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Abstract 

Introduction: Cancer cell adapt their metabolic activity to survive in stressful environments with limited nutrients and 

oxygen. To sense and respond to nutrient cues, cells rely on a “fuel gauge” protein known as AMP-activated protein kinase 

(AMPK). While previous work has largely focused on AMPK’s role in cell metabolism, its role in metastasis is poorly 

defined. Interestingly, AMPK also regulates the membrane trafficking of integrins – key proteins in cell adhesion and 

migration. Recent studies have also shown that circulating integrins in exosomes are predictive of metastasis. Therefore, 

understanding the biology of AMPK signaling on the exosomal integrin profile not only allow for better cancer treatments 

but also help developing a potential predictive biomarker. I hypothesize that AMPK activation alters the integrin profile of 

exosomes in breast and endometrial cancer. 

Methods: Breast and endometrial cancer cells, MDA-MB-231 and HEC-1 respectively, will be cultured in full nutrient 

media conditions. 48 hours before exosome harvest, the media will be changed to minimal specialized media for extracellular 

vesicles (EV) collection. To induce AMPK activation, cells will be treated with limiting concentrations of glucose and 

glutamine, or with metabolic poisons 2-deoxyglucose (2-DG) and oligomycin. Total Exosome IsolationTM (TEI) solution 

will be used to enrich released exosomes that will be subjected to mass spectrometry to analyze the exosomal integrin 

profiles. 

Anticipated Results: Exosomes secreted from MDA-MB-231 and HEC-1 cells are expected to contain different exosomal 

integrin profile in both basal and induced AMPK activation conditions. It is anticipated that integrin subunits that promote 

metastatic and survival signaling such as αvβ5, α6β4, α6β1, will be upregulated in exosomes following AMPK activation. This 

could suggest tumor cells adapting to nutrient insufficiency by AMPK activation may present a more aggressive exosomal 

integrin profile to support cancer progression. 

Discussion: Understanding how metabolic cues such as nutrient insufficiency impact integrin content of tumour-derived 

exosomes can help identify novel metabolic drug targets to limit pro-survival and pro-metastatic signaling in primary breast 

tumors. 

Conclusion: This study investigates how AMPK activation modulates the exosomal integrin profile in breast and 

endometrial cancer cells, potentially uncovering predictive biomarkers and therapeutic targets for metastatic cancers. 
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Introduction 

Cancer cells require a persistent supply of energy to 

fuel rapid proliferation rates and indefinite cell growth [1]. 

This useable energy is majority synthesized at the 

mitochondria (oxidative phosphorylation sites) in the form 

of adenosine triphosphate (ATP) and is heavily dependent 

on the catabolic breakdown of glucose, lipids and oxygen 

in the extracellular environment [2]. Typically, ATP is 

broken down to ADP and could be further converted  

to AMP. Under energy dysregulation, AMP-Activated 

Protein Kinase (AMPK) works as a critical regulatory 

complex that modulate metabolism according to nutrient 

availability [3]. 

Metabolic Stress and The Role of AMPK 

Metabolic stress is when the rate of ATP consumption 

becomes higher than ATP synthesis in cells, resulting in 

high AMP:ADP ratios as well as ADP:ATP ratios [4] that 

activates AMPK. AMPK is also known to be activated 

separately by low cytosolic glucose concentration and 

glycolysis intermediates as well as low oxygen availability 

[5]. Activation of AMPK either by key metabolic 

nucleotides or upstream kinases namely Calcium–

calmodulin (CaM)-dependent protein kinase II (CamKII) 

[6] leads to variety of processes that upregulate energy 

producing pathways like increased expression of GLUT4 

transporters and downregulate energy demanding processes 
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like cell division and migration [7]. Overall, AMPK acts as 

a “fuel gauge” for sensing even subtle changes in metabolic 

activity of cells and remains of great interest in studying 

tumor microenvironments. 

 

Tumor Microenvironments 

Tumours often have unconventional vascularization such 

that some cancer cells within the tumour are close to blood 

vessels and receive sufficient oxygen and critical nutrients to 

generate ATP and survive while some other cancer cells 

within the tumour remain far away from vascularization, 

hence are constantly under metabolic stress [8]. Despite 

experiencing constant nutrient and oxygen insufficiencies, 

cancer cells can adapt their metabolic activity to survive and 

proliferate and even migrate to other locations in the body. It 

may be possible that cancer cells regulate the activity of 

AMPK differently to thrive in low-nutrient environments. 

 

AMPK Regulation of Cell Surface Integrin 

It has already been established that AMPK can regulate 

the abundance of the cell surface proteome through 

clathrin-mediated endocytosis (CME) to enhance energy 

production in cells and inhibit energy demanding process; a 

prime example being the glucose transporter, GLUT4. In 

2015, Ross et. al showed that the activation of AMPK 

through allosteric activators, low glucose and oxygen 

insufficiencies, decreases the cell surface abundance of a 

key cell adhesion protein called integrin [9]. How AMPK 

regulates the abundance of integrin is poorly understood 

and so is the fate of integrins after their upregulated 

internalization. Upon internalization, these integrins might 

be entering a recycling pathway by fusing with a lysosome, 

being turned over and placed at a different location on the 

membrane or are fusing with a multi-vesicular body and are 

being exported out of the cell via exosomes. 

 

Integrins and Their Diverse Roles in Cell Migration, 

Signalling and Growth 

Integrins are heterodimeric trans-membrane receptors 

consisting of α and β subunits [10] and are best recognized 

as being cell adhesion and cell migration proteins, although 

they have other roles in cells. Different combinations of the 

many α and β subunit types of integrins gives rise to their 

unique properties. For example, some integrins promote cell 

adherence and quiescence (α1β1 and α2β1), while others, 

foster the breakdown of cell adhesions and remodeling of 

the extracellular matrix (α5β1 and αvβ3) [11]. Having 

diverse roles in cell survival, integrins remain to be greatly 

studied in the world of cancer cell proliferation and growth. 

Integrins are also key biomarkers of exosomes [12], 

extracellular vesicles (EV) released from the cell surface and 

can be transported to nearby or distant cells. 

 

Exosomes and Their Integrin Content 

Exosomes are the smallest type of EV (ranging from 

30-150 nm in diameter) that are actively released by cells 

into the extracellular environment and thus readily available 

in bodily fluids such as blood. Despite being of great 

interest now, exosomes were previously best known for 

maintaining cellular waste and debris [13]. Enriched by 

numerous protein receptors, mRNAs, microRNAs and 

lipids, current literature highlights their ability to cause 

reprograming in nearby or distant cells and act as the 

central intracellular communication mediators [14]. 

Exosomes of different parental cell origin harbours diverse 

sets of proteins and lipids made them a specific biomarker 

for cancer prognosis and diagnosis. Recent research in the 

field reveales that tumor-derived exosomes determined 

future metastatic sites within the body mainly through 

differential integrin expression and intracellular transport 

[15]. Recent studies also suggests that the type and stage of 

various cancers, namely breast and ovarian cancer can be 

distinguished by assessing the integrin profile of the tumor-

derived exosomes [16]. Although this offers great 

advantages in cancer prognosis, the underlying mechanism 

for the selective expression and assortment of integrins in 

exosomes is poorly understood. 

The objective of this study is to determine the role of 

AMPK signaling on the integrin content of tumor-derived 

exosomes. AMPK activation has previously shown [9] to 

increase integrin internalization through CME, and we 

hypothesize that the endocytosed integrins are being 

packaged in exosomes to leave the cells and travel to 

different sites in the body to induce pro-metastatic signals. 

By inducing AMPK activation in breast and endometrial 

cancer cell lines followed by exosome harvest, we will 

profile the diverse integrin expression in these exosomes. 

This will allow us to understand the impact of AMPK on 

this preferential integrin selection and intracellular 

transportation through exosomes. Understanding the 

relationship of AMPK signalling and integrin transport will 

guide the development of therapeutic drugs inhibiting pro-

metastatic signal distribution in disease progression. 

 

Methods 

Cell Culture 

The triple-negative breast and endometrial cancer cell 

lines; MDA-MB-231 [17] and HEC-1 [18] respectively, 

and retinal pigment epithelium (RPE, non-cancerous 

control) cells will be cultured in full nutrient media 

conditions (Dulbecco's Modified Eagle Medium (DMEM) 

with fetal bovine serum (FBS), and pencillin/streptomycin 

(P/S)). The flask will be passaged at 90% confluency; the 

media will be aspirated, and cells washed with phosphate 

buffered saline (PBS). Cells were maintained in a 

humidified environment at 37°C under 5% CO2. 

 

AMPK Activation 

Direct AMPK Activation will be induced 24 hours 

before exosome harvest by addition of 100 μM allosteric 

activator A-769662 [20]. Indirect AMPK activation with be 

induced 24 hours before exosome harvest by addition of  
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5 μM Oligomycin [21], 5 mM 2-Deoxyglucose [22]. The 

extent of AMPK Activation and the corresponding 

exosomal integrin profile will be assessed by introducing 

low-to-high concentrations of glucose (0 mM, 5 mM, 20 

mM and 50 mM to cells [23]. Low and high glutamine 

concentrations will also be tested (0 mM, 2 mM, 4 mM, and 

6 mM) [24]. 

 

Extracellular Vesicle Enrichment and Protein Extraction 

Cells will be first seeded in regular medium, then 48 

hours before exosome harvest, the media will be changed to 

minimal specialized media for EV collection consisting of 

EV-depleted FBS and P/S [19]. AMPK activation will be 

performed as previously described in section 2.2. EVs from 

cell-conditioned media will be centrifuged at 500 × g for 5 

min, then at 2000 × g for 30 min, then incubated for 24 

hours with Total Exosome IsolationTM consisting of a  

1:1 volume of 2X PEG solution (16% (w/v) polyethylene 

glycol, 1 M NaCl). Thereafter, the sample will be 

centrifuged at 3000 × g for 60 min and pellets will be 

resuspended in PBS for an ultracentrifugation purification 

step (100,000 × g for 70 min). Final pellets will be lysed in 

lysis buffer (10% SDS, 120 mM Tris-HCl pH 6.8, 2.5%  

β-mercaptoethanol, and protease inhibitor) for complete 

breakdown of exosomal membrane. Snap-freeze will be 

performed to prepare the sample for mass spectrometry. 

 

Data Processing and Analysis 

Experiments will be carried out in three biological 

replicates and data is represented as mean ± standard error 

of mean (SEM). Spectral counts of alpha and beta integrin 

subunits secreted into extracellular vesicles (EVs) will be 

quantified. Comparison of spectral counts of EV-derived 

alpha and beta integrin subunits will be analyzed in AMPK 

activated and un-activated conditions across all the cell 

lines. A t-test will be performed when comparing stressed 

and unstressed cell exosomal integrin counts and a one-way 

ANOVA test followed by a post-hoc Tukey test will be 

performed to determine significance of data across the three 

different cell lines in metabolic stress conditions. A p value 

< 0.05 is considered statistically significant. 

 

Results 

Exosomes secreted from MDA-MB-231, HEC-1 and 

RPE cells (non-cancerous control) with induced AMPK 

activation are expected to contain an altered integrin profile 

compared to full nutrient conditions. 

It is expected that spectral counts of the α and β 

subunits of integrins will be vary based on the cancer cell 

model used and with the activation of AMPK. The control 

cell model (non-cancerous) RPE, is likely to only exhibit 

common EV-derived integrins namely α1β1, α2β1, and α3β1 

in both basal and stressed conditions. Cancer cell lines 

(MDA-MB-231 and HEC-1) Under basal conditions will 

likely exhibit integrin content significantly different from 

RPEs such that HEC-1 may have a higher presence of the 

α5β5 isoform [26] and the MDA-MB-231 cell line might 

have exosomes enriched in α6β4 and α6β1 isoforms. 

Additionally, it is likely to observe that the spectral 

counts of EV-derived integrin isoforms for the cancerous 

cell models will vary significantly (p<0.05; in a t-test) in 

stressed versus unstressed cellular conditions whether based 

on type of isoform or the sum of isoform type found. This 

varying integrin portfolio is expected to be AMPK 

dependent. 

 

Discussion 

To interpret these results comprehensively, it will be 

crucial to delve into the specific integrin isoforms and 

subunits that contribute significantly to the observed 

variations. Correlating these findings with existing 

knowledge about integrin function and cancer biology 

could unveil novel mechanisms by which AMPK activation 

influences exosome-derived integrins under stress. The 

spectral counts of each isoform could inform a variety of 

aspects about the cancer cell; namely whether the cell is in 

a motile stage, experiencing quiescence, and sending pro-

metastatic signals. The use of a t-test or ANOVA to 

establish significance (p<0.05) adds a statistical rigor to the 

analysis, suggesting that the stress-induced conditions have 

a discernible impact on the integrin composition of EVs. 

The identification of specific integrin isoforms that exhibit 

such variation could provide valuable insights into the 

adaptive responses of cancer cells to stress. 

Currently, the integrin isoform α5β5 has been revealed 

to be upregulated in endometrial cancer cell model  

(e.g. HEC-1) [26]. This isoform has also been associated 

with being a liver-specific metastasis. If AMPK activation 

enhances the abundance of the α5β5 isoform, or alter it, this 

may lead to unveiling the role of nutrient insufficiency in 

deciphering the metastasis potential of a cancer cell. 

Similarly, presence of α6β4 and α6β1 integrins in breast 

cancer cell models has been reported to be involved in 

promoting lung metastasis [26, 27]. AMPK activation may 

have a role in this physiological response in terms of 

nutrient stress in tumor microenvironments. 

Finally, the expectation of different spectral count top 

hits across various cell lines during AMPK activation adds 

complexity to the findings. This suggests that the activation 

of AMPK might modulate integrin expression in a cancer 

cell line-specific manner, emphasizing the need for a 

tailored approach when investigating the interplay between 

AMPK and integrins in the context of cellular stress. 

 

Conclusion 

Under metabolic stress, characterized by an imbalance in 

ATP consumption and synthesis, AMPK activation 

orchestrates a series of events that enhance energy-producing 

pathways and suppress energy-demanding processes. The 

significance of AMPK in tumor microenvironments becomes 

evident, where cells experience varying levels of nutrient and 

oxygen availability. 
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Tumors' unconventional vascularization patterns 

contribute to the diverse metabolic states of cancer cells 

within the same tumor, making the regulation of AMPK 

crucial for their survival and adaptation. Notably, AMPK's 

role in regulating the cell surface abundance of integrins, 

key players in cell adhesion and migration, adds complexity 

to its functions. Knowing the interplay of AMPK in integrin 

recycling & turnover raises questions about the significance 

of integrin isoform selection and packaging into exosomes 

for extracellular transport. If cancer cells exhibit different 

integrin content than non-cancer cells, and if this integrin 

selection is AMPK-dependent and has downstream effects 

like selecting future metastatic sites, then there is great 

potential for various cancer therapeutic routes. 

AMPK suppressors targeted to cancer cells specifically 

can be used to suppress tumor survival and growth. 

Removing the adaptive regulator in cancer cells will leave 

them more vulnerable to chemotherapy and targeted 

therapies. Also, suppressing AMPK activity in cancer cells 

can allow preventing development of metastasis through the 

paracrine or distant signalling to other niche through 

integrins packaged in exosomes. 

To better understand the pathway that connects AMPK 

with exosomal integrin selection, other methods need to be 

used namely ultra-ID [28]. This method could allow 

tracking of specific proteins as they are transported between 

different intracellular compartments and into exosomes that 

are secreted. The spatial & temporal role of AMPK in 

determining the fate of integrins and their packaging into 

exosomes will develop our understanding of this novel 

pathway and drug targeting therapies for cancer cells. 
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ADP: adenosine diphosphate 

AMP: adenosine monophosphate 

AMPK: adenosine monophosphate activated protein kinase 

ANOVA: analysis of variance 

ATP: adenosine triphosphate 

CamKII: Ca 2+ / calmodulin-dependent protein kinase II 

CME: clathrin mediated endocytosis 

CO2: carbon dioxide 
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EV: extracellular vesicles 
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GLUT4: glucose transporter type 4 
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