Limerick’s Ethics Committee and
was allocated the ethical approval numbers 22/14 and 141/12. From the resected surgical specimens,
core biopsies from the tumor mass were extracted by the operating surgeon. Where possible, pathologically
normal breast tissue samples were also collected. The samples were stored in Allprotect Tissue Reagent
(Qiagen) at −80 ◦C until extraction.

2.8. RNA Extraction

RNA from breast cancer cell lines was extracted using RNeasy Plus Mini kit (Qiagen) according to
manufacturer’s instructions. For breast tissue samples, RNA was extracted by submerging tissue into
liquid nitrogen, grinding into a fine powder then using the RNeasy Lipid Tissue Mini Kit (Qiagen)
in combination with Maxtract tubes (Qiagen) according to manufacturer’s instructions. RNA was
quantified using Nanodrop (Thermo Fisher) and quality was assessed by agarose gel separation.
cDNA was then synthesized from 1 μg or 500 ng of total RNA using a Vilo cDNA kit (Invitrogen,
via Biosciences, Dublin, Ireland).
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2.9. RT-qPCR

Applied Biosystems QuantStudio 7 Flex Real-Time PCR was used to measure gene expression
using Taqman Gene Expression Assay Kits (Thermo Fisher). Seven different housekeeping genes
were tested using Normfinder and the three most stable genes between the three cell lines were used
to normalise gene expression across samples as previously described [18]. Relative fold change in
gene expression was calculated using the 2−ΔΔCT method and represented relative to a control sample
set to 1 for each experiment. Data presented is from three independent experiments displayed as
mean +/− SEM.

2.10. Cell Migration Assays

For wound healing assays, transfected cells were seeded into cell culture wells containing ibidi
inserts (ibidi GmbH, Gräfelfing, Germany). After 72 h incubation, the insert was carefully removed
and cells imaged using Olympus cellSens Dimension 1.12. Cells were incubated for 24 h, after which
images of the wound closure were taken. Six fields of view were imaged for each condition and percent
wound closure was measured using Image J (version 1.52n). Three individual experiments were carried
out to verify results. Data is displayed as mean across three individual experiments +/− SEM.

For directional migration assays, the underside of 8 μm transwell membranes were coated with
fibronectin before 6 × 105 cells in serum free DMEM media were plated onto the upper chamber.
Cells were allowed to migrate towards a lower chamber containing 50 ng/mL EGF in serum free media
for 24 h. Cells were removed from the upper chamber of the membrane. Migrated cells were fixed
and stained with crystal violet and imaged. To quantify the cell migration, crystal violet stain was
dissolved 10% acetic acid and intensity measured as absorbance at 595 nm in triplicate. Three individual
experiments were carried out to verify results.

2.11. Real-Time Proliferation Assay

The rate of proliferation was monitored in real time using the xCELLigence RTCA DP E-plate
system (ACEA, CA, USA). 1.5 × 104 MDA-MB-231 cells transfected either with ANXA2 siRNA or
negative control RNA were seeded into each well. The impedance value of each well was measured
by the xCELLigence system every 15 min for 96 h and expressed as a cell index value (CI). CI was
normalized at 4 h post seeding. Wells were analyzed in duplicate. Three individual experiments were
carried out to verify results. Data is displayed as mean cell index +/− SEM.

2.12. Use of Publicly Available Gene & Protein Expression Datasets

Protein expression data of breast cancer cell lines was provided by D P Nusinow et al. [19]. Protein
expression was measured using quantitative mass spectrometry and is expressed as normalized,
relative values of protein abundance. Full details of normalization is available at [20]. Gene expression
data of breast cancer cell lines was downloaded from the Cancer Cell Line Encyclopedia (CCLE)
(Available at: https://portals.broadinstitute.org/ccle; GEO Series GSE36139). This data set was collected
using GPL15308 Affymetrix Human Genome U133 Plus 2.0 Array. Microarray data was evaluated
using the robust multichip average method (RMA) and quantile normalized before being made
available through the CCLE [21]. Breast cancer cell lines were then classified by ER expression
(positive or negative) according to the available literature [22,23] and AnxA2 mRNA expression was
compared between groups. Dataset GSE42568 [24] was downloaded from the GEO data repository
(http://www.ncbi.nlm.nih.gov/geo) using the GEOR function. This data set was collected using GPL570
[HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array. Microarray data was evaluated
using the GC robust multichip average (GCRMA) method and quantile normalized before being
made available through GEO. Protein expression data using SILAC quantitative mass spectrometry
of 40 breast cancer tissue samples was obtained from Tyanova et al. (2016) [25]. Normalized protein
expression depicted as log2 (ratio of L/H). Distant metastasis free survival (interval from surgery to date
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of metastasis diagnosis) was investigated by downloading data from http://kmplot.com, a manually
curated database which collates gene expression and survival information from GEO, EGA and TCGA
datasets (35 breast cancer datasets, using Affymetrix HGU133A and HGU133 Plus 2.0 microarrays) [26].
The median ANXA2 expression value for each cohort was chosen as the high/low cut off point.
Graphpad Prism 8 was then used to produce Kaplan–Meier graphs and to calculate log-rank test result
and hazard ratios.

2.13. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 8.0.2. The Shapiro–Wilk test
was used to assess normality of sample distribution. Differences between two groups were calculated
using Student’s T-test (normally distributed samples) or Mann Whitney U test (non-normally distributed
samples). Differences between three or more groups was calculated using ANOVA and multiple
comparisons were performed using Bonferroni Correction. Data was reported as mean +/− standard
deviation for technical replicates or mean +/− standard error of mean for biological replicates. A p value
of <0.05 was considered statistically significant. Within figures, asterisks denote significance levels as
such: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

3. Results

3.1. Isolation and Identification of Newly Synthesised Proteins Involved in Breast Cancer Cell Metastasis

In order to develop a model to investigate breast cancer metastasis in vitro, we chose MDA-MB-231s
due to their aggressive, epithelial to mesenchymal phenotype and well-evidenced ability to migrate
and invade in vitro. Additionally, MDA-MB-231 belong to the basal/TNBC sub-type and are thus
estrogen receptor negative and known to express the EGF receptor [23]. To determine whether EGF
would be an effective chemoattractant in our models of migration and invasion, a series of transwell
migration experiments were carried out. The highest level of migration of MDA-MB-231 cells was
observed when EGF was present only in the lower chamber, as evidenced in Figure 1A; demonstrating
that EGF elicits a specific increase in directional migration. Our own observations are in accordance
with those published in similar studies [27–30] and gives evidence to the selection of EGF as a trigger
for the processes of migration and invasion in MDA-MB-23 cells.

Having determined 50 ng/mL EGF to be an appropriate chemoattractant for our breast cancer
cell line, it was selected as the stimulus in transwell migration and invasion assays in our model.
The workflow of this model is summarized in Figure 1B. To identify the newly synthesized proteins
while breast cancer cells undergo migration and invasion, MDA-MB-231 breast cancer cells were
grown in 2-D and 3-D culture as described in Materials and Methods. Cell cultures were serum and
methionine starved then stimulated with EGF and supplied with AHA. After stimulation, a fluorescent
TAMRA-alkyne was added which binds to the azide moiety of the AHA-tagged newly synthesized
proteins. This allowed for isolation of the newly synthesized proteins using anti-TAMRA in an
immunoprecipitation reaction, with the resultant product being proteins newly synthesized following
stimulation to migrate and invade towards an EGF chemoattractant. Proteins in these samples were
then identified using mass spectrometry analysis. To specifically identify proteins that were newly
translated during EGF stimulation, a control experiment without the addition of EGF was conducted
for both the 2-D and 3-D models. Proteins identified in the EGF omitted controls were then subtracted
from their respective EGF stimulated protein lists.
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Figure 1. Isolation, identification, and functional characterization of newly synthesized proteins in
MDA-MB-231 migration and invasion. (A) MDA-MB-231 cells were plated in the upper chamber of
transwell plates and media was supplemented (+/− EGF) according to diagram. Cell migration after
4 h was measured by crystal violet (CV) staining of cells which moved through the well and adhered
to the underside of the membrane. Non-migrated cells were removed prior to staining. Membranes
were then imaged using inverted microscope and migration of cells was quantified by dissolving of
CV stain and measuring absorbance at 595 nm. Data displayed as mean ± SEM, of 3 independent
experiments, CV absorbance normalized to average value for well 1. Statistical analysis by one way
ANOVA, p = < 0.0001. (B) Flow chart of model set-up, isolation of newly synthesized proteins,
and mass spectrographic analysis carried out in this study. (C) Characterization of identified newly
synthesized proteins according to the NCBI database entries of each protein and displayed as pie chart.
(D) Molecular function enrichment analysis was carried out using the PANTHER overrepresentation
test. The numbers of proteins annotated with each molecular function was plotted as a bar chart with
the color scale representing the significance of the enrichment of molecular function within the list.
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We identified a total of 95 newly synthesized proteins potentially involved in the migration and
invasion of MDA-MB-231 breast cancer cells towards EGF (Table S1). Characterization of the protein
list according to NCBI Protein [31] database entries found that the list spans a wide array of functions
within the cell, with the highest proportions being: protein modification (e.g., kinases, phosphatases,
proteases; 20%), structural (19%), and calcium binding (19%) as summarized in Figure 1C. We then
carried out molecular function enrichment analysis using the PANTHER overrepresentation test which
revealed the most significantly overrepresented category was that of proteins involved in calcium
ion binding (GO:0045296, expected:0.97, input: 9, fold enrichment: 9.31, p-value: 7.56 × 10−7 false
discovery rate: 3.82 × 10−4, Figure 1D). This functional characterization showed that proteins newly
synthesized in the processes of cell migration and invasion encompass a wide variety of functions
and numerous essential processes in cell signaling and behavior, many of which are implicated in
cancer progression.

3.2. Identification and Verification of Annexin A2 as A Newly Synthesized Protein in EGF Stimulated
Migration and Invasion

Of the total 95 proteins identified as newly synthesized, 41 proteins were identified in the
2-dimensional culture migration experiment only, and 40 unique proteins were identified in the
3-dimensional culture invasion experiment only. When displayed in the Venn diagram in Figure 2A,
14 proteins were found to be common to both lists, meaning that they had been identified in both the
2-D migration and 3-D invasion models. Protein-protein interaction analysis of these 14 proteins using
STRING [16] revealed an extensively linked network within the group, (with the exception of NCCRP1)
as seen in Figure 2B. To identify key proteins within the identified network, each node was assessed
for its degree of centrality, edge connectivity and whether it has been previously reported as important
in breast cancer metastasis. Annexin A2, having satisfied these criteria and was chosen as a candidate
protein to investigate how perturbing this elucidated network would affect breast cancer cell migration
and invasion. Annexin A2 was also chosen as it was identified in both experiments, was relatively
highly scored and due to its molecular function as a calcium ion binding protein [32], a gene ontology
term found to be most significantly enriched (FDR = 3.82 × 10−4) following analysis of the total protein
list. Annexin A2 is a member of the 12 protein annexin family, a group of proteins which have the
ability to bind negatively charged membrane phospholipids in a calcium dependent manner [33,34].
In addition to the interactions illustrated in Figure 2B, Annexin A2 has proven links with a number
of other identified proteins such as beta- actin [35] and tubulin [36]. Thus, it is highly probable that
Annexin A2 is playing a central role in influencing this network, for example through its roles in actin
polymerization [37] and cytoskeletal rearrangement [38,39]. In addition, due to the integral role and
embryonic lethality of essential cytoskeletal proteins like beta actin [40], we believe there is more
potential therapeutic value in investigating proteins that have a more regulatory, non-essential role,
such as Annexin A2 [41]. In addition, Annexin A2 has a known clinical association with cancer [42] and
has a role downstream of growth factor signaling pathways such as the IGF-IR [43] and the EGFR [44,45]
pathways. This association was first established in hepatocellular carcinoma in 1990 [46] but to date,
it has been found to be commonly overexpressed in multiple cancer types such as colorectal, breast,
lung and pancreatic [42]. The amino acid sequence of Annexin A2 with the matched peptide sequences
is shown in Figure S1 (Score: 169, Monoisotopic mass (Mr): 38808, Calculated pI: 7.57, Matches: 5,
Sequences: 4, Coverage: 12%). The reported mass agrees with Annexin A2′s predicted molecular
weight of 38 kDa. A representative MS/MS spectrum of one Annexin A2 peptide is also shown.
Apart from Annexin A2 several other proteins of potential future interest were identified (Figure 2A,B).
Intriguingly, a number of metabolism associated proteins, including GAPDH, LDHA, and GSTP1
were identified. Altered metabolism is a fundamental hallmark of cancer [47] and it has even been
suggested that specific deregulations in the metabolism of metastasizing cells could be a specific
therapeutic target [48].
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Figure 2. Annexin A2 is newly synthesized during the EGF stimulated migration and invasion of
MDA-MB-231 cells. (A) 95 proteins in total were identified following mass spectrometry analysis and
MASCOT peptide identification. Of these, 41 were found in the migration experiment only, 40 were
found in the invasion experiment only and 14 were found to be common to both, listed here. (B)
Protein-protein interactions between the 14 proteins found to be common to both the migration and
invasion lists were assessed with String (http://string-db.org) [16] and visualized using the StringApp
in Cytoscape set at 0.2 confidence level [17]. Edge line thickness denotes the confidence of association
between protein nodes. (C) (i) Input: Western blot analysis of Click-It reaction lysate shows successful
incorporation of the TAMRA tag into newly synthesized proteins when AHA was added. (Lane 1:
Cell lysate of EGF migrating cells without AHA, Lane 2: Cell lysate of EGF migrating cells with
AHA). (ii) Immunoprecipitation: Consequent TAMRA immunoprecipitation assay showed Annexin
A2 pulldown following EGF induced cell migration as measured by SDS-PAGE and western blotting
with anti-Annexin A2 antibody. (Lane 1: Beads only control, Lane 2: AHA+ lysate from lane 2 of (i),
Lane 3 AHA- lysate from lane 1 of (i)).

Following identification of Annexin A2, we proceeded to validate it as a newly synthesized
protein by replicating the initial migration experiment. This was done by performing a TAMRA
immunoprecipitation (IP) of the Click-iT reaction lysate to isolate proteins that had incorporated the
TAMRA tag then western blot analysis to show successful Annexin A2 pulldown (Figure 2C). Pull down
of Annexin A2 is clearly increased in the AHA+ lysate sample (Panel (ii) lane 2) in comparison to the
beads only (no antibody) control (Panel (ii), lane 1) and AHA- (non-TAMRA labeled) lysate control
(Panel (ii), lane 3).This pulldown validates our approach and verifies our identification of Annexin A2
as a newly synthesized protein via mass spectrometry analysis.
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3.3. Annexin A2 Expression is Increased in Estrogen Receptor Negative Breast Cancer Cells

Following identification and verification of Annexin A2 as a protein newly synthesized in EGF
mediated MDA-MB-231 cell migration and invasion, we next examined its expression profile across
a number of breast cancer cell lines. Western blotting analysis of cell protein content shows an
increased expression of Annexin A2 in the estrogen receptor negative (ER-), basal/TNBC cell line
MDA-MB-231 when compared to the estrogen receptor positive (ER+), luminal cell lines MCF-7
and ZR-75-1 (both ER+/PR+) (Figure 3A). Expression of Annexin A2 appears to inversely correlate
with expression of E-Cadherin, the loss of which is a known marker of epithelial to mesenchymal
transition. To further support these findings, we analyzed data from D. P. Nusinow et al. (2020) [19]
to generate a protein expression heatmap (Figure 3B) showing how the expression of Annexin A2,
EGFR, and E-Cadherin vary across a larger sample of cell lines, according to breast cancer subtype
classification. From this it is evident that there is an increase in both Annexin A2 and EGFR expression
in the ER- (HER2 and TNBC) cell lines when compared to ER+ cell lines (further depicted in Figure S2).
This supports and is in agreement with our conclusions drawn from our western blot data (Figure 3A).
Interestingly, we do not see an association between the loss of E-Cadherin and elevated Annexin A2
when we query this larger cohort of cell lines, thus the trend observed in Figure 3A may be attributed
to individual characteristics of the three cell lines tested. When we consider the potential relationship
between Annexin A2 and EGFR expression, our analysis shows that in ER- cell lines, there is a strong
positive and significant correlation between the expression of these two proteins (Pearson’s correlation,
r = 0.6026, p = 0.0023). Importantly, and in support of our hypothesis, we do not see this significant
correlation in ER+ cell lines (r = 0.5952, p = 0.1196).

Next, we examined Annexin A2 mRNA expression using RT-qPCR in breast cancer cell lines,
under normal, serum starved and EGF stimulated conditions. Again, we observed Annexin A2
expression to be increased in ER- cells in comparison to ER+ cell lines under all culture conditions
(Figure 3C). In particular, we found that following 4 h of 50 ng/mL EGF stimulation ANXA2 is even
more highly expressed in MDA-MB-231s when compared to the other ER+ cell lines. This suggests
that the increased expression of ANXA2 in response to EGF is specific to the ER-, EGFR expressing
MDA-MB-231 cell line. We then utilized the available data within the Cancer Cell Line Encyclopedia
(CCLE) [21] to further probe the relationship between ER status and AnxA2 expression. The CCLE is a
large, publicly available data repository which compiles gene expression, chromosomal copy number
and sequencing data from 947 human cancer cell lines, spanning 36 tumor types [21]. Breast cancer
cell lines with ANXA2 expression data available (n = 49) were first categorized according to positive
or negative ER status according to previously published molecular characterization studies [22,23].
This stratification revealed 18 of the available cell lines to be ER+ and 31 to be ER-. Comparing levels
of ANXA2 mRNA expression between ER+ and ER- cell lines, as measured by Affymetrix U133 plus
2.0 arrays, showed ER- lines exhibit significantly higher expression of ANXA2 (p = 0.0008) as shown
in Figure 3D. The cell lines analyzed and their respective ANXA2 expression values are outlined in
Figure S2. These results show that expression of Annexin A2 in breast cancer is strongly influenced
by estrogen receptor status and that its overexpression in breast cancer may be restricted to the ER-
subtype. ER- negative breast cancers include both TNBC and HER-2 over expressing subtypes, both of
which are more aggressive cancers with a poorer prognosis [49].

As the synthesis of Annexin A2 identified in our initial experiment was triggered by stimulation
with EGF, we investigated the effect of EGF on the regulation of Annexin A2 (Figure 3E). To control
our experiment, we examined the p-Akt response, which was used as a read-out of our serum
starvation and EGF stimulation. We found that stimulation of MDA-MB-231 cells with EGF resulted
in an increase in phosphorylation of Annexin A2 on Tyrosine 24 (Tyr24) which reached a peak
phosphorylation at 30 min, before decreasing towards, initial, pre-stimulation levels over 120 min
(Figure 3E). This post-translational modification allows Annexin A2 to bind to S100A10 (also known
as p11) to form the AnxA2/p11 heterotetramer which then is translocated to the extracellular cell
surface [50,51]. This modulation is of particular relevance in cancer phenotype as once on the cell
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surface, AnxA2/p11 promotes the conversion of plasminogen to active plasmin, a protease which
plays a role in extracellular matrix degradation and activation of matrix metalloproteases, critical
steps in cancer cell metastasis [34,52]. In fact, Tyr24 phosphorylation has been shown to be critical
for the invasive potential of multi-drug resistant breast cancer cells [53] and is proposed to modulate
epithelial to mesenchymal transition in a number of cancer types, including pancreatic [54], cervical [55],
colon [56] and lung [57].

 
Figure 3. Annexin A2 expression is increased in ER negative breast cancer cells and undergoes transient
phosphorylation following EGF stimulation. (A) Comparison of Annexin A2 expression in three breast
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cancer cell lines: MDA-MB-23, MCF-7 and ZR-75-1 as measured by SDS-PAGE and western blot.
Protein expression was quantified by densitometric signal analysis on Image Studio software (LI-COR).
Annexin A2 signal was normalized to beta-actin signal, then expressed in comparison to MCF-7
expression as 1. Data shown is mean +/− SEM for 3 individual experiments, measured by ANOVA with
Bonferroni, p = 0.0034. (B) (i) Heatmap of Annexin A2, EGFR and E-Cadherin protein expression data
for breast cancer cell lines from Nusinow, D. P. et al. (2020), stratified according to breast cancer subtype.
Protein expression represented as normalized relative protein expression, as measured by quantitative
proteomics. (ii) Scatterplots of the same data indicating the relationship between Annexin A2 and
EGFR protein expression. A significant and strong positive correlation between Annexin A2 and EGFR
expression is seen for ER- cell lines (Pearson’s correlation, r = 0.6026, p = 0.0023) (C) Gene expression
of ANXA2 in three breast cancer cell lines: MDA-MB-231, MCF-7 and ZR-75-1. Expression was
calculated using delta CT method and displayed as fold change (corrected RQ) in comparison to MCF-7
expression for each condition. (i.e., MCF-7 expression normalized to 1) differences between cell lines
analyzed by ANOVA with Bonferroni. (D) Publicly available Affymetrix gene expression data for
human breast cancer cell lines was obtained from the CCLE. Cell lines were categorized according to
ER expression status and difference in ANXA2 expression between the 2 groups was measured using
Mann–Whitney U test, p = 0.0008 (E) Western blot showing the effect of EGF stimulation on AnxA2
expression and phosphorylation in MDA-MB-231 cells. After 4 h of serum starvation, cells were treated
with 50 ng/mL EGF. Representative blot and corresponding time course graph showing the increase in
AnxA2 phosphorylation at Tyr24 followed by decrease after 30 min. Densitometry signal normalized
as phosho-AnxA2/total AnxA2 and phospho-Akt/total beta-actin. Data points displayed as mean of
3 individual experiments ±SEM.

3.4. Annexin A2 is Required for Cell Proliferation, Wound Healing and EGF Directed Cell Migration of ER
Negative Breast Cancer Cells

Following evidence of Annexin A2′s involvement in the migration and invasion in our ER negative
cell model, we next investigated its influence on the cancer phenotype with a series of functional assays.
AnxA2 expression was suppressed in MDA-MB-231 cells using siRNA specific to AnxA2 mRNA
transcript (Table S2). Figure 4A shows a representative blot of knockdown efficiency, showing reduced
level of Annexin A2 protein in cells 72 h following transfection. Firstly, using a real time cell analysis
platform (xCELLigence) the effect on the growth and proliferation of MDA-MB-231 cells was monitored
by measuring cell index every 15 min over the course of 96 h. As shown in Figure 4B, the depletion of
AnxA2 significantly reduced the proliferation of MDA-MB-231 cells when compared to control cells.
Next, the effect of AnxA2 knockdown on cell migration was then assessed using two independent
assays. We first used wound healing assays which revealed knockdown cells to have a significantly
decreased ability to close the wound after 24 h (Figure 4C). This was followed by transwell chamber
experiments, which specifically tested the effect on the directional migration and the response to an
EGF chemoattractant. In this assay, MDA-MB-231 cells were plated in serum-free media on the upper
chamber of the transwell and allowed to migrate towards the bottom chamber, containing serum free
media supplemented with 50 ng/mL EGF. We found that ANXA2 knockdown cells were significantly
reduced in their ability to migrate towards an EGF gradient (Figure 4D). These results are consistent
with previous reports of Annexin A2 being a positive regulator of wound healing in MDA-MB-231
cells [44,58]. However, they also point towards the role of Annexin A2 in promoting specific EGF
directed migration. In addition, we have shown that Annexin A2 knockdown inhibits the proliferative
ability of the ER- MDA-MB-231 cells. These functional results were confirmed by replication of each
assay using another clone targeting ANXA2 (Figure S4). Taken together, this data strongly supports the
hypothesis that Annexin A2 promotes cell proliferation, wound healing and cell migration, all critical
processes which support the malignant phenotype of ER- breast cancer cells in vitro.
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Figure 4. siRNA mediated knockdown of AnxA2 inhibits the proliferation and migration of
MDA-MB-231 cells. (A) MDA-MB-231 cells were transfected with a small interference oligonucleotide
against ANXA2 [10 nM] for 72 h, using the Neon Transfection system. Representative blot showing the
efficiency of ANXA2 knockdown (KD) after 72 h and densitometry analysis of Annexin A2 protein
bands normalized against beta-actin loading control and expressed as a percentage of AnxA2 level in
negative control, measured using Image Studio software. Data displayed as mean +/− SEM for three
individual experiments. (B) Reduction of Annexin A2 expression in MDA-MB-231 cells significantly
inhibits cell proliferation as measured by real time change in cell impedance. KD and negative control
cells were seeded in duplicate into E-plate wells and the rate of proliferation was measured in real-time
using the xCELLigence system. Proliferation of KD cells (green) was compared to the proliferation of
negative control wells (red) over the course of 96 h. Data displayed as mean cell index +/− SEM for three
individual experiments. (C) Reduction of Annexin A2 expression in MDA-MB-231 cells significantly
inhibits cell migration as measured by wound healing assay. Knockdown and negative control cells
were plated into dishes containing ibidi Culture Inserts. After 72 h, the inserts were removed to
generate a cell free wound. The green zone indicates the wound size as measured at 0 h and 24 h
post-removal of insert. Data displayed as percent wound closure for 3 individual experiments (6 fields
of view each) +/− SEM, p = 0.0002. (D) Reduction of Annexin A2 expression significantly inhibits EGF
directed cell migration as measured with transwell migration chambers. Cells were plated onto the
upper chamber of transwell membrane and allowed to migrate towards 50 ng/mL EGF chemoattractant
for 24 h. Cells were removed from the upper chamber, leaving only those that had migrated to the
lower chamber. Migrated cells were stained with crystal violet and imaged using an inverted light
microscope. Crystal violet stain was dissolved, and intensity measured as absorbance at 595 nm in
triplicate. Data displayed as mean absorbance values for 3 individual experiments +/− SEM, p < 0.0001.
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3.5. Gene Expression Analysis of Breast Cancer Tissue Shows ANXA2 is Specifically Upregulated in ER
Negative Breast Cancer and Correlates with Rates of Metastasis

Due to our accumulating evidence of Annexin A2′s importance in breast cancer progression
in our in vitro cell models, we next investigated its expression in breast cancer patient tissue.
RT-qPCR was used to analyze the level of ANXA2 mRNA in core biopsy tissue samples (normal = 5,
cancer = 30). Surprisingly, despite several reports in the literature that ANXA2 is upregulated in breast
cancer [42,59,60], we observed that expression of ANXA2 is significantly down regulated (p = 0.0002,
Mann Whitney U test) in breast cancer tissue in comparison to pathologically normal breast tissue
(Figure 5A). When ANXA2 expression levels were stratified according to nodal involvement—an
indicator of breast cancer disease progression—we found a trend of increased ANXA2 expression in
those who had nodal positive disease, but this was not statistically significant (p= 0.8674, Mann Whitney
U test). Due to the sample size of this local cohort, the expression of ANXA2 according to receptor
status could not be carried out reliably (ER+ = 24, ER- = 2, see Table S3). Thus, to add power to our
investigation and to further interrogate the relationship between ER status and ANXA2 expression we
then extended our study to publicly available gene expression datasets.

The NCBI GEO database is a public functional genomics data repository through which
anonymized gene expression and corresponding clinical attributes can be accessed and analyzed.
The dataset GSE42568 was chosen to closely reflect our local experimental cohort as it also contained
gene expression data from normal (n = 17) and breast cancer (n = 104) tissue from Irish patients.
Fold change of ANXA2 expression was measured as log2 using Affymetrix microarrays and probe set
201590_x_at and differences between groups was measured using Student’s t-test. Analysis of this data
set (Figure 5B) also showed a significant down regulation in ANXA2 in breast tumor tissue compared
to normal breast tissue (p < 0.0001, Mann–Whitney U). Further, by categorizing the GSE42568 cohort
according to ER expression, we see that ANXA2 expression is significantly upregulated in those with
ER negative breast cancer tissue (p = 0.0094, Student’s t-test), which is consistent with our cell line data.
Reflecting the results seen in our RT-qPCR local cohort, ANXA2 appears to be slightly increased in
those with nodal progression in GSE42568 (p = 0.1121, Student’s t-test). The expression status of other
receptors such as progesterone receptor (PR) and HER-2 were not recorded for this dataset (Table S4).
To further verify the relationship between Annexin A2 and ER- breast cancer tissue, we interrogated
available quantitative proteomic data from S. Tyanova et al. (2016) [25]. Through this we found,
in support of our argument, that Annexin A2 expression at the level of the protein is significantly
higher in ER- breast cancer tissue (p = 0.0185, Student’s t-test) (Figure S5).

These trends are further evidenced by querying the METABRIC (Molecular Taxonomy of
Breast Cancer International Consortium) cohort for ANXA2 expression. METABRIC is a publicly
available database containing genomic and clinical data for over 2000 breast cancer patients [61].
As illustrated in Figure 5C, again, ER negative patients appear to have a higher expression of ANXA2
(p < 0.0001, Mann–Whitney U). When considering expression of other receptors, it can be seen that
PR negative patients have a slight increase in ANXA2 expression overall (p = 0.0037, Mann–Whitney
U), whereas HER-2 positive patients have increased ANXA2 expression compared to those who do
not have HER-2 overexpression (p < 0.0001, Mann–Whitney U). The 3-gene classifier postulated by
Haibe-Kains B et al. [62] allows for the stratification of tumor samples into four main clinical subtypes:
ER+ high proliferation, ER+ low proliferation, TNBC (denoted as ER-/HER2- in METABRIC) and
HER2+. Comparing ANXA2 expression between these subtypes reveals both ER positive subtypes to
have a significantly lower expression of ANXA2 than their ER negative counterparts. (TNBC vs. ER+hi
prolif, p < 0.0001; TNBC- vs. HER2+, p = 0.2737; TNBC vs. ER+ lo prolif, p < 0.0001; ER+ hi prolif vs.
HER2+, p < 0.0001; ER+ hi prolif vs. ER+ lo prolif, p = 0.4909; HER2+ vs. ER+lo prolif, p < 0.0001,
Kruskal-Wallis with Dunns adjustment). Once more, analysis of this large breast cancer cohort appears
to link ANXA2 expression with ER negative breast cancer, encompassing both the aggressive triple
negative and HER-2 overexpressing subtypes. In addition, those with a positive nodal status also have
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an increased expression of ANXA2 when compared to those without nodal involvement, regardless of
receptor status (p = 0.0050, Mann–Whitney U).

Figure 5. ANXA2 expression is associated with and is a prognostic indicator in ER negative breast
cancer. (A) Analysis of ANXA2 expression using qRT-PCR of normal (n = 5) and breast cancer (n = 30)
tissue samples. Analysis showed ANXA2 is significantly upregulated in normal tissue versus cancer
tissue (p = 0.0002). Gene expression represented as fold change from normal closest to mean. Horizontal
bars represent the mean and SD of fold change. Statistical difference between groups tested using
Mann Whitney U test. (B) Analysis of ANXA2 mRNA expression in GSE42568 showing ANXA2
is upregulated in normal tissue versus cancer tissue, (p < 0.0001), in ER- breast cancer versus ER+
breast cancer (p = 0.0094) and in patients with nodal positive disease (p = 0.1121). Horizontal bars
represent the mean and SD gene expression levels. Statistical difference between groups was measured
using Student’s t-test. (C) Analysis of ANXA2 mRNA expression of the METABRIC cohort showing
upregulation of ANXA2 in ER negative (p < 0.0001), PR positive (p = 0.0013) HER2 positive (p < 0.0001)
and in nodal positive (p = 0.0050) breast cancer patients. Using the 3 gene classifier (42) to stratify
patients shows TNBC and HER2+ subtypes to have significantly higher expression of ANXA2 than
both ER+/HER2- subtypes. Statistical difference between groups was calculated using Mann–Whitney
U test. (D) Kaplan–Meier curves comparing the DMFS of patients with high ANXA2 expression (red)
versus low ANXA2 expression (black) as determined by median expression value cut-off. Curves were
analyzed using univariate log-rank tests. Expression of ANXA2 was found to not have a significant
effect in ER+ patients whereas it did significantly increase probability of distant metastasis for ER-
patients (p = 0.0068).
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Taking into account the specificity we see of ANXA2 overexpression in ER-negative breast cancer
and the potential influence ANXA2 has on disease progression in terms of lymph node involvement,
we then wanted to ascertain the effect ANXA2 expression has on prognosis for breast cancer patients.
Gene expression and survival data sets were downloaded from KMPlot.com and categorized according
to ER expression (derived from gene expression data) [26]. Kaplan–Meier plots and log-rank tests were
used to compare the distant metastasis free survival (DMFS) rates of patients stratified according to
high or low ANXA2 expression, illustrated in Figure 5D. Using a median value as high/low cut off
for ANXA2 expression, we found that for ER positive patients (n = 1395), ANXA2 expression had
no significant effect on DMFS. Contrastingly, in patients with ER negative breast cancer (n = 351),
high ANXA2 expression had a significant detrimental effect on DMFS, with a hazard ratio showing that
those with high expression were almost 2 times more likely to develop distant metastasis (p = 0.0068,
HR = 1.730). These results indicate that ANXA2 expression is correlated with poor clinical outcome,
specifically distant metastasis for only the ER negative grouping of breast cancer patients.

4. Discussion

In this study, we utilized well-established transwell chamber assays, in combination with the
BONCAT method and mass spectrometry to identify the nascent proteome that is synthesized when
breast cancer cells undergo migration and invasion towards an EGF chemoattractant. This is an
innovative method to assess the global proteomic changes that occur during these processes of cancer
progression using an in vitro model. This experimental set-up allowed for a highly specific and
controlled insight into the early translational events involved in the metastatic process in a model of
aggressive ER negative breast cancer. Functional analysis of the proteins identified in this procedure
showed that a wide range of cellular functions were regulated by the chemotactic EGF stimulation.
Of these functions, gene ontology enrichment analysis revealed calcium ion binding to be the most
significantly overrepresented GO term within our list. Calcium signaling has well-established links to
processes of cancer progression such as proliferation, apoptosis and migration and invasion [63,64].
Furthermore, calcium flux has an intrinsic role in the breast due to lactation and the expression of
several calcium pumps, involved in milk production, have been implicated in breast cancer [65].
Altered calcium homeostasis has been observed within breast cancer, however, it is currently unclear
whether the dysregulation of calcium binding proteins like Annexin A2 are a cause or a consequence
of this imbalance [64]. Despite this, it is known that Ca2+ level within the cell regulates Annexin A2′s
affinity for its binding partners and cellular components such as the plasma membrane and the actin
cytoskeleton [51,66,67]. Apart from Annexin A2, calcium binding proteins such as the S100 family
(several of which were identified in our screen, Table S1) have been thoroughly investigated in the
context of cancer, as reviewed by Bresnick et al. [68] and these, along with Annexin A2, have the
potential to be utilized as prognostic or therapeutic targets in breast cancer [69]. As well as successfully
identifying Annexin A2 as a mediator of breast cancer cell migration and invasion, our screen has
provided an extensive list of proteins potentially involved in breast cancer metastasis which require
further investigation (Table S1). This valuable information can guide our and others’ future research
into deciphering the mechanics of cancer progression.

As migration and invasion constitute integral mechanisms in the development of cancer metastasis,
the proteins identified by our model and mass spectrometry screen potentially have a role in cancer
progression. We thus tested the value of our experimental design by conducting a focused study on
Annexin A2—a protein identified in both our migration and invasion experiments. Annexin A2 is a
calcium ion regulated membrane binding protein [67] found to play a role in a wide range of cellular
processes, from endo- and exo- cytosis to proliferation and apoptosis [51]. One of its best-known
functions is its hand in the proteolytic cascade, triggered by the activation of plasmin. The plasminogen
activation system is vital for the tissue remodeling required for wound healing. This process however,
has also been associated with cancer progression [70]. AnxA2 promotes the conversion of the inactive
pre-protein plasminogen into its active version, the serine protease called plasmin. AnxA2 does this by
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binding both tissue plasminogen activator (tPA) and plasminogen thus bringing enzyme and substrate
together spatially and significantly increasing the rate of conversion [71]. This fibrinolytic process
produces proteases with the ability to degrade extracellular matrix (ECM) proteins and further activate
matrix metallo-proteases (MMPs). When dysregulated, this degradation ability greatly accelerates
the progression of cancer by giving the tumor a greater chance to invade through the ECM and
metastasize to other locations in the body [60]. Annexin A2 has been proposed as a potential biomarker
and therapeutic target for aggressive and metastatic cancers [72,73]. A recent study by Shen et al.
even postulated the use of phosphorylated Annexin A2 for the selective imaging of solid tumors
within the clinic [74]. Studies by Sharma et al. [58] and Yeatman et al. [75] have actually shown that the
expression of Annexin A2 is higher in metastatic cancer cell lines versus non-metastatic cancer cells.
The recent authoritative review by Sharma discusses these studies and similar findings in a number of
cancer types and concluded by proposing Annexin A2 to be a universal signature of aggressive and
metastatic cancer [72]. Our approach has added to the consensus that Annexin A2 plays an important
role in the progression of breast cancer, suggesting that stimulus to migrate and invade with an EGF
chemoattractant actually induces the nascent translation of Annexin A2.

The patterns of higher Annexin A2 expression at both a protein and gene level, as demonstrated
using both western blotting and RT-qPCR methods (Figure 3A,C), as well as through interrogating
independent genomic and proteomic data repositories (Figure 3B,C) suggested the importance of
Annexin A2 expression in ER negative breast cancer. Thus, we next assessed the functional consequences
of decreasing Annexin A2 expression using RNA interference techniques within an ER negative breast
cancer model. Knockdown of Annexin A2 attenuated many of the traditional hallmarks of cancer
exhibited by MDA-MB-231 cells. Cell growth and proliferation was diminished, adding to the
evidence of Annexin A2′s role in cell division, as reported in a number of experimental models [76,77].
Cell migration, as measured by both wound healing assay and EGF-induced directional migration,
was significantly diminished upon reduction of Annexin A2 expression. As discussed earlier, cancer
cell motility and chemotactic response to factors found within the tumor microenvironment are
pillars of metastatic progression. Annexin A2 has been implicated in cell motility due to its role in
binding actin filaments, regulating filament polymerization, and cytoskeletal organization [35–37].
In addition, it has been shown to recruit Rho GTPases, cofilin and other motility associated effector
proteins [38,39,45,78,79] This role of Annexin A2 in promoting breast cancer cell migration equates
with results from previous research [44,80,81] but to our knowledge is the first instance to show the
specific reaction to an EGF gradient. To further validate the clinically relevant role of Annexin A2 in
metastasis, future investigations are needed. Studies using Matrigel plug assays [82] and xenograft
models [83] have indicated the potential of targeting Annexin A2 in angiogenesis and tumor growth
in vivo. However, various measurements of invasion such as 3-D spheroid formation and gelatin
zymography, in combination with physiologically relevant, spontaneous metastatic mouse models
(such as those used in [84]) are essential for a fully comprehensive insight into Annexin A2′s role in the
metastatic cascade.

A link with EGF signaling could be contributed to the interaction between Annexin A2 and the
EGF receptor (EGFR). Our results (Figure 3B(ii)) indicate a strong correlation between the expression of
EGFR and Annexin A2 in ER negative cell line models. However, within the literature, this relationship
is riddled with conflicting reports with some data showing that reduction of Annexin A2 dampens the
downstream activation of the EGFR pathway [44]; while others report that inhibition of Annexin A2
expression enhanced both EGF induced cell migration and downstream activation of JNK and Akt in
mouse models [45]. Indeed, our results (Figure 3D) and others [85], show that EGF stimulation appears
to transiently increase Annexin A2 phosphorylation at Tyr24. This phosphorylation is likely caused
by EGFR mediated activation of Src kinase, of which Annexin A2 is a known substrate [44]. Current
literature suggest that this phosphorylation promotes Annexin A2 translocation to cell and exosomal
surfaces where it can enact its pro-metastatic functions by bridging proteins together to activate ECM
remodeling enzymes and even attract pro-tumorigenic macrophages into the TME [54,58,81,86–88].
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Recent work by Y Fan et al., showed that the reduction in migration and invasion attributed to Annexin
A2 suppression can be rescued by the exogenous expression of a phospho-mimic-ANXA2 but not by a
phospho-null-ANXA2, highlighting the importance of the phosphorylation we have observed [53].
Furthermore, a number of studies have linked growth factor mediated phosphorylation of Annexin A2
to the promotion of EMT in a variety cancer types [55–57,81]. Although the methods used for assessing
EMT vary, many come to the consensus that Annexin A2 plays a role in triggering the mesenchymal
and migratory phenotype in cancer cells via the transcriptional program of EMT. This agrees with
our observations of Annexin A2 suppression diminishing the migratory capacity of breast cancer
cells (Figure 4C,D) and potentially correlating with loss of EMT marker, E-Cadherin, in specific cases
(Figure 3A). Despite the increase in Annexin A2 phosphorylation and the nascent translation proposed
by our mass spectrometry identification (Figure 3D), the level of total Annexin A2 within the cell
remains constant when measured by western blot. This is similar to results seen by Maji et al. in which
exosomal Annexin A2 was seen to increase in a progressively metastatic breast cancer cell line model,
despite seeing no change when the whole cell lysate is analyzed [87]. This could suggest that the
total cellular pool outweighs the newly synthesized pool of Annexin A2 that is translated upon
directional EGF stimulation, thus masking any potential increase in protein levels. This is supported by
reports of Annexin A2 having a long half-life (40–50 h) [89–91] and by our own findings that suggest
that it is only 72 h post transfection with siRNA against ANXA2 that we see the knockdown and
maintenance of its knockdown beyond 35% (data not shown). Further examination is ongoing to
ascertain whether Annexin A2 is newly synthesized during this process to replace the protein lost to
cell surface translocation. Exosomal or secreted Annexin A2 has been reported to promote breast cancer
metastasis and angiogenesis in a number of studies [58,82,87] and has even been proposed as a serum
based biomarker for breast cancer detection [82,92]. Taken together, this suggests that Annexin A2 is
involved in processes that promote breast cancer disease progression and this could be particularly true
for tumors driven by EGFR overexpression. This is further compacted by our findings of a significant
correlation between Annexin A2 and EGFR expression and by the observation that breast cancers
found to have EGFR overexpression are more commonly ER negative than ER positive [93].

Having established the importance of Annexin A2 expression in maintaining proliferation,
wound healing, and migration within our in vitro model (Figure 3), we next moved to investigate its
expression in patient tissue. Interestingly, we found that when unstratified breast cancer samples were
compared to normal breast tissue, Annexin A2 expression was significantly lower in the cancer tissue.
This finding was validated in the larger GSE4825 cohort. This is in contrast to immunohistochemical
analysis by Sharma et al. [58] which showed Annexin A2 to be undetectable in normal breast epithelia
but strongly and consistently expressed in invasive breast cancer tissue. This discrepancy could
be explained by a differential level of translational control between mRNA to protein. However,
this requires further investigation as our result poses a challenge to the current general consensus that
Annexin A2 is upregulated in breast cancer compared to pathologically normal tissue [42,59,60].

The stratification of breast cancer patients according to their ER expression status (GSE42568,
METABRIC and S. Tyanova, et al. (2016) cohorts) revealed that the trend seen in cell lines also applies
to human breast cancer tissue samples. ER negative breast cancer encompasses both the triple negative
and HER-2 overexpressing subtypes [49]. These are often more aggressive and have fewer treatment
strategies in comparison with the more common ER positive breast cancers. Women diagnosed with
ER negative tumors are usually diagnosed at an earlier age and experience a higher mortality rate [94].
With the exception of trastuzumab’s unmatched beneficial effect for HER-2 positive patients [95],
traditionally, toxic and unspecific chemotherapy is used to treat ER negative tumors. In addition,
a caveat to the success of trastuzumab for HER-2 positive breast cancer is that a large majority of
those treated develop resistance over time [96]. This highlights the need for targeted therapies which
can mimic the wide reaching success of anti-estrogens such as tamoxifen for ER positive cancers [97].
The large sample size of the METABRIC analysis also revealed Annexin A2 to be upregulated in
HER2 positive breast cancer, contradicting what has been previously published [44] and suggesting
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the value of investigating Annexin A2 in breast cancer is not limited to the triple negative subtypes.
The potential of Annexin A2 as a therapeutic target or marker of aggressiveness in ER negative breast
cancer is further solidified by its links to disease progression and metastasis. Analysis of our local
tissue cohort (RT-qPCR), GSE42568, and the METABRIC (Affymetrix) cohort all show that Annexin A2
expression is higher in patients with lymph node involvement (Figure 5A–C). Due to the lymphatic
drainage of the breast tissue, the lymph nodes are often the first location of metastatic spread. Presence
of metastasized tumor cells in the axillary lymph nodes is one of the strongest prognostic indicators
in breast cancer [98] and as a result, lymph node status is a parameter used to stage the disease [99].
The trend of higher ANXA2 expression in patients with lymph node involvement in our local cohort
and the larger GSE42568, is not statistically significant, however, this could be attributed to the fact that
only a small proportion of patients in these cohorts are ER negative (Tables S3 and S4), thus masking
the possible effect of ANXA2 expression on disease progression. Annexin A2 is again associated with
metastatic progression of disease when we show that risk of distant metastasis is significantly higher
in ER negative breast cancer patients with high expression of ANXA2. This statistically significant
result does not hold true for ER positive patients, providing evidence that the potential of targeting
Annexin A2 holds promise for the more aggressive and harder to treat ER negative breast cancers.

5. Conclusions

Collectively, we have developed a novel approach to assess the changes that occur in the nascent
proteome when cancer cells undergo stimulation to carry out the pro-metastatic functions of invasion
and migration. We have proven the validity and usefulness of this approach by demonstrating how
Annexin A2, one of the elucidated proteins, plays a pivotal role in maintaining the malignant phenotype
of estrogen receptor negative breast cancer. The variety of experimental techniques and independent
transcriptomic and proteomic datasets encompassing both cell line models and patient tissue in this
study provides an emphatic argument that Annexin A2 plays a key role in ER negative breast cancer.
Our work has used innovative models to add substantial weight to the findings by others, linking
Annexin A2 to breast cancer. This study provides novel insight into the potential mechanisms of
metastasis in ER negative breast cancer. Further validation is needed to build upon this study and
truly assess the viability of targeting Annexin A2 to prevent cancer metastasis in vivo. Ultimately,
this knowledge suggests that targeting Annexin A2 merits investigation as a novel therapeutic strategy
in treating the pharmacologically challenging ER negative subtype, and this may help prevent breast
cancer progression to the later metastatic stages of disease.
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Abstract: The calcium (Ca2+)-dependent membrane-binding Annexin A6 (AnxA6), is
a multifunctional, predominantly intracellular scaffolding protein, now known to play relevant
roles in different cancer types through diverse, often cell-type-specific mechanisms. AnxA6 is
differentially expressed in various stages/subtypes of several cancers, and its expression in certain
tumor cells is also induced by a variety of pharmacological drugs. Together with the secretion of
AnxA6 as a component of extracellular vesicles, this suggests that AnxA6 mediates distinct tumor
progression patterns via extracellular and/or intracellular activities. Although it lacks enzymatic
activity, some of the AnxA6-mediated functions involving membrane, nucleotide and cholesterol
binding as well as the scaffolding of specific proteins or multifactorial protein complexes, suggest its
potential utility in the diagnosis, prognosis and therapeutic strategies for various cancers. In breast
cancer, the low AnxA6 expression levels in the more aggressive basal-like triple-negative breast cancer
(TNBC) subtype correlate with its tumor suppressor activity and the poor overall survival of basal-like
TNBC patients. In this review, we highlight the potential tumor suppressor function of AnxA6 in
TNBC progression and metastasis, the relevance of AnxA6 in the diagnosis and prognosis of several
cancers and discuss the concept of therapy-induced expression of AnxA6 as a novel mechanism for
acquired resistance of TNBC to tyrosine kinase inhibitors.

Keywords: breast cancer; annexin A6; RasGRF2; EGFR; cholesterol; cell growth; cell motility; acquired
resistance; tyrosine kinase inhibitors

1. Introduction

Breast cancer is the most common cancer among women in the USA, with an incidence of
63,410 cases of in situ disease, 268,600 new cases of invasive disease, and 41,760 deaths estimated
in 2019 [1]. In addition to classification into intrinsic subtypes such as luminal A, luminal B,
HER2-enriched, basal-like, claudin-low and normal-like [2,3], breast cancer and triple-negative
breast cancer (TNBC) in particular are known to be molecularly heterogeneous diseases. Basal-like
breast cancers which are mostly TNBCs, lack or express low levels of the estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth factor receptor-2 (HER2) [4,5]. Based on gene
expression profiling of bulk tumors, TNBC tumors are now known to belong to at least four molecular
subtypes. These include the immune active basal-like 1 (BL1/BLIA), the immunosuppressed basal-like
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2 (BL2/BLIS), the mesenchymal-like (MES) and the luminal androgen-receptor-expressing (LAR) TNBC
subtypes [6–8]. These mostly high-grade tumors with poor prognosis are particularly prevalent in
younger patients, with frequent relapses and metastases to distant organs [9]. About 60–80% of these
cancers express variable levels of the epidermal growth factor receptor (EGFR) [10,11], which for many
years was considered to be a major oncogene and a promising therapeutic target in these tumors.

The discovery of EGFR as a major oncogene in TNBC sparked intense research on its therapeutic
potential and several tyrosine kinase inhibitors (TKIs) and therapeutic monoclonal antibodies (mAbs)
targeting this receptor have been developed. Therapeutic monoclonal antibodies against EGFR such as
cetuximab bind to the ligand-binding site in the extracellular domain of the receptor. By competing
with the receptor ligands, these drugs provoke receptor internalization and degradation, which is
accompanied by cell cycle arrest and cell death [12]. Other studies have shown that cetuximab
and perhaps other therapeutic monoclonal antibodies induce apoptosis by stimulating the expression
of the cell cycle inhibitor p27Kip1 [13]. On the other hand, TKIs such as lapatinib, erlotinib, gefitinib, as
well as the more recent generations of these drugs, block the kinase activity of the receptor by competing
with ATP binding to the ATP binding pocket in the cytosolic tyrosine kinase domain of the receptor [14].
Some of these TKIs have been approved for the treatment of TNBC, while others are approved
for other cancer types, and inhibit tumor growth by promoting cell cycle arrest and apoptosis [15].
However, the use of these EGFR-targeted therapies in the treatment of TNBC and other cancer
types have led to dismal outcomes with rapid disease recurrence and metastasis (reviewed in [16]).
Although the mechanisms for the frequently acquired resistance to these drugs are continually
being unraveled, the failure of these drugs in the treatment of TNBC remains a major challenge.
As the recurrence and subsequent disease progression are sustained by residual therapy-resistant
tumor cells, remedial approaches will require a better understanding of the mechanisms underlying
the ability of the therapy-resistant tumor cells to grow aggressively and/or to become invasive.

Annexin A6 (AnxA6), the largest member (with eight rather than four core domains) of the annexin
family of calcium (Ca2+)-dependent membrane-binding proteins, is a multifunctional, predominantly
intracellular scaffolding protein. In addition, AnxA6 is frequently detected in extracellular vesicles (EVs,
ExoCarta exosome database: www.exocarta.org), suggesting that AnxA6 also functions extracellularly.
AnxA6 is known to bind to negatively-charged phospholipids, cholesterol, nucleotides as well as
a plethora of proteins in a Ca2+-dependent manner, and these properties underlie, at least in part, its
diverse cellular functions [17,18]. It is increasingly becoming clear that the AnxA6 expression status
varies greatly in breast cancer cells as tumor cells with mesenchymal-like phenotypes express higher
levels of the protein compared to those with basal-like morphology [19,20]. Although considered
to be constitutively expressed in most cell types, AnxA6 expression is also inducible by treatment
of tumor cells with a variety of pharmacological drugs [21], and it is differentially expressed in
various stages/subtypes of several cancer types including breast cancer [22]. Additionally, it is
increasingly becoming evident that disease and/or therapy-associated changes in the expression status
of AnxA6 may be useful in the diagnosis, prognosis, as well as in the prediction of patient response to
chemotherapy and certain targeted therapeutic options. Here, we highlight the current developments
on the potential tumor suppressor and proinvasive roles of AnxA6 in TNBC and other cancers, and how
this may be relevant for TNBC diagnosis and prognosis. Finally, we will discuss the novel concept of
therapy-induced upregulation of AnxA6 especially in basal-like TNBC cells with low AnxA6 levels
(AnxA6-low TNBC cells) as another mechanism for acquired resistance of this hard-to-treat breast
cancer subtype to TKIs.

2. Molecular Characteristics and AnxA6-Mediated Functions

Based on ample evidence provided over the years, it is now well established that AnxA6 is not only
a Ca2+-dependent phospholipid-binding protein, but AnxA6 also binds to cholesterol and nucleotides,
and serves as a scaffolding protein for several proteins to regulate and/or establish the dynamic
association of multifactorial complexes in specialized membrane domains [22–24]. These molecular

236



Cells 2020, 9, 1855

features appear to be critical in the multiple functions of AnxA6 in various cell types and pathological
conditions including breast cancer.

2.1. Ca2+-Dependent Interaction with Cellular Membranes

Elevated concentrations of extracellular Ca2+ or activation of Ca2+-mobilizing G protein-coupled
receptors (GPCRs) and receptor tyrosine kinases (RTKs) lead to an increase in cytosolic Ca2+

levels. This transient elevation of intracellular Ca2+ levels promotes the translocation of AnxA6
to the plasma membrane and endosomal membranes predominantly via its core domains, as well as to
membrane-associated subcellular structures such as microtubules, the actin cytoskeleton, intermediate
filaments, membrane lipid rafts, focal adhesions and cell–cell contacts [22–24]. The targeting of AnxA6
to these structures, at least in part, underlies the various membrane-associated functions of AnxA6,
including regulatory roles in membrane transport along endo-/exocytic and secretory pathways.
The Ca2+-dependent recruitment of AnxA6 to the plasma membrane has also been shown to contribute
to the inactivation of RTKs such as EGFR in A431 epidermal carcinoma cells, HeLa and head and neck
cancer cell lines (Fadu, Detroit), by acting as a scaffold for protein kinase C-α (PKC-α) [25,26].

In addition, the upregulation of AnxA6 in a variety of cell lines, including EGFR-overexpressing
A431 cells, results in increased association of AnxA6 with late endosomes [19,21,25], which inhibits
both cholesterol and endo-/exocytic vesicle trafficking [27,28]. On the other hand, elevated AnxA6
levels have been shown to stabilize activated EGFR and potentially other activated RTKs on the surface
of TNBC cells to sustain Ras/MAP kinase signaling and cell proliferation [29]. While these effects may
require Ca2+-dependent interaction of AnxA6 with distinct effectors followed by the translocation
of the complex to the plasma membrane and/or endosomal compartment, the AnxA6-mediated
inactivation or sustained activation of RTKs seems to significantly alter the proliferation and motility
of tumor cells in a cell type-specific manner. In addition to the regulation of oncogenic receptor
function, membrane-localized AnxA6 has also been shown to modulate store-operated Ca2+ entry [23],
which is a major component of GPCR and RTK function and consequently affects the critical roles of
these receptors in cell proliferation, motility and differentiation. Finally, membrane-translocated
AnxA6 may also facilitate membrane repair of tumor cells especially following extracellular
insults [30–33]. Therefore, the Ca2+-dependent membrane-binding property of AnxA6 triggers
numerous Ca2+-modulated cellular processes, providing multiple links to the modulation of cell
growth, cell motility, differentiation, apoptosis and, presumably, the resistance of TNBC cells to drugs
targeting these receptors.

2.2. Cholesterol Binding and Subcellular Localization

The abundance and subcellular distribution of cholesterol, an essential component of biological
membranes, is strongly influenced by the expression levels and subcellular localization of AnxA6 [32,34].
The possibility that this constitutes a direct interaction of AnxA6 with cholesterol is supported by
a proteome-wide mapping of cholesterol interacting proteins that confirmed that several annexins
including AnxA6, directly bind cholesterol [35]. Some studies have revealed that the core domain of most
annexins is responsible for the cholesterol-mediated effects [36], while others have shown that W343 in
the linker region is important for the interaction between AnxA6 and cholesterol [37]. Most strikingly,
other cell-based studies revealed Ca2+-insensitive, but cholesterol-dependent interaction of cytosolic
AnxA6 with late endosomal membranes [38]. Interestingly, a recent study in Niemann–Pick-type
C1 mutant cells identified a feedback loop involving selective lysosomal degradation of AnxA6
in the regulation of AnxA6 and cholesterol levels in this subcellular site [39]. On the other hand,
upregulation of AnxA6 levels in A431, Chinese hamster ovary and other cell models triggered
cholesterol accumulation in the late endosomal compartment [21,27,28]. Overexpression of AnxA6 in
TNBC cells has also been linked to the accumulation of cholesterol, especially in late endosomes [21,27].
Together, these studies suggest that AnxA6 contributes to the cellular distribution of cholesterol via
this feedback mechanism and presumably, other yet to be discovered mechanisms.
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Overall, the association and/or cellular dynamics of AnxA6 and cholesterol appear to
underlie the involvement of AnxA6 in not only cell migration [28], vesicle trafficking, exocytosis
and endocytosis [27,40], but also in viral uptake, propagation and release [41,42]. The AnxA6/cholesterol
paradigm may also be important in membrane repair, cell survival and protection of cells from
extracellular insults [43,44]. This includes protection from a cytotoxic surge in intracellular Ca2+

induced by Ca2+ ionophores or oncogene addiction, which leads to persistent physiological activation
of Ca2+ mobilizing receptors such as EGFR in TNBC cells [20].

2.3. Nucleotide-Binding Characteristic of Annexins

Annexins and AnxA6 in particular, have been shown to bind to nucleotides including ATP
and GTP at least in vitro [45–47]. This appears to occur via a nucleotide-binding domain located in
the N-terminus of nucleotide-sensitive annexins [46]. While the molecular details still remain sparse,
the interaction may occur directly [48] or in the case of AnxA7, via bona fide nucleotide-binding
proteins such as guanine nucleotide-binding protein subunit beta-2-like 1 (also known as the receptor
for activated C kinase 1 (RACK1)) [49]. Earlier studies on the interaction of AnxA6 with nucleotides
suggested the existence of two AnxA6 domains within residues 293-301 and 641-649 that potentially
bind the phosphate groups of GTP [48]. However, in a follow-up study, the expression of a W343S
AnxA6 mutant led to not only diminished GTP binding and GTP-induced ion channel activity, but
also the formation of AnxA6 trimers in the presence of GTP [50]. This notwithstanding and given
that nucleotides are required for the activation of protein kinases and small GTPases, it is plausible to
suggest that the nucleotide-binding characteristic of AnxA6 contributes to cellular functions related
to tumorigenesis, endocytosis, exocytosis, vesicular transport and signal transduction pathways.
However, whether the interaction of AnxA6 with GTP or other nucleotides is relevant for TNBC
progression remains to be fully elucidated.

2.4. Scaffolding Functions of AnxA6

Accumulating evidence suggests that the multifunctional role of AnxA6 in cancer may largely
depend on its multiple and diverse scaffolding functions. Over the years, it has been demonstrated
that in addition to its Ca2+, phospholipid, nucleotide and cholesterol-binding properties, AnxA6 also
interacts with a vast and diverse number of proteins or protein complexes which to some extent
justify its multifunctional role in TNBC and other cell types. The interaction of AnxA6 with F-actin
and the F-actin cross-linking protein alpha-actinin [23,51] suggests a role in the remodeling of the actin
cytoskeleton, especially during cell adhesion, spreading and motility.

Several members of the S100 family of Ca2+ binding proteins are known to associate with
cytoskeletal structures including the actin cytoskeleton, intermediate filaments and microtubules.
These interactions enable S100 proteins to influence multiple cellular functions, including cell
motility [52,53]. The interaction of AnxA6 with some members of the S100 proteins is not only a critical
requirement to facilitate the secretion of these S100 proteins [54], but also links the plasma membrane to
the cytoskeleton and/or enhances the formation of signaling complexes on biological membranes [55].
In addition, S100/AnxA6 interaction facilitates the bridging of adjacent intracellular vesicles (via
annexin molecules) during membrane fusion events [56]. These multiple cellular activities driven
by the interaction of AnxA6 with S100 proteins could be critical for the organization of membrane
microdomains including lipid rafts, focal adhesions and cell–cell contacts, which independently
contribute to enhanced cell motility.

The binding of AnxA6 to the microtubule-associated protein Tau modulates the distribution
of Tau in pathologic conditions [57]. Besides its well-established role in tubulin polymerization
and stabilization of microtubules, Tau protein has also been shown to be enriched in metastatic
breast tumors [58] and upregulation of Tau protein is associated with resistance to paclitaxel [59]
and potentially other taxane-based chemotherapeutic drugs. Although these noncanonical functions of
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Tau protein are similar to some of the functions listed for AnxA6, whether the Tau/AnxA6 interaction
is critical in TNBC metastasis and resistance to taxane-based therapies requires further investigations.

The interaction of AnxA6 with glycosaminoglycans such as chondroitin sulfate has also been
shown to influence cell motility and invasion [60], while AnxA6 expression and its interaction with
influenza A virus protein M2 strongly impaired virus release [42,61]. AnxA6 also interacts with the mu
subunits of the clathrin assembly protein complex, which further supports its role in endocytosis
and vesicular transport [62]. Although AnxA6 may interact with several Ca2+ channels to regulate
Ca2+ influx via its interaction with L-type Ca2+ channels, Na+/Ca2+ exchangers and store-operated
Ca2+ entry channels, AnxA6 also influences the release of Ca2+ from internal stores via its interaction
with sarcoplasmic reticulum Ca2+-release (SERCA) channels [63–65]. Other studies have shown that
AnxA6 interacts with extracellular signal effector proteins such as PKC-α [25,66], the Ras GTPase
Activating Protein p120RasGAP [67,68], H-Ras [19], Raf-1 [69]; transcription factors such as the p65
subunit of nuclear factor-κB (NF-κB) [70] as well as members of the TBC family of GTPase activating
proteins that regulate Rab GTPases [71]. These interactions suggest the involvement of AnxA6 in
cellular signaling mechanisms that ultimately lead to tumor cell growth, motility and differentiation.

Based on evidence from previous studies, the putative binding domains of cholesterol, nucleotides
and some of the known AnxA6-interacting proteins are schematically represented in Figure 1.
The annexin core domains have been shown to mediate the interaction of AnxA6 with membrane
phospholipids [72] and Tau [57], while the C and N terminal halves of AnxA6 are required for its
interaction with S100 proteins [73] and chondroitin sulfate [60]. Actin [74], α-actinin [51] and the mu
subunit of clathrin assembly protein [62] have all been shown to interact with the N-terminal of AnxA6.
Meanwhile, the minimal interaction segment(s) of some AnxA6 interactors have been mapped. This
includes residues 325-363 for p120GAP [75], residues 44 to 147 for influenza A virus M2 protein [61],
residues 629–673 for PKC-α [76], residues 157–163, 241–247 and 590–596 for S100A11 [55] and residues
293–301 and 641–647 for nucleotides [48].

Figure 1. Putative binding domains of some AnxA6 interacting partners. The primary structure of
AnxA6 showing the eight annexin repeats and the six potential Ca2+ binding sites. The putative
binding domains of known interactors including phospholipids, cholesterol, nucleotides and other
proteins relative to the primary structure of AnxA6 isoform 1 (NM_001155.5; NP_001146.2; 673 amino
acid residues) are indicated (not to scale). See text for further details.
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Interestingly, a single-residue W343 has been shown to be critical in the binding of both
cholesterol [37] and nucleotides [50]. While the list of AnxA6 interacting proteins and/or protein
complexes is not yet exhaustive, it is possible that the discovery of novel interacting proteins
and the relationship with AnxA6-mediated functions will provide a further premise for its multiple
functions in cancer.

3. The Multiple and Diverse Roles of AnxA6 in Tumor Cell Growth and Motility

Over the years, several studies have examined the effects of AnxA6 on hallmarks of cancer such as
growth, motility and differentiation in several tumor cell models. However, our understanding of how
AnxA6 promotes the progression of TNBC as well as a very diverse set of other cancers [77] remains
largely unknown. An emerging concept is that differences in the expression status of intracellular
and/or extracellular pools of AnxA6 underlie, at least in part, the distinct phenotypic characteristics
of cancer cells and consequently, their propensity to grow rapidly or to become invasive. Here, we
review our current knowledge on the role of AnxA6 in cancer progression.

3.1. Altered Expression of AnxA6 in Tumor Cell Proliferation

As a Ca2+-dependent membrane-binding protein, AnxA6 has been shown to be involved in
several cellular functions that define tumor cell growth. However, this function often appears to be cell-
and/or cancer-type specific. In 3T3-L1 preadipocytes, siRNA-mediated AnxA6 knock-down impaired
proliferation and differentiation [34]. In vivo proliferation of CD4+ T cells, but not CD8+ T cells, has also
been shown to be impaired in AnxA6-/- relative to WT mice [78]. In human squamous A431 epithelial
carcinoma cells, which overexpress EGFR but lack endogenous AnxA6, stable expression of AnxA6 was
associated with reduced cell growth [79]. The ectopic AnxA6 expression in these cells led to growth
arrest in the G1 phase of the cell cycle, longer doubling times, contact inhibition upon confluence
and reduced proliferation when cultured in low serum media [80]. Furthermore, stable AnxA6
expression in A431 xenografts also reduced tumor growth in vivo [79]. Meanwhile, in breast, gastric
cancer, hepatocellular and several other cancer types, elevated AnxA6 expression has also been reported
to inhibit tumor cell proliferation [22,29,77]. In these tumors and in basal-like TNBCs in particular,
AnxA6 appears to act as a tumor suppressor, as reduced expression of AnxA6 led to the rapid growth
of xenograft tumors and was associated with poor overall survival of basal-like TNBC patients [20,29].
Interestingly, AnxA6 expression levels are relatively lower in the more aggressive basal-like breast
cancer TNBC cell lines than in the more invasive mesenchymal-like TNBC cell lines [20].

The mechanisms underlying the role of AnxA6 in cell proliferation are gradually being unraveled
and may include modulation of cell cycle progression [79], regulation of plasma membrane permeability
to extracellular Ca2+ [23,31,81], inhibition of EGFR and Ras/MAP kinase signaling [19,25,68], interference
with cholesterol homeostasis [27,28,71] and protection of cells via facilitation of membrane repair [31–33].
Accumulating evidence now suggests that AnxA6 may also affect the growth of tumor cells by
modulating glucose and lipid metabolism, with consequences in cellular energy status and consumption.
In support of this notion, AnxA6 deficiency compromised alanine-dependent gluconeogenesis
during liver regeneration [82]. AnxA6 expression is also associated with fatty-acid-induced lipid
droplet formation, with increased lipid droplet numbers and size in a cytoplasmic phospholipase
A2α-dependent manner [83]. However, in 3T3-L1 adipocytes, AnxA6 expression decreased cellular
triglycerides and adiponectin secretion suggesting that AnxA6 expression in adipose tissues contributes
to impaired triglyceride storage and adiponectin release [34]. In TNBC cells, downregulation of AnxA6,
which is associated with increased cell proliferation, was accompanied by the upregulation of
fatty-acid-binding protein 4 (FAPB4), a protein critical for the import of fatty acids into mitochondria
for degradation [20]. Finally, the involvement of AnxA6 in the sensing of intracellular pH during
hypoxia [84], mitochondrial morphogenesis [85] and in cellular differentiation [76,86,87], may also
contribute to cell viability and growth. While these studies suggest a potential role of AnxA6 in
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energy metabolism especially in rapidly growing tumor cells, the molecular details and underlying
mechanism(s) remain to be fully elucidated.

3.2. Tumor Cell Motility and Invasiveness Mediated by AnxA6

Contrary to its role in the proliferation of tumor cells, the expression status of AnxA6 appears to
differentially influence the motility of tumor cells in a cell-type- or cancer-type-dependent manner.
Overexpression of AnxA6 in human squamous A431 epithelial carcinoma cells is associated with
decreased migration in wound healing, as well as reduced invasion in matrigel and organotypic
matrices [28]. These anti-invasive properties of ectopically expressed AnxA6 in human squamous A431
epithelial carcinoma cells can be attributed to mislocalization of several SNARE proteins, including
SNAP23, syntaxin 4 (Stx4) and Stx6, responsible for the secretion of fibronectin (FN) and the recycling of
αVβ3 and α5β1 integrins, respectively [28,40]. The SNARE dysfunction was due to the AnxA6-induced
accumulation of cholesterol in late endosomes, leading to obstruction of cholesterol-sensitive exocytic
and recycling pathways that deliver FN and integrins to the cell surface [28,40]. These anti-invasive
activities of AnxA6 in A431 cells are, however, opposite to the proinvasive effects of AnxA6 in several
other cancer cell types including invasive breast cancer cells [22], and migratory neural crest cells [88].
While this reiterates cell-type-specific roles of intracellular AnxA6 pools in cell motility, it is possible
that the cell context-dependent requirement of AnxA6 in cell motility is mediated by distinct factors
and/or mechanisms. Overexpression of AnxA6 in TNBC cells and presumably other solid tumor types
promotes cell motility via activation of the small GTPase Cdc42 [20], which together with other Rho
and Rac GTPases are known to promote several different types of cell migration and invasiveness [89].
Other studies have further suggested that the proinvasive roles of AnxA6 in TNBC cells may be linked
to the functional status of focal adhesions since the loss of AnxA6 is associated with mislocalization
and dysfunction of focal contacts and consequently, loss of invasiveness [22]. Whether this mechanism
can be replicated in other cancer cells require further investigations.

Remarkably, several other cell-based studies have suggested a critical role of extracellular AnxA6
in tumor cell motility and invasiveness, as well as cancer metastasis in vivo [20,22,29]. Although
a predominantly intracellular protein, AnxA6 is also secreted as a component of extracellular vesicles
(EVs, exosomes). These small vesicles are secreted by most cells to facilitate cell–cell communications,
and to deliver bioactive molecules that strongly alter the behavior of recipient cells [90,91]. The existence
of an extracellular pool of AnxA6 is supported by the detection of AnxA6 in serum exosomes [92]
and confirmed in TNBC cell-derived exosomes [90,92]. That the extracellular pool of AnxA6 plays
a critical role in cellular adhesion, spreading and motility is also implicated in studies showing that
AnxA6 is a cell surface receptor for the abundant liver-derived serum protein Fetuin-A [93], and for
chondroitin sulfate [60], both of which important in cell adhesion and motility as components of
the extracellular matrix. The proinvasive activity of AnxA6 is further reinforced by the identification of
a monoclonal antibody (9E1) against AnxA6 with anti-invasive properties on several aggressive cancer
cells including pancreatic, lung squamous and breast cancer cells [94]. These studies presumably
suggest that in breast and other cancer types, the proinvasive properties of AnxA6 are mediated by
receptor-like properties of AnxA6, as well as by AnxA6-enriched EVs and that the mechanisms may
not be limited to the activation of NF-κB and Wnt signaling as recently reported [95].

Despite its Ca2+-dependent membrane-binding activity, and the implication of AnxA6 in several
membrane-associated events, direct evidence for the involvement of AnxA6 in EV biogenesis
and secretion is still lacking. Exosomes are generated from intraluminal membranes (ILVs) in
the late endosomal compartment and recent studies identified substantial amounts of AnxA6 to be
associated with ILVs [39]. Hence, one could envisage a direct physical association of AnxA6 with
the final steps of exosome release at the cell surface, which needs further investigation. However,
the notion that tumor cell motility and invasiveness may be mediated by AnxA6-enriched EVs has
now been independently demonstrated in breast and pancreatic cancers. These include the findings
that AnxA6-enriched EVs from cancer-associated fibroblasts elicited proinvasive properties when
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taken up by pancreatic and breast cancer cells [96]. Additionally, chemotherapy-stimulated EVs were
found to be enriched with AnxA6, and that these EVs facilitated the establishment of breast metastatic
lesions in the lungs [97]. While these studies are in strong support for a critical role of AnxA6 in cancer
metastasis, this also suggests that AnxA6 enrichment in EVs can be targeted for therapeutic purposes.

3.3. Modulation of the Effector Functions of Ca2+-Activated Ras Guanine Nucleotide Releasing Factor 2
(RasGRF2) by AnxA6

The demonstration that AnxA6 interacts with PKC-α and p120RasGAP and that these interactions
attenuated the activity of EGFR and Ras signaling [19], precludes the role of other components of
the Ras signaling pathway such as Ras protein-specific guanine nucleotide exchange factors (RasGEFs).
It is possible that other intracellular effectors sensitive to AnxA6 up- or downregulation with roles in cell
growth and motility may provide the missing link between AnxA6 expression status and cell growth
and motility. Indeed, in a quest to provide a comprehensive picture on the molecular mechanisms
underlying the role of AnxA6 in breast cancer cell motility and proliferation, Whalen et al. identified
RasGRF2, a Ras protein-specific guanine nucleotide exchange factor (RasGEF), as a major effector of
AnxA6-mediated cell growth and motility [20]. In these studies, the expression levels of RasGRF2
and AnxA6 were inversely related in TNBC cells. This is further supported by the relatively high
levels of RasGRF2 following downregulation of AnxA6, and the reduced RasGRF2 cellular levels upon
AnxA6 overexpression in TNBC cells [20].

As discussed in the preceding sections, although relatively high AnxA6 expression is proinvasive,
it has been shown to be antiproliferative in TNBC cells. RasGRF2, on the other hand, promotes cell
proliferation via activation of Ras proteins, but inhibits cell motility and invasiveness via inhibition of
Rho GTPases, e.g., Cdc42 and Rac1 [20,98,99]. The reciprocal expression of these two proteins is further
supported by studies showing that RasGRF2 is activated by a surge in intracellular Ca2+ [20,100] and that
this is accompanied by its degradation in proteasomes [101]. The activity of RasGRF2 is closely linked
to Ca2+ homeostasis, in that elevated Ca2+ levels stimulate calmodulin-mediated RasGRF2 activation
via its IQ domain, with subsequent activation of Ras and/or Rac1 mediated MAP kinase signaling [102].
Overexpression of AnxA6 in TNBC cells not only blocked the EGF/EGFR or Ca2+ ionophore stimulated
a surge in intracellular Ca2+ levels, but also the degradation of RasGRF2 [20,100]. This suggests that
the previously demonstrated inhibition of Ca2+ influx by AnxA6 [23] underlies the reciprocal expression
patterns of AnxA6 and RasGRF2 in TNBC cells. Recent studies from our laboratories revealed that
the gene expression profiles of AnxA6-low/RasGRF2-high rapidly growing TNBC cells are distinct
from the expression patterns obtained from AnxA6-high/RasGRF2-low invasive TNBC cells [103].
Together, this not only links these proteins to Ca2+ mobilization by oncogenic cell surface receptors but
also implicates the reciprocal expression of these proteins in TNBC progression and metastasis.

As shown in the model depicted in Figure 2, modulation of Ca2+ influx by AnxA6 in the EGFR/Ca2+

influx/RasGRF2 axis represents a critical molecular link between the expression status of AnxA6 in TNBC
cells and differences in the invasiveness and proliferation of these cells. In AnxA6-high/RasGRF2-low
TNBC cells such as BT-549 cells (Figure 2, left panel), activated EGFR is sustained on the cell surface
and the accompanying persistent store-operated Ca2+ entry (SOCE) promotes the degradation of
RasGRF2. Since RasGRF2 has been shown to interact with RhoGEFs to prevent these GEFs from
activating their targets [98], reduced RasGRF2 cellular levels will, therefore, release its inhibition on
Rho GTPase GEFs (e.g., Cdc42 GEF), which subsequently activate Cdc42. Cdc42 is also an endogenous
inhibitor of the EGFR ubiquitin ligase c-Cbl [104,105], which will lead to inhibition of EGFR
ubiquitination, reduced endocytosis and sustained cell surface expression of activated EGFR [29].
Hence, enhanced EGFR activity, together with increased activity of Cdc42 or related Rho GTPases [106]
may drive the invasiveness of AnxA6-high/ RasGRF2 low TNBC cells. On the contrary, and as
demonstrated by Koumangoye et al., activated EGFR in AnxA6-low/RasGRF2-high TNBC cells,
such as MDA-MB-468, is rapidly internalized and degraded [29]. This leads to reduced SOCE,
and relatively higher cellular levels of RasGRF2 [20], which not only inhibit the activation of Cdc42
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and/or related GTPases, but also activates Ras proteins to drive cell proliferation (Figure 2, right
panel). Although this model explains the regulation of the poorly studied receptor tyrosine kinase
activated Ca2+ influx/RasGRF2 axis by AnxA6 in TNBC cell proliferation and migration/invasiveness,
whether this can be exploited for therapeutic purposes remains to be fully investigated.

Figure 2. RasGRF2 as an effector of AnxA6-mediated TNBC cell growth and motility. AnxA6 is
a predominantly cytosolic protein but upon an increase in intracellular Ca2+ levels, it translocates to
the plasma membrane where it influences the stability of cell surface receptors, e.g., EGFR and the activity
of certain Ca2+ channels presumably in membrane lipid rafts. In AnxA6 expressing TNBC cells (left
panel), prolonged activation of EGFR leads to a sustained increase in store-operated Ca2+ entry (SOCE)
and activation, followed by subsequent degradation of RasGRF2. The resulting decrease in cellular
RasGRF2 levels enhances the activation of Cdc42 which inhibits the ubiquitin ligase c-Cbl and leads
to the stabilization of activated EGFR on the cell surface. The activation of Cdc42 also sustains
persistent cell motility. In AnxA6-low TNBC cells (right panel), activation of EGFR is not affected but
the activated EGFR (pY-EGFR) is short-lived on the cell surface and therefore, the EGFR signal output
is transient. This leads to reduced SOCE, stabilization of RasGRF2 levels and its interaction of Cdc42
GEFs, thereby inhibiting the activity of Cdc42. Reduced activity of Cdc42 enhances the activity of
c-Cbl, subsequent ubiquitination of activated EGFR, internalization and degradation by proteasomes.
The stabilization of RasGRF2 promotes the activation of the Ras/MAP kinase pathway and enhances cell
growth. Abbreviations: AnxA6, annexin A6; EGFR, epidermal growth factor receptor; GEF, guanine
nucleotide exchange factor; pY-EGFR, activated EGFR (Tyr-1068); Ras guanine nucleotide releasing
factor 2, RasGRF2, SOCE, store-operated Ca2+ entry; TNBC, triple-negative breast cancer; Ras/MAP,
Ras/mitogen-activated protein kinase.

4. Relevance of Annexin A6 in Diagnosis, Prognosis and Therapeutic Interventions

In addition to clinical and pathological characteristics, the most commonly used biomarker panel
for intrinsic breast cancer classification is the expression status of ER, PR and HER2. Evaluation of
these biomarkers remains the standard method for not only the evaluation of disease prognosis but also
current treatment decisions. However, the classification of breast cancer solely on these biomarkers
does not accurately represent the complexity of the disease, including very distinct patterns of disease
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progression, and significant challenges associated with the selection of patients for specific therapies.
Serious challenges also remain in identifying relevant therapeutic targets and diagnostic biomarkers
for certain breast cancer subtypes including TNBC. Here, we review our current understanding of
the potential of AnxA6 as a biomarker for cancer diagnosis, the poor response of TNBC to EGFR-targeted
therapies, and the prospects for the detection of AnxA6 as a predictor of the response of TNBC to
EGFR-targeted therapies.

4.1. AnxA6 as a Biomarker for Cancer Progression

It has been amply reported that AnxA6 plays a role in the progression of TNBC and other cancer
types based on changes in the expression of the protein in various neoplasms (reviewed in [77]).
The potential usefulness of AnxA6 as a biomarker for the severity of certain cancer types has also been
extensively reported. As indicated in Table 1, this includes studies showing that the upregulation of
AnxA6 is an indicator of the progression of ovarian carcinomas [107], women’s thyroid cancer [108],
polycystic ovarian syndrome [109], pancreatic cancer [96] and esophageal adenocarcinoma [110].
Other studies have unambiguously demonstrated that AnxA6 may be useful to detect minimal
residual disease in B-lineage acute lymphoblastic leukemia [111], the progression of melanomas [112]
and squamous cervical cancer carcinogenesis [113]. Meanwhile, some studies have shown that AnxA6
is downregulated in the highly malignant forms of gastric cancer [114], hepatocellular carcinomas [115],
cervical cancer [116] and breast cancer [22]. Although these studies emphasize the notion that detection
of AnxA6 in several cancers might have diagnostic value, the effects of AxA6 suggest that it may
act as either a tumor suppressor or a tumor promoter, depending on the type of cancer and stage of
the disease [77,117]. In breast cancer, reduced expression of AnxA6 and its tumor suppressor function
is more relevant in TNBC than in non-TNBC subtypes [103], an observation that is consistent with
the differences in the malignancy of these breast tumors. In most of these studies, the detection of
AnxA6 was carried out by either reverse transcriptase-PCR, immunohistochemistry (IHC) and/or
Western blotting. Even though these assays are far from being reliable, it seems feasible that detection
of AnxA6 in normal or benign tissues versus malignant tumors may be a reliable indicator of tumor
progression and/or malignancy.

Table 1. Diverse diagnostic, prognostic and therapeutic significance of AnxA6 in cancer progression.

Cancer Type AnxA6 Expression Status Diagnostic, Prognostic or Therapeutic Value Citation

Ovarian carcinoma Markedly increased in advanced-stage
tumors vs. benign controls Diagnosis of advanced ovarian cancer stages [107]

Pancreatic cancer
High expression in pancreatic cancer

and lung squamous cancer vs.
normal tissues

Monoclonal antibody 9E1 as a therapeutic option for
invasive cancers [94]

Pancreatic ductal adenocarcinoma
AnxA6 enriched in EVs from
cancer-associated fibroblasts
and following chemotherapy

Biomarker and therapeutic target [96,97]

Esophageal adenocarcinoma AnxA6 is a component of a 4-protein serum
biomarker panel Noninvasive detection of early tumor stages in patient serum [110]

Squamous cervical cancer

Expression is increased in cervical
intraepithelial neoplasia and microinvasive

cervical cancer vs. squamous cervical
cancer precursor lesions.

Diagnosis of cervical cancer progression [113,116]

Acute lymphoblastic leukemia
Highly expressed in B-lineage acute
lymphoblastic leukemia vs. normal

B-cell progenitors
Diagnosis of B-lineage acute lymphoblastic leukemia [118]

Breast cancer
Downregulated in EGFR-overexpressing

and estrogen receptor (ER)-negative breast
cancer cells

Biomarker for EGFR-overexpressing, ER-negative
breast cancer [19]

Reduced expression in breast cancer tissues,
but elevated in invasive breast cancer

phenotypes
Biomarker for invasive breast cancer phenotypes [22]

Expression status significantly associated
with the survival of patients with basal-like

breast cancer

Predictive biomarker for basal-like breast cancer
patient survival [29]

Elevated expression associated with
acquired resistance to lapatinib in TNBC. Predictive biomarker for response to EGFR-targeted therapies [21]

Loss of AnxA6 associated with the early
onset and rapid growth of xenograft TNBC

tumors in mice
Biomaker for TNBC progression [20]
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Table 1. Cont.

HER-2/neu-driven mammary tumor Associated with tumor progression Biomarker for rapidly growing breast cancer [119]

Melanoma
Decrease or loss of expression as

melanomas progress from benign to
malignant phenotypes

Detection of melanoma progression [112]

Gastric cancer Downregulated in gastric cancer cells
and primary gastric carcinomas Diagnosis of gastric cancer [114]

4.2. Lack of Efficacy of EGFR-Targeted Therapies in the Treatment of TNBC

Although TNBCs lack ER, PR and HER2, 60–80% of these cancers express variable levels of
EGFR [5,10,11]. Unlike other cancer types, such as nonsmall cell lung cancer (NSCLC) that express
oncogenic EGFR mutants, EGFR in TNBC is rarely mutated, but it is frequently overexpressed (reviewed
in [16]). As a potential therapeutic target in TNBC and other cancers, several monoclonal antibodies
(mAbs) and TKIs against the EGFR have been developed and tested in breast and other cancer types.
These include therapeutic mAbs, such as cetuximab [120,121], and TKIs including lapatinib indicated
for metastatic or advanced-stage TNBC [15,122]. Unfortunately, clinical trials to test the effectiveness
of these and other EGFR-targeted drugs in TNBC patients have led to modest, poor or incredibly
disappointing outcomes with relatively short progression-free survival [120,123].

Yet, EGFR-TKIs have shown promising results in the treatment of other cancers. For example,
gefitinib is approved as a first-line treatment for metastatic NSCLC with EGFR exon 19 deletions
or the L858R mutant EGFR with or without disease progression [124,125]. While these drugs are
often initially effective against cancers with mutated EGFR, some patients acquire resistance due
to the development of secondary, often activating mutations in exon 20 (e.g., T790M) [126,127].
Erlotinib has also shown encouraging results in the treatment of pancreatic cancer with EGFR
mutations [128,129]. Cetuximab, on the other hand, has been demonstrated to be more effective in
the treatment of head and neck squamous cell carcinoma (HNSCC) [130]. Other studies have tested
combinations of therapeutic mAbs against EGFR and either TKIs or chemotherapeutic agents including
the TBCRC-001 clinical trial of cetuximab and carboplatin [120]. Despite the disappointing results
from clinical trials of EGFR-targeted therapies, the possibility that a subset of patients may effectively
respond to these drugs remains to be fully explored. However, the challenge is to identify patients who
can respond to these drugs with pathological complete response, as well as the need for appropriate
biomarkers to monitor disease progression and/or drug efficacy.

4.3. AnxA6 as a Predictor of Breast Cancer Recurrence and Response to Therapy

Initial evidence suggesting that AnxA6 levels may influence drug sensitivity and possibly
the development of drug resistance is based on the concept that AnxA6 exhibits tumor suppressor
activity. In TNBC, high AnxA6 expression is associated with reduced cell growth, while reduced
AnxA6 levels promote rapid cell growth. Thus, tumor cells with low AnxA6 expression levels are
expected to respond more rapidly to therapeutic interventions, while cells with higher AnxA6 levels
may be more refractory to treatment. In support of this concept, Koumangoye et al. demonstrated
that reduced AnxA6 expression was associated with poor overall and distant metastasis-free survival
of basal-like breast cancer patients and moreover, sensitized TNBC cells to TKIs [29]. This suggests
that differential expression of AnxA6 may be useful for the prediction of not only the survival,
but also the likelihood of basal-like breast cancer patients to respond to EGFR-targeted therapies.
The sensitivity of AnxA6-low TNBC cells to EGFR-TKIs is more likely due to the rapid internalization
and degradation of activated EGFR as demonstrated by AnxA6 depletion in TNBC cells [29]. Another
recent report revealed that the upregulation of AnxA6 following prolonged treatment of TNBC cells
with lapatinib or other EGFR-targeted TKIs was accompanied by accumulation of cholesterol in late
endosomes and the development of acquired resistance [21], and this may be predictive of stable and/or
progressive disease.
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The abundance of AnxA6 in serum and cell-derived EVs also provides an opportunity to predict
cancer metastasis in breast and other cancer types. Exosomes originate from internal vesicles of
late endosomes/prelysosomes to then fuse with the plasma membrane for subsequent extracellular
release. Hence, although the fate of late endosomal AnxA6 and cholesterol in TNBC cells following
prolonged treatment with EGFR-TKIs remains to be clarified, it appears plausible to suggest that
a proportion of the drug-induced AnxA6 as well as the late endosomal cholesterol may be secreted in
EVs. This scenario may support recent studies showing that AnxA6-containing EVs are predictive of
metastatic progression in pancreatic cancer [96,97]. Tumor-derived and AnxA6-enriched EVs have
also been shown to be prometastatic in mouse mammary tumor virus-polyoma middle tumor-antigen
(MMTV-PyMT) and 4T1 mouse models of breast cancer [97]. This suggests that AnxA6 levels in
EVs from molecularly distinct breast cancer subtypes and/or chemotherapy-treated patients may be
useful to predict the risk of metastasis [96,97] especially in patients who do not achieve a complete
pathological response.

4.4. Upregulation of AnxA6 Expression and the Development of Acquired Resistance

The mechanisms underlying the poor efficacy of EGFR-targeted therapies are varied and remain
poorly understood. As mentioned above, the development of acquired resistance against EGFR-TKIs
is common [126,127]. This is often accompanied by overexpression and activation of other receptor
tyrosine kinases such as c-MET (also called hepatocyte growth factor receptor), HER2, fibroblast growth
factor receptor (FGFR) and AXL and is also associated with resistance to EGFR-TKIs of tumors with
EGFR activating mutations (e.g., in NSCLC) [131]. EGFR mAbs are often more effective than TKIs,
but resistance to these drugs in various carcinomas is also frequent and is mostly attributed to mutations
of effectors downstream of RTKs such as Ras [132], phosphatidylinositol 3-kinase (PI3KCA) and/or loss
of phosphatase and tensin homolog (PTEN) [133], as well as activation of BRAF [134]. Since activating
mutations of EGFR, Ras and other effectors in the Ras/MAP kinase pathway are rare in TNBC
tumors [135], it is possible that the failure of clinical trials and the development of acquired resistance
of TNBCs to EGFR-targeted therapies may require distinct and/or unique molecular mechanisms.

Several lines of evidence from our studies and other reports suggest that AnxA6 expression levels
are also regulated following the treatment of tumor cells with a variety of pharmacological drugs.
This includes studies identifying that exposure of female mice to the suspected endocrine-disrupting
xenobiotic plastic precursor bisphenol A, led to AnxA6 upregulation and that this may potentially
contribute to the etiology of thyroid cancer in women [108]. Treatment of bone-marrow-derived
mesenchymal stem cells with the polyaromatic hydrocarbon fluoranthene also led to AnxA6
upregulation [136]. Furthermore, the hapten challenge of a nonatopic asthma mouse model
sensitive to the organofluorine dinitrofluorobenzene also led to increased AnxA6 levels [137].
Although the upregulation of AnxA6 in these studies was detected by proteomic profiling, this
nevertheless suggests that detection of AnxA6 together with other coexpressed genes by RT-PCR or
IHC, could be useful as novel biomarkers for exposure to these drugs.

We and others have also demonstrated that treatment of breast tumor cells with TKIs [21],
nonselective Ca2+ channel blockers [103], and the DNA methyltransferase (DNMT) inhibitors
5-aza-2′-deoxycytidine or 5-aza-cytidine [114] led to AnxA6 upregulation. Given that the AnxA6
promoter is heavily methylated, for example in EGFR-overexpressing A431 and ER-negative
MDA-MB-468 breast cancer cells, both of which with relatively low AnxA6 levels [19], these effects
may be mediated via epigenetic mechanisms including inhibition of DNA methyltransferases and/or
histone deacetylases. Within this context, it should also be noted that the human AnxA6 gene is located
on chromosome 5q32–q34, with several studies identifying a statistically significant loss of 5q31–q35
in ER-negative tumors and its association with ErbB2 amplification [138–140]. It is not clear whether
there are ER-negative cell lines with this chromosomal aberration, but it will be interesting to compare
the response to therapy of such cell lines to those in which reduced AnxA6 expression could be due to
epigenetic mechanisms.
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Until recently, it has been unclear whether AnxA6 expression status could be associated with
the response of TNBC cells to cytotoxic and/or EGFR-targeted therapies. Strikingly, analysis
of AnxA6 expression in stage IV TNBC clinical samples from patients treated with cetuximab
and/or carboplatin [120] revealed that treatment of patients with this combination regimen was
associated with AnxA6 upregulation. Further analysis showed that the therapy-induced AnxA6
expression was associated with EGFR inhibition rather than chemotherapy in AnxA6-low TNBC
cell lines [21]. This finding suggests that unlike treatment with cytotoxic chemotherapeutic
drugs such as paclitaxel and carboplatin, treatment of TNBC cells with EGFR-targeted therapies
is accompanied by the upregulation of AnxA6, which coincides with an accumulation of late
endosomal cholesterol [21]. As indicated above and extensively reviewed elsewhere, cholesterol
homeostasis is commonly dysregulated in cancer [141,142] and often accompanied by anticancer
drug resistance [143–145]. Although AnxA6 strongly influences the intracellular distribution of
cholesterol in most cell types [21,146], it is still feasible that AnxA6 expression and high cellular
cholesterol levels are independently associated with drug resistance [29]. The latter study suggests
that the lapatinib-induced AnxA6 upregulation and concomitant cholesterol accumulation constitutes
a novel adaptive mechanism for EGFR-expressing TNBC cells to overcome prolonged treatment with
EGFR-targeted TKIs [21]. As further evidence in support of this notion, the withdrawal of lapatinib from
lapatinib-resistant cells reversed the expression of AnxA6 to basal levels. Similarly, stable expression
of shRNAs targeting AnxA6 in lapatinib-resistant TNBC cells prevented the lapatinib-induced AnxA6
upregulation, suggesting that chronic treatment of TNBC cells with EGFR-TKIs affects AnxA6 mRNA
expression rather than the protein stability. Thus far, it remains unclear whether the fate of AnxA6
and cholesterol in the late endosomal compartment of chronic EGFR-TKI treated TNBC cells includes
subsequent secretion in EVs. However, these findings provide a strong rationale for further studies to
validate the detection of AnxA6 by RT-PCR or IHC along with cholesterol or other markers found
in cholesterol-rich and specialized membrane domains (e.g., lipid rafts), as biomarkers for acquired
resistance of TNBC to EGFR-targeted therapies and/or other RTK antagonists.

5. Conclusions and Future Perspectives

For more than a decade, AnxA6 has drawn considerable interest as a potential suppressor or
promoter of cancer initiation and progression in a variety of cancers. This coincides with increasing
evidence for AnxA6 being a drug-inducible factor that primarily functions as a scaffolding protein.
As high AnxA6 expression levels promote cell motility but attenuate cell growth in TNBCs, the potential
for AnxA6 to influence both tumor progression and metastasis has generated great interest. It is also
becoming evident that AnxA6 expression levels in various tumor settings most likely reflects the ability
of AnxA6 to interact with or indirectly influence the activity of a specific protein or protein complex in
a location- and cell type-specific manner; and that this is highly relevant in molecular events that drive
cell growth, migration/invasion and differentiation that define carcinogenesis.

The precise role of AnxA6 in drug resistance still remains incomplete. However, the increase
in the expression/localization of AnxA6 in late endosomes and the retention of cholesterol in this
compartment following prolonged treatment of tumor cells with EGFR-targeting drugs that interfere
with Ca2+ entry/signaling, provide an exciting first insight implicating high/low AnxA6 levels in drug
resistance. Moreover, the upregulation of AnxA6 following chronic treatment of AnxA6-low basal-like
TNBC cells with EGFR inhibitors constitutes a novel mechanism for the development of acquired
resistance to these and presumably similar drugs targeting other RTKs.

The recent finding that the cellular levels of AnxA6 are inversely related to the levels of RasGRF2
suggests that the reciprocal expression of these proteins in distinct TNBC molecular subtypes underlies,
at least in part, the difference in their propensity for growth and/or motility and consequently, tumor
malignancy. Together, this provides a rationale for the use of TKIs targeting EGFR/HER2 in combination
with inhibition of RasGRF2 to block hyperactive and wild type Ras/MAP kinase pathway-driven
triple-negative breast tumors.
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Finally, the finding that reduced AnxA6 levels are more relevant in TNBC than in non-TNBC
tumors suggests that detection of AnxA6 may not only be useful as a potential biomarker for specific
breast cancer subtypes, but also provides promise as a predictor of the response of especially basal-like
TNBC to targeted therapeutic interventions. Further studies to exploit these characteristics of AnxA6
are warranted to clearly delineate its usefulness as a diagnostic biomarker and a predictive/prognostic
factor in breast and other cancer types.
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