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Summary  

 
Breast cancer (BC) is the most frequent type of cancer and the leading cause of cancer-

related deaths in women. In recent years, the improvement in diagnosis techniques and consequent 

earlier detection of the disease led to a decline in the mortality from BC in developed countries. 

Furthermore, the development of more efficient therapies contributed for the reduction of the 

number of fatalities from this type of cancer. However, BC is still a major health issue, in which the 

formation of metastasis accounts for most BC-related deaths. Therefore, the development of 

therapies to impair metastasis is essential to reduce mortality and morbidity. To achieve this goal, 

it is paramount to understand the mechanisms underlying the progression from normal breast cells 

to breast carcinoma in situ and to invasive BC.   

Emerging evidence indicates that membrane traffic is subverted by cancer cells to acquire 

proliferative, migratory, and invasive capacities. Indeed, members of the ADP-ribosylation factor 

(Arf) family, whcih regulate several steps of membrane traffic, have been shown to be upregulated 

in several malignancies and promote cancer progression. Furthermore, our group revealed that a 

member of the Arf-like (Arl) subfamily - ARL13B - regulates BC cell migration and invasion. This 

protein regulates primary cilia functions, although it also has been shown to regulate processes 

outside the cilia, including focal adhesion (FA) dynamics and the formation of circular dorsal ruffles 

(CDRs). However, the role of other ARLs in BC progression is still poorly understood. Therefore, the 

main aim of this PhD work was to identify new players in BC progression. We focused on the ARL 

subfamily of proteins, to unravel the underlying mechanisms that promote BC tumorigenic features, 

which can be targeted to impair tumor progression and the formation of metastases.  

The results obtained in this work show that several ARL genes are upregulated in BC cell 

lines, namely ARL1, ARL2, ARL3, ARL4A, ARL5A, ARL5B, ARL6, ARL8A, ARL8B, ARL11, ARL13B, ARL14 

and ARFRP1. Furthermore, a bioinformatic analysis using BC samples and normal adjacent tissues 

from the TCGA dataset revealed that ARL1, ARL8B, ARL11 and ARFRP1 are upregulated in BC. 

Moreover, we found that ARFRP1 regulates BC cell migration and invasion. This protein controls the 

transport of molecules at the trans-Golgi network (TGN) and was found to be important for the 

transport of proteins that are involved in cell-cell adhesion and planar cell polarity, which are 

involved in cell migration and invasion. We also found that ARL13B impairs the invasion of highly 

invasive BC cells using a 3D system, namely spheroids. Finally, our study revealed that the lysosomal 
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transport regulators ARL8A and ARL8B impair BC cell migration and ARL8B silencing decreases cell 

invasion in 3D and lysosome exocytosis in BC cells.  

In the future, it would be important to investigate the signaling pathways involved in the 

regulation of BC migration and invasion promoted by ARFRP1. Furthermore, we previously proposed 

that ARL13B regulates BC cell migration and invasion through a cilia-independent mechanism likely 

mediated the non-canonical Sonic hedgehog (Shh) pathway. Future experiments to validate this 

hypothesis are necessary. ARL8A and ARL8B have been shown to regulate the movement of 

lysosomes to the cell periphery, although recent studies have shown that these proteins can also 

regulate the anterograde movement of endolysosomes. So, in future experiments it would be 

important to address what pathways are at play in the regulation of BC cell migration and invasion 

by ARL8A and ARL8B. 

In conclusion, this work strongly suggests that ARFRP1, ARL13B, and ARL8 proteins could 

potentially serve as therapeutic targets to impair BC progression and reduce the high mortality and 

morbidity associated with this disease. Furthermore, the results obtained with this study reinforce 

the notion that membrane traffic regulators can be subverted by cancer cells, including BC cells, to 

promote migration and invasion. Thus, it highlights the importance of considering these proteins 

and the mechanisms regulated by them as targets for the design of new therapies for BC. 
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Sumário 

 

O cancro de mama (CM) é o tipo de cancro mais frequente e a principal causa de morte 

associada ao cancro, em mulheres. Nos últimos anos, a melhoria das técnicas de diagnóstico e a 

consequente deteção mais precoce da doença levaram ao declínio da mortalidade por CM nos 

países desenvolvidos. Além disso, o desenvolvimento de terapias mais eficientes contribuiu para a 

redução do número de óbitos. No entanto, o CM ainda constitui um problema de saúde grave, no 

qual a formação de metástases é responsável pela maioria das mortes. Portanto, o desenvolvimento 

de terapias para impedir a formação de metástases é essencial para reduzir a mortalidade e a 

morbilidade. Para atingir este objetivo, é necessária a compreensão dos mecanismos moleculares 

subjacentes à progressão de células mamárias normais para células de carcinoma de mama in situ 

e de carcinoma de mama invasivo. 

Vários estudos sugerem que o tráfego de membranas é subvertido por células cancerígenas 

para que estas adquiriram capacidades proliferativas, migratórias e invasivas. De facto, foi 

demonstrado que membros da família de fatores de ribosilação do ADP (Arf), que regulam várias 

etapas do tráfego de membranas, estão sobrexpressos em diferentes tipos de cancro e promovem 

a progressão desta doença. Além disso, o nosso grupo demonstrou que um membro da subfamília 

de proteínas Arf-like (Arls) - ARL13B - regula a migração e invasão de células de CM. Esta proteína 

regula mecanismos nos cílios primários, embora também regule processos fora dos cílios, incluindo 

a dinâmica de adesões focais e a formação de circular dorsal ruffles. No entanto, o papel de outras 

Arls na progressão do CM ainda é mal compreendido. Portanto, o principal objetivo deste trabalho 

de doutoramento foi identificar novos reguladores da progressão de CM, com foco na subfamília de 

proteínas Arl. Com isto, pretendemos desvendar os mecanismos subjacentes ao desenvolvimento 

desta doença e descobrir potenciais alvos terapêuticos para impedir a progressão do tumor e a 

formação de metástases. 

Os resultados obtidos neste trabalho mostram que vários genes ARL estão sobrexpressos em 

linhas celulares de CM, nomeadamente ARL1, ARL2, ARL3, ARL4A, ARL5A, ARL5B, ARL6, ARL8A, 

ARL8B, ARL11, ARL13B, ARL14 e ARFRP1. Além disso, uma análise bioinformática usando a base de 

dados TCGA, que inclui amostras de CM e tecidos adjacentes normais mamários, revelou que os 

genes ARL1, ARL8B, ARL11 e ARFRP1 estão sobrexpressos em CM. Adicionalmente, descobrimos que 

a proteína ARFRP1 regula a migração e invasão de células de CM. Esta proteína regula o transporte 
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de moléculas na rede trans-Golgi e regula o transporte de proteínas que estão envolvidas em 

adesões célula-célula e na polaridade celular planar, processos que estão associados à migração e 

invasão celular. Também descobrimos que a ARL13B regula a invasão de células de CM altamente 

invasivas em 3D. Por fim, este estudo revelou que os reguladores de transporte de lisossomas, 

ARL8A e ARL8B, regulam a migração de células de CM e que o silenciamento da ARL8B diminui a 

invasão de células em 3D e a exocitose de lisossomas em células de CM. 

No futuro, seria importante investigar quais as vias de sinalização envolvidas na regulação 

da migração e invasão de CM promovidas pela ARFRP1. Além disso, propusemos anteriormente que 

a AR13B regula a migração e invasão de células de CM, através de um mecanismo independente de 

cílios, potencialmente mediado pela via não canónica do Sonic hedgehog. Portanto, será importante 

realizar futuras experiências para validar esta hipótese. As proteínas ARL8A e ARL8B foram 

demonstradas regular o movimento dos lisossomas para a periferia da célula, embora estudos 

recentes tenham demonstrado que também podem regular o movimento anterógrado de 

endolisossomas. Assim, no futuro, seria importante abordar que vias, mediadas pelas proteínas 

ARL8A e ARL8B, regulam a migração e invasão de células de CM. 

Em conclusão, este trabalho sugere que as proteínas ARFRP1, ARL13B e ARL8 podem ser 

potenciais alvos terapêuticos para impedir a progressão do CM e reduzir a alta mortalidade e 

morbilidade associadas a esta doença. Além disso, os resultados obtidos com este estudo reforçam 

a noção de que os reguladores de tráfego de membrana podem ser subvertidos por células 

cancerígenas, incluindo células de CM, para migrar e invadir. Estas evidências demonstram a 

importância de considerar estas proteínas e os mecanismos moleculares associados como alvos 

para o desenho de novas terapias para o tratamento do CM. 
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Chapter 1. Introduction 

 

 

 

This chapter is partially based on the following manuscript: 

 

Casalou C*, Ferreira A*, Barral DC. The Role of ARF Family Proteins and Their 

Regulators and Effectors in Cancer Progression: A Therapeutic Perspective. Front Cell 

Dev Biol 2020;8(April):1–13. 10.3389/fcell.2020.00217 
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1.1. Breast cancer and cancer-associated mechanisms 

1.1.1. Breast cancer epidemiology  

In 2020, female breast cancer (BC) surpassed lung cancer and was reported by GLOBOCAN 

as the most common type of cancer worldwide, with an incidence of 2.3 million (11.7 %) new cases 

in one year (Figure 1A). Additionally, BC was responsible for the highest number of cancer-related 

deaths in women, accounting for 24.5% of the fatalities (Figure 1B) 1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 - Breast cancer incidence and mortality worldwide. A. Percentage of new cases and deaths in both sexes for 
the ten most common types of cancer. Female BC accounts for 11.7 % of new cases and 6.9 % of deaths. B. Percentage 
of new cases and deaths in women for the ten most common types of cancer. BC accounts for 24.5% of new cases and 
15.5 % of deaths. Adapted from 1 . 
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In developing countries, the reported BC incidence rates are lower than those of high-income 

countries, due to early detection of the disease and easier access to better and more frequent 

diagnosis. However, mortality is higher in low-incoming nations, which is probably related with less 

access to state-of-the-art diagnoses and therapeutic options 2.  In Portugal, BC was responsible for 

the highest incidence and highest cancer-associated mortality in women, with around 7,000 new 

cases and 1,900 deaths in 2020 3. 

 

1.1.2. Breast cancer classification: physiology and subtypes 

 

BC is a heterogeneous disease, and its classification follows established guidelines based on 

several clinical and pathological features 4. Anatomically, the breast parenchyma comprises adipose 

tissue, glandular tissue, and fibrous (connective) tissue. Adipose tissue is supplied by a net of blood 

vessels, lymphatic vessels and nodes, and nerves, supported by fibrous tissue and ligaments. The 

glandular epithelium is divided in 15-20 lobes, which are composed of several lobules where the 

milk is produced. Lobes and lobules are connected by ducts that are responsible for transporting 

the milk toward the nipples 5,6 (Figure 2). Breast ducts are formed by two distinct layers of cells - 

epithelial (inner layer) and myoepithelial (outer layer) – which are surrounded by a basement 

membrane (BM) 5,6. BM is a thin highly cross-linked layer mainly composed of collagen type IV, 

laminin, entactin/nidogen, and proteoglycans 7,8. 

 

Figure 2 - Breast anatomy. The breast is composed by adipose, glandular epithelial, and connective tissues. The 
glandular epithelium is divided in lobes that are subdivided in lobules. Ducts connect the lobes to the lobules and carry 
the milk to the nipple. Adapted from 5. 
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The mechanisms underlying BC initiation and progression are still poorly understood. 

Nevertheless, it is thought that the clonal evolution model and the cancer stem cell model take place 

in this process 2. The clone model, postulates that mutations and epigenetic alterations occur in 

cancer cells and the “fittest” cells will proliferate and give rise to a tumor 9. Alternatively, according 

to the cancer stem cell model, only precursor cancer cells can initiate and sustain progression 10. 

This scenario can get much more complex if we also consider that cancer stem cells can behave like 

clonal cells 11. 

According to the established guidelines for histological classification, BC can be divided in 

carcinomas and sarcomas, depending whether the tumor originates from epithelial cells or other 

types of cells, respectively 12. Carcinomas can be further subdivided in pre-invasive and invasive. 

Pre-invasive lesions include ductal carcinoma in situ (DCIS) or lobular carcinoma in situ depending 

on the cells of origin, namely duct cells or lobular cells, respectively. These tumors are mainly 

composed of BC cells that exhibit abnormal proliferation 13. Invasive BC, on the other hand, is 

characterized by a malignant transformation of cells that can breach the BM and invade the 

surrounding tissues, and ultimately, lead to the formation of metastasis 14,15. The most common 

forms of invasive breast cancer (IBC) are invasive ductal carcinoma (IDC) and invasive lobular 

carcinoma, depending on the cell’s origin 16. 

 

1.1.2.1. Ductal carcinoma in situ 

Due to the implementation of mammography screening programs, the number of diagnosed 

cases of DCIS has increased in the last decades. Nowadays, around 25 % of diagnosed cases of BC 

are DCIS 17. This lesion is considered an early stage of BC and is characterized by the neoplasia of 

the epithelial layer of cells that is surrounded by the myoepithelial cells and confined within the BM 

of the duct. DCIS is considered a non-obligatory precursor of IDC, which means that, in some cases, 

DCIS cells acquire an invasive phenotype, breach the BM and disseminate to the surrounding tissues 

(Figure 3) 18. However, it is not known in which cases DCIS will progress to invasive IDC. Likewise, 

women that are diagnosed with DCIS have a high risk of having IDC, if not treated 4,18. Classification 

parameters for DCIS are not standardized in the medical community. Nonetheless, DCIS can be 

classified according to the nuclear grade, which evaluates the nuclear features of tumor cells. 

Moreover, the presence or absence of comedonecrosis, or a buildup of necrotic cells inside the 

tumor, is also a commonly considered pathological feature. So, DCIS lesions can be divided in low 
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grade (grade 1), intermediate grade (grade 2), and high grade (grade 3) (Figure 3)18. Grade 1 is 

characterized by the presence of atypical ductal hyperplasia cells that can look like normal ductal 

cells. Grade 2 DCIS is very similar to the lower grade but in this stage, cells proliferate faster than 

normal breast cells 18. However, this intermediate grade 2 is not always recognized 19. Lastly, high-

grade or grade 3 DCIS presents an even faster cell proliferation rate, with abnormal cell morphology 

and, frequently, comedonecrosis. Patients diagnosed with grade 3 DCIS are thought to be at higher 

risk to have IDC, as well as recurrences after treatment 17,20. However, some studies suggest that 

the risk is independent of the grade 21,22. In rare cases (around 1 % of diagnosed cases of BC), DCIS 

lesions can also present microinvasions 18. These types of lesions contain a noninvasive DCIS 

component and an invasive component, which is described to be small (1 mm or less) 23. 

Nonetheless, the prognosis for DCIS with microinvasions is closer to IDC than to pure DCIS 24. DCIS 

can also be classified into different types, which include comedo, solid, cribriform, and 

papillary/micropapillary25. However, DCIS lesions are very heterogeneous and usually present 

morphological features of the different histological types 16,25,26.  

 

 

Figure 3 - legend on next page 
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Figure 3 - Ductal carcinoma in situ stages and progression. DCIS is considered an early stage of BC and is characterized 
by a neoplastic growth of the epithelial layer of cells surrounded by the myoepithelial cells and confined within the BM 
of the duct. DCIS lesions can be divided in low grade (grade 1), intermediate grade (grade 2), and high grade (grade 3). 
In rare cases, DCIS lesions can also present microinvasions (DCIS-MI). These types of lesions contain a noninvasive DCIS 
component and an invasive component. Lastly, DCIS can progress to IDC with BC cells breaching the BM and invading 
the surrounding tissues. Adapted from 18. 
 
 

 
1.1.2.2. Invasive breast carcinoma 

The World Health Organization (WHO) classification of the different histological types of IBC 

is based on several characteristics such as tumor cell type, architectural features, 

immunohistochemical profile, and extracellular secretion 27. The most prevalent form of invasive or 

infiltrating BC, known as IDC “no special type” (NST), does not display any specific characteristics 

that can ground it as a specific type of BC and represents 70 % - 80 % of all IBC cases diagnosed 16. 

Following IDC-NST, lobular carcinoma of the breast is the second most prevalent type of IBC, 

representing around 10% of the cases. A wide range of different histological subtypes is also 

included in the WHO classification, including microinvasive carcinomas, tubular carcinomas, 

mucinous carcinomas, micropapillary carcinomas, carcinomas with apocrine differentiation, 

metaplastic carcinomas, and other rare forms of IBC 14. 

The histological grading system that is currently recommended by WHO is known as the 

Bloom–Richardson–Scarff classification in Elston–Ellis modification and is used to assess the degree 

of histopathological malignancy 28. According to this grading system, the tumor grade is determined 

by scoring (from 1 to 3) tubule formation, nuclear pleomorphism, and mitotic count. The final score 

is obtained by the sum of all three scores: grade 1 (from 3-5), grade 2 (from 6-7), grade 3 (from 8-9) 

28. Tumors can also be classified according to the TNM classification system. It provides information 

about the size of the primary tumor (tumor or T), the extent of cancer at the regional lymph nodes 

(nodes or N), and the presence of distant metastasis (metastasis or M). The assessment of T, N, and 

M is then combined to generate five stages (stages 0–IV) 2,29. 

IDC and DCIS can be classified according to their molecular characteristics. Over the years, 

the expression profiles of the estrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor receptor 2 (HER2) were used to unravel the heterogeneity of BC and helped 

in both prognosis and treatment strategies 30. Moreover, gene expression profiling studies of BC 

samples performed by Perou and colleagues allowed the creation of different intrinsic subtypes: 
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luminal A, luminal B, HER2-overexpressing, basal-like and normal-like, although this last subtype is 

believed by some researchers to be an artifact due to contamination with normal cells. 31,32 

Luminal A is the most prevalent molecular subtype, with 60 % to 70 % of prevalence 2. These 

tumors are characterized by a strong expression of ER and PR, absent HER2 expression and low Ki67 

index, which is an indicator of cell proliferation. Luminal A tumors are associated with low grade 

lesions and a good prognosis 13. Luminal B tumors express both ER and PR hormone receptors, but 

with a lower expression than luminal A tumors and are HER2-positive or HER2-negative. Also, 

Luminal B cancers have a high Ki67 index and present higher grades than luminal A tumors with an 

intermediate prognosis 2. HER2-overexpressing or HER2- enriched tumors represent around 15 % of 

all IBCs and exhibit high HER2 gene expression levels. These tumors do not express ER and PR 

receptors and the Ki-67 index is high. Moreover, HER2-overexpressing tumors are likely to be high 

grade and are associated with poor prognosis 2. Lastly, basal-like tumors represent around 10-15 % 

of IBCs. They are characterized by an expression pattern like normal mammary basal/myoepithelial 

cells, including the expression of cytokeratins 5, 6, and 17 and epidermal growth factor receptor 

(EGFR). They are considered triple-negative (TN) since the expression of ER, PR and HER is absent in 

these tumors. Histologically, these tumors are usually high grade with a high Ki67 index and poor 

prognosis 2. 

Nowadays, it is widely accepted that “basal-like breast cancer” and TN breast cancer (TNBC) 

are not synonymous. Several studies showed that most TNBCs present basal-like intrinsic subtype 

characteristics. However, the TNBC immunohistochemistry subtype and the basal-like molecular 

subtype classified by genomic profiling do not perfectly match. Likewise, according to the most 

recent publications, TNBC tumors can be further divided into distinct groups: basal‐like, 

mesenchymal, and luminal androgen receptor 33,34.The characteristics of the four molecular 

subtypes are summarized in Table 1. 
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Table 1 - Molecular subtypes of breast cancer – Estrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor receptor 2 (HER2) expression profile, Ki67 index, histological grade, prognosis, and prevalence 

of four molecular subtypes, excluding the normal-like BC. Based on 2. 

 

 

 

1.1.3. Breast cancer causes, diagnosis, and treatment 

Considered a multifactorial disease, BC has been linked to several factors that can increase 

the predisposition for the development of these tumors. Risk factors include both genetic or non-

modifiable factors and non-genetic aspects, and it is not always possible to attribute one specific 

cause to a given diagnosed case of BC 35. Gender is without a doubt one of the most important risk 

factors, given that 99% of BC cases occur in women and only 1% in men 36. Age is also a crucial factor 

when it comes to BC progression, both in female and male BC. Although the incidence of BC is 

increasing in young women, most BC cases are still diagnosed in women with ages above 50 years 

old 35. As for known BC-related genetic mutations, two genes are characterized by their high 

penetrance - breast cancer gene 1 (BRCA1) and 2 (BRCA2) 37. Mutations in these genes have been 

mainly associated with hereditary syndromes but sporadic cases have been described 35. Moreover, 

people that carry BRCA1/BRCA2 mutations are estimated to have a 10-fold higher risk of developing 

BC 16. Besides BRCA1 and BRCA2, other high penetrance genes like tumor protein p53 (TP53) or 

phosphatase and tensin homolog (PTEN), have also been associated with BC 38–41. Non-modifiable 

risk factors for BC progression can also include other aspects like ethnicity and race, degree of 

economic development of the place of living, pregnancy/ breastfeeding, the density of breast tissue, 
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and radiation exposure 1,42–45. As for the non-genetic/modifiable risk factors, several have been 

reported to increase the risk to develop BC. Examples are obesity and unhealthy diets, hormonal 

contraceptives and replacement therapy, physical inactivity, alcohol consumption, and smoking 46–

52. 

BC diagnosis is based on a combination of three tests that include clinical examination, 

imaging (mammography and/or ultrasonography), and biopsy 53. Imaging evaluation can also be 

performed using MRI in cases where the conventional imaging techniques are inconclusive 2. It is 

also important to refer that, due to the massive mammography screening campaigns, there is a 

debate about whether there is an overdiagnosis/overtreatment of DCIS lesions 17,54. It is a current 

problem that has economic impacts and, more importantly, can affect the physical and phycological 

well-being of many women. As such, researchers and clinicians are putting enormous efforts into 

trying to understand which cases of DCIS will progress to IDC, to establish more appropriate 

guidelines for therapy. 

In terms of treatment, the first option for early BC without metastases is surgery. This 

procedure is normally accompanied by neoadjuvant therapy (before surgery) in cases where the 

tumor is large or adjuvant therapy (after surgery) if there is an increased risk of recurrence 2. 

Chemotherapy is a systemic treatment that can be used as neoadjuvant or adjuvant therapy. It 

includes different combinations of carboplatin, cyclophosphamide, 5-fluorouracil/capecitabine, 

taxanes (paclitaxel, docetaxel), and anthracyclines (doxorubicin, epirubicin) 35. Endocrine therapy 

may also be used as neoadjuvant or adjuvant therapy and it is used in BC cases with an expression 

of hormone receptors (luminal BC). These treatments include drugs that block ERs (tamoxifen, 

toremifene, fulvestrant) and treatments that aim to decrease the levels of estrogen (letrozole, 

anastrozole, exemestane)35. Chemotherapy and endocrine therapy are often combined since this 

strategy has been linked with a reduction in mortality 55. Regarding more localized therapies, 

radiotherapy is commonly used after surgery and/or chemotherapy. It is also widely used in cases 

where the tumors are unresectable or in metastatic BC 56. Finally, targeted therapy can be provided 

at any stage of treatment. This type of therapy is often used in HER2-positive BC patients and 

includes anti-HER2 monoclonal antibodies like trastuzumab, and pertuzumab or HER2 inhibitors like 

lapatinib and neratinib 35. Advanced cases of BC include both inoperable locally advanced breast 

cancer and metastatic BC and it is considered an incurable disease. Treatment options for these 

patients normally include therapies to alleviate their symptoms and prolong life expectancy while 

trying to keep the patient’s life quality 2. 
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Over the years, progress has been made in increasing the efficacy and safety of the 

treatments for BC. However, side effects that can be acute (eg. nausea and fatigue) or more severe 

and chronic (such as cardiotoxicity or cognitive dysfunction) are still a reality for BC patients. 

Moreover, more aesthetical factors that come from partial and complete mastectomies or hair loss 

due to chemotherapy, often represent a high toll on the mental health of BC patients 2,35. So, it is 

highly important to continue the research in this field to find more effective, and personalized 

therapies that can help to save more lives and conserve the quality of life of BC patients. 

1.2. Hallmarks of cancer 

The hallmarks of cancer are described as a combination of features that cells acquire during 

their transformation into a malignant state. These capabilities are essential for these cells to be able 

to form malignant tumors. Hanahan and Weinberg’s first publication in 2000, suggested that the 

hallmarks of cancer could be divided into six categories:  self-sufficiency in growth signals, 

insensitivity to anti-growth signals, limitless replicative potential, evading apoptosis, sustained 

angiogenesis, and tissue invasion and metastasis 57. A decade later, this list was updated, and two 

new emerging hallmarks were added: reprogramming energy metabolism and evading the immune 

response. Also, two enabling traits were added: genome instability and mutation, and tumor-

promoting inflammation. Enabling traits were described as cellular mechanisms that enable the 

acquisition of the hallmarks. The tumor microenvironment, which comprises a heterogeneous 

population of cancer and stromal cells, was later recognized as an important player in carcinogenesis 

and tumor progression58. More recently, another four parameters were added: two emerging 

hallmarks (unlocking phenotypic plasticity and epigenetic reprogramming) and two enabling traits 

(polymorphic microbiomes and senescent cells) (Figure 4) 59. Also, this year, Ravi and colleagues 

proposed the introduction of pro-survival autophagy as a new hallmark of cancer, given the large 

evidence that highlights its role in cancer progression 60. 

However, some researchers have challenged these proposals by posing the question: what 

is the definition of a hallmark? Indeed, in 2010, Lazebnik stated in his essay that a “hallmark” is 

defined as a distinguishable feature. So, in his view, the hallmarks of cancer should only include 

features that are different between normal cells and malignant cells and ruled out five of the six 

cancer hallmarks proposing that only invasion and metastases would fit in that definition 61. 

Nonetheless, the constant updating and increasing complexity of the hallmarks of cancer, have been 
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useful to foster debate and discussion among the scientific community and, more importantly, to 

stimulate cancer research aiming at a better definition of cancer biology mechanisms. 

 

1.3. The metastatic cascade 

Metastasis formation accounts for most cancer-related deaths and is defined as an organ-

selective and sequential multi-step process 62. It is initiated by tumor cells that escape the primary 

tumor and ends with the colonization and propagation of tumor cells on distant organs. In general, 

this cascade of events can be divided in five steps: invasion, intravasation, dissemination, 

extravasation, and colonization (Figure 5) 63. In the first step (invasion), cancer cells lose their cell-

cell adhesion, allowing the dissociation of malignant tumor cells from the primary tumor. Also, 

cancer cells acquire the capacity to degrade the BM and stromal extracellular matrix (ECM) and 

invade neighboring tissues. Moreover, at this stage cells regulate the expression of proteins that 

control cell motility/migration 64. During intravasation, cancer cells enter the vascular/lymphatic 

circulation whereby they can disseminate to distant locations. At this point, the circulating tumor 

cells (CTCs) are exposed to several types of stresses that include oxidative stress, shear forces, and 

immune system surveillance. Likewise, many CTCs die in circulation, and only a small percentage 

reaches the site of colonization 62. When the CTCs arrive at the target site, they extravasate from 

the circulation to colonize the distant organ, which is achieved through the secretion of factors that 

induce vessel hyperpermeability 64. After extravasation, cancer cells arrive at a new location in a 

new microenvironment, and they must adapt. So, these cells can reside in a dormancy state (for 

short or long periods) as single disseminated tumor cells or small micrometastatic clusters. When 

the ideal conditions are in place, cells start to actively proliferate at the colonization site and form 

macroscopic metastasis 65.  
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Figure 4 - Hallmarks of cancer. This illustration includes 10 hallmarks and 4 emerging traits proposed by Hanahan et al. 
The hallmarks include new emerging hallmarks - unlocking phenotypic plasticity and epigenetic reprogramming; and 
eight canonical hallmarks – sustaining proliferative signaling, evading growth suppressors, enabling replicative 
immortality, resisting cell death, inducing or assessing vasculature, activating invasion and metastasis, deregulating 
cellular metabolism and avoiding immune destruction. The enabling traits include new proposed traits - polymorphic 
microbiomes and senescent cells; and the canonical traits - non-mutational epigenetic reprogramming and tumor-
promoting inflammation. Adapted from  59. 

 

As mentioned before, it is widely accepted that metastasis is an organ-selective process. In 

other words, as initially suggested by the “seed and soil” hypothesis, certain types of cancer cells 

are more likely to form metastasis in specific tissues 66,67. In the case of BC, the preferred metastatic 

sites are the bones, lungs, liver, brain, and lymph nodes 68. Metastasis formation is a very complex 

and heterogeneous process, and, as mentioned before, it is the deadliest mechanism of cancer 

progression. All these reasons impose a continuing investment on research to uncover the 

molecular mechanisms underlying the multiple steps of the metastatic cascade, to find better 

therapeutic options.  
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Figure 5 - Steps of the metastatic cascade. The formation of metastasis can be divided in five steps. 1. Local invasion; 
cancer cells at the primary tumor site acquire several features that enable the degradation of basement 
membrane/extracellular matrix and invasion of the surrounding tissues; 2. Intravasation: Cancer cells enter the 
vascular/lymphatic circulation; 3. Dissemination: Circulating tumor cells (CTCs) must survive in circulation until they 
reach the target site; 4. Extravasation – at the target organ, cancer cells extravasate from the vessels; 5. Colonization: 
at the secondary tumor site, cancer cells form micrometastases and once the ideal conditions are established, these 
cells proliferate and originate macroscopic metastasis. Adapted from 63 

 

1.3.1. Epithelial-to-mesenchymal transition 

One of the mechanisms acquired by cancer cells during the metastatic process is the ability 

to activate the epithelial-to-mesenchymal transition (EMT) program. EMT is a cellular process 

broadly defined by the downregulation of epithelial features and acquisition of mesenchymal 

characteristics 69. It was first described in early embryogenesis and is currently associated with 

different stages of development, wound healing, tissue fibrosis, and cancer 70,71. In cancer, this 

process has been linked to several tumor-associated processes such as tumor initiation, malignant 

progression, stemness, cell migration, intravasation, colonization, and resistance to therapy 72–74. 

Epithelial cells present apical-basal polarity and are connected by lateral tight junctions (TJs), 

adherent junctions (AJs), desmosomes, and gap junctions. Adherent junctions are formed by many 

different proteins, including the cell surface epithelial cadherin (E-cadherin) 69. Moreover, epithelial 

cells interact with the BM through hemidesmosomes and α6β4 integrins 75. Once EMT is activated, 

E-cadherin expression is decreased, leading to the loss of the polygonal, cobblestone morphology 

characteristic of the epithelia. In turn, the cells acquire a spindle-shaped mesenchymal morphology, 
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which is accompanied by the expression of proteins that are associated with a mesenchymal state, 

including neural cadherin (N- cadherin), vimentin, and fibronectin. This transformation also includes 

the increased expression of specific integrins, namely β1 and β3, and matrix metalloproteinases 

(MMPs) 75. The alterations that occur during the EMT transformation promote both cell migration 

and invasion of cancer cells and are regulated by different transcription factors (TFs). TFs promote 

the downregulation of genes that are associated with an epithelial state and the overexpression of 

mesenchymal-associated genes. Various conserved TFs, including Snail (SNAI1), Slug (SNAI2), 

TWIST1, TWIST2, Zeb1 (previously known as TCF8) and Zeb2 (SIP1) have been identified as major 

regulators of EMT 76–82. Additionally, there are several known inducers of EMT. For example, the 

Wnt signaling pathway increase leads to the upregulation of Slug, TWIST and N-cadherin, and 

represses the expression of E-cadherin in trastuzumab resistant HER2-overexpressing BC 83. Also, 

the transforming growth factor β (TGF-β) signaling pathway can promote the expression of Slug and 

Snail, while Notch pathway has been linked to the regulation of EMT in different types of 

carcinomas, including BC 75,84,85.  The tumor microenvironment can also induce changes in EMT. 

Namely, cancer-associated fibroblasts (CAFs) and immune cells were shown to induce EMT in cancer 

cells by secreting cytokines and growth factors, like TGF-β, IL-6, epidermal growth factor (EGF), 

among others 75,86,87.  

EMT is a reversible process, meaning that cells can activate several pathways to decrease 

the expression of mesenchymal markers and increase the expression of features associated with 

the epithelial state. This reverse process is called mesenchymal-to-epithelial transition (MET) and it 

is accepted that cancer cells need to undergo this transition during metastatic colonization and 

growth 75. In fact, it is reported that metastases can present an epithelial morphology 71. Over the 

years, several studies have been highlighting that carcinoma cells that activate EMT programs often 

express both epithelial and mesenchymal markers. Moreover, it is thought that cancer cells rarely 

reach a fully mesenchymal state during EMT 88. In BC, several states of epithelial/mesenchymal 

(E/M) have been reported in cells from primary tumors and hybrid E/M states are enriched by CTCs 

released by primary breast tumors 89,90. This plasticity of cancer cells may increase their capacity to 

adapt and respond to several physiological stresses and stimuli (Figure 6). 
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Figure 6 - Epithelial-to-mesenchymal transition process and states. Epithelial cells present apical-basal polarity and are 
connected to each other via lateral adherent junctions, tight junctions, desmosomes, and gap junctions. Adherent 
junctions are linked to cortical actin bundles and desmosomes bind to cytokeratin. Epithelial cells connect with the BM 
through hemidesmosomes and integrins. The apical versus basolateral domains of epithelial cells are defined by polarity 
complexes (Par, Crumbs and Scribble). Mesenchymal cells do not contain functional epithelial junctions and present 
back-front polarity.  Also, they express vimentin-based intermediate filaments and attach to the extracellular matrix 
through focal adhesions The variable expression of epithelial/mesenchymal markers (E/M) leads to the creation of 
various intermediate states (bottom left and right) that interchange depending on external cues and imposed stresses. 
Adapted from 69. 

 
1.3.2. Cancer cell migration 

As previously mentioned, cancer cells need to acquire migratory features to invade through 

surrounding tissues and colonize distant organs. Cell migration in two-dimensional (2D) settings has 

been extensively studied over the years and can be described as a multistep process, involving 

spatiotemporal regulation and dynamics of the cytoskeleton components [actin microfilaments, 
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microtubules (MTs), and intermediate filaments (IFs)] 91,92. However, in living organisms, cells 

experience a three-dimensional (3D) environment with different types of ECM and must adapt their 

migratory characteristics and morphology to each situation. Likewise, 3D cell migration exhibits a 

plethora of movements that can be executed in a single-cell or a collective mode 91,92. 

 

1.3.2.1. Single-cell migration 

Single cells in 3D can migrate using different types of locomotion that can be divided into 

mesenchymal, amoeboid, and lobopodial. It is described that cancer cells can interchange between 

mesenchymal and amoeboid migration types depending on the external cues of the 

microenvironment that surrounds them 93. Mesenchymal and amoeboid migration modes are well 

documented. The mesenchymal migration is characteristic of cells with a spindle-like shape that 

undergo almost complete EMT. The speed of mesenchymal cell migration in 3D is rather slow, which 

is due to the slow turnover of focal adhesions (FAs) during this process. This mode of migration relies 

on protruded lamellipodia and/or filopodia at their leading-edge using actin polymerization 

stimulated by Rho family GTPases (e.g., Ras-related C3 botulinum toxin substrate 1 (Rac1) and Cell 

division cycle 42 (Cdc42)]. Then, the leading-edge forms a new cell adhesion to the migratory 

surface/substrate, which in turn matures into focal adhesions, and the adhesion at the back/rear 

end of the cell is disassembled, usually via protease-dependent ECM degradation. This leads to a 

retraction of the back of the cell, via actomyosin contractility, promoted by Ras homolog family 

member A (RhoA), and the cycle repeats 91. On the other hand, due to low attachment to the ECM, 

the velocity of amoeboid migration is relatively high, and these cells move within the 3D substrates 

through a protease-independent mechanism. In this type of cell movement, cells display enhanced 

contractility, which allows them to squeeze through the spaces between the ECM fibers or exert 

forces that deform the surrounding matrix. This process of actin cytoskeleton remodeling is 

regulated by RhoA and its effector Rho-associated kinase (ROCK). In this case, the tension is kept by 

cortical actomyosin, which results in membrane blebbing 94. Finally, the lobopodial migration has 

only been observed in non-malignant cells and it is considered an intermediate state between 

amoeboid and mesenchymal migrations 95. These cells are tightly adherent to the ECM and use 

actomyosin contractility, hydrostatic pressure, and nuclear repositioning to form bleb-like blunt 

protrusions called lobopodian (Figure 7) 92. 
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Figure 7 - Mechanisms of 3D single-cell migration. A. Amoeboid migration. This mechanism involves few adhesions and 
low protease activity. Movement is achieved through the formation of contraction-based blebs that allow cells to 
squeeze cells into the holes of ECM or deform it. B. Mesenchymal migration. Cells adhere strongly to the ECM at the 
leading edge through the formation of focal adhesions. Adherence at the back diminishes through the disassembly of 
focal adhesions and the actomyosin cytoskeleton contracts, leading to the retraction of the back of the cell and 
promoting directed cell migration. These cells also display proteolytic activity that remodels the ECM to facilitate cell 
dissemination. C. Lobopodial migration. In this process, cells form bleb-like blunt protrusions (lobopodia) by promoting 
strong adherence to the ECM, nuclear pistoning, actomyosin-dependent contraction, and hydrostatic pressure. 
Moreover, these cells display low protease activity and high RhoA-ROCK-MyoII contractility. Adapted from 92. 
 
 
 
 



18 
 

1.3.2.2. Collective cell migration 

Cancer cells not only migrate individually, but they also undergo collective cell migration. 

This type of migration has been associated with the progression of different epithelial tumors, 

including BC 96,97. Building evidence suggests that cells that move collectively display a higher 

capacity to successfully form metastases 97,98. Cells that migrate collectively must be able to 

coordinate their movement to overcome the obstacles imposed by the tumor microenvironment. 

Namely, cells must use actin dynamics, integrin-mediated cell–ECM, protease-dependent ECM-

remodeling and cell-cell interactions to move in a coordinated fashion 99. Moreover, gradients of 

growth factors/chemokines can help guide the direction of collective cell migration 100. The 

mechanism of collective cell migration is based on the “leader-follower” model. At the front, leader 

cells present a distinct, finger-like morphology and can detect extracellular cues from the 

surrounding environment through Rac-driven protrusions and integrin-mediated ECM adhesions. 

These cells also overexpress proteases to remodel the ECM and open the track for the trailing 

follower cells 99,101. Curiously, evidence shows that stromal cells, like CAFs, can step in as “leader” 

cells during collective migration of cancer cells 102. At the rear, follower cells, maintain tight 

symmetric cell-cell adhesions through the maintenance of AJs, TJs, and desmosomes. These cells 

also display apical-basal polarity. Leader cells maintain contact with the follower cells through 

cadherin-based AJs at their trailing edge, which means that although these cells present a more 

mesenchymal-like morphology, they still express markers of epithelial cells (Figure 8) 99–101. In fact, 

recent studies have revealed that cancer cells that were found in clusters, display hybrid states of 

EMT, highlighting the heterogeneity and complexity of these processes 71. 

 

1.3.2.3. Actin cytoskeleton dynamics during cancer cell migration and 

invasion 

As described in the previous sections, cancer cell migration and invasion rely on contacts 

with the ECM, through the formation of actin-rich protrusions. These protrusions are formed 

through the coordinated polymerization of actin filaments that exert protrusive forces and drive the 

elongation/extension of the plasma membrane (PM) 103. Actin filaments have two ends – the barbed 

or plus end, and the pointed or minus end. In migrating cells, actin subunits are added to the barbed 

of the filaments, to promote the elongation of actin protrusions at the PM 104. The first step for the 



                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

19 
 

assembly of actin filaments is nucleation, which depends on actin nucleators. The best described 

actin nucleator is the actin-related protein 2/3 (Arp2/3) complex, which comprises two actin-related 

proteins, Arp2 and Arp3, and five smaller subunits 105. Due to its intrinsic inactivity, the Arp2/3 

complex needs to be activated by class I nucleation promoting factors (NPFs), including the WAVE 

regulatory complex (WRC), the Wiskott–Aldrich syndrome protein (WASP), and neural WASP (N-

WASP) 105,106. Besides the Arp2/3 complex, other nucleators may regulate actin filament elongation, 

such as proteins from the formin and Ena/vasodilator-stimulated phosphoprotein (VASP) families, 

which promote elongation of unbranched actin filaments 104. Also, capping proteins bind to actin 

filaments at the barbed ends, preventing the binding of actin monomers and their disassembly 107. 

To guarantee that cells can form and maintain protrusions, actin monomers are disassembled for 

further recycling by severing factors [e.g., actin-depolymerizing factor (ADF)/cofilin and gelsolin] and 

debranching factors like coronin or glia maturation factor (GMF), closer to the pointed ends of the 

actin filament 108–110.  

 

Figure 8 - Collective cell migration. In collective cell migration, leader cells are subjected to environmental cues and stimulated by 
several soluble factors. These cells also interact with the ECM and with follower cells. Adherent junctions restrict the formation and 
maintenance of focal adhesions to the front.  The follower cells establish polarized cell-cell contacts. Adapted from 100. 

 
 

During cancer cell migration and invasion, cells can form different types of protrusions, 

including lamellipodia and filopodia. Lamellipodia are planar protrusions, able to create pushing 

forces that are responsible for the movement of the leading edge of the cell. These protrusions are 

composed of branched filaments of actin, regulated by the Arp2/3 complex activity. Filopodia, on 

the other hand, are finger-like protrusions that act as antennae for cells to explore their surrounding 

environment 104. These structures are formed by the elongation of parallel filaments of actin, likely 

mediated by formin and Ena/VASP proteins (Figure 9) 104. 
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Figure 9 - Actin cytoskeleton dynamics. A. Cells can form several structures that are dependent on actin polymerization 
and dynamics, including actin cortex, stress fiber, filopodium, and lamellipodium. B. Lamellipodia are flat protrusions, 
formed by the branching of F-actin and are present in migrating cells. Adapted from 111. 

 

 

1.3.2.3.1. Invadopodia 

 

Cells also produce another type of specialized actin-rich protrusions, namely invadosomes. 

These structures are characterized by their ability to degrade the ECM via the secretion of MMPs. 

Invadosomes can be divided in podosomes, which are normally associated with non-malignant cells, 

such as immune cells, osteoclasts, and endothelial cells; and invadopodia, which are formed by 

cancer cells 112. Podosomes and invadopodia share many structural and molecular similarities but 

the former are smaller, more abundant, short-lived, and less protrusive than invadopodia. On the 

other hand, invadopodia are less abundant, longer, and seem to have a lifespan of hours 112,113. 

The presence of invadopodia has been associated with several steps of metastasis formation 

in different cancers 114. Invadopodia formation is achieved through a sequence of temporal stages 

that can be divided into invadopodia precursor core initiation, invadopodia precursor stabilization, 

and invadopodia maturation (Figure 10) 113,115. Invadopodia initiation can be prompted by different 

stimuli, including growth factors, cytokines, integrin-linked extracellular signals, acidic pH, increased 

matrix rigidity, hypoxia, and reactive oxygen species (ROS)114,116. These external cues lead to the 

activation of internal transducers, namely Src, p21-activated kinase (PAK), and Arg 117. Invadopodia 
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initiation starts with the recruitment of core proteins, namely the Arp2/3 complex, cortactin, N-

WASP, and cofilin. However, this core precursor is unstable and its stabilization involves tyrosine 

kinase substrate with 5 SH3 domains (Tks5)-mediated anchoring of the core to phosphatidylinositol-

3,4-biphosphate (PI(3,4)P2) at the PM 114,118. At this stage, Mena and Arg are recruited to the 

invadopodium precursor, by lamellipoidin 119. In turn, Mena interacts with SHIP2 that produces 

additional PI(3,4)P2 for TKS5 binding and consequent core stabilization 114. Actin polymerization is 

also included in the stabilization of the precursor core. This happens through a mechanism 

dependent on both cofilin and Arp2/3 complex 114. Cofilin generates daughter filaments that further 

activate N-WASP-ARP2/3 complex-mediated nucleation of actin polymerization120. Furthermore, 

cofilin, Nck1, and N-WASP have been shown to activate the Arp 2/3 complex at the precursor core 

114,115,121. Lastly, β1- Integrin is also recruited to and activated in invadopodium precursors, 

promoting the maturation process, through interaction with Arg 122. 

 

 

Figure 10 - Invadopodia formation. Representation of invadopodia stepwise formation triggered by cellular stimuli. 
Integrin and/or other membrane receptors 1. Adhesion mediated by integrins, and other membrane receptors 
activation generates signaling cues to the cell. 2. Generation of multiple signaling cues that trigger invadopodia 
formation. 3. Initiation of invadopodia formation via recruitment of actin polymerization-branching machinery to 
plasma membrane domains. 4. Stabilization of growing invadopodia in the plasma membrane 5. Maturation of 
invadopodia followed by MMP- dependent matrix degradation. Adapted from 113. 

 
In the maturation stage, invadopodia growth and stabilization through actin polymerization 

take place. Maturation is also linked to the secretory machinery activation responsible for the 
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release of ECM-degrading proteases 113. Cortactin is phosphorylated in tyrosine residues (Y421, Y466 

and Y482) by Src and Arg, promoting the activation of cofilin. This leads to an increase in the free 

actin barbed ends available for polymerization via the Arp2/3 complex 123. Furthermore, cortactin 

phosphorylation also leads to the activation of the NCK adaptor protein 1 (Nck1)-N-WASP-Arp 2/3 

complex, promoting acting polymerization at invadopodia 124. MenaINV (Mena isoform) also 

promotes invadopodia maturation, probably by displacing phosphatases from the invadopodia core 

and, consequently, preventing cortactin dephosphorylation. Also, being an actin barbed end 

capping-protein antagonist, Mena promotes branched actin polymerization by displaying capping 

proteins from actin filaments 123. Talins are also important regulators of invadopodia maturation 

and have been involved in actin polymerization, traction force production, and recruitment of MMP-

loaded vesicles 125. Once invadopodia formation is complete, cortactin is dephosphorylated, which 

leads to cofilin inhibition, allowing stabilization of invadopodia 126.  

Invadopodia-dependent ECM degradation depends on MMPs and other proteases like 

proteins from the “a disintegrin and metalloprotease” (ADAM) family, serine proteases, cathepsins 

and the proteolytic system urokinase-type plasminogen activator receptor (uPAR) 113,127. There are 

23 MMPs described in humans. These enzymes are zinc-endopeptidases from the metzincin 

protease superfamily and can be classified into collagenases, gelatinases, matrilysins, stromelysins, 

membrane-type (MT)-MMPs and other MMPs, according to their structure and substrates 128. Also, 

MMPs can be anchored to the PM or be secreted. All MMPs are initially inactive pro-enzymes, and 

are further activated via post-translational proteolytic cleavage 128,129.  From a large group of MMPs, 

2 secreted forms (MMP-2 and -9) and 1 membrane-anchored MMP (MT1-MMP) have been often 

associated with mature functional invadopodia and cancer progression 129–132. MMP-2 and MMP-9 

are gelatinases that degrade gelatin, collagen (type IV, V, VIII, X, XI, and XIV), elastin, proteoglycan 

core proteins, fibronectin, laminin, and fibrillin-1 133. They are secreted as pro-enzymes and can be 

further activated extracellularly via an autocatalytic process or cleavage by other proteases (MMPs 

and others) 134. Indeed, increased expression/activity of MMP-2 and MMP9 was associated with 

several types of cancers, including BC 129,135,136. Moreover, there is evidence that these soluble 

proteases are relevant prognostic factors in BC 137. MT1—MMP, or MMP-14, is a type 1 

transmembrane protein generally found in invadopodia. It is synthesized as a proenzyme and it is 

activated at the Golgi through cleavage by the proprotein convertase furin 138 . Once activated, MT1-

MMP can degrade a wide range of substrates, including gelatin, collagen (types I, II, and III), 

fibronectin, laminin-1, aggrecan, vitronectin, α2-macroglobulin, αl proteinase inhibitor, and 
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proteoglycans 133,134. MT1-MMP is also known to cleave proMMP-2 and promote proMMP-9 

activation through MT1-MMP/MMP2 axis, where MT1-MMP activates MMP-2, which in turn 

cleaves proMMP-9 139. Furthermore, MT1-MMP was described as an important prognostic marker, 

correlating with the metastatic potential of various cancers, including BC 132,133. CAFs also express 

MT1-MMP and it was shown in a mouse model of BC that this expression contributes to cancer cell 

invasion and metastasis formation 140. As previously described, invadopodia are an essential feature 

of cancer cells that enables ECM remodeling to allow cell invasion and metastasis formation. 

Therefore, numerous efforts have been made by the scientific community to use invadopodia 

markers to inhibit carcinogenesis, hoping that the inhibition of invadopodia formation can impair 

tumor progression.  

 

1.4. Membrane Traffic 

 

1.4.1. General Features 

 

Membrane traffic is an essential cellular process that allows the communication and cargo 

exchange between membrane-bound organelles. Likewise, cellular fate is regulated by the 

formation, fusion, and movement of vesicles that control crucial processes within the cell, including 

cellular uptake, transport of nutrients for metabolic activity and pathogens/unwanted molecules 

for degradation, traffic of proteins, lipids, and solutes to specific locations, communication inside or 

outside cells, among others. These processes must be tightly regulated to ensure the correct 

functioning of the cell 141. Moreover, membrane traffic can be divided in two main pathways: the 

endocytic and secretory pathway. The endocytic pathway includes the PM, endosomes, and 

lysosomes, while the secretory pathway includes the endoplasmic reticulum (ER), the Golgi 

apparatus and the PM. Importantly, both pathways communicate to regulate several biological 

processes. (Figure 11) 142.  

Protein biosynthesis occurs at the ER, where correctly folded proteins are targeted for 

exocytosis by adaptor proteins, through coat protein complex (COP) II-coated vesicles. Then, these 

vesicles tether and fuse with the ER-Golgi intermediate compartment (ERGIC) and are subsequently 

delivered to the cis-Golgi, via tethering factors and complexes of ERGIC and Golgi-associated soluble 

N-ethylmaleimide-sensitive-factor attachment protein receptors (SNAREs) 143. Afterward, cargo is 
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transported through the Golgi, where processing and post-translational modifications, specially 

glycosylation, take place. COPI vesicles are used to retrieve Golgi-resident enzymes that contribute 

to cargo movement through the cisternae 144. These vesicles also participate in retrograde recycling 

from the ERGIC and Golgi and then to the ER 143,145. Then, proteins leave the Golgi apparatus at the 

trans-Golgi network (TGN) and are transported to the PM or the endocytic pathway. Cargo that is 

targeted for secretion can be exocytosed via a constitutive or a regulated pathway. In the case of 

constitutive secretion, the carriers appear to be tubular 143. On the other hand, regulated secretion 

cargoes are concentrated in granules that fuse with the PM through a SNARE-mediated and Ca2+- 

dependent mechanism, a process that is facilitated by accessory proteins including synaptotagmins 

146. 

 

Figure 11 - Endocytic and secretory pathways. Proteins are synthesized in the endoplasmic reticulum (ER) and loaded 
into COPII-coated vesicles. These vesicles fuse to form the ER‐Golgi intermediate compartment (ERGIC). COPI‐coated 
vesicles recycle Golgi resident proteins and proteins from the ERGIC and the Golgi apparatus. Cargo moves through the 
Golgi and exits the apparatus through the trans-Golgi network (TGN). Then, cargo is transported to specific localizations 
by different coated vesicles and tubulovesicular carriers. Endocytosis takes place at the plasma membrane and cargo is 
transported to early endosomes. Then, cargo can be transported to lysosomes via late endosomes to be degraded. 
Alternatively, cargo can be transported to the TGN or to recycling endosomes to reach to the plasma membrane. 
Adapted from 142. 
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Clathrin-mediated endocytosis is the best characterized endocytosis route, whereby the 

membrane-deforming mold is defined by clathrin and mediated by cargo-binding adaptor 

complexes, like adaptor protein (AP) complex 2. Then AP-2 binds to clathrin and various accessory 

proteins and promotes the formation of a vesicle. Then, the scission GTPase dynamin is recruited 

and vesicles separate from the PM 143,147. Afterward, the endocytic vesicles fuse and form early 

endosomes (EEs), followed by recruitment of Rab5 and phosphatidylinositol 3-phosphate (PI3P) 

effector proteins to the membrane of the endosome. EEs mature into late endosomes (LEs), with 

Rab5 being replaced by Rab7 and PI3P converts into phosphatidylinositol 3,5-bisphosphate 

[PI(3,5)P2]. Then, LEs fuse with lysosomes for cargo degradation 148,149. Endocytic cargo can also 

escape from lysosomal-mediated degradation through recycling routes or by retrograde traffic to 

the Golgi apparatus 150. 

 

1.4.2. Ras superfamily 

 

The Rat sarcoma (Ras) superfamily of small GTPases includes over 150 members and is 

divided into five families that are conserved in eukaryotes and regulate several cellular processes: 

Ras, Ras homology (Rho), Ras-like in brain (Rab), ADP-ribosylation factor (Arf), and Ras-like nuclear 

(Ran). The Ras family is composed of 36 members and regulates signal transduction in cell 

proliferation, morphology, differentiation, and survival. Cytoskeleton dynamics, cell cycle, and gene 

expression are regulated by proteins of the Rho family (20 members). The Ran family only has 1 

member and is the most abundant small GTPase in a cell. This protein regulates nuclear transport 

and structure. With more than 60 members, the Rab family is the largest, and together with the Arf 

family, it regulates vesicle traffic. 151,152. Moreover, as small GTPases, proteins from the Ras 

superfamily cycle between an inactive guanidine-diphosphate (GDP)-bound state and an active 

guanidine-triphosphate (GTP)-bound state. When bound to GTP, small GTPases can bind effectors 

to regulate several processes within the cell. This is due to the higher affinity of the small GTPases 

towards the effectors, that is promoted by a conformational change in the switch I and II regions of 

the GTPase when GDP is exchanged by GTP. In some cases, GDP-bound GTPases can also interact 

with binding partners to promote different cellular responses. The GDP/GTP cycle is regulated by 

guanidine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). Moreover, 

guanidine nucleotide dissociation inhibitors (GDIs) also regulate the cycle for Rho and Rab proteins 

153,154. Binding affinities of small GTPases to GDP and GTP are within the picomolar range and 
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present a very slow off-rate. So, the rate of GDP to GTP exchange is intrinsically very slow. Therefore, 

GEFs catalyze the switch from GDP to GTP, producing the active form of the small GTPase, while 

GAPs promote the inactivation of the small GTPase, by catalyzing the hydrolysis of GTP into GDP. 

Lastly, GDIs sequester the GDP-bound form of Rhos and Rabs, which prevents the dissociation of 

GDP and, consequently, keep the small GTPases inactive (Figure 12)152–154. 

 

 

Figure 12 - Activation and inactivation of small GTPases. Small GTPases from the Ras superfamily cycle between an 
active GTP-bound state and an inactive GDP-bound state. Active GTP-bound GTPases bind to effectors to regulate 
various cellular processes. The GDP/GTP cycle is regulated by guanidine nucleotide exchange factors (GEFs), which 
catalyze the exchange of GDP by GTP and GTPase activating proteins (GAPs), which promote the hydrolysis of GTP by 
GDP. Rho and Rab small GTPases can also be kept in an inactive GDP-bound form by guanidine nucleotide dissociation 
inhibitors (GDIs), which sequester the protein bound to GDP and prevent its activation. Adapted from 152. 

 

1.4.2.1. Arf family 

 

All the members of the Arf family share a canonical G domain with nucleotide-sensitive loops 

(switch 1 and 2)155,156. Furthermore, Arf GTPases need to be recruited to membranes to be activated. 

Specifically, these proteins are recruited to the membrane via an N-terminal amphipathic helix in 

the GDP-bound state.  After GDP to GTP GEF-mediated exchange, there is conformational 

rearrangement, which allows the insertion of a lipidic post-translational modification (e.g., 

myristoylation, acetylation, or palmitoylation on the N-terminal) into the lipid bilayer, stabilizing the 

GTPase-membrane binding 156,157. 
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As mentioned before, Arfs are key regulators of membrane traffic 151. In mammals, the Arf 

family includes around 30 proteins, comprising six Arfs (Arf1, Arf2, Arf3, Arf4, Arf5, and Arf6), 22 

ARF-like (Arl) proteins, two Secretion-Associated RAS-related (Sar) and the TRIpartite Motif-

containing protein 23 (TRIM23) (Figure 13) 156. The six members of the Arf subfamily (five in humans 

since we lack Arf2) are highly conserved in structure and sequence. Based on sequence similarities, 

these proteins have been classified in three types: type I (Arf1-Arf3), which share more than 96 % 

sequence identity; type II (Arf4 and Arf5), which share 90% sequence identity; and type III (Arf6), 

which shares more than 65% sequence identity to type I and II Arfs 158. Furthermore, these proteins 

can have overlapping localizations and similar functions within the cell. Arf1-5 have been more 

associated with the recruitment of coat proteins and vesicle formation in the Golgi apparatus 159,160. 

On the other hand, Arf6 is the only Arf that does not localize to the Golgi, and can be found at the 

PM and in endosomes, where it regulates endosomal recycling and cortical actin dynamics 161. The 

two Sars (Sar1a and Sar1b) are also highly identical, sharing around 90% of sequence identity. These 

two proteins localize to the ER and are essential players in ER-to-Golgi traffic, through the regulation 

of COPII-vesicle budding 156,162. Finally, TRIM23 is implicated in antiviral defense by regulating 

autophagy and adipocyte differentiation 163,164. Regarding sequence homology, ARLs are more 

divergent than Arfs or Sars, sharing between 40 % and 60 % of identity among them. These proteins 

also localize to several places within the cell and present more diverse cellular functions, which in 

some cases are parallel to Arfs 156. In the next sections, a description of the main functions of each 

Arl protein is presented and is divided according to their main localization/function within the cell -  

Golgi, cilia, associated with cytoskeleton, and lysosomes). The described information is also 

summarized in Table 2. Arl5c, Arl10 and Arl13a were excluded from this description, since nothing 

is known about the function and localization of this small GTPase. 

  

1.4.2.1.1. ARLs in the Golgi 

 

Arl1 is the member of the Arl subfamily that presents higher sequence homology with Arfs. 

This protein localizes to the TGN, and it interacts with different proteins (e.g., golgins and arfaptins) 

at this location regulating the secretion of different cargo, including insulin, chromogranin A and 

MMPs 156,165–168. It can also be found in EEs, where it regulates the activation of Arf1 and Arf3 169.  
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Figure 13 - Localization of ARF small GTPases, ARF GEFs, and ARF GAPs in the cell. Schematic representation of the cell 
with organelles (red), where the subcellular localization of ARF small GTPases (light blue), ARF GEFs (purple), and ARF 
GAPs (green) is depicted. Adapted from 156. 
 
 

Arl5 presents three paralogs - Arl5a, Arl5b, and Arl5c (proposed to be a pseudogene). These 

proteins also localize to the TGN and Arl5 was found to regulate retrograde traffic from endosomes 

to Golgi, by recruiting the Golgi-associated retrograde protein (GARP) complex 170,171.  

Arl15 (also known as ARFRP2) and has been extensively associated with metabolic disorders, 

including obesity in children, coronary heart disease, and type II diabetes 172. Recently, Arl15 was 

shown to be localized to the Golgi and upregulated upon insulin stimulation173. This protein also 

regulates adipocyte differentiation in a process dependent on palmitoylation of this small GTPase, 

which is important for its Golgi localization  174.  

Arf-related protein 1 (Arfrp1), previously known as Arl18, also localizes to the TGN. This small 

GTPase has been linked with the traffic of various cargo, such as glucose transporters and E-cadherin 

175,176. Furthermore, recent studies have shown that Arfrp1 regulates the recruitment of tethering 

factors to the TGN, through the recruitment of Arl1 and Arl5. In particular, this protein is involved 

in the recruitment of golgins (dependent on Arl1) and GARP (dependent on Arl5) (Figure 14) 177.  
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Table 2 - Localization and function of ArL small GTPases. TGN - trans-Golgi network, EEs - early endosomes, PM- plasma 
membrane, LEs - late endosomes, CDRs - circular dorsal ruffles, LPS - lipopossacharide, MHC - major histocompatibility 
complex II. 

 

GTPase Localization Main function (s) 

Arl1 Golgi, TGN, EEs Endosome–Golgi secretory traffic 

Arl2 Cytosol, mitochondria 
Tubulin heterodimer assembly, mitochondrial 

motility/fusion 

Arl4a Cytosol, PM Actin remodeling 

Arl4c Cytosol, PM Cholesterol efflux 

Arl4d 
Cytosol, mitochondria, 

nucleus, PM, actin 
Actin remodeling, regulation of mitochondrial 

function/morphology 

Arl5a Golgi Endosome–Golgi traffic 

Arl5b Golgi Endosome–Golgi traffic 

Arl6 Cilia Retrograde cilia transport 

Arl8a LEs/Lysosomes LEs/Lysosomal traffic  

Arl8b LEs/Lysosomes LEs/Lysosomal traffic 

Arl9 n/a 
Genetic links to visual system (Xenopus) and 

Vitiligo 

Arl11 
Nucleus, cytosol, 

cortical actin 
LPS-induced macrophage activation 

Arl13b Cilia, CDRs 
Cilia formation/maintenance Hh signaling, 

formation of CDRs 

Arl14 Multi-vesicular bodies MHC II transport along the actin cytoskeleton 

Arl15 Cytosol, Golgi Adipocyte differentiation 

Arl16 Cilia Golgi-cilia traffic 

Arfrp1 TGN TGN traffic 
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Figure 14 - ARFRP1-mediated recruitment of ARL1 and ARL5 to the trans-Golgi network. SYS1 recruits ARFRP1 to the 
TGN. Afterward, ARFRP1 promotes the recruitment and/or activation of ARL1 and ARL5 to the TGN. Activated ARL1 and 
ARL5 interact with the TGN membrane through the myristoylated N-terminal amphipathic helix. Then, ARL1 recruits 
Golgin-245, Golgin-97, and GRIP and coiled-coil domain containing 88 kDa (GCC88), which bind retrograde transport 
carriers loaded with cargo, while ARL5 recruits the GARP complex. Golgins go through a conformational collapse that 
transports the carriers closer to the TGN and enables their transfer to the GARP complex. GARP in turn stimulates the 
assembly of the trans-SNARE complex and fuses the carrier to the TGN membranes, leading to the delivery of the cargo 
to the TGN 177. 
 
 

 

1.4.2.1.2. ARLs in cilia 

Arl3, Arl6, Arl13b, and Arl16 localize to primary cilia, which are cellular structures that act as 

sensors of various extracellular stimuli 156. Specifically, depletion of Arl3 in mammalian cells leads to 

an impairment of ciliary transport 178,179 and Arl16 was found to regulate the traffic of intraflagellar 

transport 140 (IFT140) and inositol polyphosphate-5-phosphatase E (INPP5E) from the Golgi to the 

cilia 180. 

Arl6, was the first Arl to be linked to an autosomal recessive ciliopathy, namely Bardet-Biedl 

syndrome (BBS) 181.  Also, Arl6 regulates the retrograde transport of Sonic hedgehog (Shh) and Wnt 

in cilia and also promotes the recruitment of the BBSome complex, which controls ciliary traffic 182–

184. Recently, a phylogenetic profile analysis has determined that ARL6 is almost completely absent 

from eukaryotic species that do not possess cilia cells or stages 180.  
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Arl13 presents two paralogs (Arl13a and Arl13b) that only share around 43 % sequence 

homology 172. Arl13b differs from the other members of the subfamily because it has almost twice 

the size and presents an abnormally long C-terminal region 156. Moreover, and probably due to its 

distinctive structure, it is the only Arl that was reported to act as a GEF (for Arl3) 185,186. Studies in 

zebrafish and mice revealed that the depletion of Arl13b results in defects in cilia structure and 

signaling. Namely, the mutant mice revealed many of the typical phenotypes presented by Joubert 

Syndrome (JS) patients. Moreover, the cilia of the mutant mice are shorter and present defects in 

Shh and bone morphogenic protein (BMP) signaling pathways in combination with overexpression 

of Wnt ligands 187,188. Activated Arl13b was also found to bind to subunits of the exocist complex 

(Sec5 and Sec8) and regulate cilia function 189. Recently, tubulin was found to interact directly to 

Arl13b, to promote an even distribution of this small GTPase throughout the membrane of the cilia 

190. Furthermore, Arl13b regulates the formation of circular dorsal ruffles (CDRs) and, consequently 

cell migration, through the interaction with the actin cytoskeleton. This interaction is mediated by 

the non-muscle myosin IIA (NMIIA), which was identified as an effector of Arl13b 191. The role of 

Arl13b in cell migration was also demonstrated in interneurons and fibroblasts of mutant mice, 

through cilia-dependent mechanisms 192,193.  The function of Arl13a remains unknown. 

 

1.4.2.1.3. ARLs associated with the cytoskeleton 

 

Arl2 is highly conserved, and it was shown to interact with tubulin-specific chaperone D 

(TBCD), which in turn mediates the interaction with β-tubulin. This interaction is necessary for the 

αβ-tubulin biogenesis and microtubule dynamics 194,195. Arl2 was also found to localize to 

mitochondria, where it regulates mitochondrial motility, fusion, and ATP levels, through the 

interaction with its GAP ELMOD2 196,197.  

Arl4 has three paralogs (Arl4a, Arl4c, and Arl4d), which present a distinct extended C-

terminal region with basic amino acids, allowing the binding to importin-α. Therefore, the C-

terminal region works as a nuclear localization signal 172,198. All three paralogs were found to localize 

to the PM, with some accumulation of Arl4d in the nucleus 172. These proteins also promote the 

recruitment of the GEF Arf nucleotide-binding site opener (ARNO) to the PM, where it activates Arf6, 

which has a role in actin remodeling, endocytosis, and cell adhesion 199. Besides ARNO (also known 

as cytohesin-2), Arl4 paralogs also recruit other ARF GEFs to the PM, including cytohesin-1, 
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cytohesin-3, and cytohesin-4 172,199. Arl4a also controls actin dynamics via the interaction with 

ELMO, which controls actin cytoskeleton remodeling through DOCK-180 and Rac signaling pathways 

200. Arl4c (previously known as ARL7) shares a 71 % amino acid sequence identity with Arl4a 172. 

Further studies revealed that Arl4c is involved in the liver X receptor (LXR)-dependent cholesterol 

efflux 201. This small GTPase was also found to interact with α-tubulin and to play a role in transferrin 

receptors transport from EEs to recycling endosomes 202. The third paralog, Arl4d shares 59% 

identity with Arl4c, and it localizes to the PM in its active GTP-bound state. However, when bound 

to GDP, Arl4d localizes to mitochondria, where it regulates the function and morphology of this 

organelle 172,203.  

Originally, ARL11, which is also named ADP-ribosylation factor-like tumor suppressor gene-

1 (ARLTS1), was described as a tumor suppressor gene 204. However, the information about its 

cellular function is scarce. A recent publication points out that Arl11 localizes to the nucleus, cytosol, 

and cortical actin 205. In the same study, the authors found that Arl11 is essential for 

lipopolysaccharide (LPS)-induced macrophage activation, through interaction with phosphorylated 

extracellular signal-regulated kinase (ERK) 1/2 on actin structures 205. 

 

1.4.2.1.4. ARLs on lysosomes  

 

Arl8 contains two paralogs, and it is localized to lysosomes. Arl8a and Arl8b share 91 % 

sequence identity and lack a glycine residue, essential for myristoylation. In the case of Arl8a, the 

glycine is replaced by isoleucine, while in the case of Arl8b it is replaced by leucine 206. These 

modifications allow the acetylation of the N-terminal methionine, which together with the presence 

of hydrophobic residues in the amphipathic helix is crucial for the lysosomal localization of Arl8a 

and Arl8b 206,207. Although both paralogs localize to the same organelle, the biological functions of 

Arl8a are still poorly understood. Also, it is not known if both paralogs have redundant functions 

and if the loss-of-function of one is compensated by the other. Arl8b is recruited to the lysosome 

membrane by the BLOC-one-related complex (BORC) and mediates the kinesin-dependent 

movement of lysosomes towards the cell periphery (anterograde movement). It has also been 

shown that the Sif-A and kinesin-interacting protein (SKIP) acts as a downstream effector of Arl8b 

and this interaction results in the recruitment of kinesin-1 to lysosomes 208,209. Moreover, Arl8a/b 

were shown to regulate the anterograde movement of lysosomes by direct interaction with kinesin-

3 210. Lysosomal movement along microtubules is also regulated by the homotypic protein sorting 
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(HOPS) complex, which was found to be an effector of Arl8b. In mammalian cells, Arl8b binds to the 

HOPS subunit Vps41 and promotes the interaction between HOPS and the lysosomal membrane. 

Furthermore, Arl8bB effector SKIP was shown to recruit another subunit of HOPS – Vps39, to 

lysosomes 211. On the other hand, Rab7 which localizes to LEs was shown to regulate the retrograde 

movement of lysosomes (towards the perinuclear region). In this case, Rab7 effector Rab-interacting 

lysosomal protein (RILP) binds to both the HOPS complex and dynactin (dynein adaptor), promoting 

the movement of LEs/lysosomes to the perinuclear region 206,212. Curiously, two very recent reports 

showed evidence that Arl8 also regulates long-range endolysosomal retrograde movement. In these 

studies, two new Arl8a and Arl8b effectors are described – RUN and FYVE domain-containing protein 

(RUFY) 3 and RUFY4. RUFY3 recruits the JIP4-dynein-dynactin complex and mediates the movement 

of lysosomes towards the perinuclear region, while RUFY4 was also shown to interact with dynein-

dynectin 213,214. So, these new findings add a new layer of complexity to the regulation of 

endolysosomal movement and positioning by Arl8a and Arl8b (Figure 15).  

 

 

Figure 15 - ARL8 regulates the anterograde and retrograde movement of endolysosomes. ARL8 is recruited to 
endolysosomes by BORC. ARL8 then recruits RUFY3 and RUFY4, which bind to dynein-dynectin, promoting the transport 
of endolysosomes from the plus end to the minus end of microtubules (retrograde movement). On the other hand, ARL8 
binds to its effector SKIP and recruits kinesin-1 (KIF52-KLC2). Also, ARL8 can bind directly to kinesin-3 (KIF1). Binding to 
both kinesins promotes the movement of endolysosomes towards the cell periphery (anterograde movemen)t. Adapted 
from 213. 
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1.4.2.1.4.1. Lysosome exocytosis 

 

Lysosomes are characterized by an acidic luminal pH and are responsible for the degradation 

of intracellular and extracellular cargo. Moreover, lysosomes contain around 60 hydrolases within 

their lumen, which digest all cellular macromolecules, including proteins, lipids, and nucleic acids. 

The digested products are then transported to the cytoplasm where they are used to fulfill different 

cellular needs. Besides their intracellular role, lysosomes can also release their content 

extracellularly, through lysosomal exocytosis 215. 

Lysosome exocytosis is defined by the release of lysosomal enzymes to the extracellular 

space. For this, lysosomes are transported from the perinuclear region to the cell periphery, where 

they fuse with the PM and secrete their contents 216. Exocytosis of lysosomes, which is generally 

regulated by Ca2+, is often associated with two main processes – membrane remodeling and 

secretion. PM repair requires a localized release of Ca2+, which promotes lysosomal fusion with this 

structure. This allows the replacement of the damaged membrane with the lysosomal membrane 

217. Moreover, lysosome exocytosis leads to the secretion of enzymes that promote the endocytosis 

of the damaged membranes and consequently, complete the process of repair 218. Secretion of 

lysosomal enzymes has been associated with several biological functions in different cell types. For 

example, bone resorption by osteoclasts is affected by impaired lysosomal exocytosis 219. Also, 

lysosomal enzymes released by immune cells promote the digestion of pathogens, linking lysosomal 

exocytosis to immune defense 220. 

The link between lysosome exocytosis and disease is also very important. Several studies 

have highlighted that the secretion of lysosomes is especially relevant in cancer progression. As 

previously explained, invasive cancer cells require the formation of invadopodia.  Lysosome 

exocytosis has been proposed to be as required for cell invasion since it promotes the release of 

hydrolases to degrade/remodel the ECM and participate in membrane remodeling involved in 

protrusion formation 221. Lysosome exocytosis is also relevant in anticancer drug resistance since 

the drugs are sequestered by lysosomes, and then released to the extracellular medium without 

reaching their initial intracellular target 222. 

 

 

 

 



                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

35 
 

1.4.2.1.5. Arl9 and Arl14 

 

For some members of the Arl subfamily, very little information is known about their 

localization and function within the cell. In Xenopus, arl9 was described as a neurogenic gene 

important for the development of the visual system 223. Moreover, a genetic study showed that 

ARL9 is associated with a chronic skin disease (Vitiligo) 224. However, no studies regarding the 

physiological role of this small GTPases have been conducted.  

Arl14 was described to colocalize with phosphatidylinositol-4-phosphate 5-kinase Type 1 

alpha (PIP5K1A) and localize to the multi-vesicular bodies. In this study, the authors found that 

pleckstrin and sec7 domain containing 4 (PSD4) acts as a GEF to activate Arl14, which in turn recruits 

Arf7 effector protein (ARF7EP). ARF7EP binds to myosin-1E and regulates the transport of major 

histocompatibility complex  (MHC) class II along the actin cytoskeleton 225. 

 

1.4.2.1.6. ARLs in cancer 

 

Members of the ARL sub-family have been associated with different types of pathologies, 

including cancer. Several reports describe that many ARLs present an altered expression in different 

types of cancers. Moreover, the mechanistic insights on how some ARLs promote and/or inhibit 

carcinogenic progression, have been documented in different studies 226,227.  

Although there are no studies about the functional role of ARL1 in cancer, a bioinformatics 

study revealed that this gene is upregulated in cutaneous melanoma 228.  

On the other hand, ARL2 has been involved in different types of cancer, both in promoting 

tumorigenesis or inhibiting it. In pancreatic cancer cells, active ARL2 binds to binder of ARL2 (BART), 

which in turn inhibits the ARL2-mediated inhibition of RhoA, leading to a decrease in cancer cell 

invasiveness 229. Recently, it was found that ARL2 is required for homologous recombination in the 

nucleus, which is involved in colon cancer stem cell population maintenance 230. ARL2 was also found 

to be upregulated in both tumor samples and cell lines in hepatocellular and cervical cancers, as 

well as in osteosarcoma cell lines 231–233. Also, several microRNAs (miRs) have been proposed to 

impair cancer progression by targeting ARL2. One example is the miR-195, which is regulated by 

Urothelial Cancer Associated 1 (UCA1). In vivo studies using mouse models revealed that bladder 

tumor size is reduced upon UCA1 silencing and the expression of miR-195 is increased, which leads 
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to ARL2 downregulation.  The phenotype mediated by UCA1/miR-195/ARL2 in bladder cancer cells 

was found to be caused by defects in mitochondrial metabolism, which is regulated by ARL2 234. The 

role of ARL2 in colorectal cancer is not very clear. While the protein levels are increased in tumor 

samples when compared to normal samples, the depletion of this small GTPase leads to increased 

proliferation, migration, and invasion, suggesting an inhibitory role for ARL2 in this type of cancer 

235. Moreover, in glioma samples, ARL2 expression was found to be decreased when compared with 

normal samples. Also, ARL2 downregulation was associated with poor prognosis of glioma patients, 

while the overexpression of this protein decreases proliferation, migration, and tumorigenicity of 

glioma cells, by regulating the receptor tyrosine kinase AXL 236.  

Protein and mRNA levels of ARL3 were shown to be decreased in gliomas. In the same study, 

bioinformatics analysis suggested that ARL3 is involved in angiogenesis and immune cell infiltration 

in tumors 237. 

ARL4C was shown to be upregulated and regulate tumorigenic progression in several types 

of cancers including colorectal, lung, lung and tongue squamous, gastric, hepatocellular, pancreatic, 

renal cell carcinomas, as well as leiomyosarcoma type II 238–244. In colorectal and lung cancers, ARL4C 

downregulation leads to a decrease in cell proliferation, migration, and invasion in vitro, as well as 

tumor growth in vivo, through a mechanism dependent on Wnt/β-catenin and EGF/RAS signaling 

pathways 238. Also, ARL4C overexpression was associated with a poor prognosis in patients with 

endometriosis-associated ovarian cancer and PTEN-deficient glioblastomas 245,246. Furthermore, in 

gastric cancer cells, ARL4C silencing results in a decrease of the EMT marker SLUG, as well as a 

reduction in lamellipodia and filopodia formation 240. ARL4C was also found to regulate EMT 

functioning as a downstream effector of the Wnt/ β-catenin signaling pathway in clear cell renal cell 

carcinoma 247. Upregulation of ARL4C in pancreatic cancer cells promoted an invasive behavior of 

these cells and it was also associated with self-renewal, stemness, and drug resistance in this type 

of cancer 248. On the other hand, ARL4C was associated with a reduction in metastasis formation in 

ovarian cancer cells, by inhibiting cell motility. Curiously, in this study, the authors found that ARL4C 

low expression is associated with poor treatment response by ovarian cancer patients 249. 

ARL4D was initially identified as a glioma-associated antigen 250. A few years later, ARL4D 

expression in gliomas was found to be dependent on PTEN tumor suppressor loss, which leads to 

the activation of the Akt/mammalian Target of Rapamycin (mTOR) pathway 251. Recently, ARL4D 

mRNA levels were found to be upregulated on an oral cavity squamous cell carcinoma cell line 252.  
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ARL5A was found to be highly expressed in colorectal cancer and a target of miR-202-3P, 

which regulates colorectal cancer cell proliferation 253. In the case of ARL5B, it was recently found 

to be overexpressed in ovarian cancer cells and targeted by miR-145, which in turn regulates 

mitochondrial metabolic reprogramming in these cells 254.  

A study from 2016 described the role of ARL6 in rhabdomyosarcoma. It was found that ARL6 

is upregulated in cilia-dependent cancer cells and that the downregulation of this protein leads to a 

decrease in cell proliferation and increased apoptosis of rhabdomyosarcoma cancer cells, caused by 

impairment of ciliogenesis and Hh signaling 255.  

In prostate cancer cells, ARL8B silencing leads to a decrease in invasion and protease 

secretion, as well as tumor growth in mice. Moreover, the mechanisms by which ARL8B regulates 

prostate cancer progression were found to be dependent on the regulation of lysosomal movement 

and protease secretion, leading to ECM degradation and cell invasion, as well as lipid metabolism 

regulation to sustain cell proliferation 256. 

ARLTS1 (ARL11) was initially described as a potential low-penetrance tumor suppressor gene 

in different types of cancers, including melanoma and chronic lymphocytic leukemia 204. Moreover, 

different variants of ARLTS1 have been linked to familial and sporadic cancers and the mutations 

Trp149Stop and Cys148Arg are the best characterized 257. One of them, Trp149Stop, is a nonsense 

mutation that results in the production of a truncated protein that cannot bind to GTP, leading to 

decreased apoptosis in these cells 258. Both Trp149Stop and Cys148Arg variants were found to be 

associated with hematological tumors 259. Also, melanoma and both familial and sporadic forms of 

colorectal cancers were associated with the variant Cys148Arg 260,261.  ARLTS1 expression was also 

found to be downregulated in ovarian, lung and prostate cancers, as well as chronic lymphocytic 

leukemia 257,262. Finally, a study on ovarian cancer revealed that ARLST1 increases cancer cell 

sensitivity to chemotherapeutic agents, through the regulation of apoptosis 263. 

In 2018, two studies described the cilia-dependent role of ARL13B in the progression of 

medulloblastoma and gastric cancer 264,265. Bay and his team showed that ARL13B depletion in 

medulloblastoma cells leads to a decrease in oncogenic hedgehog (Hh) signaling 264. Moreover, in 

vitro, and in vivo experiments suggested that ARL13B promotes cell proliferation, migration, and 

invasion of gastric cancer cells, via activation of Smoothened, which in turn activates Hh signaling 

265. More recently, it was shown that ARL13B interaction with purine biosynthetic enzyme inosine-

50-monophosphate dehydrogenase 2 (IMPDH2) leads to epigenetic modifications of the small 

GTPase, and consequently, to temozolomide resistance in glioblastoma cells 266. 
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ARL14 was shown to be involved in lung adenocarcinoma cell proliferation. Specifically, the 

downregulation of ARL14 blocks ERK1/2 and p28 signaling and leads to cell cycle arrest by 

upregulating the cell death inducing DFFA-like effector C (CIDEC) 267. Furthermore, ARL14 protein 

levels were found to be increased in non-small cell lung cancer and this higher expression was 

correlated with poor survival of the patients 268. A poor prognosis of bladder cancer patients was 

found to be associated with the hypermethylation of ARL14 269. 

In the case of ARFRP1, it was found to be upregulated in gastric cancer 270. 

 

1.4.2.1.6.1 ARLs in breast cancer 

 

There are only a few studies linking the expression and function of ARLs to the development 

and progression of BC. A recent study describes that ARL1 is downregulated in TNBC samples that 

are positive for carbonic anhydrase IX (CAIX), a hypoxia-related gene 271.  

In the case of ARL2, it was shown to regulate α/β-tubulin polymerization in the BC cell line 

MCF-7. It was also shown that a lower expression of ARL2 in MCF-7 cells leads to enhanced 

resistance to cytotoxic agents 272,273. This ARL2-mediated mechanism of resistance is also regulated 

by Protein Phosphatase 2A (PP2A), which fails to dephosphorylate p53 when ARL2 expression is low 

273. A follow-up study by the same group showed that ARL2-depleted BC cells have less contact 

inhibition, enhanced clonogenic potential, and proliferation, as well as impaired tumor growth in 

experiments using orthotopic mouse models 274. Therefore, these studies strongly suggest that ARL2 

expression impairs BC progression. 

ARL4C was shown to be downregulated in BC samples. Furthermore, the low levels of ARL4C 

in BC correlates to those of the activated transcription factor 3 (ATF3). The authors also found that 

ATF3 promotes the transcription of ARL4C, which in turn acts as a negative regulator of tumor 

progression in BC. Indeed, the overexpression of ARL4C was shown to decrease BC cell proliferation, 

migration, and invasion, leading to cell cycle arrest 275. 

ARL8A and ARL8B were found to be upregulated in both luminal A and TNBC cell lines, upon 

silencing of TBC1 domain family member 9 (TBC1D9), which is associated with negative regulation 

of TNBC progression 276. Moreover, a previous study from the same group had identified ARL8A as 

a binding partner of TBC1D9 277. A recent publication by Wu et al., showed evidence that the 

lysosomal movement mediated by ARL8B and its interacting partner BORC promotes the invasion 
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of radiation-surviving BC cells 278. In this study, the authors found that there is a higher activation of 

ARL8B in invasive BC cells that survived ionizing radiation treatment. Moreover, this process seems 

to be regulated by BORC, which recruits ARL8B to lysosomes. The recruitment and activation of 

ARL8B leads to binding to the effector SKIP and increased BC cell invasion in vitro, as well as tumor 

metastasis in vivo, through lysosome exocytosis and consequent release of ECM-degrading 

proteases 278.  

As previously mentioned, ARL11 is known as a tumor suppressor gene in different cancers. 

This is also the case in BC, where the Trp149Stop and Cys148Arg were associated with familial cases 

of this malignancy 257,279. 

A recent publication from our group has shown evidence suggesting a role for ARL13B in BC 

progression, through a mechanism likely independent of cilia 280. In this study, the silencing of 

ARL13B in BC cells resulted in impairment of both cell migration and invasion in vitro, as well as 

decreased tumor growth and metastasis in vivo. Furthermore, a new mechanism of tumor 

progression regulation by ARL13B was revealed. Specifically, we found evidence that ARL13B 

promotes BC cell migration and invasion through the regulation of cell-ECM adhesion, mediated by 

integrin-dependent signaling 280.  

 

In summary, emerging evidence show that members of the ARL subfamily of small GTPases 

are important for cancer development, including BC. However, further studies need to be conducted 

to unravel the molecular mechanisms that are regulated by ARLs and subverted by cancer cells to 

promote tumor progression. 
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Objectives 

 

Despite all the efforts to find better therapeutic options and the significant improvement in 

diagnostic techniques that are currently available, BC is still the leading cause of cancer mortality in 

women. So, there is an unmet need to find better therapeutic options to impair the progression of 

BC and the formation of metastases, which represents the main cause of death. To achieve this, it 

is essential to have a deeper understanding of the mechanisms that are involved in BC progression 

and that cancer cells subvert to be able to proliferate, migrate and invade surrounding tissues, 

overcoming the barriers imposed by the microenvironment.  

Several studies have highlighted the role of membrane traffic in cancer progression. In fact, 

many known regulators of membrane traffic are involved in the tumorigenesis of different 

malignancies, including BC. Among these regulators, proteins from the ARF family have been linked 

to different types of cancers, where they can regulate several steps of the tumorigenic process. 

Moreover, there is already much evidence linking members of the ARF subfamily to BC progression, 

but little is known about the role of ARLs in this disease. 

 

Main objectives and hypothesis 

 

The main objective of this PhD thesis is to identify new players in BC progression and unravel 

the underlying mechanisms that promote the required tumorigenic features, which can be targeted 

to impair tumor progression and the formation of metastases. To do this, we focused on the ARL 

subfamily of proteins and studied their role in BC progression. We hypothesized that different ARLs 

may be upregulated in BC and positively regulate the progression of this disease, by promoting cell 

proliferation, migration, and invasion. In the end, we hope that this work contributes to the growing 

knowledge of the role of ARLs in BC tumorigenesis, aiming to identify candidates that can represent 

potential therapeutic targets to impair cancer cell invasion and the formation of metastases, a 

pressing clinical need. 

 

To achieve our main objective, we planned three specific aims: 

 

Specific aim 1 - Assess the expression of ARLs in different breast cancer cell lines and 

samples. 
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In this task, we aimed to assess which ARLs are differently expressed in BC. We started by 

performing a screen to evaluate the mRNA expression levels of all the ARL genes by real-time qPCR, 

using non-tumorigenic cell lines and BC cell lines with different invasive capacities. From this first 

screen, we selected the most promising candidates to conduct a bioinformatic analysis to assess the 

expression of ARL genes in BC samples using available datasets. Finally, we also conducted a real-

time qPCR analysis to evaluate the mRNA levels of ARL genes in BC samples. 

 

Specific aim 2 - Determine the role of candidate ARLs in breast cancer cell proliferation, 

migration, and invasion. 

  

To assess the functional role of ARLs in BC progression, we selected candidates from the 

results obtained in specific aim 1 and modulated their expression in BC cell lines. Specifically, we 

aimed to unravel the role of these candidates on BC cell proliferation, migration, and invasion, using 

2D and 3D in vitro assays.  

 

Specific aim 3 - Determine the role of ARL8 and lysosome exocytosis in breast cancer 

progression 

 

It is well established that ARL8 is a lysosomal marker that regulates lysosome positioning, 

and more specifically the movement of these organelles to the cell periphery. Also, it is known that 

lysosome positioning and exocytosis are involved in cancer progression. Therefore, we aimed to 

assess the role of ARL8A and ARL8B in BC cell proliferation, migration, and invasion. Furthermore, 

we also analyzed whether the modulation of ARL8B expression affects lysosome exocytosis in BC 

cells. Finally, we aimed to determine whether ARL8B impairs EMT on invasive BC cell lines.   
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Chapter 2. Materials and Methods 
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2.1. Cell culture 

 

2.1.1. Cell culture in 2D 

 

All human cell lines were cultured at 37 ᵒC and 5 % CO2, in a humidified incubator. MCF10A 

cells were a kind gift from Dr. Florence Janody (i3S, Oporto, Portugal) while MCF10DCIS.com were 

obtained from Barbara Ann Karmanos Cancer Institute (Wayne State University, Detroit, USA). 

MCF10DCIS.com cells were maintained in high calcium medium – Dulbecco's Modified Eagle 

Medium/ Nutrient Mixture F-12 (DMEM/F12) GlutaMAX (Gibco), 5 % (v/v) horse serum (Sigma-

Aldrich), 10 mM HEPES (Gibco), 1.05 mM calcium chloride (CaCl2, Sigma) 100 U/mL penicillin, 100 

μg/mL streptomycin (Pen/Strep, GIBCO). MCF10A were cultured in high calcium medium 

supplemented with 20 ng/mL EGF (Sigma), 10 μg/mL insulin (Gibco), 0.5 μg/mL hydrocortisone 

(Sigma-Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich). MCF-7 and MDA-MB-231, kindly provided 

by Dr. Gabriela Silva (iBET, Lisbon, Portugal), and HEK-Star-Rdpro cells, a gift from Dr. José Ramalho 

(NOVA Medical School, Lisbon, Portugal), were maintained in DMEM complete medium – DMEM, 

10 % (v/v) fetal bovine serum (FBS, Gibco), 5 mM GlutaMAX (Gibco), 15 mM HEPES and Pen/strep. 

Finally, HCC1806 cells, provided by Dr. Catarina Brito (ITQB/iBET, Lisbon, Portugal) and BT-474 

(ATCC) were cultured in RPMI complete medium - Roswell Park Memorial Institute (RPMI) GlutaMAX 

medium (Gibco), 10 % (v/v) FBS, 0,6 % (v/v) HEPES and Pen/Strep.  

 

2.1.2. Spheroid formation 

 

Spheroids were formed using two approaches: agarose-coated plates and ultra-low 

attachment (ULA) plates.  In the first approach, MDA-MB-231 cells were seeded in 96-well round-

bottom tissue culture plates (TPP) coated with 1.5 % agarose (SeaKem), at 1000 cells/well in 200 µL 

DMEM complete medium. The next day, 6 μg/mL collagen I, Rat tail (Corning), were added, so that 

the final concentration of collagen I on each well was 3 μg/mL. Spheroids were allowed to grow for 

5 days before use.  

In the second approach, cells were seeded on ULA plates, either Nunclon™ Sphera™ 96-well 

plate (Thermofisher) or BIOFLOAT™ 96-well plate (FaCellitate) at 2000 cells/well (HCC1806 and 

MDA-MB-231) or 1000 cells/well (MCF10DCIS.com), in 200 µL of the appropriate complete medium. 
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In the case of ARFRP1 silenced MDA-MB-231 cells, spheroids were mixed with 0.6 % (w/v) 

methylcellulose (Sigma), kindly provided by Dr. Ana Cavaco (IMM, Universidade de Lisboa) at 25 % 

(v/v) in DMEM complete medium. Spheroids were allowed to grow for three days before use.  

For ARL13B silenced MDA-MB-231 cells, cells were seeded in 100 µL of DMEM complete 

medium. Then, the plate was centrifuged for 3 minutes at 290 x g, RT, and incubated at 37 ᵒC, 5 % 

CO2, and 95 % humidity. On the following day, 100 μL of DMEM complete medium supplemented 

with 3 μg/mL collagen I, Rat tail (Corning), so that the final concentration of collagen I on each well 

was 1.5 μg/mL and the plate was centrifuged for 3 minutes at 100 x g before incubation at 37 ᵒC, 5 

% CO2, 95 % humidity. After one day, 100 µL of DMEM complete medium were added to each well, 

and the spheroids were allowed to form for 3 days before use. In all experiments, half the volume 

of the medium was carefully changed every other day until spheroids were used for other 

experiments. 

 

2.2. Bioinformatic analysis of human BC samples 

 

The TIMER 2.0 online tool (http://timer.cistrome.org/) 281 was used to assess the expression 

of ARL genes in BC samples and normal adjacent breast tissues, using the GENE_DE module. This 

analysis included 1093 BC samples and 112 normal adjacent breast tissues available from the TCGA 

dataset. 

 

2.3. Human BC patient samples 

 

BC samples and the paired adjacent parenchyma tissues were obtained from patients that 

were not subjected to any treatment. The samples were freshly collected in TRIzol by surgeons at 

Hospital Beatriz Ângelo, Lisbon, and stored at -80 ᵒC. This study was approved by the hospital ethics 

committee and NMS ethics committee and a written informed consent was obtained from each 

patient. Patient and samples detailed information about molecular subtype, histological evaluation, 

and stage of BC, are detailed in Table 3. 

 

 

http://timer.cistrome.org/
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Table 3 - List of ARL genes analyzed and clinicopathological characteristics of breast cancer patient samples.  

Number Genes Age 
BC 

subtype 
Histological 

grade 
ER PR HER2 

Molecular 
subtype 

1 
ARL1, ARL2, ARL8B, 

ARFRP1 
n/a DCIS n/a n/a n/a n/a n/a 

2 
ARL1, ARL2, ARL8B, 

ARFRP1 
n/a IDC I + + - LA 

3 
ARL1, ARL2, ARL8B, 

ARFRP1 
n/a IDC I + + - LA 

4 ARL1, ARL2, ARL8B n/a IDC I + + - LA 

5 
ARL1, ARL2, ARL8B, 

ARFRP1 
48 IDC II + + - LA 

6 
ARL1, ARL2, ARL8B, 

ARFRP1 
n/a IDC II + + - LA 

7 
ARL1, ARL2, ARL8B, 

ARFRP1 
n/a IDC II + + - LA 

8 ARL1, ARL2, ARFRP1 62 IDC II + + - LA 

9 ARL1, ARL2, ARL8B 60 IDC n/a + + + LB 

DCIS - ductal carcinoma in situ, IDC - invasive ductal carcinoma, LA - Luminal A, LB - luminal B, n/a - not available 

 

 

2.4. RNA extraction, complementary DNA synthesis, and quantitative real-

time PCR 

 

Total RNA, was extracted from cells, using the Rneasy kit (Qiagen) following the 

manufacturer’s instructions. RNA from human BC patient samples was extracted with TRIzol 

(Invitrogen), following the manufacturer’s instructions, after tissue disruption using a mortar and 

pestle with liquid nitrogen. RNA extracted from human tissues was treated with DNAseI (Thermo 

Fisher) to eliminate any contamination with DNA.  cDNA synthesis was carried out using the 

established protocol for SuperscriptTM II Reverse Transcriptase (Invitrogen). Briefly, 500 ng of RNA 

were used as a template and mixed with 1 µL Random Primers 3 µg/mL (Roche), 1 µL of 

deoxyribonucleotide triphosphate (dNTPs) 10 mM mix (Thermo Fisher), and Rnase free water 

(Qiagen) up to 12 µL and incubated at 65ᵒC for 5 minutes. Then, 4 µL of 5x First-Strand Buffer, 2 µL 

of dithiothreitol (DTT), and 1 µL RnaseOUTTM  40 U/μL (Invitrogen) were added to each tube and the 

mix was incubated at 25ᵒC for 2 minutes. Finally, 1 µL SuperScriptTM II Reverse Transcriptase 200 

U/μL was added to each tube and the samples were incubated at 25ᵒC for 15 minutes, at 42 ᵒC for 
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50 minutes, and 70 ᵒC for 15 minutes. The synthesized cDNAs were diluted 5x in RNase-free water 

and stored at – 20 ᵒC until use.  

Quantitative real-time PCR was carried out on a LightCycler 96 system (Roche), using the 

following protocol: pre-incubation at 95 ᵒC for 10 minutes; 45 amplification cycles at 95 °C for 10 

seconds, 60 °C for 10 seconds, and 72 ᵒC for 20 seconds; melting at 95 °C for 10 seconds, 65 °C for 1 

minute and 97 °C for 1 second. The samples were prepared with the FastStart Essential DNA Green 

Master kit (Roche), according to the manufacturer’s instructions. The sequences of the specific 

primers used for each gene amplification are listed in Table 4. The quantification of relative mRNA 

expression was calculated using the LightCycler® 96 Version 1.1.0.1320. software and 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the reference housekeeping 

gene. 

Table 4 - List of primers used for real-time qPCR. 

Gene Primer Forward (5’-3’) Primer Forward (5’-3’) 

ARL1 AGTCTGTTTGGAACTCGGGAA AGGTTTTTGTACGTCACCGTCT 

ARL2 GCACTGTCCTCTAACGCCAT TCATCCAGGAGCCAGTCGAT 

ARL3 TGAAGAGACGGGTCAGGAAC GATGAGCACTGGCACACAAC 

ARL4A GTCCAACCTGCCTTCATTTCAG GTCTTTCCAGCACAGTCCAA 

ARL4C CACCACCTATCACGTCCAGC CTTGAGGGACTTCCTGCGTT 

ARL4D ACCACTTGACTGAGATGGCG CTCCTTGAACTTGAGGCGGT 

ARL5A GTTCAATCACCAGGAGCACAA TCTTGGCCACCAATATCCCA 

ARL5B GGCTGATCTTCGCCAAACTG CCCTGCATTATCCAGTCCCA 

ARL5C GCCGAAGACCCACTTCTTCA ATAGCTCCTCCCGAGTGGTC 

ARL6 AAAGTGTCTCAGTTGCTGTGTT GCAAGCCTTCTCCTTTTATGGC 

ARL8A CCGGGAGCATTGGATGAGAA CAGCAGATCTCTCGGTCCTG 

ARL8B TCAATGTCATCGCGTCAGGT TGCTTCGAAATCGGGGTTGT 

ARL9 TGGCTCAGAGATACCCTCCA CAGCCAGCTGTGCAATCAAG 

ARL10 GCTGGGTCTACAGGCTATCG AGGCTCTTCAAAGGTGGGTC 

ARL11 GTCCTGAACGACCCCAACAT TAAGCAGCGGAAGTGCATCA 

ARL13A CATGCCGAGTAGAGCCATGT CGAGGTAGGTGGTAGTTGGC 

ARL13B GTGACTCTTTTGATGGTGGGAC AGGGTATTCTCCTTGGATTCCC 

ARL14 GACATGCCTGGAGCTCTGAC CACAGCAGGGTTGCACATAC 

ARL15 TCTCCGAATAACTGAGGCGT AGGCCTATGCAAACCAGGTC 

ARL16 AAGCACGGAATGTGTCTCCT GTAAGATTGGTGCCCACCGT 

ARFRP1 CGGCTCATGTTCTGGGACTT GTAGATGACGCCGTGACACT 

GAPDH CATTTCCTGGTATGACAACGA GTCTACATGGCAACTGTGAG 
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 2.5. Lentiviral production and cell transduction 

 

All shRNAs as well as the empty vector (pLKO.1 puro) were obtained from Broad RNAi 

Consortium (Cambridge, MA, USA) and the sequences are listed in Table 5. psPAX2 and pCMV-VSGV-

G plasmids were a kind gift from Dr. José Ramalho.  The plasmids used to overexpress ARL8B-Flag 

and Glutathione S-transferase (GST)-Flag were obtained from GenScript. Briefly, ARL8B and GST 

cDNAs were cloned into pGenLenti vector using AsiSI and BsiWI restriction enzymes. Finally, 

mcherry and ARL13B-mcherry were cloned into pLenti6/V5-DEST in-house by a former lab member 

with the help of Dr. José Ramalho (NMS Research). To produce lentiviral particles carrying the 

above-listed plasmids, HEKStar Rd-pro cells were used. In brief, 9 x 105 cells were seeded in 6 cm2 

plates in DMEM complete medium without antibiotics. On the next day, cells were transfected with 

a 3-plasmid mix containing 0.9 μg of packaging plasmid (psPAX2), 0.1 μg of envelope plasmid (pCMV-

VSV-G), and 1 μg of the target expression vector (pLKO.1, pGenLenti or pLenti6/V5-DEST) using 

Fugene 6 (Promega) transfection agent diluted in Opti-MEM (Gibco). After 22 hours, DMEM 

complete medium with 30% FBS was added to the cells to boost lentiviral particle production. 

Lentiviral particles were harvested from the cell supernatant 40 hours and 60 hours post-

transfection, pooled together. After a centrifugation at 1250 rpm for 5 minutes, to remove cell 

debris, lentiviral particles were stored at - 80ᵒC in small aliquots.  

For cell transduction, 1.5 x 105 MDA-MB-231, MCF-7 and HCC1806 cells/well or 3 x 105 

MCF10DCIS.com cells/well were plated in 6-well plates. When cells achieved 50% - 60% confluency, 

they were transduced with lentiviral particles in the appropriate complete medium without 

antibiotics and supplemented with 8 μg/mL polybrene (hexadimethrine bromide, Sigma Aldrich). 

Twenty-four hours post-transduction, the medium was changed to selection medium – complete 

medium supplemented with puromycin (pLKO. 1 and pGenLenti) (Gibco) or blasticidin (pLenti/V5-

DEST) (Gibco). The antibiotic concentrations used for each cell line are summarized in Table 6 

Transduced cells were selected at least for 5 days before performing functional assays and gene 

silencing efficiency was evaluated by real-time qPCR. 
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Table 5 - List of shRNA target sequences used for gene silencing. 
 

Gene 
Accession 
number 

Hairpin Clone ID Target sequence (5’-3’) 

ARL1 NM_001177.6 
1 (G3) TRCN0000048060 GCCTTGATGAGGCAATGGAAT 

2 (G5) TRCN0000048062 GAACTCGGGAAATGAGAATTT 

ARL8A NM_138795.4 
1 (C11) TRCN0000072951 GTGGGTTTCAACATGCGCAAA 

2 (C12) TRCN0000072952 CCCGGTCTTAGTCCTGGGTAA 

ARL8B NM_018184.3 
1 (B7) TRCN0000072854 GCTTCCCGAAATGAGCTACAT 

2 (B9) TRCN0000072856 GTGGCTTATTCAGCATTCAAA 

ARL13B NM_182896.3 
1 (E4) TRCN0000064950 CCAGCCAATAGCATCTGTAAT 

2 (E6) TRCN0000064952 CCTATATTGGTGTTGGCAAAT 

ARFRP1 NM_003224.6 
1 (C1) TRCN0000047758 CGAAGACAAACTTTCCTCTAT 

2 (C3) TRCN0000047760 GCAGTCTTTGTGGGACAAGTA 

 

Table 6 - Concentrations of puromycin and blasticidin used to select breast cell lines. 
 

Antibiotic 
Cell line Puromycin (µg/mL) Blasticidin (µg/mL) 

MCF10DCIS.com 1 2 

HCC1806 0.5 - 

MDA-MB-231 1.5 - 

 

2.6. Cell proliferation 

 

2.6.1. MTT assay and Trypan Blue exclusion method 

 

To evaluate the metabolic activity of MDA-MB-231 and HCC1806 BC cell lines, 25,000 

cells/well were seeded in a 96-well flat-bottom tissue culture plate (TPP Techno Plastic Products 

AG). On the following day, the medium was removed, and cells were washed twice with phosphate-

buffered saline (PBS) 1x. Next, 50 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) (Sigma-Aldrich) at 0.5 mg/mL, diluted in serum-free medium, were added to each 

well, and cells were incubated for 3 hours, at 37 ᵒC. The formed formazan crystals were dissolved 

with dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and absorbance was measured at 570 nm and 690 
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nm using a SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices).  The final 

absorbance values were calculated by subtracting the absorbance at 690 nm to the absorbance at 

570nm.  

To assess cell growth, 1 x 105 HCC1806 cells/well were seeded on a 24-well plate and 

incubated for 48 hours. Afterwards, cells were detached and counted with trypan blue (Sigma) on a 

Neubauer chamber. Cell viability was calculated by counting the number of live cells in each 

condition. 

 

2.6.2. Cell viability in 3D  

 

Cell proliferation was evaluated in 3D spheroids using CellTiter-Glo® 3D kit (Promega), 

following the manufacturer’s instructions. Briefly, triplicates of 3-day old HCC1806 spheroids, were 

transferred to a 96-well black opaque-walled plate (Greiner) in 100 µL. Next, the same volume of 

CellTiter-Glo® 3D reagent was added to each well by pipetting vigorously for 5 minutes to lyse the 

cells. The luminescence signal was allowed to stabilize for 25 minutes at room temperature (RT) 

before being measured with an integration time of 0.140 seconds on a Spectramax i3x Multi-Mode 

Microplate Reader (Molecular Devices). 

 

2.7. FDA/PI spheroid staining  

 

Fluorescein diacetate (FDA, Sigma-Aldrich) and propidium iodide (PI, Invitrogen) were used 

to assess viability in HCC1806 spheroids, starved for 7 days in serum-free medium. Live and dead 

cells were labeled by incubating HCC1806 spheroids with FDA (5 μg/mL) and PI (8 μg/mL), 

respectively, in PBS 1x for 20 minutes at 37ᵒC. Immediately after, spheroids images were acquired 

using a Zeiss LSM 710 confocal microscope equipped with a Plan-Neofluor 10x/0.3 DIC lens.  

2.8. Scratch “Wound-healing” assay 

 

Collective cell migration was assessed using scratch assays. HCC1806 and MDA-MB-231 cells 

were seeded at 2 x 105 cells/well, on a 24-well plate, to allow the formation of a confluent cell 

monolayer. On the next day, serum-free medium supplemented with 0.5 % bovine serum albumin 

(BSA) (Sigma-Aldrich) was added to the cells, followed by incubation at 37 ᵒC, 5 % CO2, and 95 % 
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humidity overnight (ON). After, cells were treated with 2.5 µg/mL mitomycin C (Calbiochem) for 2 

hours at 37 ᵒC, to inhibit cell proliferation. Then, a scratch was made on each well, using a 200 µL 

pipette tip. The detached cells were washed with PBS 1 x and complete medium was added to 

promote cell migration. Images from two fields of each well were acquired in Axiovert 40 (Zeiss) 

microscope equipped with a digital camera (AxioCam MRc) and ZEN 2 software (blue edition), 

immediately after the scratch and at several time points. The scratched areas were measured using 

Fiji software. To calculate the percentages of wound closure, the following formula was applied: [1- 

(wound area at t = x hours/gap area at t = 0 hours) ×100]. 

 

2.9. Transwell migration assays 

 

To assess single-cell migration, 8.0 µm pore size polycarbonate membrane inserts (Corning) 

were used. The lower membrane of each transwell was pretreated with 10 µg/mL of fibronectin 

(Gibco), ON at 4ᵒC. On the next day, transwells were washed with PBS 1x and the upper chamber 

was allowed to hydrate in serum-free medium supplemented with 0.5 % BSA, for 1 hour at 37 ᵒC, 5 

% CO2, and 95 % humidity. Then, HCC1806 cells, that were starved in serum-free medium with 0.5 

% BSA, ON, were seeded at 5 x 104 cells/transwell in the same media. Complete medium was added 

to the lower chamber to induce migration. After 6 hours of migration, the upper membrane surface 

was wiped with a cotton swab to remove cells that did not migrate. Then, cells were fixed with 4 % 

(v/v) paraformaldehyde (PFA; Alfa Aesar) for 15 minutes at RT and the nuclei were stained with 0.2 

% (w/v) crystal violet (Sigma-Aldrich) in 20% methanol for 15 minutes. Transwells were then washed 

with MilliQ water to remove the excess of crystal violet and the inserts were left to dry at RT. Finally, 

images of 5 randomly selected fields of each transwell were acquired on Axiovert 40 (Zeiss) 

microscope using a digital camera (AxioCam MRc) and ZEN 2 software (blue edition) and analyzed 

with Fiji software. 

 

2.10. 3D invasion assays  

 

Cell invasion in a 3D setting was evaluated by embedding cell spheroids in either Matrigel 

growth factor reduced (GFR) or collagen I Rat tail (Corning).  
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For the experiments using Matrigel, two protocols were used. On the first approach, 

HCC1806 and MDA-MB-231 fully formed spheroids were transferred in 30 µL medium to a 96-well 

flat bottom plate (TPP) containing 30 µL Matrigel GFR, on ice, using cut cold tips pre-washed with 

PBS 1x. For experiments using MCF10DCIS.com spheroids, the medium from each spheroid-

containing well was carefully removed and 45 µL Matrigel GFR at 5 mg/mL was directly added to the 

plate. Finally, the matrix was allowed to solidify for 1 hour at 37 ᵒC, 5 % CO2, 95 % humidity, and 100 

µL/well of complete medium supplemented or not with 50 ng/mL epidermal growth factor (EGF) 

were added to MCF10DCIS.com and MDA-MB-231/HCC1806 spheroids, respectively. Cell invasion 

was monitored for several days. To assess Matrigel GFR degradation, DQTM Red BSA (Gibco) was 

used. Briefly, the same protocol described for the first approach was performed, but Matrigel GFR 

was mixed with DQ-BSA TM at 30 µg/mL. These experiments were then performed in serum-free 

medium instead of complete medium. 

For the experiments using collagen I Rat tail, the medium was removed from the spheroid 

containing wells and 50 µL of collagen Mix – 1.75 mg/mL collagen I Rat tail, 15 mM NaOH, DMEM 

with GlutaMax, HEPES - were added to each well. The collagen was allowed to solidify for 1 hour at 

37 ᵒC, 5 % CO2, 95 % humidity, 100 µL of complete medium was added to each well and cell invasion 

was monitored for several days. 

Cell invasion was monitored by acquiring pictures on Axiovert 40 (Zeiss) microscope using a 

digital camera (AxioCam MRc) and ZEN 2 software (blue edition) and Zeiss LSM 710 confocal 

microscope equipped with a Plan-Neofluor 10x/0.3 DIC objective and Zen Blue 2010b SP1 software. 

All images were analyzed with Fiji software. 

 

2.11. Gelatin Degradation Assay 

 

Sterile glass coverslips in 24-well plates were coated with 50 µg/mL poly-D-Lysine (Sigma-

Aldrich) in PBS 1x, for 1 hour at RT. After washing the coverslips 3 times with PBS 1x, 0.5 % 

glutaraldehyde in PBS 1x was added for 15 minutes at RT. After 3 washes with PBS 1x, coverslips 

were turned onto a parafilm containing a 40 μL droplet of gelatin from pig skin, Oregon Green ® 

conjugate (Invitrogen) at 0.2 mg/mL in PBS 1x with 0.2 % sucrose, for 10 minutes at RT. After 

incubation, coverslips were transferred to the 24-well plate, washed 3 times with PBS 1x, and 

incubated with a fresh solution of sodium borohydride (Sigma-Aldrich) at 5 mg/mL in PBS 1x, for 15 

minutes at RT. Finally, coverslips were washed 3 times with PBS 1x and stored at 4ᵒC in PBS 1x, 
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protected from the light, until further use. Before each experiment, Gelatin-coated coverslips were 

washed with PBS 1x and incubated with DMEM complete medium for at least 1 hour at 37 ᵒC, 5 % 

CO2, and 95% humidity. Afterwards, 5 x 104 cells/well of MDA-MB-231 cells silenced for ARFRP1 

were plated on the gelatin-coated coverslips and incubated for 6 hours at 37 ᵒC, 5 % CO2, and 95 % 

humidity, to allow gelatin degradation. Then, cells were washed with PBS 1x and fixed with PFA 4 % 

for 15 minutes at RT. After fixation, cells were washed again with PBS 1x and permeabilized/blocked 

with PerBlock buffer (PBS 1x + 0.5% BSA + 0.1% saponin) (Sigma) for 30 minutes at RT. Then, cells 

were incubated with mouse cortactin clone 4F11 antibody (Milipore, #05-180), diluted at 1:300 in 

the PerBlock, for 1 hour at RT. After washing 3 times with PBS 1x, goat Alexa Fluor™ 568 goat anti-

mouse antibody (Invitrogen, #A11004), diluted at 1:1000 in PerBlock, was added for 1 hour at RT. 

Finally, coverslips were washed 3 times with PBS 1x and mounted in Fluoromount-G™ with DAPI. 

Image acquisition was performed using a Zeiss LSM 710 confocal microscope equipped with a Plan-

Apochromat 63/1.40 Oil Ph3 lens and Zen Blue 2010b SP1 software.  

 

2.12. Immunoblotting 

 

Protein was extracted using IGEPAL lysis buffer containing 50 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1mM ethylene glycol-bis(β-aminoethyl ether)-

N,N,N′,N′-tetraacetic acid (EGTA), 2 mM magnesium chloride, 1 mM DTT and 0.1% sodium dodecyl 

sulfate (SDS), protease inhibitor cocktail (Roche),  1 µM sodium orthovanadate and 1% IGEPAL 

(IGEPAL, 2D cultures), on agitation for 30 minutes at 4 ᵒC. Then, the lysed cells were centrifuged at 

13 800 x g, for 30 minutes at 4 ᵒC and the supernatants were collected to a new tube for protein 

quantification using the DC protein assay kit (Bio-Rad), following the manufacturer’s instructions. 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by loading 30-50 µg of total 

protein per lane in 10 % or 12 % polyacrylamide gels. Proteins were separated at 0.02 amperes in 

running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS). Proteins were transferred to a 

nitrocellulose membrane (0.2 µm pore, Cytiva), in chilled transfer buffer (25 mM Tris, 192 mM 

glycine, 0.025 % SDS, 20 % ethanol), for 53-60 minutes at 100 volts. Afterward, membranes were 

blocked with blocking buffer - 5 % low-fat milk in Tris-buffered saline (TBS 1x) with 0.1 % Tween-20 

(TBST) - for 1 hour at RT, on agitation. Primary antibodies were diluted in 5 % BSA in TBST and 

incubated ON at 4 ᵒC, on agitation. On the following day, membranes were washed 3 times with 

TBST and incubated with horseradish peroxidase (HRP)- conjugated secondary antibodies diluted in 
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blocking buffer, for 1 hour at RT, on agitation.  Then, membranes were washed 3 times with TBST, 

and chemiluminescence was acquired using ECL Select/Prime Western Blotting Detection Reagents 

(Cytiva) in ChemiDoc™ Touch Imaging System (Bio-Rad) equipment. All antibodies and respective 

working dilutions are listed in Table 7. 

Table 6. List of antibodies used for immunoblotting. 

 

 

2.13. Transfection and immunofluorescence of HCC1806 

 

HCC1806 cells (5 x 104 cells/well) were seeded in glass coverslips (13 mm, 1.5 mm thickness, 

VWR) in 24-well plates, in RPMI complete medium and incubated at 37 ᵒC, 5 % CO2, 95 % humidity. 

On the following day, cells were transfected with human ARL8B-GFP (pEFGP-N1, a kind gift from Dr. 

Jaime Mota, FCT) and control GFP (pEGFP-C3), using FuGENE 6 (Promega) transfection reagent 

following the manufacturer's instructions. Briefly, a mix containing 1 µg DNA/2 µl of FuGENE was 

prepared in Opti-MEM and added to the cells. After 24 hours, cells were fixed in 4 % PFA for 15 

minutes at RT and used for immunofluorescence assays.   

For immunofluorescence, cells were permeabilized/blocked with PerBlock buffer (PBS 1x + 

0.5% BSA + 0.1% saponin) (Sigma) for 30 minutes at RT. LEs/lysosomes were labeled with mouse 

LAMP1-647 clone H4A3 (Biolegend, #328611) in PerBlock buffer for 1 hour at RT. Then the coverslips 

Antibody/Dye 
Species 

(antigen) 
Raised in Brand (reference) Dilution  

Anti-ARL8B human rabbit 
Production 

described in 282  
1:300 

Anti-Slug (C19G7) human rabbit 
Cell Signaling 

(9585T) 
1:2000 

Anti-E-Cadherin (24E10) human rabbit 
Cell Signaling 

(3195T) 
1:2000 

Anti-GAPDH human Goat 
Sicgen 

(#AB0049-200) 
1:2000 

Anti-CANX (calnexin) human Goat 
Sicgen 

(#AB0037-200) 
1:1000 

Donkey anti-goat HRP 

(secondary) 
mouse Goat 

Invitrogen 

(#A16005) 
1:5000 

Goat anti-rabbit HRP 

(secondary) 
rabbit Goat 

Bio-Rad 

(#1706515) 
1:5000 
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were washed 3 times with PBS 1x and mounted in slides (VWR – cut edged frosted) using 

Fluoromount-GTM with DAPI mounting medium (Invitrogen). Imaging was performed using the Zeiss 

LSM 710 confocal microscope equipped with a Plan-Apochromat 63/1.40 Air Ph3 lens and Zen Blue 

2010b SP1 software.  

 

2.14. Lysosome exocytosis 

 

2.14.1. Flow cytometry 

 

HCC1806 cells were seeded in 24-well plates at 1.3 x 105 cells/well in RPMI complete 

medium. After two days, calcium-triggered lysosome exocytosis was induced by incubating cells 

with 10 µM ionomycin and 4 mM of CaCl2 in HBSS for 10 minutes at 37 ᵒC, 5 % CO2, and 95 % 

humidity. Cells were placed on ice and detached with TrypLE. After two washes with flow cytometry 

buffer – PBS 1x, 1 % FBS and 2mM EDTA, cells were incubated with anti-human LAMP1 conjugated 

with Alexa Fluor 488 (clone H4A3, Biolegend, Table V) for 30 minutes at 4ᵒ C. Cells were washed 1x 

with flow cytometry buffer before being resuspended in 200 µL of the same buffer. Immediately 

before acquisition, cells were incubated with propidium iodide (PI) (Invitrogen), at a final 

concentration of 0.5 µg/mL. Samples were acquired in a FACS CANTO II flow cytometer and at least 

30,000 cells were analyzed using FlowJo version 10.1r7 software.  

 

2.14.2. Beta-hexosaminidase release assay 

 

HCC1806 were seeded in 6-well plates at 6 x 105 cells/well in RPMI complete medium. Two 

days after seeding, calcium-triggered lysosome exocytosis was evaluated. For that, cells were 

incubated with 10 µM ionomycin and 4 mM of CaCl2 in Hank’s Balanced Salt Solution (HBSS) for 10 

minutes at 37 ᵒC, 5 % CO2, and 95 % humidity. Cells were then placed on ice and the supernatants 

were collected. Simultaneously, cells were lysed with 1% IGEPAL. Both supernatants and cell lysates 

were centrifuged at 11.000 xg for 5 minutes, 4 ᵒC. To determine β -hexosaminidase activity, 100 µl 

of cell supernatants/lysates were incubated on a 96-well opaque black plate (Corning) with 100 µl 

of 6 mM of β-hexosaminidase substrate 4-methylumbelliferyl- N-acetyl-β-d-glucosaminide (4-MU-

β-D-GlcNAc; Glycosynth), resuspended in HBSS with 40 mM sodium citrate and 88 mM Na2PO4 pH 
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4.5, for 15 minutes at 37 °C.  Fluorescence was then measured in Spectramax i3x Multi-Mode 

Microplate Reader (Molecular Devices) at 365 nm excitation and 450 nm emission. Additionally, 

total protein from cell supernatants/lysates was quantified using the BCA protein assay kit (Pierce 

Laboratories) following the manufacturer’s instructions, and absorbance was measured at 560 nm 

using the previously mentioned plate reader. IGEPAL lysis buffer and HBSS were used as background 

controls. β-hexosaminidase (β-hex) activity was calculated for each sample normalizing to total 

protein amount, using the following formulas: 

𝛃 − 𝐡𝐞𝐱 𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲 𝐢𝐧 𝐬𝐮𝐩𝐞𝐫𝐧𝐚𝐭𝐚𝐧𝐭 =
sample fluorescence (

365
450

) − HBSS alone (
365
450

)

protein (µL)
 

𝛃 − 𝐡𝐞𝐱 𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲 𝐢𝐧 𝐜𝐞𝐥𝐥 𝐥𝐲𝐬𝐚𝐭𝐞 =
sample fluorescence (

365
450

) − IGEPAL alone (
365
450

)

protein (µL)
 

𝐓𝐨𝐭𝐚𝐥 𝛃 − 𝐡𝐞𝐱 𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲 =  β − hex activity in supernatant + β − hex activity in cell lysate  
 

Finally, the percentage of β-hex release was calculated as follows: 

 

𝛃 − 𝐡𝐞𝐱 𝐫𝐞𝐥𝐞𝐚𝐬𝐞 (%) = 100 x (
β − hex activity in the supernatant

Total β − hex acitivity
) 

 

2.15. Statistical analysis 

 

All results are presented as mean ± standard deviation (SD). GraphPad Prism software 

(version 6) was used to perform the statistical analysis and the statistical tests used in each dataset 

are indicated in the respective figure legends. 
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3.1. Role of membrane traffic regulators from 

the ARL subfamily in breast cancer progression 

 

All the work presented in this section was performed by Andreia Ferreira (all Figures), 

Diana Coito (Figure 16) and Madalena Lopes (Figure 16). 
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Currently, BC is the type of cancer with the higher number of cases and mortality in women, 

worldwide 1. Although significant advances have been achieved in terms of diagnostic tools and 

therapeutic options, BC is still considered a major health issue, and strategies to increase the life 

expectancy and quality of life of BC patients are urgently needed. To find more and better solutions, 

it is fundamental to understand the molecular mechanisms that foster the progression of BC and 

allow the transformation of non-malignant breast cells into tumor cells.  

Cancer cells, including BC cells, subvert different cellular mechanisms to acquire 

proliferative, migratory, and invasive capacities. Specifically, membrane traffic regulators were 

shown to be crucial for the transformation of “normal” cells into malignant cells with invasive 

capacities 283,284. Several proteins belonging to the Rab and Arf families of small GTPases, which can 

regulate the traffic of organelles and vesicles 285, were shown to be involved in the progression of 

diverse types of cancers 227,286. Moreover, our lab and others have been deeply interested in 

understanding the role of membrane traffic regulators in cancer processes. Namely, we found that 

ARL13B, which belongs to the ARF family of small GTPases, has a role in BC cell migration and 

invasion through an integrin-dependent mechanism280. Other groups described the role of different 

ARLs as tumor suppressors for BC. One example is ARL11, which has been associated with familial 

and sporadic forms of BC, where at least two variants of the ARLST1 gene have been extensively 

studied257,279. Also, ARL2 has been described as an inhibitor of BC progression, via the regulation of 

α/β tubulin polymerization of a luminal A BC cell line, MCF-7 272.Thus, given the previous studies 

that point to a key role of membrane traffic regulators in BC progression and the current scarce 

knowledge on the association of proteins from the ARL subfamily with this disease, we decided to 

study the role of these proteins in BC. 

 

ARL genes are differentially expressed in breast cancer cell lines and samples 

 

To assess the role or ARLs in BC progression, we started by performing a real-time qPCR 

screen to assess which ARL genes are differentially expressed in BC cell lines. For this approach, we 

chose a non-malignant breast cell line (MCF10A) 287, a non-invasive in situ BC cell line 

(MFC10DCIS.com) 288, a poorly invasive luminal A BC cell line (MCF-7) 289 and a highly invasive triple-

negative BC cell line (MDA-MB-231) 289. The results obtained with this preliminary screen showed 

that several ARLs, namely ARL1, ARL2, ARL3, ARL4A, ARL5A, ARL5B, ARL6, ARL8A, ARL8B, ARL11, 

ARL13B, ARL14 and ARFRP1, have an increased mRNA expression from non-tumoral/non-invasive 
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cell lines (MCF10A and MCF10DCIS.com) to poorly/highly invasive BC cell lines (MCF-7 or MDA-MB-

231) (Figure 16). Additionally, for some of the above-mentioned targets, we could observe a 

tendency for a higher mRNA expression with a positive correlation with invasiveness, meaning that 

we observed an increase in expression from non-invasive MCF10A/MCF10DCIS.com to poorly 

invasive MCF-7 and from MCF-7 to highly invasive MDA-MB-231 cell lines – ARL1, ARL2, and ARFRP1 

(Figure 16).  
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Figure 16 - ARLs mRNA expression screen in normal breast and BC cell lines. mRNA levels were measured by real time 
qPCR using cDNAs obtained from non-tumorigenic MCF10-A, non-invasive ductal carcinoma in situ MCF10DCIS.com, 
poorly invasive MCF-7 (Luminal A) and highly invasive MDA-MB-231 (Triple negative B) BC cells. The housekeeping 
GAPDH gene was used to normalize the expression of different ARLs. Results show the relative ratios normalized from 
0 to 1 between mRNA expression levels of ARLs and GAPDH and error bars represent mean ± SD of at least two 
independent experiments.  
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Besides assessing the mRNA expression levels in different cell lines with increasing invasive 

capacities, we also conducted a bioinformatic analysis of the most promising candidates, chosen 

from the screen (Figure 16). Specifically, we chose ARL1, ARL2, ARL5A, ARL5B, ARL6, ARL8B, ARL11, 

and ARFRP1, which show a more striking upregulation in the highly invasive cell line MDA-MB-231, 

when compared with MCF10A and MCF10DCIS.com. For this, we used the TIMER 2.0 online tool 

(http://timer.cistrome.org/)281 to assess the expression of the selected ARLs in BC samples and 

normal adjacent breast tissues. As depicted in Figure 17, the expression of ARL1, ARL8B, ARL11 and 

ARFRP1 is significantly increased in tumor BC samples (BRCA.Tumor), when compared with normal 

adjacent tissues (BRCA. Normal). On the other hand, the expression of ARL2 and ARL6 were 

decreased in BC samples when compared with normal adjacent tissues. Finally, we did not find any 

significant differences in expression of ARL5A and ARL5B between BC samples and normal tissues. 

 
 
Figure 17 - Expression analysis of ARL genes in normal and tumor samples. Plots were generated using TIMER 2.0 
online tool (Gene_DE module) to assess the differential expression of ARLs between BC tumor samples (BCRA Tumor – 
red dots) and adjacent normal tissues (BCRA Normal – blue dots). The distribution of mRNA expression levels is 
represented as box plots and statistical analyses were performed using the Wilcoxon test, *** p <0.001. Transcripts Per 
Million (TPM). This analysis was performed using the TCGA dataset.  

 
We also analyzed the mRNA levels by real-time qPCR of selected ARL genes in BC samples 

and normal adjacent breast tissues. In this analysis we included ARL genes that were shown to be 

http://timer.cistrome.org/
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significantly increased/decreased in BC samples in the bioinformatic analysis and compare with the 

normal adjacent tissue (ARL1, ARL2, ARL6, ARL8B, ARL11 and ARFRP1). Due to a low number of 

available samples, we decided to exclude ARL6 and ARL11 from this analysis. The results depicted 

in Figure 18 show that none of the ARL genes analyzed show a significant difference in mRNA 

expression between normal and tumor samples. As mentioned before, a low number of samples 

were available to perform this analysis, which could help to explain the lack of statistical significance 

of the results obtained. Nonetheless, it is possible to observe a tendency for a decrease in mRNA 

expression from normal samples to tumor BC samples in ARL2 and ARFRP1. In fact, the results 

obtained for ARL2 corroborate the ones obtained from patient samples with the bioinformatic 

analysis performed with the TIMER platform. For the other two targets, ARL1 and ARL8B, no 

difference was observed between normal adjacent tissues and BC samples. 

 

Figure 18 - Analysis of ARLs mRNA expression in normal tissues and breast cancer samples. Total RNA was extracted 
from tumor samples and normal adjacent breast tissue of BC patients. The extracted RNA was used to synthesize cDNA 
and the mRNA expression of ARL1, ARL2, ARL8B, and ARFRP1 was assessed by real-time qPCR, using GAPDH as the 
housekeeping gene. Error bars represent mean ± SD. The statistical analysis was performed by applying a paired 
Student’s t-test. 

 
Altogether, the results obtained from the mRNA screen in cell lines and the bioinformatic 

analysis using BC patient samples, have shown that ARL1, ARL8B and ARFRP1 are upregulated in BC, 

suggesting that these proteins may play a role in BC progression.  
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ARFRP1 regulates breast cancer collective cell migration 

Cancer cells, including BC cells, must acquire several features to survive and disseminate to 

distant locations. These processes include proliferation, migration, invasion, and survival to cell 

death, among others 59. Cell migration is essential for cancer cells to move locally within tissue and 

from one tissue to another. Also, collective cell migration is thought to be the main way by which 

cancer cells can disseminate and form metastases 97,98. Different studies have shown that the 

modulation of ARLs has an impact on cancer cell migration. For example, ARL13B silencing was 

shown by our group to impair single-cell migration and collective cell migration capacity of BC cells 

280. Also, Fuji et al., described that ARL4C depletion leads to a decrease in both single-cell and 

collective cell migration in colon and lung cancer cells 238. 

From the previous qPCR screen using BC cell lines and bioinformatic analysis, we selected 

ARL1, ARL8B, and ARFRP1 which are upregulated in BC, to assess the effect of modulating their 

expression in BC cells in the migratory capacity of these cells.  For this, highly invasive TNBC MDA-

MB-231 cells were transduced with lentiviruses encoding specific shRNAs to silence the selected 

target genes. Gene silencing efficiency was evaluated by real-time qPCR. For that, the mRNA 

expression was analyzed in cells transduced with a non-targeting shRNA control (Mission) compared 

with cells expressing 2 specific shRNAs targeting ARL1, ARL8B or ARFRP1. The results depicted in 

Table 7 show that silencing efficiencies of at least 40 % were obtained for all the shRNAs tested, 

without compromising cell viability or inducing major morphological alterations in cells. 

 

Table 7 - Silencing efficiencies of the shRNAs. Lentiviruses were used to transduce MDA-MB-231 with different shRNAs 
to silence ARL1, ARL8B, or ARFRP1. mRNA expression was measured by real-time qPCR, using GAPDH as a housekeeping 
gene and the silencing was calculated as follows: 100%- [relative expression shRNA ARL/relative expression shRNA 
control (Mission)]. 

 

Silencing (%) – relative to shRNA control 
(Mission) 

shRNA 1 shRNA 2 

ARL1 68.4 - 88.0 94.6 - 96.4 

ARL8B 71.3 - 80.8 56.0 - 59.2 

ARFRP1 43.2 - 65.9 83.4 - 87.2 

 

 

Once the silencing for all the shRNAs was confirmed, transduced MDA-MB-231 cells were used to 

perform a wound-healing (“scratch”) assay to assess the collective migratory capacity of these cells 

in 2D. In this analysis, proliferation was inhibited with serum-free medium and treatment with 
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mitomycin-C. The migratory capacity was evaluated by measuring the wound area at 0 hours and 8 

hours. The wound closure percentage was calculated for each shRNA and compared with shRNA 

control (Mission). We observed no differences in the percentage of wound closure for the silencing 

of ARL1 and ARL8B. Lastly, we can observe that ARFRP1 silencing with shRNA 1 (C1) or shRNA 2 (C3) 

showed a significant decrease (around 38 %) in wound closure percentage when compared with 

shRNA control (Mission) (Figure 19 A and B). These results suggest that ARFRP1 may have a role in 

the collective cell migration of MDA-MB-231 cells. 

 

Figure 19 - ARFRP1 silencing decreases collective cell migration in MDA-MB-231 cells. A. Wound closure percentage 
was calculated using the following formula: as [1 - (gap area at t = 10 hours/gap area at t = 0 hours) x 100] upon silencing 
of ARL1, ARL8B and ARFRP1. The results were normalized to shRNA control (Mission). For each condition, four areas 
were measured, using ImageJ software. Results are represented as mean ± SD of at least two independent experiments 
The statistical analysis was performed applying a One-ANOVA with Dunnett’s test, ***p<0.001. B. Representative taken 
at 0 hours and 8 hours of MDA-MB-231 wound closure upon ARFRP1 silencing. Yellow lines represent the wound area 
measured with Fiji software. Scale bar: 100 µm.  

 
 

ARFRP1 silencing does not impair the metabolic activity of MDA-MB-231 cells 

 

To date, the role of ARFRP1 in cancer progression has not been described. Only one study reported 

that ARFRP1 is upregulated in gastric cancer270. Given that we observed a decreased migratory capacity of 
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MDA-MB-231 cells upon ARFRP1 silencing, we decided to further explore if this protein is involved in BC 

progression. One of the cancer hallmarks is the uncontrolled cell division that allows cancer cells to survive 

in a harsh microenvironment60. These increased proliferation rates have been extensively associated with BC 

progression, and they are caused by mutations/alterations in cell signaling pathways that control the cell 

cycle290. 

To evaluate if ARFRP1 regulates BC cell proliferation, we used the MTT assay to measure metabolic 

activity. In brief, MDA-MB-231 cells silenced for ARFRP1 were incubated with MTT reagent, which is a 

substrate of NAD(P)H-dependent oxidoreductase enzymes present in viable cells291. MTT is reduced to purple 

formazan crystals that are dissolved in DMSO and absorbance can be measured on a spectrophotometer. In 

this experiment we included cells transduced with the empty vector as a control - shRNA control (Empty). As 

shown in Figure 20, ARFRP1 silencing does not impair cell metabolic activity of MDA-MB-231 cells, suggesting 

that BC cell proliferation is not regulated by ARFRP1. 
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Figure 20 - ARFRP1 silencing does not affect cell metabolic activity of MDA-MB-231 BC cells. MDA-MB-231 cells 
silenced for ARFRP1 were seeded in 96-well plates. Afterward, cells were incubated with MTT, and the formazan crystals 
formed were dissolved with DMSO. Absorbance was measured at 570nm and 690 nm. Absorbances were calculated as 
A570 nm - A690 nm and were normalized to shRNA control (Mission). Results are represented as mean ± SD of three 
independent experiments. The statistical analysis was performed applying a One-ANOVA with Dunnett’s test, ns - non-
significant. 

 

ARFRP1 silencing impairs MDA-MB-231 cell invasion in collagen I 

 

Successful cancer metastasis formation requires not only cell migration but also cell invasion. 

This process is characterized by the acquisition of several features that allow the cancer cells to 

degrade and remodel the surrounding ECM 62.  Therefore, we decided to assess whether BC cell 

invasion is regulated by the modulation of ARFRP1. For that, we used a 3D setting, namely BC cell 

spheroids, which better mimic the architecture of tumors in vivo 292. Spheroids were formed in 96-

well plates coated with agarose to inhibit cell adherence to the bottom of the well and promote cell 
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aggregation 293. Collagen I was added to each spheroid to promote spheroid compaction. Then, fully 

formed spheroids were embedded in Matrigel and cell invasion was monitored for two days. Cell 

invasion was quantified by dividing the total area of invasion by the core area. After one experiment, 

we were not able to see any difference in BC spheroid cell invasion into Matrigel upon silencing of 

ARFRP1 (Figure 21). However, the protocol needed further optimizations to improve cell 

aggregation and spheroid uniformity. Moreover, as shown in Figure 21 A (lower panel), the cell 

spheroid core (yellow line) did not appear compact and was very hard to define after 48 hours of 

invasion, probably leading to inaccurate results. 

 

Figure 21 - ARFRP1 silencing does not affect MDA-MB-231 cell invasion into Matrigel. MDA-MB-231 cells silenced for 
ARFRP1 were used to form spheroids. Then, fully formed spheroids were embedded in Matrigel, and invasion was 
monitored for 2 days. A. Representative images were taken at 0 hours and 48 hours. Yellow lines represent the spheroid 
core area and red lines represent the total spheroid area (core + invasion area). Scale bar: 100 µm. B. Invasion area 
quantification, calculated by dividing the total spheroid area by the core area Results are represented as mean ± SD of 
two spheroids per condition from one experiment. 

 
To improve spheroid aggregation and uniformity, we decided to apply a different 

methodology. Spheroids were formed in ultra-low attachment (ULA) plates that are treated with a 

special coating to avoid cell adherence and promote uniform aggregation. We also doubled the 
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number of cells per well and mixed them with methylcellulose, which is an inert compound that 

derives from cellulose and promotes cell aggregation 294.  Furthermore, we decided to embed the 

spheroids into collagen I instead of Matrigel, since collagen I is the main component of the 

interstitial space and was found to be important for metastases formation 295. Results show that the 

protocol optimizations improved cell aggregation, leading to more compact and uniform spheroids 

(Figure 22 A). More importantly, we found that ARFRP1 silencing in MDA-MB-231 cells led to a 

significant decrease in cell invasion into collagen I. Specifically, we observed a reduction of almost 

60 % in cell invasion for both shRNA 1 (C1) and shRNA 2 (C3), when compared with shRNA control 

(Mission) (Figure 22 A and B). However, it is important to highlight that, at 0 hours, the spheroid 

corresponding to shRNA 2 (C3) appeared to be less compact, which was probably caused by an effect 

of the silencing and can explain why we observed an increased spheroid core area (yellow line) after 

48 hours (Figure 22 A). Nonetheless, these results suggest that ARFRP1 has a role in the regulation 

of BC 3D cell invasion in collagen I.  

 

 

 

 

 
 
Figure 22 - ARFRP1 silencing reduces MDA-MB-231 cell invasion into collagen I. MDA-MB-231 cells silenced for ARFRP1 
were used to form spheroids in methylcellulose. Fully formed spheroids were embedded in collagen I. A. Representative 
images were taken at 0 hours and 48 hours. Yellow lines represent the spheroid core area and red lines represent the 
total spheroid area (core + invasion area). Scale bar: 100 µm. B. Invasion area quantification was calculated by dividing 
the total spheroid area by the core one. The results were normalized to shRNA control (Mission) and are represented 
as mean ± SD of at least three independent experiments. The statistical analysis was performed applying a One-ANOVA 
with Dunnett’s test, * p<0.05, **p<0.01. 
 
 

ARFRP1 silencing does not impair invadopodia activity in MDA-MB-231 cells 

 

An important feature of invading cells is their ability to degrade the ECM. They do so by 

forming invadopodia, which are specialized actin-rich structures where proteases are locally 



                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

67 
 

secreted, including MMPs that can hydrolyze the ECM 114. To evaluate if ARFRP1 is involved in 

invadopodia formation and activity, a gelatin degradation assay was performed. For this, MDA-MB-

231 cells silenced for ARFRP1 were seeded on top of fluorescent-gelatin-coated coverslips. After 6 

hours, cells were stained with cortactin, which is a marker of actin-rich structures including 

invadopodia 114, followed by confocal microscopy analysis. Invadopodia activity was measured by 

calculating the percentage of cells that showed invadopodia co-localizing with black spots (i.e., 

gelatin-degraded areas). Surprisingly, we observed that ARFRP1 silencing does not affect 

invadopodia activity since we could only detect a decrease in the percentage of cells with active 

invadopodia for shRNA 1 (C1), which was not statistically significant (Figure 23), suggesting that 

ARFRP1 does not impair the formation of invadopodia nor the degradation of gelatin.  

 

 
 
 
Figure 23 - ARFRP1 silencing does not impair invadopodia activity in MDA-MB-231 cells. A. Representative images of 
MDA-MB-231 cells silenced for ARFRP1 seeded on top coverslips coated with gelatin from pig skin (Oregon Green™ 488) 
labeled with cortactin (red) and nuclei (DAPI - blue). Black spots indicate the areas of gelatin degradation. The insets are 
magnified images of dashed regions. Gelatin degradation spots colocalizing with cortactin (active invadopodia) are 
indicated by arrowheads and degradation spots that do not co-localize with cortactin (inactive invadopodia) are 
indicated by arrows. Scale bar: 10 μm. B. Percentage of cells with active invadopodia. Results are represented as mean 
± SD of three independent experiments. The statistical analysis was performed applying a One-ANOVA with Dunnett’s 
test, ns, non-significant. 
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Overall, the obtained results suggest that ARFRP1 is required for ECM degradation of 

collagen I, indicating a role for this small GTPase in BC cell invasion. Furthermore, the mechanism 

by which ARFRP1 modulates cell invasion is probably independent on invadopodia formation. 

 

 

ARL13B regulates 3D cell invasion of breast cancer cells 

 

Recently, our group has shown evidence that ARL13B plays a role in BC progression, through 

a cilia-independent mechanism. Specifically, the depletion of ARL13B in BC cells leads to a reduction 

in migration and invasion in vitro and impairs tumor growth and metastasis formation in vivo 280.  

In this study we also found that ARL13B is upregulated in BC cell lines (Figure 16). Likewise, 

given our previous results and extensive knowledge of this protein, we decided to validate our 

observations on a 3D setting, by evaluating whether ARL13B silencing in MDA-MB-231 cells leads to 

a decrease in cell invasion. For this, we introduced some changes to the protocol, given that we 

found that cells were not as compact as they should for ARFRP1 shRNA 1 (C3) (Figure 22). So, 

spheroids were formed in ULA plates with 1.5 µg/mL of collagen I. After embedding spheroids in 

Matrigel, cell invasion was quantified using the same method shown for ARFRP1 3D invasion 

experiments. As shown in Figure 24, ARL13B silencing in MDA-MB-231 leads to a decrease in 3D 

invasion, Specifically, we observed a reduction in cell invasion area of around 55% in the case of 

shRNA 1 (E4) and around 20% with shRNA 2 (E6) compared with shRNA control (Mission). Figure 24 

C displays ARL13B mRNA expression upon silencing with shRNA 1 (E4) and shRNA 2 (E6) in MDA-

MB-231 BC cells, measured by real-time qPCR. Silencing efficiencies of 30% and 87%, were obtained 

for shRNA 1 (E4) and shRNA 2 (E6), respectively, compared with shRNA control (Mission). Therefore, 

these results suggest that ARL13B regulates 3D BC cell invasion, validating the results previously 

obtained by us in 2D and in vivo models 280. 
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Figure 24 - ARL13B silencing reduces MDA-MB-231 cell invasion into Matrigel. MDA-MB-231 cells silenced for ARL13B 
were used to form spheroids. Then, fully formed spheroids were embedded in Matrigel, and invasion was monitored 
for 24 hours. A. Representative images were taken at 0 hours and 24 hours. Yellow lines represent the spheroid core 
area and red lines represent the total spheroid area (core + invasion area). Scale bar: 100 µm. B. Invasion area 
quantification was obtained by dividing the total spheroid area by the core area. The results were normalized to shRNA 
control (Mission) and are represented as mean ± SD of three independent experiments. The statistical analysis was 
performed applying a One-ANOVA with Dunnett’s test, ns, non-significant, **p<0.01. C. ARL13B silencing measured by 
real-time qPCR. Results are represented as mean ± SD of two independent experiments. 
 
 

Afterwards, we also wanted to evaluate if the overexpression of ARL13B in non-invasive 

MCF10DCIS.com promotes an invasive behavior and if this small GTPase is involved in the transition 

from in situ to invasive BC. For this, we transduced MCF10DCIS.com cells with lentiviruses encoding 

mCherry or ARL13B-mCherry. After selection, successful transduction was monitored by microscopy 

to evaluate mCherry expression. As depicted in Figure 25, MCF10DCIS.com expressed mCherry and 

ARL13B-mCherry, although the mCherry expression was found to be stronger. This may be explained 

by the differences in the expression pattern of mCherry and ARL13B-mCherry, where the first is 

expressed all over the cell cytoplasm and the second is expressed in small, confined structures of 
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the cell like FAs 280. Therefore, the expression levels may be different between mCherry and ARL13B-

mCherry. 

 

 
Figure 25 – ARL13B-mCherry and mCherry expression in MCF10DCIS.com cells. MCF10DCIS.com cells were transduced 
with lentivirus encoding mCherry and ARL13B-mCherry. After selection, representative images of brightfield and 
mCherry (red) were acquired. Scale bar: 100 µm.  
 
 

Then, transduced MCF10DCIS.com cells were used to form spheroids that were embedded 

in Matrigel after formation. Spheroids were monitored for 8 days, and the invasion area was 

quantified as follows:  total spheroid area at 8 days divided by total spheroid area at 0 days. Although 

we could observe an increasing trend in spheroid invasion area in cells expressing ARL13B-mCherry, 

it was not significant (Figure 26). Furthermore, it is also important to highlight that the setup of this 

experiment is not ideal, since we compared the total area of the spheroid at 8 hours and at 0 hours, 

which can be affected by cell proliferation. 
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Figure 26 - ARL13B does not affect MCF10DCIS.com cell invasion capacity. MCF10DCIS.com cells were transduced with 
lentiviruses encoding mCherry and ARL13B-mCherry and used to form spheroids. Then, fully formed spheroids were 
embedded in Matrigel, and invasion was monitored for 8 days. A. Representative images were taken at 0 days and 8 
days. Yellow lines represent the total spheroid area (core + invasion area) measured on day 0 and day 8. Scale bar: 100 
µm. B. Invasion area quantification, calculated by dividing the total spheroid area at day 8 by the total spheroid area at 
day 0. The results are represented as mean ± SD of five independent experiments. The statistical analysis was performed 
applying an unpaired two-tailed Student’s t-test (Mann-Whitney). ns, non-significant. 
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3.2. Role of ARL8 and lysosome exocytosis in 

breast cancer progression 

 

All the work presented in this section was performed by Andreia Ferreira (all figures), 

Cristina Escrevente (Figures 43 and 44), Diana Coito (Figure 27) and Madalena Lopes 

(Figures 27, 31, 33, 34, 35, 36, 37, 40 and 45)  

 

 

Part of the results were included in the following thesis: 

 

Diana Coito - "Modulating membrane traffic regulators to impair breast cancer 

progression", NMS Research, NOVA Medical School and NOVA School of Science and 

Technology, Universidade NOVA de Lisboa, 2021, Master thesis. 
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ARL8 is a small GTPase from the Arl subfamily that regulates lysosomal movement from the 

perinuclear region to the cell periphery (anterograde movement). It has two paralogs, ARL8A and 

ARL8B, which are thought to have redundant functions, and both were shown to regulate lysosomal 

transport 208.  

In cancer, ARL8B has been associated with the growth and progression of prostate cancer. 

In this study, the authors showed that ARL8B depletion impairs the invasiveness of prostate cancer 

cells, through the regulation of lysosomal positioning and protease secretion. They also gathered 

evidence to support that ARL8B controls prostate cancer cell proliferation by controlling lipid 

metabolism 256. Moreover, a recent study shows that ARL8B is involved in BC cancer cell resistance 

to radiation 278. In this study, it was shown that irradiated MDA-MB-231 cells are less invasive upon 

depletion of ARL8B. On the other hand, no studies so far have described the regulation of 

carcinogenic progression by ARL8A. Also, its effectors and specific binding partners are far less 

studied.  Therefore, given the role of ARL8B in both prostate and BC and the growing interest of our 

laboratory to understand the role of lysosomal function in this disease, we decided to explore 

whether ARL8A and ARL8B would regulate BC progression.  

 

 ARL8A and ARL8B are upregulated in breast cancer cell lines 

 

Our screen (Figure 16) showed that ARL8B mRNA levels increased from MCF10A cells to 

MDA-MB-231 cells, while the mRNA expression of ARL8A is increased in luminal A BC MCF-7 cells, 

when compared with non-tumoral MCF10A cells. However, we were not able to detect any changes 

in the migratory capacity of MDA-MB-231 cells upon ARL8B silencing (Figure 19). So, we decided to 

assess ARL8A and ARL8B mRNA expression by real-time qPCR in other cell lines, including one 

luminal B BC cell line - BT-474 - and one TNBC cell line - HCC1806. As shown in Figure 27, ARL8A 

mRNA levels are increased in both luminal cell lines MCF-7 and BT-474 and significantly higher in 

TNBC HCC1806 cells, when compared with non-tumoral MCF10A cells. Moreover, we observed the 

same trend for ARL8B, although a slight increase in MDA-MB-231 cells was also detected (Figure 27 

B). Finally, the mRNA levels of both ARL8A and ARL8B in non-invasive MCF10DCIS.com are similar 

to non-tumoral MCF10A cells (Figure 27 A and B). 
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Figure 27 - ARL8A and ARL8B mRNA expression is increased in breast cancer cell lines. mRNA levels were measured 
by real-time qPCR using cDNA obtained from non-tumorigenic MCF10-A, non-invasive ductal carcinoma in 
situ MCF10DCIS.com, MCF-7 (luminal A), BT-474 (luminal B), HCC1806 (triple negative), MDA-MB-231 (triple negative) 
BC cells. Results show the relative ratios normalized to the GAPDH housekeeping gene. Error bars represent the mean 
± SD of three independent experiments. The statistical analysis was performed applying a One-ANOVA with Dunnett’s 
test. ns – non-significant, ** P<0.01, *** P<0.001. 

 
Next, we wanted to evaluate if protein expression was also altered in BC cell lines when 

compared with non-tumoral MCF10A and non-invasive MCF10DCIS.com cells. For this, we obtained 

lysates of the cell lines used in the previous section and performed an immunoblot analysis. The 

antibody used for this analysis was raised against ARL8B 282, but it can detect both ARL8A and ARL8B 

proteins.  

As depicted in Figure 28 A and B, ARL8A expression levels are similar in all the analyzed cell 

lines. For ARL8B, we observed that the protein levels increase from non-tumoral MCF10A to tumoral 

BC cell lines, with a significant increase only being obtained for MCF-7 (Figure 28 A and C). 

Additionally, an increase in ARL8B protein expression was also observed from non-invasive 

(MCF10DCIS.com) to invasive BC cell lines (Figure 28 A and C), although less striking when compared 

with the results obtained for the mRNA analysis (Figure 27).  

In summary, mRNA for ARL8A and ARL8B are increased in BC cells compared with non-

tumoral MCF10A cells, while we observed an increase in protein expression only for ARL8B from 

non-tumoral do BC cell lines. 
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Figure 28 - ARL8A and ARL8B protein expression is increased in breast cancer cell lines. Protein levels were analyzed 
by immunoblotting using cell lysates from non-tumorigenic MCF10A, non-invasive ductal carcinoma in 
situ MCF10DCIS.com, MCF-7 (luminal A), BT-474 (luminal B), HCC1806 (triple negative), MDA-MB-231 (triple negative) 
BC cells. A. Representative image of ARL8A and ARL8B expression in BC cell lines. B. Results show the relative protein 
levels normalized to GAPDH. Error bars represent the mean ± SD of at least three independent experiments. The 
statistical analysis was performed applying a One-ANOVA with Dunnett’s test. ns – non-significant, * P<0.05.  
 

 

ARL8A and ARL8B are efficiently silenced in HCC1806 cells 

 

Given that ARL8A and ARL8B were shown to be upregulated in HCC1806 cells, we decided to 

use this cell line to test the modulation of these two proteins has an impact on cells’ tumorigenic 

features. To achieve this, we started by silencing ARL8A or ARL8B in HCC1806, using lentiviruses 

encoding for shRNAs 1 (C11) and 2 (C12) to silence ARL8A, shRNAs 1 (B7) and 2 (B9) to silence ARL8B. 

Then, silenced HCC1806 cells were used to analyze ARL8A and ARL8B mRNA and protein expression 

by real-time qPCR and immunoblotting, respectively. As shown in Figure 29 A and B, both ARL8A 

and ARL8B were efficiently silenced in HCC1806 cells. In the case of ARL8A the silencing efficiencies 

ranged from 66.7 % to 72.6% silencing efficiencies for shRNA 1 (C11) and from 66.2 % to 71.3 % for 

shRNA 2 (C12) compared with shRNA control (Mission) (Figure 29 A). For ARL8B, the silencing 

efficiencies, relative to shRNA control (Mission), ranged from 69.9 % and 82.3 % for shRNA 1 (B7) 

and from 59.8% and 80% for shRNA 2 (B9) (Figure 29 B). 
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Figure 29 - ARL8A and ARL8B are efficiently in HCC1806 cells. Lentiviral particles were used to transduce HCC1806 cells 
with different shRNAs to silence ARL8A and ARL8B. Transduced cells were selected with puromycin, total RNA was 
extracted, and cDNA was synthesized. mRNA expression was measured by real-time qPCR, using GAPDH as a 
housekeeping gene. Results show the relative ratios normalized to GAPDH. Error bars represent the mean ± SD of three 
independent experiments. The statistical analysis was performed applying a One-ANOVA with Dunnett’s test. ns – non-
significant, * P<0.05, ** P<0.01. 

 

ARL8A and ARL8B silencing in HCC1806 was also assessed by immunoblotting. As shown in 

Figure 30, ARL8A protein levels decrease upon silencing with shRNA 1 (C1) and shRNA 2 (C2), since 

we observed an almost complete disappearance of the upper band under these conditions, when 

compared to both control shRNAs (Mission and Empty). In the case of ARL8B, we observed a 

decrease in the corresponding band for both shRNA 1 (B7) and shRNA 2 (B9), compared with both 

controls. In the case of shRNA 1 (B7), protein levels are lower than the ones corresponding to shRNA 

2 (B9), which goes in line with the results obtained from the mRNA analysis. Thus, this analysis 

allowed us to confirm the efficient silencing of ARL8A and ARL8B in HCC1806 cells. These cells were 

further used for the functional assays. 

 

 

Figure 30 - ARL8A and ARL8B protein levels upon silencing in HCC1806 cells. Lentiviral particles were used to transduce 
HCC1806 cells with different shRNAs to silence ARL8A and ARL8B. Transduced cells were selected with puromycin, total 
protein was extracted, and immunoblotting analysis was performed using an antibody that recognizes both ARL8A and 
ARL8B isoforms. GAPDH was used as an internal control.  
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ARL8A and ARL8B silencing does not impair HCC1806 cell proliferation 

ARL8B was shown to impact tumor volume in vivo in prostate cancer 256. Moreover, the same 

study showed that ARL8B silencing impairs proliferation in nutrient-deficient conditions 256. It is also 

known that lysosome exocytosis is important for membrane repair upon cell division, a process that 

is crucial for sustained cell proliferation 216. Additionally, ARL8B was shown to regulate lysosome 

exocytosis in radiation-resistant BC cells 278. Therefore, we decided to assess if the depletion of 

ARL8A and ARL8B impairs proliferation of HCC1806 cells in nutrient-rich conditions. We used 

transduced HCC1806 cells to assess cell proliferation, using two methods – MTT assay and trypan 

blue exclusion test. The results depicted in Figure 31 A showed no difference in metabolic activity 

between control shRNAs (Mission and Empty) and shRNAs 1 and 2 (C11 and C12) targeting ARL8A.  

The same was observed for shRNAs 1 and 2 (B7 and B9), which target ARL8B (Figure 31 B), indicating 

that ARL8 proteins do not regulate the metabolic activity of BC cells. 

 

 
Figure 31 - ARL8A or ARL8B silencing does not affect the metabolic activity of HCC1806 cells. HCC1806 cells silenced 
for ARL8A and ARL8B were seeded in 96-well plates. Afterwards, cells were incubated with MTT, and the formed 
formazan crystals were dissolved with DMSO. Absorbance was measured at 570 nm and 690 nm (to remove 
background). Absorbances were calculated as A570nm - A690nm and were normalized to shRNA control (Mission). 
Results are represented as mean ± SD of three independent experiments. The statistical analysis was performed 
applying a One-ANOVA with Dunnett’s test, ns – non-significant. 
 

To confirm the results obtained through the MTT assay, we also analyzed cell proliferation 

using the trypan blue exclusion assay. The percentage of viable cells for each condition was 

calculated by normalizing the number of live cells to shRNA control (Mission) and the results are 

represented as the percentage of live cells. As shown in Figure 32 A, ARL8A silencing with shRNAs 1 

and 2 (C11 and C12) leads to no differences in the percentage of viable cells, compared with control 
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shRNAs (Mission and Empty). In the case of shRNAs 1 and 2 (B7 and B9), which target ARL8B, similar 

results were obtained (Figure 32 B), suggesting that neither ARL8A nor ARL8 regulate cell viability. 

 

Figure 32 - ARL8A or ARL8B silencing does not affect cell viability of HCC1806 cells. HCC1806 cells silenced for ARL8A 
ort ARL8B were seeded in 96-well plates. Afterwards, cells were detached and stained with trypan blue to exclude dead 
(blue) cells. Live and dead cells were counted using a Neubauer chamber and the percentage of viable cells was 
normalized to shRNA control (Mission). A. ARL8A. Results are represented as mean ± SD of two independent 
experiments. B. ARL8B. Results are represented as mean ± SD of three independent experiments. The statistical analysis 
was performed applying a One-ANOVA with Dunnett’s test, ns – non-significant. 

 
 

Taken together, the results obtained with the MTT and trypan blue exclusion methods 

suggest that, in nutrient-rich conditions, neither ARL8A nor ARL8B regulate cell proliferation of 

HCC1806 BC cells. 

 

ARL8A and ARL8B silencing impairs HCC1806 collective cell migration  

 

As mentioned before, cell migration is an essential feature of cancer cells and it is crucial for 

successful invasion of the surrounding tissues and colonization of distant organs, and, therefore, 

metastasis formation 296. It has been shown that ARL8B silencing reduces the migratory capacity of 

prostate cancer cells 256. Moreover, lysosome positioning and exocytosis were shown to promote 

cancer cell migration 297. 

Although we did not observe any differences in migration upon ARL8B silencing in MDA-MB-

231 cells (Figure 19), we wanted to understand if the depletion of ARL8A or ARL8B has an impact on 

the migratory capacity of HCC1806 BC cells. To do this, we used a wound healing “scratch” assay to 

assess collective migration of HCC1806 silenced for ARL8A or ARL8B. Wound closure percentages 
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were calculated for each shRNA and normalized to shRNA control (Mission). As shown in Figure 33, 

we observed a significant reduction (34.6 %) in the wound closure upon ARL8A silencing with shRNA 

1 (C11) and (30.7 %) with shRNA 2 (C12), when compared with shRNA control (Mission). 

 

 

 
 

Figure 33 - ARL8A silencing decreases collective cell migration in HCC1806 cells.  HCC1806 cells silenced for ARL8A 
were allowed to grow until a monolayer was formed. Cells were then starved ON in serum-free media and treated with 
mitomycin C to inhibit proliferation. Scratches were made using a pipette tip.  Cell migration was induced with complete 
medium, and images were acquired at 0 hours and 10 hours. A. Representative images were taken at 0 hours and 10 
hours. Yellow lines represent the wound area measured in Fiji. Scale Bar: 100 µm. B. Wound closure percentages were 
measured as follows: [1 - (gap area at t = 10 hours/gap area at t = 0 hours) x 100]. The results were normalized to shRNA 
control (Mission). Results are represented as mean ± SD of six independent experiments. The statistical analysis was 
performed applying a One-ANOVA with Dunnett’s test, ns – non-significant, **p<0.01. 

 

 

We also observed a reduction in the wound closure percentage of HCC1806 cells upon ARL8B 

silencing, although only significantly for shRNA 2 (B9) (Figure 34). Specifically, a reduction of 24.7 % 

in wound closure percentage was obtained with shRNA 1 (B7) and 48.5 % with shRNA 2 (B9), when 

compared with shRNA control (Mission). 
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In conclusion, these results suggest that both ARL8A or ARL8B depletion impairs collective 

cell migration of HCC1806 BC cells, suggesting a role for these two proteins in the regulation of BC 

cell migration. 

 

 

Figure 34 - ARL8B silencing decreases collective cell migration in HCC1806 cells. HCC1806 cells silenced for ARL8B were 
allowed to grow until a monolayer was formed. Cells were then starved ON in serum-free media and treated with 
mitomycin C to inhibit proliferation. Scratches were made using a pipette tip. Cell migration was induced with complete 
medium, and images were acquired at 0 hours and 10 hours. A. Representative images were taken at 0 hours and 10 
hours. Yellow lines represent the wound area measured in Fiji. Scale Bar – 100 µm. B. Wound closure percentages 
measured as follows: [1 - (gap area at t = 10 hours/gap area at t = 0 hours) x 100]. The results were normalized to shRNA 
control (Mission). Results are represented as mean ± SD of at least five independent experiments. The statistical analysis 
was performed applying a One-ANOVA with Dunnett’s test, ns – non-significant, **p<0.01. 

 

 

ARL8B silencing impairs HCC1806 BC single cell migration  

 

To confirm the role of ARL8B in HCC1806 in cell migration, we also assessed if the silencing 

of this protein impairs migration at a single-cell level. For this, we used a transwell migration 

(Boyden chamber) assay. The percentage of migrating cells was normalized to shRNA control 

(Mission).  As depicted in Figure 35, a decrease in the migration of HCC1806 cells upon ARL8B 
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silencing was observed, although it was only significant for shRNA 2 (B9) (Figure 35 A and B). 

Specifically, a reduction of 5.5 % in migration was obtained with shRNA 1 (B7) and 42 % with shRNA 

2 (B9), when compared with shRNA control (Mission).  Taken together these results suggest that 

ARL8B regulates BC cell migration collectively and at a single-cell level.  

 

 

Figure 35 - ARL8B silencing decreases single cell migration in HCC1806 cells.  HCC1806 cells silenced for ARL8B were 
seeded on the upper chamber of a transwell and allowed to migrate towards the lower chamber containing a 
chemoattractant (complete medium with 10% serum). Then, cells that migrated to the lower chamber were stained 
with crystal violet and counted. A. Representative images taken from the lower chambers after staining the nuclei with 
crystal violet. Scale bar: 50 µm. B. The percentage of migrating cells of each condition was normalized to shRNA control 
(Mission).  Results are represented as mean ± SD of at least three independent experiments. The statistical analysis was 
performed applying a One-ANOVA with Dunnett’s test, ns – non-significant, ****p<0.0001. 

 
 

ARL8B but not ARL8A silencing impairs HCC1806 BC cell invasion in 3D 

 

Together with migration, cancer cell invasion is fundamental for metastasis formation. 

Cancer cells acquire the capacity to remodel and degrade the ECM, to invade surrounding and 

distant tissues 64. ARL8B was shown to promote prostate cancer cell invasion in 2D and 3D in vitro 

assays, as well as metastasis formation in mice 256. Also, in BC radiation-resistant cells, ARL8B 

depletion leads to a decrease in cell invasion, in a process dependent on lysosome exocytosis 256. 



82 
 

Lysosome exocytosis is known to play a role in cancer cell invasion, through the secretion of 

proteases that lead to ECM remodeling and degradation 216.  

Therefore, we decided to assess if ARL8A and ARL8B regulate HCC1806 cell invasion. To do 

this, we used spheroids, which better mimic in vivo tumors. In this assay, spheroids were formed 

with HCC1806 cells silenced for ARL8A or ARL8B. Moreover, fully formed spheroids were embedded 

in Matrigel, and invasion was monitored for 4 days. The invasion area was quantified by dividing the 

total spheroid area at 4 days by the total spheroid area at 0 days. As depicted in Figure 36, the 

invasion area of HCC1806 cells after 4 days is not altered upon silencing of ARL8A. Particularly, the 

fold increase in invasion area was found to be similar for shRNA 1 (C11) and shRNA 2 (C12), when 

compared with shRNA control Mission (Figure 36 B). Moreover, it is possible to observe that the 

invasion pattern was found to be different from the one obtained with MDA-MB-231 cells (Figure 

24). Indeed, instead of the spindle-like protrusions observed for MDA-MB-231 cells, HCC1806 cells 

seem to form “bud-like” projections.  

 

 

Figure 36 - ARL8A silencing does not affect HCC1806 cell invasion into Matrigel. HCC1806 cells silenced for ARL8A were 
used to form spheroids. Then, fully formed spheroids were embedded in Matrigel and invasion was monitored for 4 
days. A. Representative images were taken at 0 hours and 4 days. Yellow lines represent the spheroid total area. Scale 
bar: 100 µm. B. Invasion area quantification, calculated by dividing the total spheroid area at 4 days by the total spheroid 
area at 0 days. The results are represented as mean ± SD of at least three independent experiments. The statistical 
analysis was performed applying a One-ANOVA with Dunnett’s test, ns, non-significant. 
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Curiously, we observed that ARL8B silencing leads to a significant decrease in the invasion 

area of HCC1806 spheroids after 4 days (Figure 37).  Specifically, the invasion area (fold increase) 

was found to be 1.7 x lower for shRNA 1 (B7) and 1.8 x lower for shRNA 2 (B9), when compared with 

shRNA control (Mission) (Figure 37 B). Taken together, these results suggest that ARL8B but not 

ARL8A regulates 3D cell invasion of HCC1806 in Matrigel. 

 

 

Figure 37 - ARL8B silencing reduces HCC1806 cell invasion into Matrigel. HCC1806 cells silenced for ARL8B were used 
to form spheroids. Then, fully formed spheroids were embedded in Matrigel and invasion was monitored for 4 days. A. 
Representative images were taken at 0 hours and 4 days. Yellow lines represent the spheroid total area. Scale bar: 100 
µm. B. Invasion area quantification, calculated by dividing the total spheroid area at 4 days by the total spheroid area 
at 0 days. The results are represented as mean ± SD of at least three independent experiments. The statistical analysis 
was performed applying a One-ANOVA with Dunnett’s test, ns, non-significant, *p<0.05. 

 

To confirm that these observations were mainly due to ECM remodeling/degradation and 

not because of differences in cell proliferation, we decided to evaluate if 3D cell growth is impaired 

upon ARL8B silencing in HCC1086 cells.  For this, we used a commercially available kit to assess 



84 
 

cellular ATP levels as a measure of cell viability. Briefly, cell spheroids were incubated with 

CellTiterGlo ® 3D Reagent and the luminescence measured in a spectrofluorometer. As shown in 

Figure 38, no differences in cell viability were found for shRNA 2 (B7), when compared with shRNA 

control (Mission). On the other hand, ARL8B silencing leads to a significant decrease (43.4 %) in cell 

viability for shRNA 2 (B9). Indeed, it is possible to observe a decrease in spheroid area at day 0 for 

shRNA 2 (B9) (Figure 37 A), suggesting that, in fact, cell proliferation is impaired in this condition 

and that ARL8B may regulate cell viability on a 3D setting. 
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Figure 38 - 3D cell viability upon ARL8B silencing in HCC1806 cells. HCC1806 cells silenced for ARL8B were used to form 
spheroids. Then, fully formed spheroids were incubated with CellTiterGlo® 3D reagent, and luminescence was acquired 
on a spectrophotometer. The cell viability percentage was calculated by normalizing luminescence values for each 
condition to shRNA control (Mission). Results are represented as mean ± SD of three independent experiments. The 
statistical analysis was performed applying a One-ANOVA with Dunnett’s test, ns – non-significant, **p<0.01. 

 

In order to confirm that the impairment in cell invasion upon ARL8B depletion is not due to 

the obtained differences in cell proliferation, we decided to evaluate 3D cell invasion in serum-free 

conditions. First, we confirmed the feasibility of the assay by assessing the cell viability of HCC1806 

spheroids after 7 days in serum-free medium. For this, we stained spheroids with FDA, which labels 

viable cells and produces green fluorescein. We also used the nucleic acid red dye PI to label dead 

cells. In Figure 39 it is possible to observe that upon FDA/PI staining, HCC1806 spheroids presented 

an outer layer of viable green cells, while red dead cells were more concentrated in the core area 

(inner layer). Moreover, even in serum-free conditions, the spheroid area for shRNA 2 (B9) was 

found to be smaller, when compared with shRNA control (Mission) and shRNA 1 (B7). Nonetheless, 

this analysis allowed us to conclude that the spheroids presented the desired features of a 3D 
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culture, where the outer layer is enriched in proliferating/viable cells and the inner layer presents 

dead cells characteristic of the necrotic core.  

 

 

 
Figure 39 - Viability of HCC1806 cell spheroids in serum-free conditions. HCC1806 cells silenced for ARL8B were used 
to form spheroids. Then, fully formed spheroids were incubated in serum-free medium for 7 days. Afterwards, spheroids 
were stained with FDA (green) and PI (red) to label live and dead cells, respectively. Confocal images were acquired and 
are represented as z-projections of the spheroid center area. Scale bars: 100 µm. 
 

 

For the invasion assay in serum-free medium, we mixed Matrigel with a fluorogenic 

substrate for proteases, namely DQ™ Red BSA. In this case, Matrigel proteins are labelled with 

BODIPY dyes, which confers a strong fluorescence quenching effect. Upon degradation of the 

Matrigel by the proteases secreted by spheroids, the quenching is relieved, and the resulting 

fluorescence is acquired by fluorescent microscopy 298. The invasion was measured using the 

fluorescent red signal resulting from DQ™ Red BSA degradation at 7 days, divided by the total 

spheroid area at 0 days. As shown in Figure 40, ARL8B depletion leads to a decrease in invasion area 

of 1.9 x for shRNA 1 (B7) and 1.7 x for shRNA 2 (B9), comparing with shRNA control (Mission). Thus, 

the obtained results suggest that ARL8B also regulates 3D cell invasion of HCC1806 cells in Matrigel 

in serum-free conditions, where cell proliferation is diminished.  
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Figure 40 - ARL8B silencing reduces HCC1806 cell invasion into Matrigel in serum-free conditions. HCC1806 cells 
silenced for ARL8B were used to form spheroids. Then, fully formed spheroids were embedded in Matrigel, mixed with 
DQ™ Red BSA in serum-free medium, and invasion was monitored for 7 days. A. Representative confocal images taken 
at 0 hours and 7 days. Scale bar: 100 µm. B. Invasion area quantification, calculated by dividing the total spheroid area 
at 7 days by the total spheroid area at 0 days. The results are represented as mean ± SD of three independent 
experiments. The statistical analysis was performed applying a One-ANOVA with Dunnett’s test, *p<0.05. 
 
 

Role of ARL8B overexpression in MCF10DCIS.com 3D cell invasion 

  

An important feature of BC progression is the transition from a non-invasive confined DCIS 

to an invasive IDC. In this switch, BC cells acquire invasive properties, breach the BM, and invade 

the surrounding tissues, ultimately leading to the formation of metastases 299,300. 

Our previous results suggested that ARL8B depletion leads to a decrease in the invasion 

capacity of HCC1806 cells. Therefore, we decided to assess if ARL8B can also play a role in the switch 

from DCIS to IDC. Namely, we wanted to verify if the overexpression of ARL8B leads to the 

acquisition of an invasive behavior by MCF10DCIS.com cells, which mimic the in situ non-invasive 

BC tumors. To achieve this, we transduced MCF10DCIS.com cells with lentiviruses encoding ARL8B-

Flag or GST-Flag. GST-Flag control was added in this experiment to account for the possible effects 

of cell transduction/overexpression in MCF10DCIS.com cell behavior. Then, both non-transduced 

MCF10DCIS.com cells and overexpressing ARL8B-Flag/GST-Flag were used to form spheroids, which 

were embedded in Matrigel, and the invasion was monitored for 8 days. The invasion area was 
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calculated by dividing the total spheroid area at 8 days by the total spheroid area at 0 days. As 

expected, we observed that non-transduced MCF10DCIS.com cells do not invade after 8 days in 

Matrigel. On the other hand, transduced MCF10DCIS.com cells overexpressing GST-Flag or ARL8B-

Flag show an increase in invasion area after 8 days in Matrigel (Figure 41). These results suggest that 

the induced stress from cell transduction is enough to alter the cell behavior of MCF10DCIS.com 

cells, precluding the extraction of any conclusions from this experiment. 

 

 

Figure 41 - ARL8B-flag overexpression in MCF10DCIS.com cell invasion in 3D. Non-transduced MCF10DCIS.com cells, 
MCF10DCIS.com cells overexpressing ARL8-Flag, and MCF10DCIS.com cells overexpressing GST-Flag were used to form 
spheroids. Then, fully formed spheroids were embedded in Matrigel and invasion was monitored for 8 days. A. 
Representative images were taken at 0 hours and 8 days. Yellow lines represent the spheroid total area. Scale bar: 100 
µm. B. Invasion area quantification, calculated by dividing the total spheroid area at 8 days by the total spheroid area 
at 0 days. The results are represented as mean ± SD of at two independent experiments.  

 

ARL8B silencing impairs lysosome exocytosis in HCC19806 cells  

 

Lysosome exocytosis is one of the processes subverted by cancer cells to promote cell 

proliferation, migration, and invasion 216,297. When lysosomes reach the cell periphery and fuse with 

the PM, they release their content, including proteases, which can promote ECM remodeling and 

degradation and, consequently, cell invasion 216. As mentioned before, ARL8B was shown to regulate 

invasion in radiation-resistant BC cells, though a mechanism dependent on lysosome exocytosis. 

Specifically, it was shown that ARL8B silencing leads to a decrease in ionizing radiation-induced 

lysosomal exocytosis and cell invasion 278. 

We observed that ARL8B silencing leads to a decrease in 3D invasion of invasive HCC1806 BC 

cells. So, we asked whether this decrease could be due to a reduction in lysosome exocytosis. To 
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answer this question, we first analyzed the localization of ARL8B in HCC1806 cells. For this, we 

transfected ARL8B-GFP or GFP alone in HCC1806 cells and stained them with LAMP1, a frequently 

used marker of LEs and lysosomes. As expected, confocal microscopy analysis showed that ARL8B-

GFP co-localizes with LAMP1 in HCC1806 BC cells. On the other hand, no co-localization between 

GFP and LAMP1 was observed. Moreover, we found that HCC1806 cells transfected with GFP 

showed mostly clustered lysosomes near the nucleus, which is not so clear in cells transfected with 

ARL8B-GFP (Figure 42). This is probably due to the increased lysosomal anterograde movement 

towards the cell periphery, which is known to be regulated by ARL8B 206. Thus, our results confirm 

that Arl8B is present in HCC1806 lysosomes and that, when overexpressed, it leads to a 

redistribution of the lysosomes to the cell periphery. 

 

 

Figure 42 - ARL8B localizes to lysosomes in HCC1806 cells. HCC1806 cells were transfected with GFP or ARL8B-GFP. 
Afterwards, fixed cells were incubated with LAMP1-647 antibody to stain LE/lysosomes and DAPI to stain nuclei. 
Confocal images were acquired and are represented as z-projections. GFP (green), LAMP1 (red), nuclei (blue). The inset 
is a magnified image of the dashed region and ARL8B-GFP co-localization with LAMP1 is indicated by a white arrow. 
Scale bars, 10 µm. 
 

 

After confirming that ARL8B localizes to lysosomes in HCC1806 BC cells, we analyzed the 

effect of silencing ARL8B on lysosome exocytosis in the same cell line. To achieve this, we used cells 

silenced for ARL8B and assessed Ca2+- dependent lysosome exocytosis using two methods. First, we 

used flow cytometry to assess the presence of LAMP1 staining at the cell surface. Briefly, lysosome 

exocytosis was stimulated with ionomycin, a known Ca2+ ionophore. Cells were then stained a 
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LAMP1 antibody that detects the luminal domain of the protein, expressed at the cell surface upon 

lysosome fusion with the PM. Finally, dead cells were labeled with PI, and LAMP1/PI signals were 

measured by flow cytometry (Figure 43 A). The results are represented as the percentage of LAMP1 

positive/PI negative cells and normalized to shRNA control (Mission). We were not able to detect 

any differences in Ca2+- dependent lysosome exocytosis, using this methodology (Figure 43 B). 

However, some technical drawbacks that will be discussed later may help explain these results. 

 

 

Figure 43 - ARL8B silencing does not affect LAMP1 cell-surface levels in HCC1806 cells HCC1806 cells were transduced 
with lentiviruses encoding different shRNAs targeting ARL8B. After seeding, cells were incubated with 10 μM ionomycin 
and 4 mM CaCl2 to stimulate lysosome exocytosis. Cells were collected, stained with anti-LAMP1 antibody and PI (to 
label dead cells), and analyzed by flow cytometry. A. Schematic representation of the methodology used to measure 
LAMP1 at levels at the cell surface. A. The results represent the percentage of LAMP1-positive (LAMP1+) cells and PI-
negative (PI−) cells for each condition, normalized to the shRNA control (Mission). Results are represented as mean ± 
SD of at least two independent experiments. The statistical analysis was performed applying a One-ANOVA with 
Dunnett’s test. ns, non-significant, *P<0.05, **** P<0.0001. 
 

 

Given that LAMP1 is not specific of lysosomes and is also present in the membrane of LEs, 

we used a second approach to assess Ca2+- dependent lysosome exocytosis through the release of 

the lysosomal enzyme β-hexosaminidase. In this assay, HCC1806 silenced for ARL8B were seeded 

and lysosome exocytosis was stimulated with ionomycin. Afterwards, cells and supernatants were 
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collected and β-hexosaminidase release was measured by adding a fluorogenic substrate that is 

hydrolyzed by hexosaminidases and emits fluorescence, which can be measured on a 

spectrofluorometer (Figure 44 A). Results for each condition are represented as the percentage of 

β-hexosaminidase release, normalized to shRNA control (Mission). As shown in Figure 44 B, ARL8B 

silencing leads to a decrease in CA2+- dependent lysosome exocytosis. Moreover, we observed a 

reduction in β-hexosaminidase release of 40.2% and 87% for shRNA 1 (B7) and shRNA 2 (B9), 

respectively, when compared to shRNA control (Mission). Taken together, these results suggest that 

ARL8B regulates lysosome exocytosis in HCC1806 cells. 

 

Figure 44 - ARL8B silencing impairs β-hexosaminidase release in HCC1806. HCC1806 cells were transduced with 
lentiviruses encoding different shRNAs targeting ARL8B. After seeding, cells were incubated with 10 μM ionomycin and 
4 mM CaCl2 to stimulate lysosome exocytosis. Cell extracts and supernatants were collected and β-hexosaminidase 
release was measured by spectrophotometry, upon addition of 4-MU-β-D-GlcNAc. A. Schematic representation of the 
methodology used to measure β-hexosaminidase (β-hex) release. B. The results represent the percentage of β-
hexosaminidase release (activity), normalized to the shRNA control (Mission). Results are represented as mean ± S of 
five independent experiments. The statistical analysis was performed applying a One-ANOVA with Dunnett’s test. ns, 
non-significant, *P<0.05, **** P<0.0001. 
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ARL8B silencing does not affect the expression of EMT markers in HCC1806 

cells 

 

EMT is a process frequently used by cancer cells to promote migration and invasion and it is 

associated with the several steps of the  metastatic cascade 62. During this transition, epithelial cells 

acquire mesenchymal features losing their cell-to-cell adhesions and polarity, leading to higher 

motility and increased invasive properties 75. EMT is regulated by several TFs, such as SNAIL and 

SLUG, which control the expression of genes that promote mesenchymal features and inhibit the 

expression of genes that confer epithelial characteristics (e.g., E-cadherin) 73.  

To assess if the depletion of ARL8B in HCC1806 cells impacts on EMT, we decided to measure 

the protein levels of SLUG and E-cadherin by immunoblotting. As depicted in Figure 45, no 

alterations were observed in SLUG and E-cadherin protein expression, upon silencing of ARL8B in 

HCC1806 cells. Moreover, we also included MCF-7 cells as a control, since they exhibit more 

epithelial-like features 301. As expected, E-cadherin expression is higher in this cell line, when 

compared with the HCC1806 samples. Likewise, the low expression of SLUG also highlights the more 

epithelial characteristics of MCF-7. Thus, these results suggest that ARL8B does not affect the 

regulation of EMT in HCC1806 BC cells. 

 

 
 
Figure 45 - Legend on the next page. 
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Figure 45 - ARL8B silencing does not affect SLUG and E-cadherin protein levels. HCC1806 cells were transduced with 
lentiviruses encoding different shRNAs targeting ARL8B. Then, total protein extracts were used to detect SLUG and E-
cadherin protein levels. A. Representative image of SLUG and E-cadherin protein expression in HCC1806 cells silenced 
for ARL8B and in MCF-7. Calnexin was used as an internal control. B. Results show the relative protein levels normalized 
to GAPDH. Error bars represent the mean ± SD of at least three independent experiments. The statistical analysis was 
performed applying a One-ANOVA with Dunnett’s test, ns – non-significant. 
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Chapter 4. Discussion, conclusions, and 

future perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



94 
 

Discussion  

 

BC therapies and diagnosis methods have improved considerably over the years. However, 

BC remains the type of cancer with the highest number of deaths in women 1. Moreover, as with 

other cancers, the formation of metastasis remains by far the major cause of mortality in these 

patients 62. So, it is essential to find new strategies and therapeutic targets to impair the progression 

of BC. This can only be achieved by increasing the knowledge about the molecular mechanisms that 

cancer cells subvert to survive and disseminate. In this work, we evaluated the expression profile of 

the ARL subfamily members in BC samples, which allowed us to identify dysregulated genes in this 

disease. Moreover, we gained insights on the role of ARFRP1, ARL13B and ARL8A/B on BC 

progression, showing that these proteins can be further explored as potential therapeutic targets 

for the treatment of breast tumors. 

 

Differential expression of ARL genes in breast cancer samples 

 

Several studies have highlighted the importance of membrane traffic regulators in the 

progression of cancer. Specifically, it was shown that these proteins are subverted by cancer cells 

to overcome the barriers imposed by the microenvironment, acquire resistance to apoptosis, 

increase proliferation, migration, and invasion, among other features 283,284. Members of the Rab 

and Arf families of small GTPases are regulators of membrane traffic and have been linked to the 

progression of different types of cancers, including BC 227,286. 

In this work, we discovered that different ARLs are differentially expressed at the mRNA 

level, between non-tumorigenic and tumorigenic cell lines. Specifically, we found that ARL1, ARL2, 

ARL5A, ARL5B, ARL6, ARL8B, ARL11, ARL13B, and ARFRP1 mRNA levels are higher in highly invasive 

MDA-MB-231 cell lines, when compared with non-tumorigenic MCF10A cells and non-invasive 

MCF10DCIS.com cells. Moreover, we performed a bioinformatic analysis for some of the genes, to 

assess their expression in breast tumor samples and normal adjacent breast tissues from the TCGA 

database. We observed that ARL1, ARL8B, ARL11, and ARFRP1 are upregulated in tumor samples, 

while ARL2 and ARL6 are downregulated in tumor samples, compared with normal adjacent breast 

samples. The results obtained for ARL2 in the bioinformatic analysis are in line with what is 

published in the literature, i.e., low ARL2 expression is associated with more aggressive tumors274.  
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On the other hand, these results show an opposite trend to that observed in cell lines, where ARL2 

mRNA expression is higher in highly invasive MDA-MB-231 cells. This could be explained by multiple 

factors. First, cell lines have been widely used for cancer research, due to their relatively low cost, 

easy handling, and lower variability among assays and, hence more reproducible results. However, 

there are several drawbacks to the use of cell lines. In continuous and long periods in culture, cell 

lines adapt and are prone to genotypic and phenotypic drifts, especially those that are widely used 

like MCF-7 and MDA-MB-231. These drifts can result in the selection of cell subpopulations that 

display different growth rates, and different hormone receptor levels, among other discrepancies 

including the karyotype. So, although the cell line morphology may be identical, the phenotypic and 

genetic characteristics may be substantially different in cell lines from different sources 302. 

Secondly, cell lines do not recapitulate the high heterogeneity of BC, which can lead to different 

results when analyzing the expression of a given target in cell lines and patient samples. Third, and 

perhaps of utmost importance, small GTPases like ARLs are regulated through their activity to 

modulate different cellular responses.  For example, ARL4D was shown to localize to the PM in its 

active GTP-bound state and to the mitochondria in its inactive GDP-bound state, regulating different 

cellular processes depending on its activity status. Likewise, although the differential expression of 

ARLs can be representative of their role in cancer progression, we cannot exclude that the activity 

of these proteins can have a higher impact on a specific phenotype than their expression. We also 

found that ARL13B is overexpressed in highly invasive MDA-MB-231 cells, which corroborates the 

findings previously reported by us, namely that ARL13B is upregulated in breast tumor cell lines and 

BC samples from grade II, and promotes BC cell migration and invasion280.  

In this study, we also analyzed the mRNA expression of ARL1, ARL2, ARL8B and ARFRP1 in 

normal adjacent tissues and BC tumor samples. However, we did not observe any significant 

differences between normal adjacent tissues and breast cancer samples. The most plausible 

explanation for this is the low number of samples analyzed. Since patient samples exhibit a 

considerable heterogeneity among them, the statistical power of a low number of samples can be 

highly affected. So, it would be important to increase the number of samples to better characterize 

the expression of ARL genes in BC patient samples. mRNA and protein levels do not always correlate, 

which can be due to differences in mRNA and protein stability, as well as their rate of degradation 

303. Therefore, it would be important to address the protein expression of the most promising 

candidates in cell lines and patient samples, by immunoblotting and immunohistochemistry and 

verify if they show the same trend observed for mRNA levels. 
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ARFRP1 as a regulator of breast cancer cell migration and invasion  

 

The mRNA expression screen and the bioinformatic analysis allowed us to select candidates 

to perform a functional screen, where we assessed the migratory capacity of highly invasive cancer 

cells after silencing ARL1, ARL8B, and ARFRP1. From this analysis, we found that the silencing of 

ARFRP1 impairs the migratory capacity of highly invasive MDA-MB-231 cells. Arfrp1 depletion in 

intestinal cells of mice was found to displace E-cadherin from the PM and promote its accumulation 

at the TGN, suggesting that ARFRP1 regulates the traffic of E-cadherin to the PM 176. Although the 

relationship between E-cadherin expression and collective cell migration has been established in 

several types of tumors304, MDA-MB-231 cells were found to lack the expression of E-cadherin305, 

which suggests that the mechanism by which ARFRP1 regulates cell migration is not through the 

regulation of this adhesion molecule. The study conducted by Zahn and colleagues also found that 

Arfrp1 co-immunoprecipitated with E-cadherin binding partners, namely α-catenin, β-catenin, γ-

catenin, and p120ctn and Arfrp1 depletion leads to the misplacement of β-catenin, with partial 

localization in intracellular membranes176. It is well established that Wnt prevents the degradation 

of β-catenin and allows its translocation to the nucleus to promote the transcription of Wnt target 

gene expression. When the E-cadherin/β-catenin complex is disrupted, β-catenin is free to be 

translocated to the nucleus and activate several target genes that promote tumorigenesis306. 

Additionally, β-catenin levels were found to be increased in the cytoplasm and nucleus in 40% of 

primary BCs, which correlates with poor prognosis307–309. So, it would be important to evaluate β-

catenin localization by microscopy in cells that express very low amounts of E-cadherin, like MDA-

MB-231 and assess if this localization is changed upon ARFRP1 depletion. Also, it would be important 

to understand if the modulation of ARFRP1 in epithelial-like BC cells that express E-cadherin, 

influences migration. ARFRP1 was also shown to regulate the export of Van-Gogh-like 2 (Vangl2) 

from the TGN, through its effector AP-1310. Vangl2 is a core protein of the planar cell polarity non-

canonical Wnt pathway, which is essential for the cellular organization along the perpendicular axis 

across the plane of the tissue. Analysis of the TCGA data revealed that Vangl2 is upregulated in BC 

311. Moreover, a study found that Vangl2 regulates migration, anchorage-dependent and 

independent cell proliferation of basal BC cell lines, as well as tumor growth in mice 312. So, it would 

also be important to evaluate if the transport of Vangl2 is impaired in BC cells depleted for ARFRP1, 

by assessing the localization of Vangl2 by microscopy. Moreover, we could assess if the silencing of 

Vangl2 also impairs migration of MDA-MB-231 cells using wound-healing assays. We would expect 
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that Vangl2 localization at the PM is impaired in cells silenced for ARFRP1 and that collective cell 

migration would be decreased upon Vangl2 silencing. Moreover, we found that the silencing of 

ARFRP1 does not impair the metabolic activity of BC cells, suggesting that this protein does not 

regulate cell proliferation in BC.  

We also found that ARFRP1 silencing impairs 3D cell invasion in collagen I. However, although 

preliminary, our experiments with Matrigel suggest that ARFRP1 silencing does not impair cell 

invasion in this type of matrix. Nothing is known about the role of ARFRP1 in BC, but it is plausible 

that differences found between the two types of matrices (collagen I and Matrigel) can help explain 

the results obtained. The ECM can be divided into two types - BM and interstitial matrix (IM). The 

BM can be found beneath the epithelial and endothelial cell layers. On the other hand, the IM forms 

porous 3D networks around cells to interconnect stromal cells and it is connected to the BM 295.  The 

main components of the BM are collagen type IV, laminin, entactin/nidogen, and proteoglycans, 

while the IM is mainly composed of fibrillar collagens (e.g., I, III, and V) fibronectin and elastins8. 

Moreover, Matrigel is a mixture of collagen IV, laminin, entactin, and proteoglycans and it is 

normally used in cancer cell invasion assays to mimic the BM. So, it is possible that the silencing of 

ARFRP1 does not impair the degradation and remodeling of Matrigel components, pointing towards 

a role for this protein in cancer invasion after BM breakdown. Also, because of its structure, collagen 

I degradation relies on the activity of specific MMPs, including MMP -1, -8, -13, and -14. Likewise, 

future experiments to analyze the MMP secretion profile upon ARFRP1 modulation would be 

necessary to clarify the differences between Matrigel and collagen I matrix invasion. For this, we 

could use gelatin zymography and MPP activity kits. Moreover, ARFRP1 was shown to function 

upstream of ARL1 in the recruitment of tethering factors to the TGN 177. Curiously, Eiseler and 

colleagues found that ARL1 is involved in the secretion of MMPs 166. Therefore, it would be 

important to verify if the silencing of ARFRP1 in invasive BC cells affects the recruitment of ARL1 to 

the TGN and consequently MMP secretion.  

Since we found that ARFRP1 regulates the invasion of BC cells in collagen I, we assessed if 

this small GTPase also has a role in invadopodia function. These actin-rich structures are formed in 

cancer cells and allow ECM remodeling/degradation required for cell invasion 115. Furthermore, the 

formation of invadopodia has been implicated in several steps of the metastasis cascade 114. In 2D 

in vitro experiments, invadopodia are formed on the ventral surface of invasive cancer cells and 

allow the focal degradation of the underlying ECM. When cells are plated on gelatin, invadopodia 

appear as dot-like structures which mainly localize to the perinuclear region. In our experiments, 
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we were able to detect the formation of these structures in MDA-MB-231 cells, but we did not find 

any significant differences in invadopodia activity upon ARFRP1 silencing. One factor that could help 

to explain these results is the structural difference between collagen I and gelatin. Gelatin is 

produced from insoluble collagen thermal denaturation or disintegration (mostly collagen I). As 

mentioned before, specialized collagenases are required for collagen I degradation. On the other 

hand, gelatin is susceptible to degradation by many proteases 313. So, we can speculate that ARFRP1 

regulates the expression/secretion of specialized collagenases like MMP-1, 8, 13 and 14 that are 

able to degrade fibrillar collagen like collagen I, but not gelatinases. 3D invasion assays using DQ™ 

collagen type I and DQ™ gelatin upon modulation of ARFRP1 expression would be important to 

monitor the degradation of these two types of substrates. In this case, we would expect that in 3D, 

the fluorescence produced from the degradation of DQ™ collagen type I would be decreased in cells 

silenced for ARFRP1 compared to non-silenced cells, while the fluorescence levels would be the 

same as in the control, in cells embedded in DQ™ gelatin. 

 

Proposed models for the role of ARFRP1 in breast cancer cell migration and 

invasion 

 

We have shown that ARFRP1 regulates BC cell migration and invasion. We speculate that 

ARFRP1 regulates migration through the transport of Vangl2 to the PM. Also, we propose that 

ARFRP1 regulates invasion by recruiting ARL1 and mediating MMP secretion. Finally, ARFRP1 may 

be a regulator of β-catenin localization within the cell, whose nuclear translocation mediates 

migration and invasion of BC cells (Figure 46). 

 

ARL13B as a regulator of breast cancer cell invasion  

 

Our group has established that ARL13B regulates migration and invasion in BC cells, through 

the regulation of integrin turnover, in highly invasive BC cell lines 280. So, we wanted to assess if 

ARL13B also promotes invasion of MCF10DCIS.com cells, suggesting a role for this protein in the 

transition from in situ to invasive BC. First, and in complement to what we previously found, we 

checked if ARL13B silencing impairs invasion, using 3D spheroids embedded in Matrigel. These 

experiments allowed us to confirm that ARL13B also modulates BC cell invasion in a 3D setting of 
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highly invasive BC cells. Following these experiments, we overexpressed ARL13B in MCF10DCIS.com, 

which presents the features of DCIS and monitored spheroid invasion in Matrigel. Although we 

observed an increased spheroid area upon ARL13B overexpression, when compared with the 

control, the differences were not statistically significant.  

 

 

 

Figure 46 - ARFRP1 as a regulator of breast cancer cell migration and invasion. A. ARFRP1 promotes cell migration in 
BC cells. A putative mechanism to explain this is the regulation of Vangl2 transport to the PM, mediated by ARFRP1 
effector AP-1. ARFRP1 also regulates BC cell invasion, and we propose that this GTPase mediates MMP secretion, 
through the recruitment of ARL1, leading to ECM degradation. Finally, BC migration and invasion could be mediated by 
ARFRP1 regulation of β-catenin localization and availability for nuclear transport. Created with BioRender.  

 

 

ARL13B overexpression was previously shown to promote the growth of BC tumors in mice, 

suggesting the role of this protein in BC cell proliferation 280. Furthermore, ARL13B was shown to be 

a positive regulator of proliferation in both gastric and medulloblastoma cancer cells 264,265. Likewise, 

it is possible that the results that we obtained with the 3D spheroids are a result of increased cell 

proliferation promoted by ARL13B and not necessarily cell invasion, since the two processes cannot 

be separated in 3D and can both contribute to the observed increase in spheroid area. Therefore, it 

would be important to measure MCF10DCIS.com cell proliferation on a 3D setting, upon ARL13B 

overexpression, using commercial kits that measure cell viability. Moreover, addressing the levels 

of matrix degradation using DQ™ collagen type I and DQ™ gelatin would allow to conclude if ARL13B 

promotes ECM remodeling of MCF10DCIS.com cells. Furthermore, we could perform the 

experiment in serum-free medium to minimize the effect of cell proliferation. If ARL13B can indeed 
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promote invasion of MCF10DCIS.com cells, we would expect more fluorescence resulting from the 

matrix degradation, in cells overexpressing ARL13B. 

We also found that the expression levels of ARL13B-mCherry appeared to be much lower 

than the ones displayed by the control mCherry. This could be a result of an overall reduced 

expression of ARL13B. In the future, we could enrich our population of cells expressing higher levels 

of ARL13B using fluorescence-activated cell sorting (FACS) and the mCherry tag to sort the cells. 

Also, we cannot exclude the possibility that decreased fluorescent levels observed for ARL13B-

mCherry are a result of its cellular localization. ARL13B is established as a ciliary protein that 

regulates the function and stability of primary cilia 188. On the other hand, our group reported that 

ARL13B can regulate cellular functions outside the cilia, like the stability of FAs or the regulation of 

the actin cytoskeleton in CDRs 191,280. Furthermore, ARL13B was reported to regulate the 

progression of gastric carcinomas and medulloblastomas, probably through a mechanism 

dependent on cilia and the canonical Shh signaling pathway 264,265. However, it was shown that 

contrary to gastric cancer cells or medulloblastoma cells, BC cells display a decreased or complete 

loss of primary cilia 314–316. Indeed, an analysis of primary cilia frequency in BC cell lines was 

performed where the isogenic cell lines MCF10A, MCF10AT, MCF10AT3B, MCF10DCIS.com, and 

MCF10CA1 were used 316. These cell lines represent the progression from normal/hyperplastic 

breast tissue (MCF10A) to premalignant breast disease (MCF10AT and MCF10AT3B), to non-invasive 

DCIS (MCF10DCIS.com), and invasive and metastatic BC (MCF10CA1). The authors found that the 

primary cilia incidence is significantly higher in normal and premalignant cells (MCF10A, MCF10AT, 

and MCF10AT3B), when compared to tumoral MCF10DCIS.com and MCF10CA1 cells, where the 

frequency of primary cilia is much lower 316. Likewise, the mechanisms underlying the role of ARL13 

in BC cancer progression may be different from those observed for gastric cancer and 

medulloblastoma. So, it would be important to address and clarify what is the localization of ARL13B 

in MCF10DCIS.com. Unpublished results obtained in our lab showed that besides FAs and stress 

fibers, ARL13B co-localizes with E-cadherin at AJs, in MCF-7 cells. Therefore, we can speculate that 

since MCF10DCIS.com cells display fewer cilia, ARL13B localizes to actin-rich structures like AJs and 

FAs in these cells.  Finally, studies should be conducted to establish if the role of ARL13B in BC 

progression is dependent on the non-canonical Shh signaling since this pathway has been reported 

in cells without cilia 317–319. 
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ARL8A and ARL8B mRNA and protein expression are increased in breast 

cancer cell lines 

 

ARL8A and ARL8B are known regulators of lysosome motility, namely the anterograde 

movement of these organelles 208. Moreover, the lysosomal movement towards the cell periphery 

is essential for lysosome exocytosis, which has been extensively associated with cancer progression, 

including BC 297. Therefore, we aimed to assess the role of ARL8A and ARL8B in BC progression. First, 

we evaluated the mRNA and protein levels of ARL8A and AR8B in non-tumoral cells and distinct BC 

cell lines with different invasive capacities. At the mRNA level, both ARL8A and ARL8B were shown 

to be upregulated in invasive BC cell lines, when compared with the non-tumorigenic MCF10A cells, 

with the higher expression obtained for the TNBC HCC1806 cell line. In terms of protein levels, 

ARL8A displayed similar expression in all the cell lines analyzed and ARL8B was found overexpressed 

in BC cell lines. Curiously, we observed different expression profiles when comparing mRNA and 

protein levels. As mentioned before, the mRNA and protein levels do not correlate perfectly in all 

tissues and differences have been observed when comparing non-tumoral and tumoral samples. 

Also, using antibodies that recognize specifically ARL8A or ARL8B, could lead to more clear results. 

Nevertheless, the results obtained suggest that the expression levels of ARL8A and ARL8B are 

increased in BC cell lines, pointing to a possible role of these two proteins in BC progression.  

 

The role of ARL8A and ARL8B in cell proliferation, migration, and invasion of 

breast cancer cells 

 

Sustained proliferation is one of cancer hallmarks and it is essential for tumor growth and 

progression60. Therefore, we wanted to understand if ARL8A and ARL8B would regulate BC cell 

proliferation. We did not observe a significant difference in cell proliferation upon silencing of ARL8A 

and ARL8B, suggesting that ARL8A and ARL8B do not play a role in BC cell growth. These 

observations are in line with previous studies performed on prostate cancer cells 256. Indeed, Dykes 

and his colleagues reported that, when grown in nutrient-rich media (the same conditions used by 

us), prostate cancer cells silenced for ARL8B display the same proliferation rate as control cells. On 

the other hand, cells grown under nutrient-deprived conditions displayed a reduction to almost half 

in the proliferation rate in cells silenced for ARL8B. Thus, the authors proposed that ARL8B regulates 
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prostate cancer cell proliferation in nutrient-deprived conditions through the modulation of lipid 

hydrolysis. It has been shown that lysosomes fuse with inclusion bodies and regulate the hydrolysis 

of internalized and stored lipids, which is mediated by lysosomal acid lipase (LAL). So, the authors 

suggest that ARL8B regulates the hydrolysis of internalized/stored lipids, by mediating the 

movement of lysosomes and consequent fusion with inclusion bodies. This allows a continuous and 

adequate ATP production to sustain the proliferative capacity of cancer cells in nutrient-deprived 

conditions 256. During cancer progression, cells face low-nutrient environments in which they must 

maintain their proliferative capacity to survive. Therefore, in the future, it would be important to 

analyze if lipid hydrolysis is impaired upon silencing of ARL8A and ARL8B in BC cells that grow in 

nutrient-deprived conditions and if this results in decreased cell proliferation. 

Multicellular movements are promoted by collective cell migration, and this has been 

observed in both physiological and pathological conditions, including the formation of cancer 

metastasis 101. So, we also wanted to understand if ARL8A and ARL8B regulate collective BC cell 

migration. We have shown that either ARL8A or ARL8B silencing led to a decrease in the collective 

migratory capacity of HCC1806 cells. Moreover, we confirmed that ARL8B has a role in migration by 

assessing the single-cell migratory capacity of HCC1806 cells, using transwells. Curiously, we did not 

find differences in the collective migratory capacity of MDA-MB-31 cells upon silencing ARL8B, 

suggesting that this protein does not regulate motility of these cells. Even though HCC1806 and 

MDA-MB-231 are both TNBC cell lines and do not express ER, PR, or HER2 receptors, they present 

distinct characteristics 289. HCC1806 were shown to express basal cytokeratins 5, 6, 14, and 17, which 

are characteristic of the basal TNBC subtype. On the other hand, the expression of these 

cytokeratins was not detected in MDA-MB-231. Moreover, MDA-MB-231 express vimentin which is 

absent in HCC1806 and is characteristic of mesenchymal cells 320. The origin of each cell line is also 

very distinct. While MDA-MB-231 cells were obtained from a pleural infusion of a patient with 

metastatic breast adenocarcinoma, HCC1806 was obtained from a primary acantholytic squamous 

cell carcinoma 289. So, it possible that ARL8A and ARL8B only regulate tumor progression in primary 

tumors and not metastases. In the future, it would be important to use other cell lines that derive 

from both primary tumors and metastases to assess their migratory capacity upon ARL8A and ARL8B 

modulation and confirm this hypothesis. 

Cells require the coordinated action of several mechanisms to migrate. Namely, the 

formation and turnover of FAs, regulation of actin dynamics, and the spatial distribution of specific 

molecules 97. In a study performed with mouse fibroblasts, FA dynamics was shown to be dependent 
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on LEs carrying the p14-MP1 (LAMTOR2/3) complex, which are transported to the cell periphery 

through a kinesin-1 and Arl8b-dependent mechanism 321. The delivery of these LEs to FAs promotes 

the removal of IQ motif-containing GTPase-activating protein 1 (IQGAP1), allowing the efficient 

turnover of FAs and consequent migration. On the other hand, when p14-MP1 or Arl8b are absent, 

IQGAP1 is not removed and accumulates in FAs, leading to decreased FA dynamics and 

consequently, impaired cell migration 321. Also, in prostate cancer cells, ARL8B was shown to 

regulate cell motility. In this study, the authors suggested that the impaired cell movement observed 

upon ARL8B silencing is a consequence of restricted lysosome traffic towards the cell periphery 256. 

Indeed, it was shown that integrins that mediate cell adhesion and migration such as α5β1, can be 

delivered to the PM by LEs/lysosome-dependent transport 322. However, these mechanisms are still 

not fully understood, and more studies must be performed to elucidate the role of lysosomal 

transport in cell adhesion and migration. Nevertheless, we can speculate that ARL8A and ARL8B may 

regulate cell migration by acting on FA turnover or integrin traffic within the cell. So, in the future, 

it would be important to evaluate if ARL8A/ARL8B modulation affects the dynamic of FAs in BC cells 

and/or if the transport of integrins in LEs/lysosomes is dependent on these two small GTPases.  

Cancer cells need to acquire invasive capacity to remodel/degrade the surrounding ECM and 

be able to move to the surrounding tissues and distant locations 62. Since our results suggested that 

ARL8A and ARL8B promote BC cell migration, we also evaluated whether these two proteins 

regulate 3D cell invasion. Curiously, we observed that ARL8B but not ARL8A silencing impairs 3D cell 

invasion of HCC1806 BC cells, suggesting a distinct role for both proteins in this process. Moreover, 

we observed a distinct pattern of invasion in Matrigel with HCC1806 spheroids, compared with what 

was observed in the experiments with MDA-MB-231 cells. Specifically, we observed that when 

embedded in Matrigel, MDA-MB-231 spheroids form invasive spike-like protrusions, while HCC1806 

spheroids present a bud-like cell invasion. This is consistent with a previous study showing that 

HCC1608 spheroids display amoeboid migration and a bud-like invasion phenotype 323. Once again, 

this highlights that these cells behave differently and can subvert different machinery to promote 

tumorigenesis. It is important to mention that the distinction between cell invasion and cell 

proliferation can be challenging, when using HCC1806 spheroids, since we cannot clearly distinguish 

the cells from the spheroid core from the ones that are invading. Likewise, we assessed if cell 

proliferation is impaired in 3D upon ARL8B silencing. We found that there is a reduction in cell 

proliferation when the expression of ARL8B was decreased for shRNA 2 (B9) but not for shRNA 1 

(B7). This could be the result of an off-target effect of this shRNA. Nevertheless, we are confident to 
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conclude that cell invasion is regulated by ARL8B, given that, after 4 days, the spheroids formed with 

ARL8B-silenced cells maintained their round shape with almost no bud-like protrusions. These 

results were confirmed using serum-free conditions to minimize the effect of cell proliferation and 

embedding the spheroids in Matrigel labeled with DQ-BSA™, which allows the monitorization of 

matrix degradation. We also assessed if ARL8B regulates the acquisition of invasive properties by 

non-invasive DCIS cells, which is characterized as non-invasive BC. Although we observed an 

increase in spheroid growth in Matrigel upon ARL8B overexpression, when compared with non-

transduced MCF10DCIS.com, we also observed the same phenotype in GST-overexpressing cells. 

These results suggest that the transduction and/or selection steps alter the behavior of 

MCF10DCIS.com cells, therefore masking any differences in invasion. Moreover, as observed for 

ARL13B, we cannot exclude the contribution of proliferation in these experiments. Thus, future 

assays using substrates that emit fluorescence upon degradation (e.g., DQ BSA, or DQ Collagen) 

would help to clarify the role of ARL8B in the progression from non-invasive to invasive BC. 

It was interesting to find that ARL8B but not ARL8A regulates cell invasion of BC cells in 3D, 

but both proteins regulate migration. Although both proteins localize to lysosomes, much less is 

known about the mechanisms by which ARL8A regulates lysosome motility. It has been established 

that ARL8B regulates the anterograde movement of lysosomes by being recruited by BORC and 

mediating the binding of its effector SKIP to kinesin-1 or through binding to kinesin-3 206. Moreover, 

it was found that BORC also functions upstream of ARL8A in the regulation of kinesin-mediated 

transport 210. Furthermore, in C. elegans, it was shown the BORC subunit SAM-4 interacts directly 

with ARL-8-GDP, suggesting that it acts as a GEF 324. Whether this direct interaction is also 

established between BORC subunits and ARL8A/ARL8B in mammalian cells is still unknown. 

Moreover, because most of the studies were performed with ARL8B, no effectors have been 

identified for ARL8A-mediated anterograde movement.  Likewise, it is possible that ARL8A and 

ARL8B may regulate lysosome movement towards the cell periphery through binding to different 

effectors and regulators, promoting different cell phenotypes when silenced. On the other hand, it 

was very recently revealed that ARL8A and ARL8B may also regulate the retrograde traffic of 

endolysosomes through binding to effectors RUFY3 and RUFY4 213. These recent findings suggest 

that ARL8 proteins can regulate both retrograde and anterograde lysosome movement. This is not 

exclusive of ARL8 proteins since RAB7, which also regulates the movement of LEs/lysosomes has 

been associated with the regulation of anterograde and retrograde movement, by binding to FYCO1 

or RILP, respectively 325,326. So, in future experiments, it would be important to define which 
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RAB7/ARL8-mediated molecular mechanisms are at play in the regulation of lysosome motility in BC 

cells. For example, one could evaluate the expression and localization at LEs/lysosomes of the 

different molecular players that regulate both retrograde and anterograde lysosomal movements, 

by microscopy and immunoblotting analysis, in BC cells. Also, it should be evaluated if the silencing 

of these proteins in BC cells, leads to the modulation of BC cell migration and invasion. We would 

expect that the mechanisms regulating LE/lysosome anterograde movement are increased in BC 

and therefore, silencing of SKIP and FYCO3 would lead to an impaired migration and invasion of 

these cells. 

 

ARL8B regulates breast cancer cell invasion through lysosome exocytosis  

 

Lysosome exocytosis has been associated with multiple diseases, including cancer, regulating 

ECM degradation/remodeling through the release of proteases. Also, lysosome exocytosis was 

shown to be important for membrane repair, which is involved in cancer cell growth and survival 

216,297. In this study, we have shown that ARL8B regulates 3D invasion of HCC1806 cells. Given that 

this small GTPase regulates the transport of lysosomes to the cell periphery, thus regulating the 

positioning of these organelles for exocytosis, we assessed if ARL8B also modulates lysosome 

exocytosis in HCC1806 BC cells. Indeed, we found that ARL8B silencing in HCC1806 cells impairs the 

release of the lysosomal β-hexosaminidase to the extracellular medium. However, the LAMP1 levels 

at the cell surface measured by flow cytometry are not affected by ARL8B silencing. This is probably 

due to the high adherence of HCC1806 cells to the surface of the plate, which leads to a need of 

incubating for a long time with the dissociation reagent to detach the cells. Indeed, in previous 

experiments performed at our lab, we observed that cell scraping and the use of dissociation agents 

for long periods increase the levels of PI-positive cells, suggesting under these conditions, cells suffer 

membrane damage in these conditions and become non-viable or die. So, it is possible that we are 

inducing damage to the cell membrane and increasing the levels of LAMP1 at the cell surface, which 

could mask any differences. Moreover, LAMP1 is also present in LEs, and these can also be 

exocytosed. Likewise, the measurement of the release of lysosomal enzymes to the media 

represents a more accurate and specific method to assess lysosome exocytosis. In the future, the 

activity of other secreted lysosomal enzymes like cathepsins should also be performed to confirm 

these obtained results. Nevertheless, the impairment of β-hexosaminidase release from HCC1806 

upon ARL8B silencing suggests that lysosome exocytosis is impaired in these conditions. 
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Furthermore, as lysosome exocytosis has been linked to tumor invasion, we propose that this is one 

of the mechanisms by which ARL8B regulates HCC1806 cell invasion. Indeed, in prostate cancer cells, 

ARL8B was shown to regulate lysosomal protease release, which are required for ECM degradation, 

and consequent cell invasion 256. Additionally, in radiation-resistant BC cells, lysosome exocytosis 

was impaired by ARL8B or BORC silencing, and these observations were linked to the reduced ECM 

degradation observed by the authors 278. Curiously, in this study, the co-localization of different 

proteases, including MMP-3, MMP-14, cathepsin B, and cathepsin D and ARL8B-positive lysosomes 

was observed. Indeed, cathepsins can degrade ECM directly, but they can also activate other MMPs 

to promote ECM remodeling. The association of these proteases with tumor progression and 

metastasis has been widely studied. So, an important experiment to perform in the future is the 

analysis of protease expression and release upon ARL8B modulation in BC cells, using 

immunoblotting, zymography and enzymatic activity kits. 

 

Proposed model for ARL8A and ARL8B regulation of BC progression 

 

We have shown that ARL8A and ARL8B regulate BC cell migration and speculate that this 

may be mediated by the modulation of FA dynamics. Also, our results and the results obtained by 

other researchers 256,278 highlight the importance of ARL8B in regulating lysosome exocytosis and 

consequent protease release that remodels the ECM and allows cancer cells to invade (Figure 47). 

 

ARL8B is not a regulator of epithelial-to-mesenchymal transition in invasive 

breast cancer cells 

 

EMT is a process that cancer cells adopt to change their morphology and transition from an 

epithelial to a mesenchymal state, where they exhibit higher motility and invasiveness 75. It has been 

shown that cancer cells can activate autophagy upon stimulation by stressful factors such as hypoxia 

327. Also, the degradation of epithelial molecules such as E-cadherin through autophagy was 

observed. The reduced levels of E-cadherin can induce EMT and lead to cancer cell invasion and 

metastasis 328. Marwaha et al., described that the Rab7 effector PLEKHM1 also binds to ARL8B in 

lysosomes and that these two small GTPases regulate lysosomal degradation of internalized cargo 

through endocytic and autophagic pathways 329. Although these mechanisms still need further 
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clarification, we assessed if ARL8B regulates the levels of EMT markers in BC cells. We found that 

ARL8B silencing does not alter the levels of SLUG and E-cadherin in HCC1806 cells, suggesting that 

EMT is not being regulated by ARL8B-dependent mechanisms. Moreover, the levels of SLUG and E-

cadherin in HCC1806 cells point to a hybrid EMT state in these cells since we observed that both 

proteins are expressed. These intermediate EMT states were shown to confer more plasticity to 

cancer cells and to be relevant for collective cell migration and invasion, as well as metastases 

formation 330. Our observations were reinforced when we observed that the expression of SLUG is 

almost absent in MCF-7 cells, while the expression of E-cadherin is higher in this cell line, which 

typically presents a more epithelial and less aggressive phenotype.  

 

 

Figure 47 - ARL8 proteins as regulators of breast cancer cell migration and invasion. A. ARL8A and ARL8B promote cell 
migration of BC cells. A putative mechanism for this would be the regulation of focal adhesion (FA) dynamics and focal 
complex (FC) formation that were shown to be dependent on late endosomes (LEs) carrying p14-MP1 complex. These 
are transported to the cell periphery through a kinesin-1 and Arl8b-dependent mechanism. B. ARL8B also promotes BC 
cell invasion. ARL8B is recruited to lysosomes by BORC and mediates the interaction of its effector SKIP with kinesin-1. 
We propose that in BC cells, ARL8B regulates the transport of lysosomes to the cell periphery where they are exocytosed 
and release proteases that result in ECM degradation. Created with BioRender.  

 

 

Targeting ARLs for breast cancer treatment  

 

As observed by us and other researchers, different members of the ARL subfamily of small 

GTPases have been associated with cancer progression, including BC. So, the development of small 
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GTPase inhibitors could be a promising new strategy for cancer treatment. However, it remains a 

major challenge to find such molecules, especially because small GTPases have highly conserved 

regulatory roles and are expressed in many tissues. Nonetheless, there are several mechanisms by 

which it is possible to target small GTPases, including ARLs. One way to do this could be to inhibit 

the expression of overexpressed ARLs. Furthermore, it is also a possibility to design inhibitors that 

can block GTP binding or GTPase binding to membranes. Activity regulators like GAPs and GEFs can 

also be targeted. Specifically, one can inhibit GEF activity or the ARF-GEF interaction, stimulate GAP 

activity/expression and inhibit the binding of ARLs to downstream effectors. Finally, one can also 

target these effectors by inhibiting their function or changing the expression levels (Figure 48) 227. 

Although there are not inhibitors of ARLs to this date, there are already inhibitors for known 

effectors. For example, the ARL13B effector NMIIA was found to be differentially expressed and/or 

activated in various malignancies, which can lead to alterations in the migratory and invasive 

capacities of cancer cells 331. Moreover, blebbistatin blocks the ATPase activity of NMIIA and it was 

found to impair BC cell and pancreatic adenocarcinoma cell invasion 332,333.  

 

 

Figure 48 - Potential strategies to use ARL proteins regulation cycle as targets for cancer treatment. A. Strategies to 
target ARL family members that act as oncogenes include downregulation of ARL expression and/or activity (1); 
downregulation of GEF expression and/or activity (2); blockade of ARL-GEF binding or ARL-GTP binding (3); Blockade of 
active ARL binding to membranes (4) or effectors (5); inhibition of effectors function (6); Upregulation of GAP expression 
and/ or activity (7). Adapted from 227. 

 
 

So, it is essential to unravel the signaling pathways regulated by ARL small GTPases that are 

involved in BC progression to find the most suitable approach for an efficient treatment of this 
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disease. Also, increasing the knowledge on effectors/binding partners, as well as specific GAPs/GEFs 

that can mediate the activity of ARL proteins, is necessary. 

 

Conclusions and future perspectives 

 

Unraveling the mechanisms that underly the acquisition of invasive phenotypes and the 

consequent formation of metastases by BC cells is essential to find new treatments for this 

malignancy. The work presented in this PhD thesis shows that several ARL genes, namely ARL1, 

ARL8B, ARL11 and ARFRP1, are upregulated in highly invasive BC cell lines and patient samples. This 

highlights the importance of studying these membrane traffic regulators in the context of BC 

progression. Our results suggest that ARFRP1 regulates BC cell migration and invasion. Indeed, this 

is the first report showing the role of ARFRP1 in cancer progression, which can also be relevant in 

other types of malignancies besides BC. We also confirmed that ARL13B is required for BC cell 

invasion, although it does not seem to mediate the transition from non-invasive DCIS to invasive BC. 

This work also established a role for lysosome-positioning regulators in BC progression. We found 

that ARL8A and ARL8B regulate BC cell migration, suggesting a role for these small GTPases in the 

cell adhesion and motility processes. Moreover, our results indicate that ARL8B regulates BC cell 

invasion, possibly through the modulation of lysosome exocytosis. The results obtained with this 

study also suggest that targeting cellular processes that are regulated by members of the ARL 

subfamily, like lysosome exocytosis, could serve as new strategies to impair the progression of BC. 

Thus, this study strongly suggests that ARFRP1, ARL13B, and ARL8, could be potential therapeutic 

targets to impair BC progression and reduce the high mortality that is associated with this disease.  

Our work highlights the importance of investigating membrane traffic regulators, including 

those of the ARL subfamily of proteins, as potential regulators of BC. However, it is important to 

mention that this study represents the beginning of a promising field in BC research and future 

experiments are essential to validate our candidates as targets for the treatment of BC. As discussed 

before, targeting of ARL GTPases represents a major challenge, since many of these proteins are 

ubiquitously expressed and are essential for several physiological processes. Therefore, in future 

experiments, the molecular mechanisms by which ARFRP1, ARL13B and ARL8 proteins regulate BC 

progression, should be dissected. Specifically, the signaling pathways that are involved in this 

regulation should be characterized. It would be interesting to evaluate whether the regulation of 
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migration and invasion by ARFRP1 is mediated by Wnt/β-cathenin signaling pathway and/or MMP 

traffic and secretion. Also, we have previously proposed that the role of ARL13B in BC progression 

is likely mediated by a cilium-independent mechanism and non-canonical Shh signaling. Likewise, it 

would be important to evaluate if this non-canonical signaling pathway is altered in BC and if it is 

regulated by ARL13B. Finally, it is important to evaluate if FA turnover is impaired upon 

ARL8A/ARL8B silencing in BC cells and whether this influences the role of ARL8A and ARL8B in BC 

cell migration. Moreover, it would be important to dissect the proteins involved in the regulation of 

lysosome exocytosis by ARL8B in BC. This could be done by assessing which of the known effectors 

and regulators of ARL8B are involved in BC cell invasion. The results from these experiments could 

lead to the discovery of other potential targets, including effectors/binding partners and regulators 

of ARL activity (GAPs and GEFs) that could be used to design more specific and more efficient BC 

therapies. Also, our experiments were mainly done using BC cell lines, which can be seen as a 

limitation. Although cell lines have been widely used for BC research, they do not recapitulate the 

heterogeneity of BC and present several drawbacks that were already described. Therefore, our 

results should be validated using a model that more closely represents the genetic and phenotypic 

variety of BC in patients. For this, the expression of ARFRP1, ARL13B and ARL8 should be modulated 

in patient-derived cells and in vivo models (e.g., mouse). This would allow the validation of the role 

of these small GTPases in a more representative model of BC and to be one step closer to an 

application to the clinics.  

In conclusion, the results obtained with this study reinforce the notion that membrane traffic 

regulators can be subverted by cancer cells, including BC cells, to promote migration and invasion. 

This highlights the importance of considering these proteins as targets for the design of future 

therapies for BC treatment. 
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