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RESUMEN 

 

El carcinoma es el tipo más común de cáncer y surge de las células epiteliales. La transición del 

adenoma al carcinoma se asocia con la pérdida de E-cadherina y, en consecuencia, de los 

contactos intercelulares. La E-cadherina es un supresor tumoral que está regulado 

negativamente durante la transición epitelio-mesénquima (EMT) y su pérdida es un marcador 

de mal pronóstico durante la progresión tumoral. Hakai es una E3 ubiquitina-ligasa que media 

en la ubiquitinación de la E-cadherina, su endocitosis y consecuente degradación. Aunque la 

E-cadherina es el sustrato más conocido de Hakai, otras dianas moleculares reguladas por 

Hakai pueden estar involucradas en la plasticidad celular durante la progresión tumoral. En 

este trabajo, empleamos la técnica iTRAQ para explorar nuevas rutas moleculares involucradas 

en la EMT inducida por Hakai. Nuestros resultados muestran que Hakai puede tener una 

influencia importante sobre proteínas relacionadas con el citoesqueleto, proteínas 

extracelulares asociadas con el exosoma, proteínas relacionadas con el ARN y proteínas 

involucradas en metabolismo. Entre las proteínas reguladas por Hakai, describimos la Anexina 

A2 como un nuevo posible sustrato de Hakai. Además, nuestros resultados revelan que la 

inhibición farmacológica de Hsp90 con geldanamicina resulta en la degradación de Hakai vía 

lisosoma. Así, proponemos a Hakai como una nueva proteína cliente de la chaperona Hsp90, 

destacando un mecanismo novedoso por el cual los inhibidores de Hsp90 pueden influir en el 

proceso EMT mediado por Hakai y el tratamiento del cáncer. 
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RESUMO 

 

O carcinoma é o tipo de cancro máis común e xorde das células epiteliais. A transición do 

adenoma ao carcinoma está asociada á perda de E-cadherina e, en consecuencia, aos 

contactos intercelulares. A E-cadherina é un supresor tumoral que se encontra regulado 

negativamente durante a transición epitelio-mesénquima (EMT), e a súa perda é un marcador 

de mala prognose durante a progresión do tumor. Hakai é unha E3 ubiquitina-ligasa que media 

a ubiquitinización da E-cadherina, a súa endocitose e a súa conseguinte degradación. Aínda 

que a E-cadherina é o substrato máis coñecido de Hakai, outras dianas moleculares reguladas 

por Hakai poden estar implicadas na plasticidade celular durante a progresión tumoral. Neste 

traballo empregamos a técnica iTRAQ para explorar novas vías moleculares implicadas na EMT 

inducida por Hakai. Os nosos resultados mostran que Hakai pode ter unha influencia 

importante sobre proteínas relacionadas co citoesqueleto, proteínas extracelulares asociadas 

co exosoma, proteínas relacionadas co ARN e proteínas implicadas no metabolismo. Entre as 

proteínas reguladas por Hakai, describimos a Anexina A2 coma un novo posible substrato de 

Hakai. Ademáis, describimos una relación entre Hakai e o complexo chaperona da proteína 

Heat shock protein 90 (Hsp90). Tamén, os nosos resultados revelan que a inhibición 

farmacolóxica de Hsp90 con geldanamicina resulta na degradación de Hakai vía lisosoma. Así, 

propoñemos a Hakai como unha nova proteína cliente da chaperona Hsp90, destacando un 

novo mecanismo polo cal os inhibidores de Hsp90 poden influir no proceso de EMT mediado 

por Hakai e no tratamento do cancro. 
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ABSTRACT 

 

Carcinoma is the most common type of cancer and arises from epithelial cells. Transition from 

adenoma to carcinoma is associated with the loss of E-cadherin and, in consequence, the 

disruption of cell−cell contacts. E-cadherin is a tumor suppressor which is down-regulated 

during epithelial-to-mesenchymal transition (EMT), and its loss is a predictor of poor prognosis 

during tumor progression. Hakai is an E3 ubiquitin-ligase that mediates E-cadherin 

ubiquitination, endocytosis and consequent degradation. Although E-cadherin is the most 

established substrate for Hakai activity, other regulated molecular targets for Hakai may be 

involved in cancer cell plasticity during tumor progression. In this work we employed an iTRAQ 

approach to explore novel molecular pathways involved in Hakai-driven EMT. Our results show 

that Hakai may have an important influence on cytoskeleton-related proteins, extracellular 

exosome-associated proteins, RNA-related proteins and proteins involved in metabolism. 

Among Hakai-down-regulated proteins, we describe Annexin A2 as a new possible susbtrate 

for Hakai. Moreover, we also report an interaction between Hakai and the heat shock protein 

90 (Hsp90) chaperone complex. Besides, our results reveal that the pharmacological inhibition 

of Hsp90 with geldanamycin results in the degradation of Hakai in a lysosome-dependent 

manner. Based on that, we propose Hakai as a new client protein of Hsp90 chaperone 

highlighting a new mechanism by which Hsp90 inhibitors may influence Hakai-mediated EMT 

process and cancer treatment. 
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1. Cancer epidemiology 
 
Nowadays, cancer constitutes a high prevalence disease and the second cause of death in the 

world, showing an increasing rate of mortality due to the aging of population and the modern 

life acquired habits. According to National Institute of Cancer, the forecast is that the number 

of new cases of cancer increases from 14,1 million in 2012 up to 23,6 million in 2030. According 

to the World Health Organization, one out of six deaths in the world is due to cancer disease, 

and around a third of these deaths are related to five principal risk factors, such as high index 

of body mass, bad eating habits, alcohol intake, sedentary life and smoking. Besides these risk 

factors, cancer incidence is also determined by genetic factors and exposure to external agents 

such as ultraviolet radiation, chemical contaminants (arsenic, aflatoxins, tobacco smoke) and 

biological factors such as some types of virus, parasites and bacteria. According to data 

published by GLOBOCAN in 2018, up to date, lung, breast and colorectal cancers constitute the 

most prevalent types of cancer, and lung, colorectal and stomach cancers, those with a greater 

mortality in both sexes (Figure 1). 

 

According to GLOBOCAN, in 2018, the most common type of cancer in the world among male 

population is lung cancer (14,5 %), followed by prostate cancer (13,5 %), and colorectal cancer 

(10,9 %) (Figure 2A). Among worldwide female population, the most incident type of cancer is 

breast cancer (24,2 %), followed by colorectal cancer (9,5 %) and lung cancer (8,4 %) (Figure 

2B). Data of incidence and death cases of cancer vary between continents. Nowadays, Asia is 

Figure 1. Estimation of new cancer cases and deaths during 2018. Number of estimated deaths (A) and 

number of new cases (B) of different types of cancer among global population in the world in 2018.  Image 

obtained from International Agency for Research on Cancer. Source: GLOBOCAN, 2018. 

https://gco.iarc.fr/today/online-analysis-pie. 

https://gco.iarc.fr/today/online-analysis-pie
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the continent with the highest incidence due to the exposure to contaminants and to the 

dietetic habits, followed by Europe with the second highest rate of cancer incidence. According 

to National Institute of cancer, in 2012 57 % of new cases of cancer and 65 % of death cases 

were focused in less developed regions, such as Africa and Central America, due to the scarce 

preventive campaigns and the lack of assistance resources. On the other hand, more 

developed countries, such as United States, have experimented a marked decrease for the past 

two decades in the number of cases of cancer deaths. This fact is due to new advances and 

preventive campaigns, which caused a reduction of 26 % of death cases in 2015 compared to 

those reported in 1991 by American Cancer Society. 

Figure 2. Incidence of different types of cancer in the world.  Cancer incidence distribution among male 

(A) and female (B) population. Data obtained from International Agency for Research on Cancer. Source: 

GLOBOCAN, 2018. https://gco.iarc.fr/today/online-analysis-pie. 

https://gco.iarc.fr/today/online-analysis-pie
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In Spain, colorectal cancer is the most prevalent in both sexes (13,7 %), followed by breast 

cancer in women (12,1 %) and prostate cancer in men (11,7 %) [1]. 

2. Tumors of epithelial origin: carcinomas 

2.1. General introduction 

Carcinoma is currently the most common type of cancer and it is characterized for emerging 

from epithelial cells, including those conforming the skin and those conforming the epithelium 

lining internal organs, such as intestine, lung or breast. Epithelial cells are characterized for 

being settled down as one or various layers and for being anchored between them and to a 

basal membrane, thus constituting a polarized and integral tissue. In vertebrates, epithelial 

cells are connected to each other by four different types of cell junctions, such as: 1) tight 

junctions, responsible of the impermeability of soluble molecules between epithelial layers 

and mainly mediated by occludins, claudins and junctional adhesion molecules (JAM); 2) Gap 

junctions, mainly mediated by connexins, which are responsible of connecting the cytoplasm 

of adjacent cells allowing molecule exchange; 3) desmosomes, a strong structure specialized 

in cell-cell adhesion, located in plasma membrane and constituted by different cadherin 

members, such as desmoglein or desmocollin, which link to intermediate filaments; and 4) 

adherens junctions, which are adhesive structures regulated in a calcium-dependent manner 

and constituted by transmembrane proteins, including cadherins and nectins (Figure 3). 

Cadherins mediating adherens junctions were first described by Takeichi, Kemler and Jacob as 

a cell-cell adhesion-mediating superfamily of 20 members. Among this superfamily, most 

described proteins have been classical cadherins, which include epithelial (E), neural (N), 

placental (P), vascular-endothelial (VE), kidney (K) and retinal (R) cadherins. Extracellular 

regions of cadherins and nectins mediate adhesion to adjacent cells, while their intracellular 

regions interact with multiple proteins responsible of the dynamics of adherens junctions by 

their interaction with actin cytoskeleton and the activation of different signaling pathways [2, 

3]. 

In addition to cell junctions, epithelial cells are also anchored to the extracellular matrix by 

hemidesmosomes and focal adhesions, which guarantee lateral but not vertical movements, 

therefore facilitating the maintenance of the epithelium structure and preventing them from 

crossing the extracellular matrix [4]. Altogether, cell-cell junctions and cell-matrix junctions 

constitute an impassable protective barrier that protects body surfaces, ducts, gut and glands, 
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and are essential for the maintenance of a healthy epithelial structure [5]. However, in certain 

pathologies including cancer, the loss of this characteristic structure may induce the beginning 

of a carcinogenic process.  

The emergence of carcinoma is based on the disruption of cell-cell junctions and cell-matrix 

junctions, thus causing the loss of the characteristic apico-basal polarity of epithelial cells and 

the architecture of epithelial tissue. Carcinoma usually arises in the basal layer of the 

epithelium by the appearance of a pre-malign lesion, and remains as a benign located lesion 

limited to the epithelial cell layer. Over time, carcinoma cells can disrupt the basal membrane 

and initiate invasion thanks to the acquisition of invasive properties and the ability to degrade 

the extracellular matrix, turning the benign lesion into a malignant lesion called primary tumor. 

During this process, tumor and stromal cells secrete different molecules, such as extracellular 

matrix metalloproteinases (MMPs), which allow them to degrade extracellular matrix and 

invade. Parallelly, tumor cells secrete angiogenic factors which induce de formation of blood 

Figure 3. Schematic representation of proteins constituting epithelial cell junctions. Tight junctions, 

adherens junctions, desmosomes, Gap junctions and hemidesmosomes are conformed by different 

intracellular and transmembrane proteins represented in the image. Image obtained from Shilova et al., 

2018. 
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vessels around the tumor, providing the tumor the oxygen and nutrients necessary for 

proliferation [6]. This process, known as angiogenesis, gives tumoral cells the ability to 

intravasate into the bloodstream and migrate to distant organs, where they can extravasate 

and constitute new micrometastases [7]. These lesions can eventually initiate an uncontrolled 

proliferation and give rise to secondary tumors called metastases or macrometastases. This 

event implies a worse prognosis for the patient, since they are currently responsible of 90% of 

cancer deaths (Figure 4).  

These events are caused due to the combination of multiple factors, such as mutations or 

epigenetic modifications that regulate the expression of different genes, including tumor 

suppressors, oncogenes or genes related to DNA repair. Taken together, these alterations give 

cells typical physiological qualities of tumoral cells, such as the ability to evade programmed 

cell death or apoptosis, to proliferate uncontrollably, to stimulate angiogenesis and to invade 

and metastasize [8]. 

Figure 4. Main steps during carcinoma formation, tumor progression and metastasis. Genetic cell 

instability may eventually give rise to a neoplastic lesion with high cellular proliferation which can derive 

in a carcinoma in situ. Some of the tumoral cells may acquire the ability to migrate and invade 

extracellular matrix and to reach blood vessels. Tumoral cells can intravasate and migrate through the 

bloodstream to distant organs, where they can extravasate and form distant metastasis. Image obtained 

from Buijs and van der Pluijm, 2009. 
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2.2. Carcinoma classification systems  

There exist different cancer staging systems that can define anatomical extent of cancer. 

Usually, different stages are referred to the size of the tumor and whether there has been an 

extension of it from the primary tumor to lymph nodes or secondary organs. The 

determination of the tumor stage is performed by doctors through the use of diagnostic 

techniques, such as X-rays, magnetic resonance, imaging, biopsies or other laboratory tests. 

All these test help to determine not only the existence of a tumor, but also the extent of the 

disease.   

The American Joint Committee on Cancer (AJCC) and the Union for International Cancer 

Control (UICC) provide TNM system as the common staging classification for stablishing the 

scope of the disease. TNM system is based on a letter and number classification meaning: 

- T: primary tumor 

- N: number of affected lymph nodes 

- M: presence of metastasis in distant organs 

Meaning of each letter and number is summarized in the following table: 

Table 1. General TNM classification system. 

Tumor 

Tx Tumor cannot be measured 

T0 No evidence of primary tumor 

Tis 
Tumor in situ growing in the superficial 

layer of the tissue 

T1, T2, T3, T4 
Tumor size and invasion of adjacent 

tissues. T can be also divided to provide 
further information (T3a, T3b…) 

Nodes 

Nx Lymph nodes cannot be evaluated 

N0 Lymph nodes are not affected 

N1, N2, N3 
Number and ubication of affected lymph 

nodes 

Metastasis 
M0 No cancer spread to distant organs 

M1 Cancer has been spread to distant organs 
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This common version can be modified depending on the type of cancer, so the meaning of the 

letters and numbers can change according to the scope of the disease. Moreover, TNM 

classification can be simplified in five different numerical stages:  

- Stage 0 or carcinoma in situ: abnormal cells have not spread to adjacent tissue. Is not 

considered cancer but may eventually become cancer. 

- Stage I, Stage II and Stage III: considered as cancer. Level of spread to adjacent tissues 

is represented by the stage number.  

- Stage IV: Cancer has spread to distant organs. 

Besides TNM classification, there exist other classification systems depending on the type of 

cancer, such as Dukes’ or Astler-Coller systems for colorectal cancer. Moreover, TNM 

classification is not used for brain cancer staging, as it usually spreads to other encephalic 

organs but not to lymph nodes or distant organs. Also, liquid tumors, such as lymphomas, do 

not use TNM classification but Ann Arbor staging system [9]. 

3. Epithelial-to-mesenchymal transition program (EMT) 

3.1. Physiological and pathological EMT 

During initial phases of carcinoma progression, epithelial tumor cells undergo a series of 

phenotypic and genotypic transformations encompassed in a process known as epithelial-to-

mesenchymal transition (EMT), which is associated with the initial phases of tumor progression 

and metastasis. During the EMT process, tumor cells experience genetic alterations which lead 

to the loss of their epithelial characteristics, such as an apical-basal polarity or cell-cell and cell-

matrix contacts, and acquire a mesenchymal phenotype characterized by the loss of cell 

polarity, the absence of cell junctions, the presence of pseudopodia, and the expression of 

mesenchymal markers, among others. These characteristics, confer tumor cells a greater 

capability of migration and invasiveness typical of a malignant cellular phenotype [10]. Changes 

in cell behavior and morphology are responsible of the ability of tumor cells to degrade 

extracellular matrix and to initiate migration through blood vessels and lymphatic system. This 

causes dissemination of tumor cells and thus metastases in distant organs, the latter a 

phenomenon which is facilitated by the activation of the reverse process called mesenchymal-

to-epithelial transition (MET). The appearance of secondary epithelial tumors in distant organs 

and the completion of the metastatic process constitute nowadays the main cause of death 

during cancer disease [10-12]. 
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The EMT process was first described by Greenburg and Hay in the 1980s in embryonic epithelial 

cells. They observed that embryonic epithelial cells lost their phenotype and acquired 

mesenchymal characteristics, such as cytoplasmic projections, that allowed them to 

desegregate from the primary explant and to migrate individually [13, 14]. Later on, this same 

process was described during tissue regeneration in wound healing and fibrosis. It was 

observed that skin resident keratinocytes were able to migrate across the wound to restore 

epithelial tissue integrity. Finally, as previously mentioned, EMT was associated to tumor 

progression as a pathological process. In this way, the EMT process has been described in three 

different biological contexts, among which we can find both physiological and pathological 

processes. Although all have in common the acquisition of mesenchymal characteristics, the 

way in which this phenotype is acquired varies among the different types of EMT. Currently, 

EMT can be classified in three categories according to its related biological process: 1) EMT 

type I, occurring during embryogenesis; 2) EMT type II, occurring during tissue repair or 

fibrosis; and 3) EMT type III, occurring during tumoral progression [15]. 

3.2. EMT and tumor progression  

As previously mentioned, the acquisition of mesenchymal phenotype and characteristics by 

epithelial cells is necessary to start the carcinogenic process. This phenotypic change is 

determined by the loss of epithelial markers, the loss of cell-cell and cell-matrix junctions, the 

loss of cell polarity and the ability to degrade local basement membrane, which allows cells to 

initiate the migration and invasion process and to avoid programmed cell death (Figure 5). 

Initiation of the EMT process is accompanied by the loss of epithelial markers, such as E-

cadherin, cytokeratins, zonula occludens-1 (ZO-1), desmoplakin and laminin. The loss of 

epithelial markers is accompanied by the appearance of mesenchymal markers, including N-

cadherin, Vimentin, Cadherin-11 and other proteins present in the extracellular matrix, such 

as Collagen or Fibronectin (Figure 5) [12, 16]. Also, accumulation of β-catenin in the nucleus is 

a characteristic event during EMT. E-cadherin degradation induces β-catenin accumulation in 

the cytoplasm, which allows its eventual translocation to nucleus under Wnt signaling pathway 

activation [17]. In nucleus, β-catenin activates genetic expression of different oncogenes such 

as c-Myc or Cyclin D1, thus contributing to the development of EMT process [18]. Moreover, 

EMT also entails a change on gene activation, including genes implicated in cell proliferation, 

cell differentiation, activation of anti-apoptotic pathways, cell movement or proteolytic 

digestion [19].  
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Generally, the EMT is a reversible process. Cells which have lost their epithelial phenotype and 

acquired a mesenchymal phenotype are eventually able to revert that process and get back to 

its original phenotype during MET. This ability, thanks to which cells are able to differentiate 

and dedifferentiate, is known as cellular plasticity [20]. Epithelial plasticity allows tumor cells 

to adapt to the tumor microenvironment and is essential for them to succeed during the 

metastatic process.  

However, cellular plasticity is not experienced by tumor cells at once, and tumors show a lot 

of heterogeneity during EMT process. In fact, it is possible to find cells within the same tumor 

at different stages of EMT, showing either epithelial or mesenchymal phenotypes. Given the 

genetical and phenotypical differences among tumoral cells, intratumoral heterogeneity has 

been postulated to be the responsible of anticancer drug resistance, and currently represents 

an important scientific challenge [21, 22].  

  

3.3. EMT regulation during tumor progression 

The whole cascades of signaling agents that trigger the initiation of EMT program remain still 

unclear. However, it is known that, besides protein stability, EMT is modulated at multiple 

levels, such as epigenetic, transcriptional, post-transcriptional and post-translational level [12].  

Figure 5. Molecular and phenotypic changes suffered by epithelial cells during EMT. Polarized epithelial 

cells express a series of epithelial markers which are lost during the initiation of the EMT process. During 

initial stages of EMT cells express intermediate phenotypes, expressing both epithelial and mesenchymal 

markers. Once the EMT is completed, cells acquire a mesenchymal phenotype, accompanied by the 

complete loss of epithelial markers and the expression of mesenchymal markers. Image obtained and 

modified from Kalluri and Weinberg, 2009. 
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- Epigenetics: DNA methylation, histone acetylation and phosphorylation, as well as 

their reverse processes, have been reported during EMT regulation. These changes 

may affect cell differentiation and proliferation by DNA methylation-induced silencing 

affecting cell cycle regulator proteins, such as p21 or p53. Furthermore, methylation 

can also regulate miRNAs expression, important in EMT regulation [23]. 

- Transcriptional regulation: transcription of genes encoding proteins implicated in cell 

adhesion is highly regulated during EMT. Some transcription factors, such as Snail, 

Slug, ZEB1, ZEB2 and Twist, have been described to be activated during EMT and to 

cause repression of E-cadherin transcription, thus contributing to the loss of the 

epithelial phenotype [24]. 

- Post-transcriptional regulation: alternative splicing may regulate protein isoform 

expression with antagonist functions, and thus regulate the EMT process. CD44 splice 

isoform switching has been reported to be essential during EMT in breast cancer [25]. 

In addition, EMT has been widely reported to be regulated by miRNA-mediated 

control of gene expression. miR-200 and miR-34 have been described to interact with 

ZEB and SNAI1 mRNA and down-regulate its expression, thus increasing epithelial 

differentiation [26]. Other miRNAs have been related to poor outcome in cancer 

progression, such as miR-21, miR-373 or miR200c [27-30]. 

- Post-translational regulation: modification of transcription factors, such as 

phosphorylation, SUMOylation, or glycosylation, have also been reported to play a 

regulatory role during EMT process. Specifically, protein phosphorylation may 

promote ubiquitin-mediated proteasome degradation of important EMT regulatory 

proteins. For example, Glycogen synthase kinase 3 beta (GSK-3β) phosphorylates Snail 

and induces its ubiquitination and proteasome degradation. On the other hand, Snail 

can also be phosphorylated by the Protein kinase D1 (PKD1), which induces its 

transcriptional repression [31]. 

Due to the great complexity and relevance of the EMT process in the progression of cancer 

disease, the study of those proteins and genes whose expression is altered during the EMT is 

being deeply studied. Identification of new EMT regulated targets may lead to the design of 

new possible therapeutic targets for cancer progression treatment and prevention. 
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3.4. E-cadherin as a hallmark of EMT process 

As previously mentioned, E-cadherin is one of the most characterized cadherins in epithelial 

cells. E-cadherin contributes to cell-cell adhesion and is described as tumor suppressor that 

plays an anti-invasive and anti-metastatic role. Nowadays, its loss is considered a hallmark of 

the EMT process.  

E-cadherin is a 120 kDa single-pass transmembrane glycoprotein present at the basolateral 

membrane in adherens junctions of epithelial cells and responsible of the maintenance of Ca2+ 

dependent cell-cell adhesion. It consists of an extracellular domain with five tandem repeated 

domains, a transmembrane domain and an intracellular domain bound to p120-catenin and β-

catenin, which links E-cadherin to actin cytoskeleton through its union to α-catenin (Figure 6) 

[32, 33]. 

 

Given the importance of E-cadherin in cancer, the mechanisms involved in its inactivation have 

been extensively studied. Different mechanisms have been described so far for E-cadherin 

down-regulation, including regulation at a genetic or epigenetic level, transcriptional level and, 

more recently, post-transcriptional level: 

Figure 6. Structure of the E-cadherin complex mediating adherens juntions. Intracellular domain of E-

cadherin binds to β-catenin and p120ctn. The complex is linked to actin cytoskeleton through α-catenin. 

Extracellular domains of adjacent cells bind to each other by calcium activated dimerization. Image 

obtained from Gall and Frampton, 2013. 
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- Genetic and epigenetic regulation: alterations in CDH1 gene encoding E-cadherin 

causes the loss of its functionality. CDH1 was found to experiment somatic mutations 

in different types of cancer, such as breast cancer and gastric cancer [34]. Germline 

mutations were also detected in CDH1 gene for lobular breast cancer and gastric 

cancer [35]. Moreover, CDH1 promoter can be methylated in different carcinoma cell 

lines causing E-cadherin silencing. Prostate, gastric and breast tumor lesions showed 

a methylated E-cadherin promoter compared to adjacent healthy tissue [36, 37]. In 

gastric cancer, methylation of E-cadherin promoter was related to Helicobacter pylori 

infection or Epstein Barr Virus (EBV) infection [38, 39]. It has also been suggested that 

E-cadherin promoter methylation is related to epigenetic regulation caused by 

Methyl-CpG-binding protein 2 (MECP2) and histone deacetylation [40, 41]. 

 

- Transcriptional regulation: control of E-cadherin down-regulation has also been 

described to occur at transcriptional level. Different transcription factors are 

responsible of transcriptional regulation of E-cadherin such as, Twist, Snail, ZEB-1, 

ZEB-2, E47 and Slug. These were described to repress E-cadherin expression through 

its binding to the E-box situated near CDH1 promoter [42-48]. 

 

- Post-translational regulation: different mechanism of E-cadherin post-translational 

regulation have also been described such as glycosylation, proteolysis or 

phosphorylation. E-cadherin N-glycosylation was reported in gastric carcinogenesis to 

induce tumor cell invasion [49]. Also, proteolytic degradation of E-cadherin was 

described to occur under the action of different metalloproteases (MMPs), such as 

MMP2, MMP3, MMP7, MMP9 and MMP14, resulting in a soluble form of E-cadherin 

of 80 kDa [50].  Phosphorylation is one of the most described posttranscriptional 

processes to regulate proteins of intercellular junctions [51]. Different kinases were 

described to participate in E-cadherin regulation, such as Epidermal growth factor 

receptor (EGFR), Casein kinase 1 (CK1),  Insulin-like growth factor 1 receptor (IGF-1R), 

MET Proto-oncogene receptor tyrosine kinase (c-Met) and Proto-oncogene tyrosine-

protein kinase Src (Src) [52-56]. Also, miRNAs such as miR-9, miR-10b, miR-31, miR-

192, miR-205, miR-665 and some members of miR-200 family were reported to 

regulate E-cadherin levels. These miRNAs suppress the activity of the previously 



INTRODUCTION 

15 
 

mentioned transcription factors implicated in E-cadherin transcriptional repression, 

thus inducing E-cadherin recovery [57].  

In 2002, Yasuyuki Fujita and collaborators described the first post-translational regulator for E-

cadherin. This regulator was named Hakai, which means destruction in Japanese. Hakai is an 

E3 ubiquitin-ligase that is part of the ubiquitination system, whose function is to bind to 

specific substrates, such as Src-phosphorylated E-cadherin, and to induce its ubiquitination and 

subsequent lysosomal degradation [56].  

4. The ubiquitination system 

4.1. Overview of the ubiquitination system 

Ubiquitin molecule was firstly discovered in 1975 by Gideon Goldstein and it was described as 

a 8,6 kDa ubiquitous protein [58]. Later, in 1980s, Avram Hershko, Aaron Ciechanover and Irwin 

A. Rose described ubiquitin as a component of the ubiquitination pathway, a new mechanism 

of protein degradation, for which they were awarded with the Nobel Prize in Chemistry in 

2004. 

Ubiquitination is as an ATP-dependent ubiquitin-mediated protein degradation system. It 

consists in a two-step degradation system based in the substrate tagging by multiple ubiquitin 

molecules and its subsequent degradation and recycling of the ubiquitin [59]. Later, Hershko 

and Ciechanover described three enzymes that collaborate giving rise to a chain process that 

facilitates the marking and degradation of selected proteins (Figure 7) [60]: 

- E1 activating enzyme: responsible of ubiquitin activation in an ATP-dependent 

reaction.  

 

- E2 conjugating enzyme: responsible of ubiquitin conjugation. The E2 enzyme receives 

the activated ubiquitin from the E1 enzyme and transports it until it couples with the 

substrate-specific E3 ubiquitin-ligases.  

 

- E3 ubiquitin-ligase enzyme:  responsible of ubiquitin binding to the substrate protein. 

E3 ubiquitin-ligases receive the activated ubiquitin from E2 enzyme and transfer it to 

specific signalized substrate molecules in order to induced their targeting for 

proteasome, lysosome or autophagy degradation. Due to their substrate specificity, 
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E3 ubiquitin-ligases constitute a big and heterogeneous group of enzymes, existing 

more than six hundred in humans. Besides its main described role in proteolysis, E3 

ubiquitin-ligases were also described to play a role during activation of transcription 

factors, pointing that they also may play and important role in the nucleus [61]. E3 

ubiquitin-ligases are classified according to specific domain contents and mechanisms 

of ubiquitin transfer in three groups. Domains described in these proteins are: 1) HECT 

domain, where E3 ubiquitin-ligases receive ubiquitin from E2 enzymes and transfer it 

directly to the substrate; 2) RING domain, where E3 ubiquitin-ligases set close to E2 

enzyme to facilitate ubiquitin transferring to the substrate; and 3) HYB domain, lately 

discovered, where the dimerization of the E3 ubiquitin-ligases creates a pocket called 

HYB domain which binds to tyrosine-phosphorylated substrates. This HYB domain is 

adjacent to RING domain, thus facilitating E2 enzymes positioning [62, 63]. 

 

 

 

 

Figure 7. Ubiquitination process. Ubiquitination process is mediated by three different enzymes: E1, 

responsible of ubiquitin activation; E2, the ubiquitin conjugated enzyme; and E3, responsible of 

transferring the activated ubiquitin to specific Tyr-phosphorylated substrates and inducing its 

degradation via proteasome or lysosome. Image obtained from Gong et al., 2016.  
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4.2. Ubiquitin-mediated degradation pathways 

Ubiquitination can trigger different degradation pathways. Ubiquitin is a protein of 76 amino 

acids containing seven Lys residues that can also bind to other ubiquitin molecules, giving rise 

to polyubiquitin chains. Usually, most abundant type of ubiquitin chains is composed by 

ubiquitin monomers or poly-ubiquitin chains of Lys48 residues, which target proteins for 

proteasomal degradation. Lys63-linked poly-ubiquitin chains were also described as a label for 

lysosome degradation [64]. Besides, ubiquitin chains linked by Lys63 residues were described 

to perform different non-degradative roles, such as protein association into complexes to 

facilitate substrate access or ribosomal protein synthesis [65, 66]. Ubiquitin can not only bind 

to other ubiquitin molecules, but also suffer other modifications such as SUMOylation, 

NEDDylation, phosphorylation or acetylation, which target substrates for different metabolic 

responses [67-70]. 

Initially, experiments performed by Rudolf Shoenheimer in 1930s suggested that the major 

part of protein degradation was carried out into the lysosomes. With the discovery of the 

ubiquitin-proteasome system, this pathway started to be believed as the principal responsible 

of protein degradation. Nowadays, we know that ubiquitin-tagging of substrate may end in 

degradation via three possible pathways: proteasome degradation, lysosome degradation and 

autophagy system (Figure 8) [71]: 

- Proteasome degradation: As previously mentioned, usually Lys48 ubiquitination of 

cytoplasmic proteins targets them proteasome degradation [65]. Mammals have a 

26S proteasome, which is constituted by a 20S core particle that contains the 

proteolytic sites, and two regulatory subunits 19S with multiple ATPase active sites. 

During proteasome degradation, proteins must be unfolded by an ATPase hexamer 

and reach the 20S core. Other secondary regulatory molecules contribute to this 

process, such as Rpn10 and Rpn13 [72]. Proteasome inhibition has been studied for 

decades to understand protein degradation in vitro by using different inhibitors, such 

as MG132 or lactacystin [73]. Since 1990s many clinical trials were carried out by 

employing proteasome inhibitors for cancer therapy. These can be divided into first-

generation proteasome inhibitors (bortezomib), which target the core of the 20S 

proteasome subunit, and second-generation proteasome inhibitors (carfilzomib and 

ixazomib), which bind to the N-terminal domains of catalytic proteasome subunits. At 

the moment, only bortezomib, ixazomib and carfilzomib have been approved by the 
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FDA for its use in some liquid cancers treatment, such as multiple myeloma and 

mantle cell lymphoma. However, they did not show any promising effect for solid 

tumor treatment. Having that in mind, E3 ubiquitin-ligases have been proposed as an 

alternative approach for the treatment of solid tumors, which would also prevent side 

effects derived from the blockage of multiple protein degradation. 

 

- Lysosomal degradation: proteins present in the plasma membrane, such as receptors 

or channels, can eventually be ubiquitinated and signalized for endocytosis. Lys63-

ubiquitinated proteins are internalized into early endosomes under the action of the 

endosomal sorting complex required for transport (ESCRT). Early endosomes later 

turn into late endosomes, also known as multivesicular bodies (MVBs), which fuse 

with lysosomes for degradation. Rab family proteins such as Rab11, Rab4 and Rab7 

contribute to this process [72]. Lysosomal degradation can be prevented by 

employing different lysosomal inhibitors, such as chloroquine and bafilomycin A1. 

These drugs have been described to inhibit lysosomal activity by preventing its 

acidification, thus impairing its enzymatic function [74]. Chloroquine was first used 

for malaria treatment  and constitutes the only inhibitor approved by FDA for its use 

in clinical trials for treating tumors by late-autophagy inhibition targeting the 

lysosome [75, 76]. 

 

- Autophagy degradation: autophagy is classified in two categories: selective and non-

selective autophagy. Selective autophagy has also been described to be dependent 

on Lys63 ubiquitin tagging. Selective autophagy is based on the presence of specific 

substrate receptors on the autophagosomal membranes. Ubiquitin-dependent 

autophagy allows to select specific ubiquitin-tagged cargos into phagosomes for its 

later fusion and degradation into the lysosome without affecting any other cellular 

components. Many types of selective autophagy have been reported to be ubiquitin-

driven, such as macroautophagy, microautophagy, mitophagy or lysophagy. 

Autophagy-related protein 8 (Atg8), an ubiquitin-like protein also known as LC3 (and 

its lipidated form LC3-II), was the first protein identified in phagophores, and plays 

an important role during autophagic process [77, 78]. Early-autophagy can be 

inhibited by employing different drugs. Some drugs such as 3-methyladenine (3-MA) 

have been described to inhibit autophagy by blocking phosphatidylinositol 3-kinase 
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(PI3K) activity, thus blocking early stages of autophagosome formation [79]. Early-

autophagy inhibitors have shown little efficacy in vivo, so that late-autophagy 

inhibitors targeting the lysosome are considered a best alternative [80]. 

 

5. The E3 ubiquitin-ligase Hakai: structure and biological roles 

5.1. Hakai discovery 

As previously mentioned, the E3 ubiquitin-ligase Hakai, encoded by C-cbl like protein gene 

CBBL1, was discovered in 2002 by Yasuyuki Fujita and collaborators as the first post-

translational regulator of E-cadherin stability. Given the importance of the loss of E-cadherin 

during cancer progression it was vitally important to determine the cause of its degradation.  

By using a modified yeast-two hybrid screen, they identified one protein which was interacting 

with E-cadherin in a phosphorylation-dependent manner that they named Hakai, which means 

destruction in Japanese. The mechanism of action of Hakai on E-cadherin consists in the 

specific recognition of Src-phosphorylated pTyr753 and pTyr754 cytoplasmic residues of E-

Figure 8. Ubiquitin-dependent degradation pathways. (1) Cytosolic proteins are ubiquitinated and 

tagged for proteasomal degradation. (2) Ubiquitinated membrane proteins can be involved into 

endocytic vesicles and fuse with early endosomes, which develop into late endosomes, multivesicular 

bodies (3) and finally fuse with lysosome. (4) Cytosolic organelles or waste material can be ubiquitinated 

and tagged for selective autophagy. Image obtained and modified from Flores-Maldonado et al., 2017. 
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cadherin and the transfer of a molecule of activated ubiquitin.  E-cadherin ubiquitination 

targets it for endocytosis through the action of Rab5 and Rab7, and consequent degradation 

via lysosomes (Figure 9) [56, 81].   

 

Fujita and collaborators observed that, when inducing Src activation, E-cadherin-β-catenin 

complex was phosphorylated and cell-cell contacts were lost. They also proved that this 

phenomenon was accompanied by a redistribution of E-cadherin from cellular contacts to 

intracellular compartments. Further experiments indicated that Src induction caused not only 

the phosphorylation and internalization of E-cadherin and its binding partner β-catenin into 

endosomes, but also its ubiquitination [56] (Figure 9). Regulation of E-cadherin degradation 

through Hakai activity has been described to occur under different molecular regulatory 

mechanism. For example, Slit-Robo signaling pathway activation, CD147 overexpression, 

BTB/POZ domain-containing protein 7 (BTBD7) activity or INFγ stimulus have been reported to 

induce E-cadherin degradation in different types of cancer [82-85]. On the other hand, 

interaction between Kinesin-like protein KIFC3 and Ubiquitin carboxil-terminal hydrolase 47 

(USP47) has been reported to repress E-cadherin degradation [86]. 

Figure 9. Mechanism of post-translational regulation of E-cadherin by Hakai. E-cadherin is constituted by 

five extracellular subdomains, a transmembrane domain and an intracellular domain bound to 

p120- catenin and β-catenin. During mesenchymal transformation, Src-phosphorylated intracellular 

domain of E-cadherin is ubiquitinated by Hakai and induced to endocytosis through the action of Rab5 

and Rab7. Image obtained from Aparicio et al., 2012. 
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5.2. Hakai structure 

E3 ubiquitin-ligase Hakai was firstly described to have a similar structure to Cbl E3 ubiquitin-

ligases, consisting in three domains: an N-terminal phosphotyrosine-binding domain, a central 

RING finger domain and a C-terminal proline-rich domain. Later on, by molecular assays, it was 

described that Hakai contained the same three domains as Cbl ubiquitin ligases structured in 

a different order: N-terminal RING finger domain, central p-Tyr binding domain and a C-

terminal proline-rich domain (Figure 10A) [56, 62]. A decade after, it was discovered that Hakai 

and Cbl E3 ubiquitin-ligases were not actually homologues. In 2012, Mukherjee and 

collaborators reported that Hakai pTyr-binding domain was actually constituted by and 

homodimer formed by two monomers of zinc-finger domains interacting in an anti-parallel 

way. Each finger domain was constituted by a N-terminal RING domain and a C-terminal pTyr-

binding domain with a coordinated zinc motif. This domain integrated by the RING domain and 

pTyr-binding domain was called HYB domain (aa 106-206), and constitutes Hakai binding 

pocket during dimerization [63]. Each HYB monomer is completed with a C-terminal proline-

rich domain. Also, zinc coordination to the HYB pTyr-binding domain is essential for Hakai 

dimerization and binding pocket formation, which is essential for interaction with its 

phosphorylated targets. In the case of E-cadherin, this interaction is strictly dependent on the 

recognition of specific phosphorylated Tyr residues by Hakai (Figure 10B) [63, 87]. This fact 

may be indicative of the preference of Hakai for Src substrates, as Src usually phosphorylates 

tyrosine residues followed by a specific sequence (Y(p)-E-E-I/V) [88]. 

A 

 

B 

 

Figure 10. Hakai structure. (A) Initially described monomeric structure for Hakai E3 ubiquitin-ligase 

published by Fujita and collaborators in 2002. (B) Homodimeric structure of Hakai described by 

Mukherjee and collaborators. Images obtained from Mukherjee et al., 2012. 



INTRODUCTION 

22 
 

They also found that Hakai shares structure similarities with other RING finger E3 ubiquitin-

ligases, but contains a zinc-coordinated pTyr-binding domain structurally unique until the 

moment. For now, the presence of this unique HYB domain was only found in testis-specific E3 

ubiquitin-ligase ZNF645. ZNF645 E3 ubiquitin-ligase was able to interact with E-cadherin but 

not with other described substrates for Hakai such as Cortactin, suggesting that, despite they 

structural homology, they may have different subsets of targets [63]. 

5.3. Hakai functional role: impact on tumor progression 

Given Hakai activity on E-cadherin degradation, and the importance of E-cadherin for the 

maintenance of cell-cell contacts and thus the epithelial phenotype, Fujita and collaborators 

suggested a possible role of Hakai in tumor progression [56]. 

In 2009, Figueroa and collaborators firstly described the role of Hakai in cell proliferation and 

oncogenesis. Hakai stable overexpression in MDCK epithelial cell line showed to have an effect 

on cellular phenotype, leading to the loss of the epithelial phenotype and cellular contacts 

characteristic of the wild-type line and to the acquisition of a more fibroblastic phenotype and 

cellular dynamic protrusions. Expression of E-cadherin in Hakai-overexpressing cells and its 

localization in cell-cell contacts was lost compared to non-transformed MDCK cells, which 

suggested that Hakai might be effectively inducing the degradation of E-cadherin and the 

subsequent acquisition of a mesenchymal phenotype. Hakai overexpression was also 

responsible of an increase in cellular proliferation by promoting the transition from G0/G1 

phase of cell cycle to S phase in an E-cadherin independent manner [89]. Besides, subsequent 

studies proved that Hakai-overexpressing cells showed oncogenic potential in soft agar, a 

reduced substratum adhesion and a greater invasiveness compared to parental MDCK cells 

[90]. 

Hakai expression was also examined in healthy colon tissue and colon adenocarcinoma human 

samples. An increased expression of Hakai in both nucleus and cytoplasm was detected in 

colon cancer compared to healthy tissue [89]. Further results obtained by 

immunohistochemistry in human colorectal cancer samples proved that Hakai expression 

increases progressively in different stages of patient samples, and it was proposed as a novel 

biomarker in colon cancer progression [91, 92]. Hakai expression was also studied in other 

types of cancer. For example, Hakai was reported to be up-regulated in non-squamous cell 

lung carcinoma (NSCLC) and to be involved in proliferation, invasion and migration and in the 
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acquired resistance of NSCLC cells to cisplatin treatment [93, 94]. Indeed, Hakai was related to 

EGFR inhibitor (TKI) gefitinib resistance in NSCLC with EGFR-activating mutations [95]. Based 

on this data, authors suggest that Hakai might be a good target to silence when treating NSCLC 

in order to increase the efficiency of the chemotherapy treatment [94]. Moreover, Hakai was 

also reported to act as an oncogene in hepatocellular carcinoma (HCC) [83, 96]. For example, 

Hakai was described to mediate Ajuba neddylation in HCC which, in turn, was reported to act 

as a tumor suppressor despite its role as an oncogene described in other types of cancer [96].  

The role of Hakai was also studied in vivo by employing a nude mice model. MDCK non-

transformed cells and Hakai-transformed MDCK cells were injected in the flank of nude mice 

and it was observed that Hakai-transformed MDCK cells were able to form tumors, while MDCK 

parental cells were not. Histological analysis confirmed that Hakai overexpression increased 

oncogenic potential in vivo, proliferation and mitosis, confirming its role as an oncogene. 

Besides, Hakai-transformed MDCK cells showed the ability to infiltrate blood vessels and 

adjacent tissues and to form distant micrometastasis, thus proving the important role of Hakai 

during carcinoma progression not only in vitro but also in vivo [91, 92]. Moreover, although 

not related to an oncogenic activity, Hakai has also been described to play an important role 

in vivo in plant development in Arabidopsis thaliana and in embryonic development in 

Drosophila melanogaster, pointing also to a possible role during physiological EMT. [97, 98].  

Results obtained so far indicate that Hakai plays a role as an oncogene and that its inhibition 

could suppose an effective objective for the treatment of different types of cancer. However, 

Hakai has also been reported to play a role as a tumor suppressor in certain types of cancer. 

For instance, it was proved in breast cancer cell lines that Hakai acts as a corepressor of 

estrogen receptors, which are overexpressed in 70% of cases and whose activity induces rapid 

cell division, proliferation and, therefore, a rapid tumoral cell growth [99]. 

So far, Hakai regulation has been described by few mechanisms. Hakai expression been 

reported to be down-regulated by miR-203 and vinflunine (VLF) treatment. As previously 

mentioned, miRNAs play an important role during carcinogenesis, as they are responsible of 

regulating important transcription factors activated in the EMT process. In this context, miR-

203 has been reported to repress Hakai expression at a post-transcriptional level [100]. On the 

other hand, VLF treatment was reported to induce Hakai degradation and E-cadherin recovery 
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in bladder cancer cells [101]. However, finding new mechanisms of Hakai regulation might be 

an important fact for targeting its oncogenic activity as a cancer therapy.  

5.4. Hakai interacting proteins 

Most of the E3 ubiquitin-ligases have several substrates to target for their ubiquitination, 

helping them to interconnect different cellular process [102]. So far, E-cadherin is the best 

described substrate for Hakai, however, Hakai was described to be ubiquitously expressed, 

even in those tissues where E-cadherin is not expressed, such as skeletal muscle or spleen. This 

fact indicates that the role of Hakai may go far beyond E-cadherin degradation by acting on 

other substrate proteins [89]. Based on this hypothesis, the search for other possible 

substrates of Hakai has aroused interest in the past few years. 

There is experimental evidence that Hakai interacts and induces degradation of other Src-

phosphorylated proteins such as Cortactin and DOK-1, suggesting that Hakai might be 

implicated in their regulation [63]. However, the functional significance of the regulation of 

Cortactin and DOK-1 remains to be elucidated. Moreover, other Src-phosphorylated proteins 

were identified in this same study as Hakai-binding proteins by mass spectrometry analysis 

[63], including Protein phosphatase 1B isoform 1 (PPM1B), Protein phosphatase 1A (PP1A), 

Protein Phosphatase 1 regulatory subunit 12A (MYPT1), Casein kinase 1 delta (KC1D), Casein 

Kinase 1 isoform epsilon (KC1E), cAMP-dependent protein kinase type 1-alpha regulatory 

subunit (KAP0), Interleukin enhancer-binding factor 2 (ILF2), Insulin receptor substrate 4 

(IRS4), Interleukin-1 receptor associated kinase 1 isoform 3 (IRAK1), Tyrosine-protein kinase 

JAK1 (JAK1), Protein kinase C iota (KPCI), Protein kinase C delta (KPCD), Isoform 1 of Nck-

associated protein 1 (NCKP1),  Rho GTPase activating protein 21 (RHG21), Human Rab GDI 

(GDIA), LIM domains containing 1 (LIMD1), Phosphoinositide-3-kinase regulatory subunit 4 

(PI3R4), Phosphatidylinositol 4-kinase alpha (PI4KA), E3 ubiquitin-protein ligase BRE1B (BRE1B) 

and E3 ubiquitin-protein ligase BRE1A (BRE1A) [63]. Besides, Hakai was also reported to 

interact via its HYB domain with Ajuba (a scaffold protein and Wnt signaling pathway regulator) 

and to regulate its turnover via neddylation [96].  

However, Hakai has also been described to interact with and regulate other proteins in a E3 

ubiquitin-ligase independent manner. For example, it was reported to interact and positively 

regulate PTB-associated splicing factor (PSF) RNA-binding activity without detecting any 

ubiquitination [103, 104]. Also, interaction between Hakai and estrogen receptor (ER)-α-
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positive was reported to inhibit ERα activity by blocking the union of coactivators SRC-1 and 

SRC-2, responsible of ERα transactivation [99]. Similarly, Hakai induces Src stabilization and a 

consequent increase in δ-catenin Tyr-phosphorylation and stability. This Hakai-mediated δ-

catenin stabilization diminishes its affinity to GSK-3β, preventing δ-catenin ubiquitination and 

degradation and activating β-catenin oncogenic signaling [105]. 

Hakai has also been reported to interact with mRNA and to play a regulatory role at 

transcriptional level. Besides its role on regulating PSF RNA-binding activity, interaction 

between Hakai and splicing regulator Will’s tumor 1-associating protein (WTAP) has been 

described to influence mRNA methylation [106, 107]. Moreover, Hakai has also been described 

to participate in mRNA methylation in Arabidopsis thaliana, thus influencing plant 

developmental decisions during pattern formation [97]. This fact points to a possible relevance 

of Hakai during development of eukaryotic organisms. 

Given the importance of Hakai during tumor progression and metastasis, it has been proposed 

as a promising strategy for cancer therapy. So far, only three drugs based on proteasome 

inhibition have been approved for cancer treatment without successful results in solid tumors. 

Therefore, focusing on targeting specific E3 ubiquitin-ligases, such as Hakai, is proposed as a 

new therapeutic strategy for cancer treatment, and it is considered a good alternative to 

proteasome inhibition.  Inhibition of E3 ubiquitin-ligases could reduce side effects derived from 

non-specific proteasome inhibition therapy and increase its efficacy in carcinoma tumors. In 

this context, the study of new proteins regulated by Hakai may, therefore, lead to the discovery 

of new EMT modulators. 

6. Galectin-3: structure and impact on tumor progression 

6.1. Galectin family and structure 

Galectins are mammalian carbohydrate-binding proteins which have the ability to bind to 

carbohydrates linked to other proteins and lipids, preferentially located in the extracellular 

matrix or cell surface. Galectins are able to recognize a minimal structure called lactosamine 

(Galβ1-4GlcNac) contained in N-glycans and O-glycans branches of glycoproteins [108].  

Galectin family is constituted by 15 proteins which share similar structure. They are basically 

constituted by a carbohydrate-recognition domain (CRD domain) of about 130 amino acids 
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composed by two antiparallel β-sheet, which conform the binding pocket for glycans ligands 

[109]. This carbohydrate binding site shows a high evolutionary conservation with a slight 

variation between galectins and it is responsible of the specificity of each galectin binding to 

different oligosaccharides [110].  

Structurally, galectins can be divided into three subfamilies: prototype galectins, chimera 

galectins and tandem-repeat galectins. Prototype galectins consist in monomer synthesized 

galectins which can dimerize in an antiparallel manner (e.g Galectin-1). Chimera-type galectins 

group is only integrated by Galectin-3 and consist in a CRD domain and a N-terminal domain. 

They can be found as dimers or as multimers linked by their N-terminal domain. Finally, 

tandem-repeat galectins are constituted by two CRD domains bound by a flexible peptide 

linker which can oligomerize via their N- and C-terminal domain (Figure 11) [108].    

 

Galectins are synthesized in free ribosomes in the cytoplasm. Once synthesized they can exert 

intracellular functions or be secreted by non-classical secretory pathways. Extracellularly, 

Galectins can act by binding to cell-surface and extracellular matrix glycoproteins or glycolipids 

and activate important signaling pathways [111].  

 

  

Figure 11. Schematic representation of the three different groups of galectins.  (A) Prototype galectins 

constituted by a CRD which can be found in dimers. (B) Chimeric Galectin-3 constituted by a CRD domain 

and an N-terminal domain which can be found in oligomers. (C) Tandem-repeat galectins constituted by 

two different CRDs linked by a flexible linker which can form oligomers through their N- and C-terminal 

domains.  Image obtained from Thiemann and Baum, 2016. 
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6.2. Galectin-3 implication in cancer 

Thanks to their intracellular and extracellular functions, galectins play important roles in 

different biological processes, including some affecting cancer development. For example, 

some galectins, such as Galectin-1 and Galectin-3, have been reported to promote tumor cell 

transformation by interacting with oncogenic Ras. Furthermore, Galectins have been 

extensively described to play an anti-apoptotic role in different tumor cell lines [112]. 

Extracellularly, Galectins have also been related to metastatic process thanks to its ability to 

disrupt cell-cell adhesion and to facilitate the union of tumoral and endothelial cells [113, 114]. 

Also, galectins favor tumor invasiveness by binding to cell surface receptors implicated in the 

migration process and by inducing the angiogenic process [115-117]. 

Specifically, within galectin family, Galectin-3 has been extensively studied in relation to cancer 

disease. It has been described to be expressed in many types of cancer, however, its expression 

varies depending on the type of tumor and metastatic state, showing an increased expression 

in colon, bladder or breast carcinomas among others. So far, Galectin-3 has been extensively 

related to cell adhesion, apoptosis, proliferation, angiogenesis and metastasis [118].  

Regarding its role in cell adhesion, Galectin-3 has the ability to mediate cell-matrix and cell-cell 

adhesion given its ability to form oligomeric structures in the extracellular space [119, 120]. 

Extracellular Galectin-3 was reported to bind to integrins, thus promoting their clustering and 

regulating tumor cell migration [111]. Also, Galectin-3 interaction with β-catenin was reported 

to activate Wnt signaling pathway and to affect E-cadherin-mediated cell adhesion [121-123]. 

Moreover, Galectin-3 was reported to interact with Annexin A2 located in the plasma 

membrane and to promote cell migration [124]. 

Despite the unquestionable pro-tumoral role of Galectin-3, the down-regulation of this protein 

has also been linked to the progression of some types of tumors. For example, Galectin-3 

down-regulation was reported in cholangiocarcinoma, gastric cancer, endometrial cancer and 

breast cancer compared to healthy samples [125-128]. Moreover, pro-tumoral or anti-tumoral 

role of Galectin-3 during cancer progression depends on the type of cancer and the localization 

of Galectin-3. For example, Galectin-3 cytoplasmic accumulation in prostate cancer is related 

to cancer progression, however, its nuclear localization is related to metastasis inhibition and 

increased apoptosis [129].  Also, Galectin-3 localization in the cytoplasm was related to a more 



INTRODUCTION 

28 
 

invasive phenotype that when located in both nucleus and cytoplasm in endometrial cancer 

[127].  

So far, a uniform pattern of expression of Galectin-3 in cancer has not been described. 

Therefore, this protein has been proposed both as a new target for therapeutic strategies and 

as a biomarker of good prognosis. Having that in mind, deepen the study of Galectin-3 

mechanisms of regulation might be interesting in order to understand its controversial 

behavior and to develop different therapeutic strategies in which Galectin-3 may be involved. 

6.3. Galectin-3 mechanisms of regulation 

Interestingly, Galectin-3 was reported to suffer different post-translational modifications, such 

cleavage and phosphorylation, that might regulate its activity and localization. Authors have 

reported that Galectin-3 can be phosphorylated by three different kinases which are 

responsible of its functional regulation, such as c-Abl, CK1 and GSK-3β [130]. Specifically, 

Galectin-3 phosphorylation by c-Abl was reported to prevent it from lysosomal degradation 

and to affect cell morphology and migration in breast cancer cells [131, 132]. This background 

evidences that Galectin-3 is actually phosphorylated by multiple kinases in different Ser and 

Tyr residues, including c-Abl, which shares structural homology with Src. 

It is admitted that Galectin-3 degradation mechanisms remain still unclear. However, it is 

logical to think that Galectin-3 intracellular down-regulation may occur by other degradation 

mechanisms independent of its extracellular secretion.  

7. Heat shock protein 90 chaperone: structure, regulation and implication 

in cancer disease 

7.1. Hsp90 family and structure 

Heat shock proteins were unintentionally discovered in 1962 by the scientist Ferruccio Ritossa 

when he changed by mistake the temperature of an incubator while performing his 

experiments in Drosophila melanogaster. He observed that chromosomes had swollen due to 

the heat shock. Heat shock activated genes gave rise to stress-induced overexpressed proteins, 

which he named “heat shock proteins” due to their first observation under elevated 

temperature conditions [133].  
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Heat shock protein 90 (Hsp90) is one of the proteins belonging to this family of chaperones. 

Hsp90 is constitutively expressed in all mammalian cells and is responsible of the folding of its 

de novo synthesized or misfolding client proteins in an ATP-dependent manner, allowing the 

correct preservation of their activity [134]. In mammals, four different isoforms belonging to 

the Hsp90 chaperone family have been described according to the cellular compartment 

where they are located [135]. There exist two major cytoplasmic isoforms of Hsp90, known as 

Hsp90α (major/inducible form) and Hsp90β (constitutive/minor form), which share 76% 

homology; the Hsp90 analogue GRP94 (94 kDa glucose-regulated protein), which is located at 

the endoplasmic reticulum; and the Hsp90 analogue TRAP1 (tumor necrosis factor receptor 

associated-protein 1), which can be found in the mitochondria [136, 137]. Later, Hsp90N was 

described as a new isoform of the Hsp90 family implicated in neoplastic transformation. 

However, its origin remains still unclear [138, 139].  

Hsp90 is a highly conserved protein in all the organisms. Its structure was firstly described as 

an N-terminal ATP-binding domain, a middle domain and a highly conserved C-terminal 

domain, the latter responsible of the dimerized conformation that allows its activity [140-142]. 

It was also described that binding of Hsp90 to other molecules, called co-chaperones, was 

essential for exerting its chaperone activity [143]. Nowadays, Hsp90 is described as a relaxed 

dimerized protein with an N-terminal ATP binding domain (N-domain), a middle domain (M-

domain) involved in ATP hydrolysis, and a C-terminal domain responsible of dimerization (C-

domain).  N- and M-domains are connected with a charger linker. Protein structure suffers a 

constriction during ATP-binding on the N-terminal domain, which switches its conformation to 

prepare the catalytic site for ATP hydrolysis. This switch allows co-chaperone molecules to 

have access to this pocket and to regulate the chaperone ATPase cycle, thus facilitating the 

activity of Hsp90 on its client proteins (Figure 12) [144]. 
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Hsp90 isoforms are responsible of the stabilization of many client proteins implicated in 

different aspects of the cellular physiology, such as protein trafficking, DNA damage, signal 

transduction o innate immunity. The role that Hsp90 plays on its client proteins has not only 

an impact in many cellular processes and in the maintenance of their homeostasis, but also in 

different pathological conditions, such as neurodegenerative diseases, infectious diseases and 

cancer [135, 145]. 

7.2. Inhibition of Hsp90 activity 

Hsp90 plays an important role during protein degradation, either by intervening in the 

chaperone-mediated autophagy (CMA) process or by inducing the degradation of its client 

proteins when it cannot exert its chaperone activity. Given Hsp90 chaperone activity on pro-

geldanamycin 

Figure 12. Schematic flow of Hsp90 ATPase cycle. (1) Chaperone Hsp90 initially adopts an open 

conformation favoring the access of the ATP molecule to the N-terminal domain. Hsp90 inhibitors such 

as geldanamycin can compete with ATP binding at this point. (2) Binding of ATP induces a conformational 

change. (3-4) Hsp90 adopts a closed structure and recruits the M-domain for the ATP hydrolysis. (5) 

Following hydrolysis, the molecule adopts a semi-open conformation facilitating ADP release. Once the 

cycle is finished the molecule returns to its open conformation to start a new cycle. Image obtained and 

modified from Lackie et al., 2017. 
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tumoral proteins [135], the design of compounds that inhibit Hsp90 activity and the correct 

folding of its client proteins has been deeply studied for the past decades.   

The first inhibitor described for Hsp90 was ansamycin antibiotic geldanamycin (GA) in 1994. 

Geldanamycin was shown to revert the oncogenic phenotype of v-src-transformed cells by 

binding to Hsp90 and inhibiting its function [146]. Later, structure of Hsp90 was described and, 

nowadays, geldanamycin mechanism of Hsp90 inhibition is broadly known. Geldanamycin 

binds to the ATP binding site of the N-terminal domain of Hsp90, blocking ATP binding and 

preventing ATP-dependent conformational cycling reactions responsible of its action on client 

proteins (Figure 12) [141]. However, despite its high effectivity on Hsp90 inhibition, 

geldanamycin was not success in phase I clinical trials due to its high toxicity and low solubility. 

For these reasons, geldanamycin analogues with lower toxicity and higher solubility were 

synthesized and are now being tested in different phases of clinical trials for diverse types of 

cancer. Geldanamycin analogues include tanespimycin (17-N-allylamino-17-

demethoxygeldanamycin, 17-AAG) and alvespimycin (17-Dimethylaminoethylamino-17-

demethoxygeldanamycin, 17-DMAG) [147]. 

Since the discovery of geldanamycin as the first inhibitor of Hsp90, many inhibitors of this 

chaperone have been described and subsequently divided in two different groups. The first 

group includes direct Hsp90 inhibitors, which bind to the ATP-binding site of Hsp90 in the N-

terminal domain avoiding ATP hydrolysis and, thus, the correct folding of its client proteins. 

This group includes geldanamycin (and its analogues), radicicol and the chimeric radamide 

inhibitors [148, 149]. The second group is constituted by Hsp90/co-chaperone interaction 

disruptors, such as celastrol or gedunin. These inhibitors act by interrupting the binding of 

Hsp90 and some co-chaperones, such as Cdc37, thus inducing client protein degradation [150]. 

This mechanism of action makes these inhibitors to have a more reduced spectrum of action. 

This kind of inhibition has been extensively studied in the past few years as an alternative to 

avoid a broad inhibition that could have many side effects when treating cancer disease [151].  

More recently, a second generation of inhibitors have been developed from drug screening 

procedures. These inhibitors showed some advantages compared to previously described 

inhibitors, such as greater efficiency of inhibition, prolonged inhibition capacity, reduced 

hepatotoxicity and ability to cross the blood-brain barrier, which makes them clear candidates 
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for clinical use. Among these inhibitors we can find Luminespib (AUY922), Onalespib (AT13387) 

and Ganetespib (STA-9090), all in different phases of clinical trials [152]. 

7.3. Hsp90 client protein degradation systems 

As previously mentioned, Hsp90 has been described to exert is chaperone activity on several 

proteins, including many implicated in tumor progression. Inhibition of Hsp90 chaperone 

activity prevents the correct folding of its client proteins and eventually causes their 

degradation. Protein degradation under Hsp90 inhibition has been so far reported to mainly 

occur via ubiquitin-proteasome system. However, other degradation pathways, such as 

lysosomal degradation pathway, have also been described for some Hsp90 client proteins 

[153].  

Proteasome degradation of Hsp90 client proteins was firstly described for cytoplasmic Hsp90 

client protein Cystic fibrosis transmembrane conductance regulator (CFTR) under 

geldanamycin treatment [154]. Some authors propose that during its inhibition, Hsp90 

facilitates the access of unfolded client proteins to the 20S proteasome, thus promoting their 

selective degradation [155]. Many pro-tumoral proteins, such as B-Raf proto-oncogene, were 

reported to be stabilized by Hsp90 and induced to proteasomal degradation in the presence 

of Hsp90 inhibitors [156]. On the other hand, Hsp90 inhibition with geldanamycin has been 

reported to induce IκB kinase degradation via non-CMA lysosome degradation pathway, giving 

rise to new alternative degradation pathway under Hsp90 inhibition [153]. 

E3 ubiquitin-ligases have been widely described to interact and collaborate with chaperones 

as part of the chaperone complex [157]. Specifically, Hsp90 interacts with co-chaperones, such 

as Hsp70, and recruits E3 ubiquitin-ligases to mediate their client protein degradation. This has 

been demonstrated for Cullin-5 and CHIP, both E3 ubiquitin-ligases that ubiquitinate and 

induce degradation of Hsp90 client proteins via proteasome in presence of Hsp90 inhibitors 

(Figure 13) [158, 159]. Given the huge amount of Hsp90 interacting E3 ubiquitin-ligases [160], 

it is reasonable to assume that many other E3 ubiquitin-ligases might also be taking part in 

Hsp90 client protein degradation. 
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Besides, proteasome and lysosome degradation, other mechanism of degradation has also 

been linked to Hsp90 activity. Hsp90 was reported to act as a co-chaperone member of Hsc70 

during CMA, thus playing a role during CMA degradation. However, this degradation pathway 

is usually activated under stress conditions such as starvation, oxidative stress or presence of 

toxins [161]. For example, cell treatment with oz-apraA Hsp90 inhibitor promotes degradation 

of some Hsp90 client proteins by CMA. Specifically, membrane receptors belonging to EGFR 

family, such as ErbB2, are degraded through CMA under oz-apraA treatment. This mechanism 

of degradation has been reported in cases were proteasome-mediated degradation had been 

previously described [162].  

7.4. Role of Hsp90 in cancer 

The role of Hsp90 in cancer has been extensively studied due to its chaperone activity on 

different proteins implicated in cancer progression. For the past thirty years, numerous 

proteomic studies employing different biochemical techniques have been carried out on the 

Hsp90 interactome to discover new client proteins implicated in cancer progression [145, 160]. 

At present, more than 200 proteins have been identified as Hsp90 client proteins, mostly 

consisting in transcription factors, kinases and other signaling proteins [145, 163]. Regulation 

of Hsp90 client proteins plays an important role in different cellular processes, such as cell 

survival, cell cycle regulation, DNA repair and protein folding. This contributes to the 

Figure 13. Mechanism of Hsp90 chaperone-mediated degradation. Misfolded or aggregated client 

proteins of Hsp90 are correctly folded by this chaperone under normal conditions. In presence of Hsp90 

inhibitors, such as geldanamycin and derivatives, client proteins are ubiquitinated by specific E3-ubiquitin 

ligases and induced to degradation. Figure obtained and modified from Zhang et al., 2016. 

 



INTRODUCTION 

34 
 

development of pathological conditions, including neurodegenerative diseases, infectious 

diseases and cancer [135, 164, 165].  

Regarding cancer disease, Hsp90 has been reported to regulate important signaling pathways. 

For example, AKT (Protein kinase B) is a client protein for Hsp90 involved in PI3K-AKT pathway, 

which promotes survival of cancer cells by activating different transcription factors [166]. 

Another important pathway in cancer progression is the Ras-Raf-ERK pathway, where mutated 

oncogenes N-Ras and B-Raf, both Hsp90 client proteins, participate in promoting proliferation 

and survival in cancer cells [156]. Moreover, many other Hsp90 client proteins have been 

proved to be involved in cancer progression, such as tumor suppressor p53, Hypoxia inducible 

factor HIF1-α, or Tyrosine kinase v-Src [167-169].  

Furthermore, E3 ubiquitin-ligases, which play an important role in tumor progression by 

regulating different substrates implicated in tumorigenesis, have been reported to interact 

with Hsp90. In fact, a proteomic study carried out by Taipale and collaborators indicated that 

31% of the E3 ubiquitin ligases are found between Hsp90 interacting proteins [160, 170]. 

Although there are few evidences of E3 ubiquitin-ligases as Hsp90 client proteins so far [171], 

it is reasonable to assume that additional E3 ubiquitin-ligases await to be discovered as new 

Hsp90 client proteins. 

Based in all this data, Hsp90 continues to be widely studied in relation to cancer disease. 

Specifically, description of new Hsp90 client proteins is gaining great importance with the aim 

of improving Hsp90 inhibition-based cancer therapy.  

8. Annexin A2: structure and impact on cancer progression 

8.1. Annexin A2 functions and structure 

Annexin family is composed by proteins that bind to negatively charged membrane 

phospholipids in a calcium-dependent manner. Annexins are expressed in all living organisms 

and were discovered in animal cells in late 1970s and early 1980s by different research groups. 

Annexins received this name from the greek word annex, which means attachment, due to its 

function of holding together different structures, such as cellular membranes. Due to this 

ability, Annexins have been described to participate in different processes involving cellular 

membranes, such as endo- and exocytosis, vesicular trafficking and redox regulation [172]. 
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In humans, Annexin family is integrated by 13 members, including Annexin A1 to Annexin A13, 

with different attributed functions [173]. So far, Annexins deregulation was not described to 

be the cause of any disease, however, altered levels of these proteins have been observed in 

important human diseases due to their multiple roles in inflammatory response, fibrinolysis 

and angiogenesis, cell signaling or actin binding and regulation among others [174-179].  

Annexins structure is defined as N-terminal domain responsible of the interactions with 

cytoplasmic proteins, and a C-terminal protein core domain divided into four homologous 

domains. C-terminal domain is composed by 70 aminoacids responsible of Ca2+ and 

phospholipid binding functions, among others. Annexins N-terminal domain is susceptible to 

post-translational modifications, which grant a unique function to each annexin [173]. Annexin 

A2 structure is similar to that previously described, with a modification in its N-terminal 

domain including an amphipathic region responsible of its bound to S100A10 protein (Figure 

14). Annexin A2 is reported to be present in different cellular types in a monomeric or 

heterotetrameric conformation associated with S100A10 protein. Monomeric and 

heterotetrameric forms show different biochemical properties. For example, in the 

heterotetrameric form, Annexin A2 reduces its dependency of Ca2+ for its membrane 

interaction and protects S100A10 from ubiquitin-mediated degradation  [172]. 

Figure 14. Annexin A2 schematic domain structure. Annexin A2 is composed by an N-terminal domain 

and a C-terminal domain. N-terminal domain is the site for phosphorylation and other post-translational 

modifications and also the site for S100A10 binding. The carboxyl-terminal domain is composed by four 

alpha-helical domains composed by 70 aa and contains binding sites for RNA, heparin, calcium and 

phospholipid and F-actin. Image obtained from Bharadwaj et al., 2013. 
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Annexin A2 N-terminal domain was reported to experiment different post-translational 

modifications, such as acetylation, phosphorylation and glutathionylation, which are 

responsible its phospholipid-binding activity regulation [180-182]. Ubiquitination and 

SUMOylation modifications have also been described [183, 184]. 

Regarding phosphorylation, Annexin A2 was described to be a substrate of Src kinase. 

Activated form of Src kinase was reported to be responsible of phosphorylation of Tyr23 

residue of Annexin A2, causing the regulation of cell shape and motility and restructuration of 

cytoskeleton, as well as malignant transformation and EMT process [185].  Moreover, Tyr23 

Src-phosphorylated Annexin A2 was found to be localized in endomembrane structures, such 

as endosomes, and to experiment a translocation to the cell surface [181, 186].  

8.2. Annexin A2 role in cancer  

Deregulation of annexin A2 has been widely described during tumor development and it was 

related to invasion and metastasis. Annexin A2 has been reported to be up-regulated in many 

types of cancer, such as colorectal cancer, breast cancer, hepatocellular carcinoma and renal 

cell carcinoma, where it was found to be implicated in drug resistance, metastasis and invasion. 

However, Annexin A2 expression during tumor progression is very controversial as it has also 

been reported to be down-regulated in other types of cancer, such as prostate cancer, 

nasopharyngeal carcinoma, esophageal squamous carcinoma, intestinal-type sinonasal 

adenocarcinoma and head and neck squamous cell carcinoma [187-192].  

Moreover, heterotetrameric complex constituted by Annexin A2-S100A10 has been described 

to be implicated in the formation of adherens junctions based on E-cadherin, whose loss is a 

hallmark of the EMT program. Annexin A2-S100A10 complex has the ability to recruit E-

cadherin to adherens junctions, maybe due to its binding ability to the actin cytoskeleton by F-

actin-binding protein, also associated with E-cadherin [193]. 

With this in mind, we can affirm that annexin A2 plays a controversial role in the progression 

of cancer, as its up-regulation and down-regulation has been described in this disease. 

Currently, there is still no description of the role of Annexin A2 during EMT process, during 

which there is a great cellular heterogenicity within the tumor. However, due to the 

involvement of Annexin A2 in the recovery of E-cadherin, it is possible that this protein might 

be implicated in cellular plasticity. 
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8.3. Mechanisms of degradation of Annexin A2 

Annexin A2 was described to be degraded via ubiquitin-proteasome pathway. Ubiquitination 

and consequent degradation of Annexin A2 via proteasome was described as  a marker of good 

prognosis in HCC when Ubiquitin-associated protein 2 (UBAP2) was up-regulated [194]. 

Furthermore, Annexin A2 was reported to be ubiquitinated in urothelial carcinoma of the 

bladder (UCB) under E3 ubiquitin-ligase TRIM65 overexpression, causing the induction of the 

EMT. These data suggest a pro-oncogenic role of Annexin A2 down-regulation under its 

ubiquitin-proteasome degradation [183]. 

Other mechanisms such as chaperone-mediated autophagy have also been described for 

Annexin A2 degradation. Heat shock cognate protein 73 (Hsc73) recognizes KFERQ-related 

motif present in Annexin A2 when CMA is activated and induces it to degradation. However, 

this mechanism has only been described in vitro under nutrient deprivation conditions [195].  

Ubiquitin-proteasome degradation process of Annexin A2 has not been related to Src 

phosphorylation yet, however, proteasome degradation has often been linked to E3 ubiquitin-

ligase recognition after protein phosphorylation. 
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As previously mentioned, Hakai plays an important role in tumor progression due to its 

regulatory activity on E-cadherin. However, Hakai expression has been detected in organs 

where E-cadherin is absent. This suggests an additional functional role for Hakai independent 

of that exerted on E-cadherin. So far, few Hakai-regulated proteins have been described, and 

the functional meaning of these regulation remains to be elucidated. 

Based on this and the previously explained background, we propose the following global 

hypothesis: 

• That Hakai E3 ubiquitin-ligase interacts with and/or regulates multiple proteins 

besides its widely described substrate E-cadherin, on which it can exert an important 

activity during tumor progression.  

To prove our hypothesis, the following objectives were set:  

1. To perform a proteomic study in a model of Hakai overexpression to identify new Hakai 

molecular targets associated with signal pathways implicated in tumor progression. 

1.1. To optimize and perform a comparative study between Hakai-overexpressing MDCK 

cells and parental MDCK cells by employing iTRAQ technique. 

1.2. To classify the identified proteins based on their biological process and molecular 

functions. 

1.3. To study the interaction networks of the identified proteins. 

1.4. To validate the regulation of proteins of interest identified in the proteomic study. 

1.5. To analyze the subcellular localization and possible co-localization with Hakai of the 

identified proteins of interest. 

2. To study the mechanism of regulation of Hakai on the identified proteins of interest. 

2.1. To analyze the effect of Hakai transient overexpression and silencing on selected 

proteins from the proteomic study. 

2.2. To determine the possible interaction between Hakai and the selected proteins. 

2.3. To study Hakai mechanisms of action on the selected proteins. 

2.4. To perform functional studies to determine the impact of Hakai-mediated protein 

regulation.
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1. Cell culture 

Madin Darby Canine Kidney (MDCK) cell line is a non-transformed epithelial cell line from dog 

kidney and was obtained from ATCC and cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM). Hakai overexpressing MDCK cell lines (Hakai-MDCK clon 4, Hakai-MDCK clon 11 and 

Hakai-MDCK clon 7) were gently provided by Yasuyuki Fujita. These cells were obtained by 

stable transfection of pcDNA-HA-Hakai in MDCK with Lipofectamin® 2000 and selection with 

gentamicin antibiotic (G418) at a concentration of 800 ug/µL. These Hakai-overexpressing 

MDCK clones were indistinctly used as they were probed to have the same phenotype and 

genotype in different experiments [89]. These clones were cultured in DMEM maintaining 

G418 antibiotic (Sigma-Aldrich) selection concentration.  

Cervix adenocarcinoma HeLa cell line was obtained from ATCC. HEK 293T cell line from human 

embryonic kidney was obtained from ATCC. HEK 293T-EGFP-C1 and HEK 293T-EGFP-Gal3E 

were used during a research stay at Dr. Fu-Tong Liu’s laboratory in Academia Sinica, Taiwan. 

All these cell lines were cultured in DMEM.  

Renal adenocarcinoma ACHN cell line was obtained from ATCC. Epithelial colorectal cancer cell 

lines HT29, LoVo and HCT116 were also used. HT29 was cultured in McCoy’s 5A (Modified) 

Medium. LoVo cell line was cultured Kaighn’s Modification of Ham’s F-12 Medium (F-12K 

medium). HCT116 cell line was cultured in DMEM.  

All culture media were supplemented with 10 % Fetal Bovine Serum (FBS), and 1 % 

penicillin/streptomycin. All cell lines were maintained at the same culture conditions at 37 °C, 

5 % of CO2 and saturation humidity. Concentration of trypsin employed during cell culture 

varied depending on the cell line. For MDCK, HT29 and LoVo cell line trypsin 2X was employed 

diluted from trypsin stock 10X plus EDTA. For the rest of the cell lines trypsin 0,05 % plus EDTA 

was employed. Culture media, FBS, trypsin and penicillin/streptomycin were provided by 

Thermo Fisher Scientific. 

All cell lines were periodically tested for mycoplasma and used no longer than 3 months after 

defrosted. Cell line authentication was carried out for HT-29 and LoVo cell lines with the 

StemElite ID System (Promega). 
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2. Plasmids, reactives and antibodies 

Cell lines were transfected with plasmids pEGFP-Hakai, pEGFP-C1, pcDNA-Flag-Hakai, pcDNA 

3.1, pBSSR-HA-Ubiquitin and pSG-v-Src which were kindly provided by Yasuyuki Fujita 

(Hokkaido University, Japan). P3X-Flag-Gal3 was kindly provided by Dr. Fu-Tong Liu (Academia 

Sinica, Taiwan). pcDNA-Flag-HA-Hsp90 was kindly provided by Dr. Paweł Bieganowski 

(Mossakowski Medical Research Centre Polish Academy of Sciences, Poland). 

Protein synthesis inhibitor cycloheximide (CHX) (Sigma-Aldrich) was used at 100 µg/mL for the 

indicated times. Proteasome inhibitor MG132 (Sigma-Aldrich) was employed at 10 µM and 30 

µM for 6 h as indicated in figure legends. Lysosome degradation inhibitor chloroquine (CQ) 

(Sigma-Aldrich) was employed at the indicated concentrations for 24 hours. Autophagy 

inhibitor 3-methyladenine (3-MA) (Merck) was employed at different concentrations and 

times, as indicated in figure legends. Hsp90 inhibitor geldanamycin (GA) (TargetMol) was 

employed at different times and concentrations as indicated in figure legends. In those 

experiments where these inhibitors were employed, control cells were treated with the 

indicated vehicle. 

Antibodies used for western-blot, immunofluorescence, immunoprecipitation and 

immunohistochemistry are listed in the following tables:  

Table 2. Antibodies used for western-blot. 

Antibody Provider Species origin Dilution 

Anti-Hakai Invitrogen Rabbit 1:1 000 

Anti-E-cadherin BD Transduction Lab Mouse 1:1 000 

Anti-Hsp70 Abcam Mouse 1:1 000 

Anti-Hsp90 Abcam Mouse 1:1 000 

Anti-hsp90 Santa Cruz Mouse 1:1 000 

Anti-Annexin A1 Abcam Mouse 1:1 000 

Anti-Annexin A2 Abcam Rabbit 1:1 000 

Anti-Annexin A2 (C10) Santa Cruz Mouse 1:500 

Anti-Galectin-3 Abcam Rabbit 1:1 000 

Anti-Galectin-3 Hand-made Goat 1:1 000 

Anti-Stratifin Sigma-Aldrich Rabbit 1:500 
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Anti-IMPDH Santa Cruz Rabbit 1:500 

Anti-LC3 Cell Signaling Rabbit 1:1 000 

Anti-β-catenin Cell Signaling Rabbit 1:1 000 

Anti-Flag tag Sigma Aldrich Rabbit 1:1 000 

Anti-GAPDH Invitrogene Mouse 1:10 000 

Anti-tubulin Sigma-Aldrich Mouse 1:2 000 

Anti-tubulin Proteintech Rabbit 1:1 000 

Anti-mouse IgG HRP GE Healthcare Goat 1:10 000 

Anti-mouse IgG HRP Jackson ImmunoResearch Donkey 1:10 000 

Anti-rabbit IgG HRP GE Healthcare Donkey 1:10 000 

Anti-rabbit IgG HRP Jackson ImmunoResearch Goat 1:10 000 

Anti-goat IgG HRP Jackson ImmunoResearch Rabbit 1:10 000 

 

 

Table 3. Antibodies used for immunofluorescence. 

Antibody Provider Species origin Dilution 

Anti-Hakai Invitrogen Rabbit 1:100 

Anti-Hsp70 Abcam Mouse 1:100 

Anti-Hsp90 Abcam Mouse 1:100 

Anti-Hsp90 Santa cruz Mouse 1:100 

Anti-Annexin A1 Abcam Mouse 1:100 

Anti-E-cadherin Cell Signaling Mouse 1:100 

Anti-Annexin A2 (3D5) Santa Cruz Mouse 1:50 

Anti-Galectin-3 Abcam Rabbit 1:100 

Anti-Galectin-3 AbCore Goat 1:100 

Anti-Stratifin Sigma-Aldrich Rabbit 1:100 

Anti-HA tag Roche Mouse 1:100 

Anti-Flag tag Proteintech Rabbit 1:50 

Anti-Mouse IgG-Alexa 

Fluor® 488 
Thermo Fisher Scientific Goat 1:200 

Anti-Rabbit IgG-Alexa 

Fluor® 568 
Thermo Fisher Scientific Donkey 1:200 
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Table 4. Antibodies used for immunoprecipitation. 

Antibody Provider Species origin Quantity 

Anti-Hakai 2498 Dr. Fujita Rabbit 10 µL 

Anti-Hakai Bethyl Rabbit 2,5 µg 

Anti-Annexin A2 (3D5) Santa Cruz Mouse 2,5 µg 

Anti-Hsp90 Santa Cruz Mouse 2,5 µg 

Mouse IgG Santa Cruz Mouse 2,5 µg 

Purified Rabbit IgG Bethyl Rabbit 2,5 µg 

 

 

Table 5. Antibodies used for immunohistochemistry. 

Antibody Provider Species origin Dilution 

Anti-Hsp90 Abcam Mouse 1:500 

 

3. Protein extraction and western-blot analysis 

3.1. Cell extract preparation 

Cells were seeded in 6-well plates or 100 mm dishes at the confluence indicated for each 

experiment. After transfection or treatment for the indicated times, cells were collected for 

protein extraction. Cells were placed on ice and washed twice with 5 mL phosphate buffer 

saline (PBS) pH 7,4 (MP Biomedicals). Once the cells were washed, they were scraped with 1 

mL of PBS, transferred to a 1,5 mL tube (Eppendorf) and centrifuged at 4 °C at 5 000 rpm for 5 

minutes. The pellets obtained after centrifugation were lysed on ice for 30 min using a variable 

volume of Triton X-100 lysis buffer (Table 6) with 10 µg/mL leupeptin/aprotinin mix and 1 mM 

of phenylmethanesulphonyl fluoride (PMSF). Once the lysis was complete, samples were 

centrifuged for 10 min at 13 000 rpm and 4 °C. The obtained supernatant containing the 

protein extract was placed in a new tube and proceeded to protein quantification. In the 

experiments performed at Dr. Fu-Tong Liu’s laboratory, cells were placed on ice and washed 

twice with PBS. For cell lysis, 200 µL of RIPA buffer (Thermo Fisher Scientific) were added to 

each well and scrapped. Incubation during lysis was performed at 4 °C for 30 min. Samples 

were centrifuged at 13 000 rpm to remove cellular debris and supernatant was transferred to 



MATERIALS AND METHODS 

49 
 

a new tube. In both cases, protein quantification was performed by using Pierce™ BCA Protein 

Assay Kit (Thermo Fisher Scientific). 

Table 6. 1% Triton X-100 Lysis buffer composition 

Components Volume 

20 mM Tris-Hcl pH 7,5 (Sigma-Aldrich) 1 mL stock 1 M 

150 mM NaCl (Sigma-Aldrich) 1,5 mL stock 5 M 

1 % Triton X-100 (Sigma-Aldrich) 0,5 mL stock 100X 

H2O 47 L 

 

3.2. Protein quantification 

Protein quantification of cell extracts was carried out by performing Bicinchoninic Acid Assay 

(BCA) method, employing Pierce ™ BCA Protein Assay Kit (Thermo Fisher Scientific) and 

following manufacturer's instructions. This assay is based in two reactions: reduction of Cu2+ 

ions to Cu+ by peptide bonds in a temperature dependent manner, and chelation of 

bicinchoninic acid with Cu+ ions to produce a purple-colored product with a peak of light 

absorption at 570 nm. This assay was carried out in 96-well plates using a standard gradient 

curve of Bovine Seroalbumin (BSA) from 0 to 10 µg/µL with two replicates for each point. Two 

replicates of 2 µL of each sample were placed in the same plate. Solution of BCA reagent was 

prepared at a 1:50 ratio (reagent B: reactive A) and 200 µL were added to each well followed 

by and incubation at 37 °C for 30 min. After incubation, absorbance was measured with 

NanoQuant Infinite M200 (Tecan) at a wavelength of 570 nm. Protein concentration was 

calculated by performing a linear regression between the absorbance and concentration of the 

BSA standard curve using Excel Software. The equation obtained was used for calculating 

protein concentration of the samples. 

3.3. Western-blot sample preparation 

Western blot samples were prepared with 20 µg or total protein and added of 5X of Laemmli 

buffer (Table 7) to a final concentration of 1X. Water was added up to a final volume of 20 µL. 

Samples were boiled at 95 °C for 10 minutes for protein denaturalization and loss of tertiary 

structure, thus allowing protein resolution in acrylamide gels according to its molecular weight. 
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Once prepared, samples were directly loaded onto the acrylamide gel or frozen at -20 °C for 

later use.  

Table 7. Laemmli Buffer 5X composition. 

Laemmli buffer 5X 

200 mM Tris-HCl pH 6,8 

10 % sodium dodecyl sulfate (SDS) 

50 % glycerol (Sigma-Aldrich) 

10 % β-mercaptoethanol 

0,1 % bromophenol blue 

 

 

3.4. Sodium dodecyl sulfate-Acrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated by monodimensional electrophoresis in polyacrylamide gels (PAGE), 

using denaturing conditions by adding SDS and β-mercaptoethanol and boiling the samples at 

95 °C. β-mercaptoethanol acts by cleaving disulfide bonds between cysteines, thus breaking 

tertiary and quaternary structure of proteins and assuring the presence of monomeric protein 

molecules. SDS is an anionic detergent which acts by causing the disruption of non-covalent 

bonds and consequent protein denaturalization. Also, SDS is responsible of granting negative 

charge to proteins in a charge-to-mass ratio facilitating protein migration from anode to 

cathode during electrophoresis.  

Electrophoresis was performed in Mini-Protean II cuvettes (Bio-Rad) using 1,5 mm acrylamide 

gels. Gels were prepared at polyacrylamide concentrations of 12 % for chloroquine and 3-MA 

experiments to allow LC3 better detection, and 10 % for the rest of experiments. Hand-made 

gels compositions is indicated in Table 8. In those experiments performed at Dr. Fu-Tong Liu’s 

laboratory, SDS-PAGE Mini-PROTEAN® TGX™ pre-cast gels (Bio-Rad) were used. 

Electrophoresis was performed in running buffer 1X (Table 9) at constant voltage (180 V) 

during 1 h. 
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Table 8. Acrylamide gels composition. 

Components 
Quantity per 10% 

resolving gel 

Quantity per 12% 

resolving gel 
Stacking gel 

H2O 3 mL 2,5 mL 3,2 mL 

1,5 M Tris-HCl pH 8,8 2,5 mL 2,5 mL 1,25 mL 

Glycerol 50 % (Sigma-Aldrich) 2 mL 2 mL - 

40 % Acrylamide/bisacrylamide 

29:1 (Bio-Rad) 
2,5 mL 3 mL 0,5 mL 

SDS 10 % (Sigma -Aldrich) 100 µL 100 µL 50 µL 

Ammonic persulfate (APS) 

(Sigma-Aldrich) 
30 µL 30 µL 50 µL 

Tetramethylethylendiamine 

(TEMED) (NZYTech) 
15 µL 15 µL 10 µL 

 

 

Table 9. Running buffer 10X composition. 

Running buffer 10X Quantity 

Trizma base 0,25 M (Sigma-Aldrich) 30,3 g 

Glycine 1,92 M (Sigma-Aldrich) 144 g 

1 % SDS (Sigma-Aldrich) 10 g 

H2O 1 L 

 

3.5. Western blot and immunodetection 

Once the proteins were separated by electrophoresis, they were transferred in transfer buffer 

1X (Table 10) to polyvinylidene fluoride membranes (PVDF) (Millipore) with a pore of 0,45 µm 

Transference was performed at a constant amperage of 200 mA for 1 hour in the previously 

described cuvettes. After transfer, membranes were blocked for 1 hour under agitation with 

blocking solution TBS-T 1 % pH 7,4 (Table 10) and 5 % milk powder. After blocking, primary 

antibodies were diluted in blocking solution at the concentrations indicated in Table 1 and 

incubated overnight. After primary antibody incubation, membranes were washed three times 

for 5 min with TBS-T 1 % buffer and incubated for 1 hour at room temperature with secondary 
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antibodies coupled to horseradish peroxidase (HRP). Antibodies were diluted in blocking 

solution at the concentrations indicated in table 1. Before image detection, membranes were 

washed three times for 5 min with TBS-T 1 %. Detection of antigen-antibody complexes 

corresponding to the experiments of the proteomic study validation was performed with 

ChemiDoc (Bio-Rad) system. The rest of immunodetections were performed in Amersham 

Imager 600 system (GE Healthcare Life Sciences). In both cases LuminataTM Crescendo Western 

HRP Substrate (Millipore) was employed. 

Table 10. Transfer buffer and TBS-T 10X composition. 

Transfer buffer 1X TBS-T 1% 10X pH 7,4 (1L) 

Trizma base 0,25 M (Sigma-Aldrich) 12,1 g Trizma Base  

Glycine 1,92 M (Sigma-Aldrich) 58 g NaCl 

20 % Methanol (VWR Chemicals) 10 mL Tween 20 

H2O up to 1 L H2O up to 1 L 

 

Same protocol was performed in those experiments carried out at Dr. Fu Tong Liu’s laboratory 

including some modifications. After transfer, membranes were incubated for 1 hour with 

blocking solution (TBS-T 1 % pH 7,6 supplemented with 5 % BSA). Membrane washing and 

antibodies dilution was performed in this same blocking buffer. Last washing after incubation 

with secondary antibodies was performed with TBS-T 1 % buffer without BSA. Detection of 

antigen-antibody complexes was performed using BioSpectrum Auto Imaging System (UVP) 

equipment and LuminataTM Crescendo Western HRP Substrate (Millipore). 

3.6. Image analysis 

Protein levels analysis during proteomic study validation were quantified by using Image Lab 

Software (Bio-Rad). Protein levels corresponding to the rest of experiments were quantified 

using the Image J software (National Institutes of Health, US). In both cases, protein levels were 

normalized against the levels of loading control proteins (GAPDH or Tubulin) and relativized 

against the control point of the technique. Statistical analysis and graphical representation 

were performed by employing GraphPad Prism 6 software. Statistical analysis was performed 

applying unpaired Student’s t-test. Results are expressed as Mean ± SEM for the indicated 

number of experiments. Levels of significance are indicated in figure legends. 
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4. Cell phenotype analysis 

Cell phenotype for non-transformed MDCK cell line and Hakai-overexpressing MDCK cells was 

evaluated in 6-well plates by employing phase contrast optical microscopy. Images were 

obtained by employing microscope Nikon Eclipse-Ti microscope. For phenotype evaluation 

during geldanamycin treatment cell phenotype was evaluated with optical microscope Nikon 

Eclipse TS100.  

5. Proteomic analysis 

Proteomic analysis was performed in collaboration with the Proteomics Platform of Instituto 

de Investigación Biomédica de A Coruña (INIBIC). 

5.1. Processing of Protein Samples for iTRAQ Labeling  

Before iTRAQ labeling, protein extraction was carried out as follows: MDCK and Hakai-

transformed MDCK cells were centrifuged 5 min at 1 200 rpm and cellular pellets were washed 

twice in phosphate buffer solution. A lysis buffer containing 6 M urea/2 % SDS was employed 

for protein extraction. Cellular debris was eliminated by centrifugation (10 min at 13 000 rpm) 

and protein quantification was determined by Bradford assay (Sigma-Aldrich). Samples were 

cleaned up by precipitation with acetone to eliminate urea residues and protein pellets were 

dried and resuspended in 25 μL Dissolution Buffer provided with the iTRAQ kit (500 mM 

triethylammonium bicarbonate buffer, TEAB). 1 μg of each sample was resolved into a 10 % 

SDS-PAGE gel and then stained by silver nitrate. This technique is valid to ensure proteins 

integrity after acetone precipitation and to test technical reproducibility of protein 

precipitation between samples. Then, 25 μg of each condition were resuspended in 25 μL TEAB 

dissolution buffer yielding to a final protein concentration equal to 1 μg/μL. Then, samples 

were denatured with 2 % SDS and reduced for 1 h at 60 °C using 50 mM tris(2-carboxyethyl) 

phosphine (TCEP) (ABSciex) followed by cysteine alkylation with 200 mM 

methylmethanethiosulfonate (MMTS) (ABSciex) at RT in dark during 30 min. Proteins were 

digested with trypsin (Gold Mass, Promega) used at 1:20 ratio trypsin/protein for 14 h at 37  °C. 

Then iTRAQ labeling was performed according to the supplier’s instructions (ABSciex). For that, 

each peptide solution was incubated for 90 min at RT with iTRAQ Reagents. Samples were 

labeled as follows: MDCK, 114; MDCK, 115; Hakai-transformed MDCK clone 4, 116; Hakai-

transformed MDCK clone 11, 117. iTRAQ labeled peptides were mixed and desalted using 
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reversed phase columns (Pierce C18 Spin Columns, Thermo Fisher Scientific) prior to liquid 

chromatography coupled to mass spectrometry (LC-MS) analysis. 

5.2. Liquid chromatography (LC) 

The desalted peptides were fractionated by reversed-phase liquid chromatography (RP-LC) at 

basic pH (pH = 10) to lower their complexity. Dried labeled peptides were resuspended in 140 

µL of buffer A (10 mM ammonium hydroxide, 5% acetonitrile) and injected into a HP 1200 

system (Agilent Technologies). Separation was carried out by employing a C18 column (Zorbax 

extend C18, 100 × 2,1 mm id, 3,5 μm, 300 Å; Agilent). The flow rate used was 0.2 mL/min and 

the gradient employed was of 90 min. Sixty fractions were pooled every 90 s with FC203B 

fraction collector (Gilson). Sixteen fractions were pooled post collection based on the peak 

intensity of the UV trace recorded at 214 nm. Each fraction was dried in a vacuum concentrator 

and then subjected to a second-dimension separation by resuspending the peptides in 

2 % ACN/0,1 % TFA. Then, 5 μL of the peptide solution were desalted and injected into a 

reversed-phase column (Integrafit C18, ProteopepTM II, New Objetive) for nanoflow LC 

analysis, using a Tempo nanoLC (Eksigent). Peptides were eluted at a flow rate of 0,35 μL/min 

during a 90 min linear gradient from 2 to 50 % of buffer B (mobile phase A: 0,1 % TFA/2 % ACN, 

mobile phase B: 0,1 % TFA/95 % ACN). LC eluate was deposited onto an Opti-TOF LC MALDI 

target plate (1534-spot format; SCIEX) using the Sun Collect MALDI Spotter/Micro Collector 

(SunChrom). Before spotting, the LC microfractions were mixed with MALDI matrix (3 mg/mL 

α-acyano-4-hydroxycinnamic acid in 70 % ACN/0,1 % TFA containing 10 fmol/μL angiotensin as 

internal standard) at a flow rate of 1,2 µL/min. Fractions were collected every 15 s and spotted 

onto a matrix-assisted laser desorption/ionization plate for MS analysis.  

5.3. MS/MS Analysis 

Finally, four plates containing four LC runs per plate were analyzed in a 4800 MALDI-TOF/TOF 

instrument (ABSciex) with a 200 Hz repetition rate (Nd:YAG laser) and 4000 Series Explorer 

software version 3.5.1 (ABSciex). MS full-scan spectra were acquired from 800 to 4 000 m/z 

using a fixed laser intensity of 3 600 kV and 1 500 laser shots/spectrum. Tandem MS mode was 

operated with 1 kV collision energy with CID gas (air) over a range of 60 to −20 m/z of the 

precursor mass value. Up to 12 of the most intense precursors per spot with signal/noise ratio 

(S/N) > 80 were selected for MS/MS acquisition using a fixed laser intensity of 4 400 kV and 

2 000 shots/spectrum. Common contaminants such as trypsin autolysis peaks and matrix ion 
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signals were excluded from the analysis. A second MS/MS was acquired excluding those 

precursors previously fragmented and using a lower S/N threshold of 50 to detect peptides 

that were not identified in the previous run. 

5.4. Mass spectrometry data analysis 

Data from all the MS/MS acquisitions were used for protein identification and quantification 

using ProteinPilot™ software v.4.5 (Sciex). Each MS/MS spectrum was searched in the 

Uniprot/Swissprot database (UniProt 2015_05 release version containing 547 599 sequences 

and 195 014 757 residues, with taxonomy restriction_Homo sapiens). Protein Pilot search 

parameters were set as follows: trypsin cleavage specificity, methylmethanethiosulfate 

(MMTS) modified cysteine as fixed modifications, biological modification “ID focus” settings, 

and a protein minimum confidence score of 95 %. The tolerance used for matching MS/MS 

peaks to the theoretical fragment ions is based on the information regarding to mass accuracy 

of the instrument chosen in the Paragon Method dialogue box (4800 MALDI TOF/TOF). 

ProteinPilot™ software employs two different algorithms: one to perform protein 

identification (Paragon™ algorithm) and the other one to determine the minimal set of 

confident protein dentifications (Pro Group™ algorithm). Once the identity of the protein was 

confirmed (Detected Protein Threshold > 95 %, Unused ProtScore > 1,3), the ratios of the peak 

areas of iTRAQ reporter ions were calculated in order to compare the relative abundance of 

the proteins identified in the samples. Data were normalized for loading error by bias, 

assuming the samples are combined in 1:1 ratio. Peak areas for the iTRAQ reagent(s) and 

control were also corrected to attempt to remove background ion signal applying the 

background correction option. Only those changes with a p-value ≤ 0,05 and a ratio ≥ 2 (or 

≤ 0,5) were considered statistically significant. Due to the high complexity of the samples, 

Proteomics System Performance Evaluation Pipeline (PSPEP) software was used independently 

to calculate false discovery rates (FDR). In order to facilitate the overall analysis, protein 

classification was carried out using the following bioinformatic tools: Protein Analysis Through 

Evolutionary Relationships (PANTHER) (http://www.pantherdb.org/about.jsp), Gene Ontology 

(GO) (http://geneontology.org) and UniProt. Interactive network analysis was performed using 

the STRING, Search Tool for the Retrieval of Interacting Genes (http://string-db.org). 
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6. Transfection experiments 

6.1. Plasmid overexpression 

Transfection experiments were performed by employing Lipofectamine 2000 Transfection 

Reagent (Invitrogen) and Opti-MEM media following manufacturer’s protocol. Cells were 

plated one day before transfection at a confluence of 2,5 × 105 cells/well for HeLa and HCT116 

cells and 7,5 × 105 cells/well for HEK 293T cells to reach a confluence of approximately 40-50 % 

for transfection. The day of transfection, lipofectamine and plasmid were separately diluted in 

125 µL of Opti-MEM each for 6-well plates transfection, or 500 µL for 100 mm dish 

transfection, and incubated for 5 min. The ratio of DNA and Lipofectamine employed for 

transfection was 1:2. After incubation, lipofectamine 2000 and DNA diluted in Opti-MEM were 

mixed together by pipetting up and down and incubated for 20 min. Cells were washed 

carefully twice with sterile saline serum, and Opti-MEM was added to the plate employing a 

volume of 1,25 mL for 6-well plates and 5 mL for 100 mm dishes. Transfection reaction was 

added to the cells and incubated for 6 hours. After incubation, cells were washed twice with 

saline serum and replaced with normal culture medium. Transfection was maintained for the 

indicated times and proceeded to cell extract preparation. In those cases where transfection 

was performed using different plasmids in the same experiment, transfection system was 

completed with empty vector until reaching the same quantity of plasmid at each point of the 

experiment.  

In the experiments performed at Dr. Fu-Tong Liu’s laboratory, transfections were performed 

using Effectene® Transfection Reagent (QIAGEN) following manufacturer’s instructions. Cells 

were seeded in 6-well plate at a confluence of 2,5 × 105 cells/well for HeLa cells and 7,5 × 105 

cells/well for HEK 293T cells in growth medium containing serum and antibiotics. Transfection 

was performed once reached 40-60 % of cell confluence. For that, DNA was dissolved in Buffer 

EC up to a total volume of 100 µL and Enhancer was added keeping a ratio of DNA to enhancer 

1:8. The mixture was incubated for 5 min at RT and centrifuged briefly.  After incubation, 10 

µL of Effectene Transfection Reagent were added to the mixture, which was mixed by vortexing 

for 10 s and incubated at RT for 10 min. During this incubation, medium was removed from 

the plate and replaced by 1,6 mL of fresh growth medium. Once finished 10 min of incubation, 

600 µL of growth medium were added to the transfection mixture and mixed by pipetting up 

and down. Total volume of the transfection complexes was carefully dropped onto the cells 
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and incubated for the indicated times. After time of transfection, cells were scrapped and 

proceeded to cell extract preparation.  

6.2. RNA interference 

Hakai silencing was performed by employing siRNA oligonucleotides Hakai 1 (5’ 

CTCGATCGGTCAGTCAGGAAA) and Hakai-2 (5’ CACCGCGAACTCAAAGAACTA).  

Oligonucleotides were transfected into HEK 293T and HCT116 cells by using Lipofectamine 

2000 Transfection reagent (Invitrogen). Cells were plated in 6-well plates at a confluence of 

7,5 × 105 cells/well for HEK 293T cells and 2,5 × 105 cells/well for HCT116. Two microliters of 

100 µM stock oligonucleotides (200 pmol) were combined with double amount of 

lipofectamine and transfected by using the previously described protocol for plasmid 

transfection. Mission Universal Non-coding siRNA (Sigma-Aldrich) was used as a negative 

control of transfection by combining 10 µL of 20 µM stock oligonucleotide with 4 µL of 

lipofectamine. Cells were scrapped 72 hours after transfection and proceeded to cell extract 

preparation. In those cases where treatment with GA was combined with Hakai silencing, GA 

was added 48 hours after transfection and maintained for 24 hours. 

7. Immunofluorescence 

For immunofluorescence experiments, cells were plated in sterile glass coverslips contained in 

6-well plates at the previously indicated confluences. Cells were treated as indicated. Cells 

were washed twice with PBS-Tween 1% and cells were fixed with paraformaldehyde solution 

4 % in PBS (Santa Cruz) for 15 min. After fixation, cells were washed twice with PBS pH 7,4 and 

permeabilized with 0,5 % Triton X-100/PBS pH 7,4 for 15 min. After permeabilization, cells 

were blocked for 1 hour with culture medium supplemented with 10 % FBS. Cells were washed 

twice and incubated with primary antibodies diluted in blocking medium for 2 hours at RT at 

the concentrations indicated in table 2. After primary antibody incubation cells were washed 

four times with pH 7,4. Secondary antibody was diluted in blocking medium and incubated at 

RT for 1 h. Cells were washed four times with PBS and incubated with Hoechst (Life 

Technologies) for nuclear staining employing a 1:10 000 dilution. Finally, ProLong Gold 

Antifade Mountant (Life Technologies) was employed for coverslips mounting. Images were 

obtained by using confocal microscope Nikon A1R and analyzed, when needed, using NIS-

Elements 3.2 software. Immunofluorescence intensity was evaluated by employing ImageJ 

software (NIH) for GA experiments. Intensity of ten different areas for two different replicates 
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were quantified and relativized against the mean control area. Values are indicated as Mean ± 

SEM of the staining intensity signal per area. Statistical analysis was carried out by using 

unpaired Student’s t-test at the indicated significance levels.  

Same protocol was performed during the research stay at Dr. Fu-Tong Liu’s laboratory and 

images were obtained using confocal microscope Olympus # LSM780 using Zen 2011 software. 

8. RNA extraction and Real-time PCR 

8.1. RNA isolation procedure  

RNA was obtained from cultured cells using TRIzol™ Reagent protocol (Life Technologies) 

following manufacture’s indications. Before performing the protocol 2,5 × 104 cells/well were 

seeded in 6-well plates and transfected after 24 hours. After 48 hours of transfection, cells 

were washed twice, scrapped with 1 mL PBS and centrifuged 5 min at 5 000 rpm in 1,5 mL 

tubes. Once the pellet was obtained, cells were lysed with 1 mL of TRIzol™ Reagent by pipetting 

the cells up and down until the pellet was dissolved. After homogenization the sample was 

centrifuged 10 min at 13 000 rpm at 4 °C and transferred to a new tube and incubated 5 min 

at room temperature. Chloroform was added to the sample following a ratio of 0,2 mL of 

chloroform per 1 mL of TRIzol, shaked for 15 seconds and incubated at room temperature for 

3 min. Samples were centrifuged at 12 000 rpm for 5 min at 4 °C. Aqueous phase was carefully 

removed from the tube and placed into a new tube. For RNA precipitation 0.5 mL of 100 % 

isopropanol were added to the aqueous phase, incubated for 10 min at RT and centrifuged at 

12 000 g for 10 minutes at 4 °C. Supernatant was removed from the tube and the pellet was 

washed with 1 mL of 75 % ethanol followed by a 7 500 g for 5 min at 4 °C. The RNA pellet 

obtained was dried for 20 minutes, resuspended in 50 µL of Nuclease-Free Water (Life 

Technologies) and quantified using Nanodrop Spectrophotometer ND-1000 (Thermo Fisher 

Scientific). 

8.2. Retrotranscription 

Retrotranscription of mRNA was performed by employing NZY First-Strand cDNA Synthesis Kit 

for RT-PCR (NZYRT Enzyme Mix, NZYRT 2x Master Mix, NZY RNase H and DEPC-treated H2O). 

To set the reaction, each sample was prepared up to a final volume of 20 µL as described in 

table 11.  
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Table 11. Reactives and volumes for retrotranscription reaction For NZY First-Strand cDNA Synthesis Kit. 

Reactive Volume per reaction 

NZY 2x Master Mix 10 µL 

NZYRT Enzyme Mix 2 µL 

Sample RNA 500 ng 

Nuclease-free water Up to 20 µL 

Reactions were incubated in an Applied Biosystems Veriti Thermal Cycler for 96 well plates 

following the next protocol: 

• Priming incubation at 25 °C for 10 min. 

• Reverse transcription at 50 °C for 30 min. 

• RT Inactivation at 85 °C for 5 min followed by 4 °C incubation. 

• Addition of 1 µL of RNase H and incubation at 37 °C for 20 min. 

In those experiments performed at Dr. Fu-Ton Liu’s laboratory, retrotranscription was 

performed to obtain cDNA using the iScript™ Reverse Transcription Supermix for RT-qPCR 

(RNase H + MMLV reverse transcriptase, RNase inhibitor, dNTPs, oligo(dT), random primers, 

buffer, MgCl2 and stabilizers) (Bio-Rad) following the manufacturer’s instructions. To setup 

each reaction, each sample was prepared in a final volume of 20 µL as indicated in table 12. 

Table 12. Reactives and volumes for retrotranscription reaction for iScript™ Reverse Transcription 
Supermix. 

Reactive Volume per reaction 

iScript RT Supermix (Bio-Rad) 4 µL 

Sample RNA 500 ng 

Nuclease-free water Up to 20 µL 

The reaction was incubated in a thermocycler Verity Thermal Cycler (Applied Biosystems) 

following the next protocol:  

• Priming incubation at 25 °C for 5 min. 

• Reverse transcription at 46 °C for 20 min. 

• RT Inactivation at 95 °C for 1 min followed by 4 °C incubation. 
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The cDNA generated in this reaction by following both protocols was directly used for real time 

quantitative PCR.  

8.3. Real-time quantitative PCR (qPCR) 

Real time quantitative PCR (qPCR) was carried out by employing LightCycler® 480 SYBR Green 

I Master Mix (Roche) which is composed by dNTPs, DNA polymerase and SYBR Green dye. This 

reaction is based in the binding of SYBR Green dye to the DNA molecules and the quantification 

of its fluorescence emission at 520 nm. The qPCR reaction was settled as indicated in Table 13.  

Table 13. Reactives and volumes per SYBR Green qPCR reaction. 

Reactive Volume per reaction 

SYBR Green Master Mix 5 µL 

Sample cDNA 1 µL 

Forward primer 0,7 µL 

Reverse primer 0,7 µL 

H2O Up to 10 µL 

Reaction was performed in LightCycler® 480 multiwell plates 96 well (Roche) and accumulating 

fluorescence was measured employing LightCycler® 480 Instrument II (Roche) using the 

following program:  

• Activation: 1 cycle at 95 °C for 10 min 

• Amplification and real-time analysis (45 cycles): 

o 10 s at 95 °C 

o 10 s at 60 °C 

o 5 s at 72 °C 

• Melting (1 cycle): 

o 5 s at 95 °C 

o 1 min at 65 °C 

• Cooling: samples were maintained at 4 °C after the end of the program.  

Data obtained from qPCR was analyzed by employing qbase+ qPCR analysis software 

(Biogazelle). Primers used for Hakai mRNA were F’ TGCTATGACTGTGCATTTTACATGA and R’ 
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ACTGCTAATTCGCTGCAC. HPRT gene was used as housekeeping by using primers F’ 

TGACCTTGATTTATTTTGCATACC and R’ CGAGCAAGACGTTCAGTCCT. 

In those experiments performed at Dr. Fu-Tong Liu’s laboratory, qPCR was carried out 

employing Roche FastStart Universal Probe Master (ROX) kit (Roche) following a modified 

protocol based on the manufacturer’s indications. This reaction is based on the presence of 

single signal-generating probes with a fluorescence reporter at the 5’ end and a quencher at 

the 3’ end. When the hybridation of the probe with cDNA is produced, FastStart Taq DNA 

Polymerase cleaves the probes with its exonuclease activity and the fluorescent reporter is 

release. This accumulating fluorescent signal is quantified by the CXF Connect™ Real-Time PCR 

Detection System (Bio-Rad). Reaction was setup in 0,2 mL tubes as indicated in Table 14.   

Table 14. Reactives and volumes for qPCR reaction with Roche FastStart Universal Probe Master. 

Reactive Volume per reaction 

cDNA (1:100 dilution) 5 µL 

FastStart Universal Probe Master (Ready to 

use 2X Master Mix) (Roche) 
10 µL 

Forward-Reverse Primer Mix 5 µM 5 µL 

Hydrolysis probe 0,4 µL 

Final Volume 24,2 µL 

Reaction tubes were placed on instrument to perform the qPCR using a two-step program:  

• Activation: 1 cycle at 95 °C for 10 min 

• Amplification and real-time analysis (50 cycles): 

o 10 s at 95 °C 

o 30 s at 60 °C 

• Cooling: samples were maintained at 4 °C after the end of the program.  

Comparative CT Method was used for analyzing qPCR data. Primers used for Galectin-3 mRNA 

were F’ CTTCTGGACAGCCAAGTGC and R’ AAAGGCAGGTTATAAGGCACAA. GAPDH gene was 

used as housekeeping by using primers F’ AGCCACATCGCTCAGACAC and R’ 

GCCCAATACGACCAAATCC. 
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9. Protein half-life experiments  

Protein half-life experiments were performed by using the protein biosynthesis inhibitor CHX. 

HEK 293T cells were seeded in 6-well plats at a confluence of 7,5 × 105 cells/well. Cells were 

treated with cycloheximide at indicated times and concentration and protein expression was 

evaluated. E-cadherin was used as a positive control of the technique (data not shown).  

Transfection was performed 24 hours after seeding the cells and CHX was added 24 hours after 

transfection for the indicated times. Once time of treatment was completed, cells were 

collected, lysed and protein levels were analyzed by western blot as previously indicated. 

10. Flow cytometry 

Flow cytometry was performed using HEK 293T-EGFP and HEK 293T-EGFP-Gal3E cells and auto 

immunofluorescence produced by EGFP tag was analyzed. For that, cells were seeded in 6-well 

plates at a confluence of 7,5 × 105 cells/well and transfected next day for 48 hours with Flag-

Hakai plasmid (transfection efficiency was checked before in immunofluorescence 

experiments). Cells were washed with PBS twice and trypsinized. Then, cells were resuspended 

in FACS buffer (PBS pH 7,4, 1 % BSA, 0,1 % NaN3 sodium azide) in cytometry tubes at a 

concentration of 105 cells tube. Three washes were performed by centrifugation with FACS 

buffer starting at 350 g and increasing 50 g in each centrifugation. Finally, cells were 

resuspended in FACS Buffer and kept on ice until they were analyzed in the cytometer BD 

FACSANTO II (BD Biosciences) where the auto immunofluorescence emitted by stable 

transfection with EGFP was analyzed in each cell line. 

11. Immunoprecipitation assays  

Cells were plated at 1,5 x 106 cells/plate in 100 mm dishes (Corning) and grown until reaching 

90 % confluence. When needed, cells were treated with 10 µM geldanamycin 24 hours before 

collecting.  Cells were washed twice with PBS-T 1% (PBS supplemented with 1 % of Tween-20), 

scrapped with 1 mL PBS-T and collected into 1,5 mL tubes.  Cell pellets were isolated by a 3  min 

centrifugation at 4 °C and 4 000 rpm. After centrifugation, cell pellets were incubated with 1 

mL lysis buffer (20 mM Tris-HCl pH 7,5, 150 mM NaCl and 1 % Triton X-100, 125 mg/mL N-

ethylmaleimide) in rotation at 4 °C for 30 min. Lysis reaction was centrifuged at 14 000 rpm 

and transferred to a new tube. Pre-clearing was performed to eliminate unspecific 

interactions. For this, protein extracts were incubated with 60 µL of beads for 1h at 4 °C.  
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Protein A Agarose Beads (Santa Cruz) were used when using rabbit antibodies for 

immunoprecipitation and Protein G Plus-Agarose (Santa Cruz) when using mouse antibodies. 

In parallel, 60 µL of beads were incubated with immunoprecipitation antibody or control IgG 

(Table 3) in 500 µL of PBS-T for 1 hour in rotation at 4 °C. After pre-clearing, beads were 

removed by centrifugation at 3 000 rpm, 2 min at 4 °C and 80 µL of supernatant were separated 

for Input samples. Remaining protein samples were saved for on-bead incubation. Once 

finished beads-antibody incubation, samples were centrifuged 2 min at 4 °C and 2 000 rpm and 

washed with lysis buffer once followed by another centrifugation. Protein samples were 

loaded onto the beads and incubated for 2 hours at 4 °C on rotation. After incubation, beads 

were washed twice with lysis buffer and supernatant was discarded by centrifugation. Sample 

preparation for western blotting was carried out by loading 40 µL of Laemmli buffer onto the 

beads and 20 µL of Laemmli buffer onto the input sample. Samples were heated at 95 °C for 

10 min for protein and beads cleavage and denaturalization and proceeded to western blot 

protocol. 

12. Interactome analysis 

Hakai interactome analysis was performed in HCT116 cell lines. For that, large scale 

immunoprecipitation was performed and samples were processed by the Proteomics Platform 

of Instituto de Investigación de Santiago de Compostela (IDIS). 

       12.1. Large scale immunoprecipitation 

For large scale immunoprecipitation, protein samples were processed as previously described. 

Briefly, four 150 mm culture dishes were used per point of the experiment (IgG and IP). Cells 

were placed on ice and washed thrice with filtered PBS, taking care of remaining as much 

supernatant as possible. LoBind tubes and pipette tips were used (Eppendorf). Protein was 

extracted as previously described and quantified by BCA method. Parallelly, 40 µL of 

dynabeads protein A (Thermo Fisher Scientific) were resuspended in 500 µL of filtered PBS-T 

0,1 % and incubated with 5 µg of Hakai Bethyl antibody or control IgG (Table 3) 2 h at 4 °C on 

rotation for beads-antibody coupling. Once finished antibody-beads incubation, beads were 

washed thrice with filtered PBS-T 0,1 %, and same amount of protein was loaded onto beads 

for each point of the experiment (approximately 7 mg). Beads and protein sample were 

incubated overnight at 4 °C on rotation. Following incubation, beads were washed twice with 

filtered lysis buffer and samples were prepared as previously described. To assure equally 
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amount of protein on each sample, 10 µL of each sample were loaded in a 10 % SDS-PAGE gel, 

subjected to electrophoresis as previously described and dyed with silver stain reactive. 

12.2. Silver Staining 

Gel silver staining was performed following Blum’s modified protocol described by Rabilloud 

and collaborators [196]. Steps performed for gel silver staining were as follows. Reactives’ 

composition is indicated in table 15.  

1. Gels were fixed twice during 30 min by employing fixation solution. 

2. Gels were washed twice during 10 min with dH2O. 

3. Following washing, gels were sensitized for 1 min with sensitizing solution. 

4. Gels were washed twice for 1 min with dH2O. 

5. Gels were dyed with silver nitrate solution for 60 min and washed for 10 s with dH2O. 

6. Dyed gels were revealed by employing revealing solution for 5-10 min. 

7. Revealing was stopped by employing stop solution for 30 min. 

Table 15. Composition of silver staining protocol reactives. 

Reactive Components Quantity (up to 50 mL) 

Fixation solution 

Ethanol 100° 20 mL 

Glacial acetic acid 5 mL 

ddH2O 25 mL 

Sensitizing solution 
Sodium thiosulfate solution 10 % 0,1 mL 

ddH2O 49,9 mL 

Silver nitrate solution 

AgNO3 0,1 g 

Formaldehide 37 % 37 µL 

ddH2O 49,63 mL 

Revealing solution 

K2CO3 1,5 g 

Sodium thiosulfate solution 10 % 6,25 µL 

Formaldehide 37 % 12,5 µL 

ddH2O 49,9 mL 

Stop solution 

Trizma Base 1,5 g 

Glacial acetic acid 5 mL 

ddH2O 45 L 
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12.3. In gel protein digestion 

Prepared samples were loaded on a 10 % SDS-PAGE gel and subjected to electrophoresis. The 

run was stop as soon as the front had penetrated in the resolving gel 3 mm. Band was stained 

with Sypro-Ruby fluorescent staining (Lonza), excised from the gel and processed for in-gel 

digestion. For that, samples were reduced in 10 mM dithiothreitol dissolved in 50 mM of 

ammonium bicarbonate (AMBIC) (Sigma-Aldrich). Then, samples were alkylated with 55 mM 

iodoacetamide dissolved in 50 mM AMBIC. Rinse of gel pieces was performed with 50 mM 

AMBIC in 50 % methanol (HPLC grade, Scharlau) and acetonitrile (HPLC grade, Scharlau) was 

added for dehydration. Gel pieces were dried in a SpeedVac (Thermo Fisher Scientific) and 

digested with porcine trypsin (Promega) at a final concentration of 20 ng/µL in 20 mM AMBIC 

and incubated overnight at 37 °C. Peptides were extracted three times in 40 µL of 60 % 

acetonitrile in 0,5 % formic acid for 20 min, pooled and concentrated in SpeedVac.  

12.4. Mass Spectrometric Analysis (DDA acquisition) 

Reverse Phase Chromatography was performed for peptide separation. A gradient was created 

using nano LC 400 micro liquid chromatography system (Eksigent Technologies, ABSciex) 

coupled to a high-speed Triple TOF 6600 mass spectrometer (ABSciex). Analysis was performed 

in reversed-phase column C18CL (150 x 0,30 mm, 3 µm, 120 Å) (Eksigent, ABSciex). Trap 

column YMC-TRIART C18 (3 µm, 120 Å) (YMC Technologies) was matched on-line with the 

analytical column. Flow rate of loading pump was 10 µL/min of 0.1 % formic acid. Micro-pump 

flow rate was 5 µL/min under gradient elution conditions (Mobile phase A was 0.1 % formic 

acid in water; mobile phase B was 0.1 % formic acid in acetonitrile). Peptide separation was 

performed by employing a gradient of 90 min ranging from 2 % to 90 % of mobile phase B 

(mobile phase A: 0,1 % formic acid, 2 % acetonitrile; mobile phase B: 0,1 % formic acid, 100 % 

acetonitrile). Sample volume injected was 4 µL. Data-dependent acquisition was performed in 

a TripleTOF 6600 system (ABSciex). Ion spray voltage floating (ISVF) was 5 500 V, curtain gas 

(CUR) was 25, ion source gas 1 (GS1) was 25 and collision energy employed (CE) was 10. Analyst 

TF 1.7.1 software was employed for instruments operation (ABSciex). A switching criterion was 

stablished to ions greater than the mass to charge ratio (m/z) 350 and smaller than m/z 1 400, 

with a mass tolerance of 250 ppm, a charge state of 2-5 and an abundance threshold over 200 

counts (cps). Former target ions were excluded for 15 s. Instruments calibration was 

automatically performed every 4 h using calibrant peptides from PepCalMix (SCIEX) [197]. 
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12.5. Data analysis 

Processing of data files was performed by employing ProteinPilot™ 5.0.1 software (ABSciex) 

using Parangon™ algorithm for database searching. Data grouping processing was carried out 

by employing Progroup™ software. Human-specific database from Uniprot was used for data 

search. Non-linear fitting method was used for false discovery rate, showing only results that 

reported a 1% Global false discovery rate or better [198]. Hakai specific interacting proteins 

were identified by employing Venny 2.1 software (CNB-CSIC). Functional description was 

performed by employing information of Uniprot database. 

13. Cell viability assays 

Geldanamycin cytotoxicity was analyzed with 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) colorimetric assay developed by Mosmann in 1983 and 

modified by Denizot and Lang in 1986 [199, 200]. MTT is a compound belonging to the family 

of tetrazolium salts which has a yellow color and is soluble in water. During the cellular 

metabolic activity this compound is reduced by dehydrogenases giving rise to a precipitate of 

formazan insoluble in water and with violet color whose quantity is proportional to the number 

of living cells. To carry out this test, 104 cells were seeded in a 96-well plate and treated with 

geldanamycin at different concentrations for 24 hours. After incubation with geldanamycin 

cells were treated with 5 mg/mL of MTT reactive for 3 hours at 37 °C. Following incubation, 

culture medium was removed, and tetrazolium salts were diluted in 100 µL of DMSO and 

incubated for 15 minutes with agitation at RT. The absorbance was measured using Multiskan 

Plus Reader (Nanoquant Infinite M200 Tecan Trading AG, Switzerland) using a wavelength of 

570 nm with a reference wavelength of 630 nm. Geldanamycin IC50 was calculated for each 

cell line by using GraphPad Prism 6 Software in order to determine the concentration at which 

50 % of cell population is decreased. 
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14. Inhibition assays 

14.1. Proteasome degradation inhibition with MG132  

Proteasome inhibition experiments were performed by using proteasome inhibitor MG132 

[201]. Stock solution of MG132 was prepared in DMSO at a 10 mM concentration. Cells were 

seeded at a confluence of 7,5 × 105 cells/well for HEK 293T. When needed, cells were 

transfected 24 hours after seeding and MG132 was added 32 hours after transfection during 

6 hours at 10 µM and 30 µM concentrations. Once the time of treatment was concluded, cells 

were collected and proceeded to protein extraction and analysis by western blot. Analysis of 

β-catenin protein levels were used as a positive control of the effectiveness of MG132 

treatment [202]. All the points were completed with DMSO up to the volume of maximum 

concentration. 

14.2. Lysosome degradation inhibition with chloroquine 

Lysosomal degradation inhibition was performed by using chloroquine (CQ), initially used as 

an anti-malarial drug during World War II. Chloroquine inhibits last step of autophagy by raising 

lysosome pH and avoiding the fusion of autophagosome and lysosome, and thus protein 

degradation [203]. Chloroquine reagent stock was prepared at a 96 mM concentration in H2O. 

Cells were seeded in 6-well plates at a confluence of 7,5 × 105 cells/well for HEK 293T cells and 

2,5 × 105 cells/well for HeLa cells. When needed, cells were transfected 24 hours after seeding 

and incubated at concentrations and times indicated in figure legends. After incubation, cells 

were collected and proceeded to cell extract preparation and western blot analysis. Analysis 

of LC3 I/II protein levels were used as a positive control of the effectiveness of chloroquine 

treatment 

14.3. Autophagy inhibition with 3-methyladenine 

Autophagy inhibition assays were performed by using 3-methyladenine (3-MA), which inhibits 

early autophagy and apoptosis by blocking the formation of the autophagosome via PI-3K 

inhibition [204]. Stock solution of 3-MA was freshly prepared in water at a concentration of 

100 mM. To carry out this assay, cells were seeded in 6-well plates at a confluence of 2,5 × 105 

cells/well for HeLa cells. When needed, cells were transfected 24 hours after seeding for 48 

hours. 3-MA was added to the cells 24 hours after transfection and at the concentration and 

times indicated in figure legends. Once the treatment time was finished, cells were collected, 
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and protein levels were analyzed by western blot. Analysis of LC3 I/II protein levels were used 

as a positive control of the effectiveness of Chloroquine treatment 

14.4. Hsp90 activity inhibition with geldanamycin 

Hsp90 activity was inhibited by employing ansamycin inhibitor geldanamycin (GA) which acts 

by blocking ATPase activity of the Hsp90 chaperone. For Hsp90 inhibition experiments, cells 

were seeded in 6-well plates at a confluence of 7,5 x 105 cells/well for HEK 293T cells and 

2,5 x 105 cells/well for HCT116 cells, or 100 mm dishes at 3 x 106 cells/dish for HEK 293T 

1,5 x 106 cells/dish for HCT116 cells. Working concentrations for both cell lines were used 

based on MTT assays as indicated in figure legends. Treatment with GA was maintained for the 

indicated time. In those cases were GA treatment was combined with siRNA transfection, GA 

was added after 48 hours after transfection and maintained until reaching 72 hours of 

transfection. When combined with chloroquine, both treatments were added at the same time 

for 24 hours. All treated points were completed with DMSO up to the maximum concentration. 

15. Migration assay 

Cell migration assay was performed in transiently transfected HEK 293T cells employing 

24- well Cell Migration Plate 8 µm (12 inserts) (Merck Millipore). For that, cells were seeded 

and transfected with 8 µg pcDNA 3.1 and pcDNA-Flag-Hakai for 48 hours. Cells were starved 

by adding serum-free medium 18 hours prior to assay. After 48 hours of transfection, cells 

were trypsinized, centrifuged 5 min at 1 200 rpm and seeded into migration transwells at a 

confluence of 3 × 105 cells/insert in 1 % FBS supplemented DMEM medium. To stablish a 

chemotaxis gradient, 500 µL of 30 % FBS DMEM medium were added to the lower chamber. 

For geldanamycin treatment, 10 µM of geldanamycin were added to the media in the upper 

chamber of the transwell. Taking into account the doubling time of this cell line (between 20 

and 24 hours), cells were allowed to migrate for 16 hours to avoid the interference of the 

proliferative capacity in the obtained results. After 16 hours, medium in the upper chamber of 

the transwell was removed and non-migratory cells were carefully removed from the interior 

of the insert using a moistened cotton swap. This procedure was repeated three times to 

ensure the correct removal of the cells. Migratory cells in the bottom of the transwell were 

fixed with 4 % PFA for 10 minutes and washed three times with PBS pH 7,4. Cells were then 

stained with crystal violet for 20 min and washed thrice with PBS pH 7,4. Finally, membrane 

was carefully cut and removed from the transwells and mounted onto slides for image 
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acquisition with an Olympus BX50 microscope. Data analysis was performed by quantifying the 

number of migratory cells per 10X microscope field for three different photographs of the 

same experiment. Statistical analysis was performed with GraphPad Prism 6 by employing 

Student’s t-test. Results were graphically represented as Mean ± SEM. 

16. Evaluation of Hsp90 levels in Colorectal Cancer Samples  

16.1. Human samples collection 

Renal clear cell carcinoma samples were provided by Pathological Anatomy department of 

Complejo Hospitalario Universitario de A Coruña (CHUAC). All samples were collected under 

informed consent from the patients and Research Ethics Committee from A Coruña-Ferrol 

approved their use for investigation according to the standard ethical procedures described in 

the “Ley Orgánica de Investigación Biomédica” of 14 July 2007 of the Spanish regulation. 

Paraffin samples were transferred by CHUAC Biobank, which is part of the Spanish Hospital 

Platform Biobanks Network. 

16.2. Immunohistochemistry 

Slides containing sections of tumors were deparaffinized for 1 h at 60 °C in the stove. Once 

dewaxed, the slides were rehydrated by successive incubations in xylol (10 min), xylol (10 min), 

ethanol 100° (10 min), ethanol 96° (10 min), ethanol 70° (10 min) and water (5 min). Next, 

antigenic retrieval was performed by boiling the slides in Retriever 2100 (Aptum) using Target 

Retrieval Solution, Citrate pH 6,1 (10X) (Dako) for 15 min approximately. Slides were allowed 

to cool and washed with PBS-T 0,1 % (PBS-Tween 20 0,1 % pH 7,6) for 10 min. Endogenous 

peroxidase activity was inhibited by using peroxidase blocking solution (Dako) for 30 min at RT. 

Peroxidase blocking solution was discarded and samples were washed again for 10 min with 

PBS-T 0,1 %. Slides were carefully dried and blocked with blocking solution (0,2 % BSA/0,1 % 

Triton X-100 in PBS pH 7,6) for 30 min at RT. Incubation with primary antibody was carried out 

in a wet chamber overnight at 4 °C. Next day, slides were washed three times for 10 min with 

PBS-T and incubated with secondary antibody (Dako REAL™ Envision™ Detection System) and 

washed again with PBS-T three times for 5 min. Chromogenic solution of diaminobenzidine 

(DAB) (Dako REAL™ Envision™ Detection System) was prepared at 1:50 and added to the slides 

for 2 min to reveal secondary antibody activity. DAB acts as a substrate of HRP bound to 

secondary antibodies and produces an enzymatic reaction whose product is a brown 
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precipitate. DAB reaction was stopped by adding distilled water. Finally, slides were 

counterstained with Gill’s Hematoxylin for 20 s to dye the tissue and distinguish DAB dye 

localization. Sample dehydration was performed following the opposite sequence of alcohols 

used for rehydration. Samples were left in xylol for 20 min time to ensure the correct 

dehydration and mounted with the coverslips using DePeX (Serva). A total of four sections of 

each condition (healthy tissue, adenoma, and adenocarcinoma stages I-IV) were processed. 

Five pictures of each section were taken with Olympus BX50 microscope with a 20X objective 

and number of positive staining cells per field were counted by employing Image J program. 

Statistical analysis was performed by employing GraphPad Prism 6 Software using Kruskal-

Wallis with Tukey correction test. Results are represented as Mean ± SEM for each TNM stage 

in a scatter plot. A representative image is showed for each condition. 
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1. Proteomic analysis of E3 ubiquitin-ligase Hakai-regulated proteins 

1.1. Cell Biological Analysis of Hakai-induced EMT 

As previously mentioned, only three substrates have been validated so far for E3 

ubiquitin- ligase Hakai: E-cadherin, Cortactin and DOK1. However, as it occurs with other E3 

ubiquitin- ligases, many other proteins might be regulated by Hakai E3 ubiquitin-ligase activity. 

In order to determine the potential role of Hakai upon other possible substrates, we performed 

a comparative proteomic study in a model of Hakai overexpression employing the previously 

described MDCK Hakai-overexpressing clones [89]. This cell model consisted in the epithelial 

MDCK cell line, extensively used in the study of EMT as a non-transformed epithelial cell line 

[11], which was stably transfected with pcDNA-HA-Hakai plasmid. First, phenotype of parental 

cell line MDCK and Hakai-overexpressing MDCK clones was examined under phase-contrast 

microscopy. MDCK cells showed a typical epithelial phenotype characterized by its grown in 

monolayer forming clusters of tightly connected individual cells. On the other hand, Hakai-

transformed MDCK clones showed a mesenchymal phenotype characterized by the absence of 

intercellular contacts and the presence of cytoplasmic extensions (Figure 15A). 

Figure 15. Stable Hakai overexpression in MDCK cells. (A) Phenotype of parental MDCK and Hakai-

transformed MDCK cells observed with phase contrast microscopy. Both Hakai-transformed clone 4 and 

clone 11 cells show a loss of epitelial morphology and acquisition of mesenchymal phenotype (scale bar 

100 µm). (B) Analysis by western blot of the expression levels of Hakai, E-cadherin, N-cadherin and 

Cortactin in MDCK parental cells and Hakai-transformed MDCK cells. Tubulin was employed as loading 

control. 
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Hakai overexpression in clones compared to non-transformed MDCK cells was confirmed by 

western blot. Given the effect of Hakai overexpression on MDCK cell line phenotype, we 

decided to support the observed effects by evaluating the expression of the EMT hallmark E-

cadherin (target of the E3 ubiquitin-ligase Hakai), the mesenchymal marker N-cadherin, and 

the recently described susbtrate of Hakai Cortactin [63] (Figure 15B). As previously reported, 

E-cadherin levels were dramatically down-regulated in Hakai-transformed MDCK cells 

compared to parental MDCK levels. On the other hand, expression levels of mesenchymal 

marker N-cadherin were increased in Hakai-transformed MDCK cells and absent in MDCK 

parental cell line. Moreover, cortactin levels were also studied, confirming a down-regulation 

in Hakai-transformed MDCK cells compared to non-transformed epithelial MDCK cells in the 

same way that occurs with Hakai substrate E-cadherin. Altogether, these results confirm the 

loss of epithelial characteristics present in the MDCK parental line and the acquisition of 

mesenchymal characteristics in those overexpressing Hakai, supporting the role of Hakai in the 

induction of EMT process in this MDCK cellular model. 

1.2. Strategy for the identification of Hakai-induced differential protein 

expression 

In order to determine the proteomic effect of Hakai overexpression, protein expression profile 

was determined by HPLC/MS/MS in Hakai-transformed MDCK cells in comparison to MDCK 

parental cell lines. We performed this approach in collaboration with the Proteomics Platform 

of INIBIC.  For that, total cell extracts from MDCK and Hakai-transformed MDCK cells (clone 4 

and clone 11) were obtained from two replicates of each cell line (employing clone 4 and clone 

11 as two different replicates). Same amount of total protein of the mentioned samples was 

loaded in an SDS-PAGE gel in duplicates and resolved by electrophoresis. We confirmed equal 

amounts or protein loading by silver staining (Figure 16A). Once the protein profile was 

checked for the different cell lines, we proceeded to sample preparation for the proteomic 

study. For that, equal amounts of protein from MDCK parental cell line and Hakai-

overexpressing MDCK clones were precipitated with acetone and digested with trypsin. Then, 

peptides resulting from digestion of the 4 different samples were labeled with iTRAQ 4-plex 

reagent, put together and subjected to a clearing step with a C18 reverse phase column to 

remove excess of salts and to conditionate the sample. Peptides were subjected to a first 

separation step by reverse phase liquid chromatography at basic pH. Next, resulting fractions 

were combined and subjected to a second reverse phase liquid nano liquid chromatography 
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at acid pH coupled with a mass spectrometer MALDI/TOF-TOF. MS analysis was performed for 

identification and relative quantification of the present proteins. Schematic workflow of the 

whole process is represented in figure 16B. 

 

A total of 729 proteins were identified by mass spectrometry analysis with a false discovery 

rate of 1 %, including only proteins with two or more peptides identified with at least 95 % 

confidence and a protein pilot total score ≥ 2. Relative quantification between Hakai-

transformed MDCK cells and MDCK parental cells was performed by using ProteinPilot™ 

software. In order to study significative differences between samples, bioinformatic analysis 

was performed and cutoff values for significant fold changes were stablished at > 2 for up-

regulated proteins, < 0,5 fold change for down-regulated proteins and p-value < 0,05 in both 

Figure 16. Scheme of experimental design of Hakai proteomic study. (A) Protein samples were analyzed 

by 1D-SDS-PAGE electrophoresis and dyed with silver staining for total protein visualization. (B) 

Experimental workflow. Samples were combined with labeled peptides, fractionated and separated by 

nano-LC. Separated samples were analyzed by employing MALDI-TOF/TOF mass spectrometry followed 

by bioinformatic analysis. (C) Pie chart diagram of 729 identified proteins. 11 % of proteins were up-

regulated (orange) and 8 % were down-regulated (red) in Hakai-transformed cells compared to parental 

MDCK cells. 81 % of the identified protein were considered as not significatively changed (blue). 
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cases. Taking that into consideration, a total of 145 proteins were considered to be 

differentially expressed in Hakai-transformed MDCK cells compared to parental MDCK cells. 

When overexpressing Hakai, 83 proteins (11 %) resulted to be significatively up-regulated 

whilst 63 proteins (8 %) resulted to be significatively down-regulated (Figure 16C). The rest of 

the identified proteins (81 %) were considered as not significantly changed. Total identified up 

and down-regulated proteins with ≥ 2 (≤ 0,5) score are listed in Appendix A.  

1.3. Proteomic Profiling of Hakai-transformed MDCK Cells 

A classification of the 145 significantly modulated proteins in Hakai-transformed MDCK cells 

was performed based on the biological process in which they were involved and the molecular 

function they performed (Figure 17). For biological process classification, UniProt and 

bibliographic search of the main biological process in which each protein is involved during 

tumor progression was performed, and different classification categories were established 

based on the results obtained. Results were graphically represented in pie charts using Excel 

software (Figure 17A,B). For protein molecular function classification, bioinformatic analysis 

was carried out using Panther Classification System of Gene Ontology through its search by ID 

number and its visualization and classification in pie charts. Analysis information obtained with 

Panther software was collected and subsequently represented in Excel pie charts (Figure 

17C,D). 

According to biological process classification of up-regulated proteins, they were mainly 

implicated in metabolic processes (24 %), post-transcriptional regulation (18 %) and cell stress 

and homeostasis (11 %) (Figure 17A), whereas down-regulated proteins were mainly related 

to cytoskeleton and cell morphology (24 %), membrane vesicle trafficking (19 %) and metabolic 

processes (16 %) (Figure 17B). In relation to molecular function based on Gene Ontology 

classification, proteins were diversely classified in different categories. Proteins included in 

both classification groups happen to mainly play functions related to catalytic activity (56 % 

and 33 % for up and down-regulated proteins respectively, Figure 17C,D) and protein binding 

(32 % and 38 % for up and down-regulated proteins respectively, Figure 17C,D). The 

implication of Hakai in the processes described in this classification is consistent with the 

previously published results for Hakai and its involvement in cell migration and invasion [56, 

82, 89]. Migration and invasion are both important features during cancer progression, in 

which many of the processes described in the indicated categories can be found altered, such 

as adhesion cellular, cytoskeleton reorganization, or increased cellular stress. A representative 
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subset of selected Hakai significative-down-regulated proteins involved in the described 

biological processes are listed in Table 16. These proteins were selected according to its 

classification category’s relevance during cancer progression, such as those related to cell 

adhesion or membrane vesicle trafficking, among other important categories related to cancer 

progression.  

Among the implicated proteins in cell adhesion, which happens to be reduced during cancer 

progression, we found Annexin A1, Annexin A2, Galectin-3, Stratifin (14-3-3 protein sigma), 

S100-A10 (A100 calcium binding protein A10) and Calumenin. Other cytoskeleton-related 

proteins were also included among Hakai down-regulated proteins, such as Ezrin, Septin-2, 

Moesin, Alpha-actinin-4, PDZ and LIM domain protein-1 and LIM and SH3 domain protein-1. In 

addition to the presence of characteristic proteins of the cytoskeleton structure, we also found 

Figure 17. Classification of the identified proteins in diagrams of biological process (A, B) and molecular 

function (C, D) based on Gene Ontology (GO), Uniprot databases and bibliographic research. This analysis 

was performed for 145 identified proteins showing a fold-change > 2 and a p-value < 0.05. (A, C) 

Classification of 82 up-regulated proteins in Hakai-transformed MDCK cells compared to MDCK parental 

cells. (B, D) Classification of 62 down-regulated proteins in Hakai-transformed MDCK cells compared to 

MDCK parental cells.  
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cytoskeleton regulatory proteins which happened to be down-regulated in the presence of 

Hakai overexpression. These proteins play an important role during cytoskeleton remodeling 

and dynamics, affecting cell contacts, increasing cell plasticity and allowing the creation of cell 

protrusions which improve migration and invasion ability of cancer cells during tumor 

progression [205]. Among these cytoskeleton-regulatory proteins we found AHNAK, α-actinin, 

the Arp2/3 complex, Cofilin and Prelamin-A/C. 

Some of the selected significative up-regulated proteins under Hakai overexpression are 

shown in Table 17. Many of the identified proteins are related to metabolic processes, such as 

IMPDH1, IMPDH2, LDHB or ALDR, which suggest that Hakai is playing a role in modifying 

cellular metabolism. Other identified proteins were chaperones Hsp70 and AN32E or post-

transcriptional regulators ILF3, RL12, LYAR, PAIRB and ROA1, which were also increased in 

Hakai-transformed MDCK cells in comparison to parental MDCK cells. 
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Table 16. List of selected identified down-regulated proteins. 

 % coverage 
Accession 

number 

Protein 

symbol 
Protein name Function 

Peptide 

match 

(95 %) 

Fold change 

(Hakai/wt) 
p value 

1 60,4 P04083 ANXA1 Annexin A1 

Cell adhesion molecule involved in cell-to-cell and to extracellular 

matrix binding. Also involved in proliferation, differentiation, 

motility, trafficking, apoptosis and tissue architecture 

25 0,0137 0 

2 33,6 P17931 LEG3 Galectin-3 

Galactose-specific lectin which binds IgE. May mediate endothelial 

cells migration. In the nucleus acts as a pre-mRNA splicing factor. 

Involved in acute inflammatory responses. 

20 0,0198 0,0112 

3 84,1 P07355 ANXA2 Annexin A2 

Calcium-regulated membrane-binding protein wich plays a role in 

the regulation of cellular growth and in signal transduction 

pathways. It binds two calcium ions with high affinity. May be 

involved in heat-stress response 

49 0,0172 0 

4 63,9 P60903 S10AA Protein S100-A10 

involved in the regulation of a number of cellular processes such as 

cell cycle progression and differentiation. This protein may function 

in exocytosis and endocytosis. Induces the dimerization of 

ANXA2/p36. 

12 0,0211 0,0004 

5 49,2 P31947 1433S 14-3-3 protein sigma 

Adapter protein implicated in the regulation of different signaling 

pathways, such as Cell Cycle Checkpoints and p53 Pathway.When 

bound to KRT17, regulates protein synthesis and epithelial cell 

growth 

11 0,0219 0,0118 

6 66 P25786 AHNK 

Neuroblast 

differentiation-

associated protein 

AHNAK 

Structural molecule activity conferring elasticity. May be required 

for neuronal cell differentiation. 
88 0,0203 0 

7
9
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 % coverage 
Accession 

number 

Protein 

symbol 
Protein name Function 

Peptide 

match 

(95 %) 

Fold change 

(Hakai/wt) 
p value 

7 48,5 P02545 LMNA Prelamin-A/C 

Component of the nuclear lamina. Involved in nuclear stability, 

chromatin structure and gene expression. Required for bone 

formation. Accelerates smooth muscle senescence. 

16 0,0417 0,0015 

8 71,4 O43852 CALU Calumenin 

Calcium-binding protein localized in the endoplasmic reticulum (ER) 

and it is involved in such ER functions as protein folding and sorting. 

Among its related pathways are Ca, cAMP and Lipid Signaling and 

Platelet activation, signaling and aggregation 

16 0,0912 0 

9 41,4 O14818 ACTN4 Alpha-actinin-4 

Cytoskeletal protein probably involved in vesicular trafficking via its 

association with the CART complex. Involved in tight junction 

assembly in epithelial cells. Is thought to be involved in metastatic 

processes. 

14 0,1306 0 

10 75,6 P15311 EZRI Ezrin 

Plays a key role in cell surface structure adhesion, migration and 

organization, and it has been implicated in various human cancers. 

In epithelial cells, required for the formation of microvilli and 

membrane ruffles on the apical pole. 

61 0,157 0,0003 

11 72,1 P26038 MOES Moesin 

Cross-linker between plasma membranes and actin-based 

cytoskeletons. Localized  membranous protrusions that are 

important for cell-cell recognition and signaling and for cell 

movement. 

52 0,2109 0,0092 

12 89,8 P23528 COF1 Cofilin-1 

Important for normal progress through mitosis and normal 

cytokinesis. Plays a role in the regulation of cell morphology and 

cytoskeletal organization 

23 0,3162 0 

13 65,3 P67936 TPM4 
Tropomyosin alpha-4 

chain 

Binds to actin filaments in muscle and non-muscle cells. Plays a 

central role in the calcium dependent regulation of vertebrate 

striated muscle contraction 

18 0,0794 0,0005 

 

8
0
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 % coverage 
Accession 

number 

Protein 

symbol 
Protein name Function 

Peptide 

match 

(95 %) 

Fold change 

(Hakai/wt) 
p value 

14 68,8 P37802 TAGL2 Transgelin-2 
The specific function of this protein has not yet been determined, 

although it is thought to be a tumor suppressor 
16 0,1019 0 

15 61,8 P52565 GDIR1 
Rho GDP-dissociation 

inhibitor 1 

Controls Rho proteins homeostasis. Through the modulation of Rho 

proteins, may play a role in cell motility regulation. Activity of this 

protein is important in a variety of cellular processes, and 

expression of this gene may be altered in tumors. 

14 0,227 0,0226 

16 60,9 Q15019 SETP2 Septin-2 

Required for normal organization of the actin cytoskeleton. Plays a 

role in the biogenesis of polarized columnar-shaped epithelium, 

thus facilitating efficient vesicle transport. 

12 0,3221 0,0104 

17 51,8 P61586 RHOA 
Transforming protein 

RhoA 

Rho proteins promote reorganization of the actin cytoskeleton and 

regulate cell shape, attachment, and motility. Overexpression of this 

gene is associated with tumor cell proliferation and metastasis. 

9 0,3404 0,0133 

18 33 P27816 MAP4 
Microtubule-associated 

protein 4 

Non-neuronal microtubule-associated protein. Promotes 

microtubule assembly. Diseases associated with MAP4 include 

Ovarian Clear Cell Adenocarcinoma 

9 0,3767 0,0366 

19 53,7 Q9NYL9 TMOD3 Tropomodulin-3 

Blocks the elongation and depolymerization of the actin filaments at 

the pointed end and defines the geometry of the membrane 

skeleton. 

5 0,2014 0,0187 

20 32,2 O00151 PDLI1 
PDZ and LIM domain 

protein 1 

Cytoskeletal protein that may act as an adapter that brings other 

proteins (like kinases) to the cytoskeleton. 
5 0,0839 0,003 

21 30,8 P50552 VASP 
Vasodilator-stimulated 

phosphoprotein 

Actin-associated protein involved in cytoskeleton remodeling and 

cell polarity such as axon guidance, lamellipodial and filopodial 

dynamics, platelet activation and cell migration 

4 0,4742 0,005 
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 % coverage 
Accession 

number 

Protein 

symbol 
Protein name Function 

Peptide 

match 

(95 %) 

Fold change 

(Hakai/wt) 
p value 

22 37 O15144 ARPC2 
Actin-related protein 

2/3 complex subunit 2 

Implicated in the control of actin polymerization in cells. Together 

with an activating nucleation-promoting factor (NPF) mediates the 

formation of branched actin networks 

4 0,263 0,0194 

23 26,2 P11234 RALB 
Ras-related protein Ral-

B 

Multifunctional GTPase involved in a variety of cellular processes 

including gene expression, cell migration, cell proliferation, 

oncogenic transformation and membrane trafficking. 

3 0,3532 0,0261 

24 30,7 Q9BPX5 ARP5L 

Actin-related protein 

2/3 complex subunit 5-

like protein 

Involved in regulation of actin polymerization and together with an 

activating nucleation-promoting factor (NPF) mediates the 

formation of branched actin networks. 

3 0,1803 0,0264 

25 29,1 Q14847 LASP1 
LIM and SH3 domain 

protein 1 

Plays an important role in the regulation of dynamic actin-based, 

cytoskeletal activities. Involved in ion transmembrane transport 

activity. 

3 0,0711 0,0275 

*The selected unique proteins found identified with >95% confidence and score ≤0.5 are indicated. Data in the table include: percentage coverage; Accession number; Symbol; Protein name; 

Biological roles in references from Gene Cards human database. Number of distinct peptides having at least 95% confidence; Unique peptides; Ratio (Mean ± SD); p-value. 
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Table 17. List of selected identified up-regulated proteins 

 
% 

coverage 

Accession 

number 

Protein 

Symbol 
Protein name Function 

Peptide 

match 

(95 %) 

Fold change 

(Hakai/wt) 
p value 

1 79,1 P08107 HSP71 
Heat shock 70 kDa protein 

1A/1B 

Chaperone that stabilizes preexistent proteins against 

aggregation and mediates its folding in the cytosol as well as 

within organelles. It is also involved in the ubiquitin-proteasome 

pathway. 

111 39,8107 0,0002 

2 89,4 P06733 ENOA Alpha-enolase 

Multifunctional enzime which participates in glycolysis, as well 

as growth control, hypoxia tolerance and allergic responses. 

Stimulates immunoglobulin production and may play a role as a 

tumor supressor. 

96 32,5087 0,0003 

3 88,8 P15531 NDKA 
Nucleoside diphosphate 

kinase A 

Protein which plays its major role in synthesis of nucleoside 

triphosphates. Involved in cell proliferation, differentiation and 

development, signal transduction and gene expression. NME1 is 

associated with diseases such as Neuroblastoma and Anal Canal 

Carcinoma 

24 10,5682 0,0009 

4 94,1 P22392 NDKB 
Nucleoside diphosphate 

kinase B 

Enzime that plays its major role in synthesis of nucleoside 

triphosphates as well as NME1. Acts as as transcriptional 

activator of MYC gene and negatively regulates Rho activiy.  

Diseases associated with NME2 include Myxosarcoma and Lung 

Sarcoma 

30 22,2843 0 

5 61,1 P12268 IMDH2 
Inosine-5'-monophosphate 

dehydrogenase 2 

Catalyzes the conversion of inosine 5-phosphate (IMP) to 

xanthosine 5-phosphate, the first limiting step in the sinthesys 

of guanine nucleotides. It may play a role in the malignancy and 

progression of some tumors. 

21 4,6132 0 

6 67,8 P16949 STMN1 Stathmin 

Ubiquitous cytosolic phophoprotein involved in the microtubule 

filament system by destabilizing microtubules. Prevents 

assembly and promotes disassembly of microtubules. 

16 3,4995 0,0001 
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% 

coverage 

Accession 

number 

Protein 

Symbol 
Protein name Function 

Peptide 

match 

(95 %) 

Fold change 

(Hakai/wt) 
p value 

7 35,6 Q12906 ILF3 
Interleukin enhancer-

binding factor 3 

Protein that regulates gene expression at level of post-

transcription. Can act as an inhibitory protein at the initiation 

phase of RNA translation probably by inhibiting its binding to 

polysome. 

11 2,8054 0,0059 

8 71,4 P49773 HINT1 
Histidine triad nucleotide-

binding protein 1 

Protein that hydrolyzes purine nucleotide phosphoramidates 

substrates. Modulates proteasomal degradation of target 

proteins by the SCF E3 ubiquitin-protein ligase complex. The 

HINT1 gene is considered a tumor supressor. 

6 15,9956 0,0015 

9 23,2 P20839 IMDH1 
Inosine-5'-monophosphate 

dehydrogenase 1 

Enzime that catalyzes the conversion of inosine 5-phosphate 

(IMP) to xanthosine 5-phosphate, the first limiting step in the 

sinthesys of guanine nucleotides. It may play a role in the 

malignancy and progression of some tumors. 

4 36,6438 0,0006 

10 41,6 P07195 LDHB 
L-lactate dehydrogenase B 

chain 

B subunit of lactate dehydrogenase enzime which catalyzes the 

interconversion of pyruvate and lactate with concomitant 

interconversion of NADH and NAD+. Diseases related to LDHB 

include urinary bladder urothelial carcinoma. 

13 6,9183 0 

11 46,5 P15121 ALDR Aldose reductase 

Protein member of aldo/keto reductase superfamily. Catalyzes 

the NADPH-dependent reduction of aldehydes. It is implicated 

in the metabolism of steroid hormones and galactose. 

4 3,6308 0,024 

12 32,1 Q9BTT0 AN32E 

Acidic leucine-rich nuclear 

phosphoprotein 32 family 

member E 

Histone chaperone that specifically mediates the removal of 

histone H2A.Z/H2AFZ from the nucleosome. 
7 4,6989 0,0439 

13 43,3 Q9NX58 LYAR 
Cell growth-regulating 

nucleolar protein 
Poly(A) RNA binding protein. 7 6,0813 0,0442 
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% 

coverage 

Accession 

number 

Protein 

Symbol 
Protein name Function 

Peptide 

match 

(95 %) 

Fold change 

(Hakai/wt) 
p value 

14 71,3 Q8NC51 PAIRB 

Plasminogen activator 

inhibitor 1 RNA-binding 

protein 

Poly(A) RNA binding protein and mRNA 3-UTR binding protein. 

May play a role in the regulation of mRNA stability. 
35 8,5507 0 

15 70,9 P30050 RL12 60S ribosomal protein L12 
Protein component of the ribosomal 60S subunit. This protein 

binds directly to the 26S rRNA . 
13 4,7863 0,0001 

16 19,3 P12955 PEPD Xaa-Pro dipeptidase 

The protein forms a homodimer that hydrolyzes dipeptides or 

tripeptides with C-terminal proline or hydroxyproline residues. 

The enzyme serves an important role in the recycling of proline, 

and may be rate limiting for the production of collagen. 

3 18,3654 0,0005 

17 14,7 Q12765 SCRN1 Secernin-1 
Protein that regulates exocytosis in mast cells increasing its 

secretion and sensitivity to stimulation with calcium. 
1 14,8594 0,028 

18 31,7 P49321 NASP 
Nuclear autoantigenic 

sperm protein 

H1 histone binding protein involved in the transport of histones 

to the nucleus in dividing cells. Required for DNA replication and 

normal cell proliferation and cycle progression. 

7 4,4875 0,0012 

19 40,3 P60891 PRPS1 
Ribose-phosphate 

pyrophosphokinase 1 

Enzyme that catalyzes the phosphoribosylation of ribose 5-

phosphate to 5-phosphoribosyl-1-pyrophosphate, necessary for 

nucleotide biosynthesis and purine metabolism. 

8 7,2444 0,0008 

20 63,7 P09651 ROA1 
Heterogeneous nuclear 

ribonucleoprotein A1 

Protein involved in the packaging of pre-mRNA into hnRNP 

particles, transport of poly(A) mRNA from the nucleus to the 

cytoplasm and may modulate splice site selection 

50 2,8054 0,0011 

21 51,6 Q14103 HNRPD 
Heterogeneous nuclear 

ribonucleoprotein D0 

Member of the subfamily of ubiquitously expressed 

heterogeneous nuclear ribonucleoproteins (hnRNPs) which 

participates in pre-mRNA processing, mRNA metabolism and 

transport. This protein is implicated in mRNA stability. 

18 2,4889 0,0005 
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*The selected unique proteins found identified with >95% confidence and score ≥2 are indicated. Data in the table include: percentage coverage; Accession number; Symbol; Protein name; 

Biological roles in references from Gene Cards human database. bNumber of distinct peptides having at least 95% confidence; Unique peptides; Ratio (Mean ± SD); p-value. 

 

8
6

 



RESULTS 

87 
 

1.4. Bioinformatic analysis of Hakai-regulated proteins 

In order to evaluate the presence of protein-protein interactions between up and down-

regulated proteins in Hakai-transformed MDCK cells, an independent analysis was performed 

by employing STRING database. STRING database consists in a biological database with web 

access that can process data from several sources in order to determine and provide 

information about functional and physical properties [206]. When subjected our identified up- 

and down-regulated proteins to STRING analysis, we found networks with significantly more 

interactions than expected, suggesting that our Hakai-regulated proteins are partially 

connected as a group or, at least, interacting among each other. First, we subjected down-

regulated proteins to STRING analysis and evaluated the interaction between proteins for 

different predetermined categories. The most interesting results were observed for protein 

metabolism (Figure 18A) and cytoskeleton (Figure 18B), which are related to the main cellular 

characteristics modified by Hakai protein function. Interestingly, a very delimited cluster of 

proteins identified as proteasome subunits was observed in STRING analysis for protein 

metabolism (Figure 18A), suggesting a down-regulation of 26S proteasome catalytic activity in 

Hakai-transformed cells compared to parental epithelial MDCK cells (Table 18). Similarly, when 

subjecting up-regulated proteins to STRING analysis (Figure 19), they showed to be mainly 

gathered in two main groups classified by their RNA-binding properties (Figure 19A) and their 

association with extracellular exosomes (Figure 19B). Taking into consideration this analysis, 

proteomic profiling of Hakai suggests its implication in cytoskeleton dynamics, RNA-related 

proteins, exosome association and protein metabolism. All of these processes are reported to 

be altered during cancer progression.  
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Figure 18. Protein−protein interaction network of the identified down-regulated proteins by Hakai. The 

STRING database was searched for protein−protein of the connected identified under-regulated proteins 

in Hakai-transformed MDCK cells compared to normal MDCK (p < 0.001). With a confidence cutoff of 0.4, 

the resulting network contains 138 edges between 63 of the proteins; the proteins with no associations 

to other proteins in the network were removed. (A) Network of proteins involved in protein metabolism 

are highlighted in red and represented as nodes. Red circle is drawn to indicate the cluster of proteasome 

subunit complex. Highlighted proteins in red are DLDH, Dihydrolipoyl dehydrogenase, mitochondrial; 

CATA, Catalase; FKB10, Peptidyl-prolyl cis−trans isomerase FKBP10; PP1B, Serine/threonine-protein 

phosphatase PP1-beta catalytic subunit; ANXA1, Annexin A1; CALR, Calreticulin; AMPL, Cytosol 

aminopeptidase; COF1, Cofilin-1; PDIA3, Protein disulfide-isomerase A3; PDIA1, Protein disulfide-

isomerase; PSB2, Proteasome subunit beta type 2; PSA2, Proteasome subunit alpha type 2; PSA1, 

Proteasome subunit alpha type 1; PSA3, Proteasome subunit alpha type 3; PSA7, Proteasome subunit 

alpha type 7; PSA6, Proteasome subunit alpha type 6; PSA5, Proteasome subunit alpha type 5; PSA4, 

Proteasome subunit alpha type 4; PSME1, Proteasome activator complex subunit 1. (B) Network of 

cytoskeleton-related proteins are highlighted in red and represented as nodes. ARP5L, Actin-related 

protein 2/3 complex subunit 5-like protein; CALM, Calmodulin; VIME, Vimentin; PSME1, Proteasome 

activator complex subunit 1; ACTN4, Alpha-actinin-4; AHNK, Neuroblast differentiation-associated 

protein AHNAK; COF1, Cofilin-1; MOES, Moesin; GDIR1, Rho GDP-dissociation inhibitor 1; RHOA, 

Transforming protein RhoA; NHRF1, Na(+)/H(+) exchange regulatory cofactor NHE-RF1; PDLI1, PDZ and 

LIM domain protein 1.  
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Table 18. Identified down-regulated proteasome subunits. 

 % coverage Accession number Protein Symbol Protein name Peptide match (95 %) Fold change (Hakai/wt) p value 

1 66,2 P25787 PSA2 Proteasome subunit alpha type-2 12 0,1306 0,0007 

2 44,6 Q06323 PSME1 Proteasome activator complex subunit 1 4 0,3251 0,046 

3 43,7 P25789 PSA4 Proteasome subunit alpha type-4 8 0,3698 0,0119 

4 64,7 P28066 PSA5 Proteasome subunit alpha type-5 7 0,1169 0,0054 

5 61,8 P60900 PSA6 Proteasome subunit alpha type-6 13 0,4699 0,0038 

6 85,9 O14818 PSA7 Proteasome subunit alpha type-7 12 0,3873 0,0029 

7 60,1 P25786 PSA1 Proteasome subunit alpha type-1 12 0,4207 0,0016 

8 56,5 P25788 PSA3 Proteasome subunit alpha type-3 10 0,4285 0,0316 

9 81,1 P49721 PSB2 Proteasome subunit beta type-2 9 0,3802 0,0462 

*Identified subunits involved in 26 proteasome down-regulated in normal MDCK epithelial transformed with Hakai. The table includes percentage coverage; Accession 

 number; Symbol; Protein name. bNumber of distinct peptides having at least 95% confidence; Unique peptides; Ratio (Mean ± SD); p-value.  
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Figure 19. Protein−protein interaction network of the identified up-regulated proteins by Hakai. The 
STRING database was searched for protein-protein of the connected identified up-regulated proteins in 
Hakai-transformed MDCK cells compared to normal MDCK (p < 0.001). With a confidence cutoff of 0.4, 
the resulting network contains 179 edges between 82 of the proteins; the proteins with no associations 
to other proteins in the network were removed. (A) Network of proteins with RNA-binding properties 

are highlighted in red: NUDT5, ADP-sugar pyrophosphatase; IMDH2, Inosine-5′-monophophate 

dehydrogenase 2; NDKA, Nucleoside diphosphate kinase A; DUT, Deoxyuridine 5′-triphosphate 

nucleotide hydrolase, mitochondrial; PPIA, Peptidyl-prolyl cis−trans isomerase A; ROA1, Heterogeneous 
nuclear ribonucleoprotein A1; RL14, 60S ribosomal protein L14; SRP14, Signal recognition particle 14 kDa 
protein; PAIRB, Plasminogen activator inhibitor 1 RNA-binding protein; RL12, 60S ribosomal protein L12; 
AATM, Aspartate aminotransferase, mitochondrial; ENOA, Alpha-enolase; PARK7, Protein DJ-1; TBCA, 

Tubulin-specific chaperone A; IMDH1, Inosine-5′-monophophate dehydrogenase 1; HMGB2, High 
mobility group protein B2; STIP1, Stress induced-phosphoprotein 1; GSTP1, Glutathione S-transferase P; 
NONO, Non-POU domain-containing octamer-binding protein; SFPQ, Splicing factor, proline- and 
glutamine-rich; LYAR, Cell growth-regulating nucleolar protein; SSBP, Single-stranded DNA-binding 
protein, mitochondrial; ILF3, Interleukin enhancer-binding factor 3; UB2L3, Ubiquitin-conjugating 
enzyme E2 L3; NP1L1, Nucleosome assembly protein 1-like 1; RL1D1, Ribosomal L1 domain-containing 
protein 1; RBM28, RNA-binding protein 28; RU2A, U2 small nuclear ribonucleoprotein A; C1QBP, 
Complement component 1 Q subcomponent-binding protein, mitochondrial; LA, Lupus La protein; PPP5, 

Serine/threonine-protein phosphatase 5. (B) Protein−protein interaction of extracellular exosomes-
associated proteins are highlighted in red and represented as nodes. NUDT5, ADP-sugar 

pyrophosphatase; MTAP, S-methyl-5′-thioadenosine phosphorylase; PGK1, Phosphoglycerate kinase 1; 

APT, Adenine phosphoribosyltransferase; IMDH2, Inosine-5′-monophosphate dehydrogenase 2; 

AATM, Aspartate aminotransferase, mitochondrial; AATC, Aspartate aminotransferase, cytoplasmic; 
LDHB, L-lactate dehydrogenase B chain; KCRU, Creatine kinase U-type, mitochondrial; STMN1, Stathmin; 
CBR1, Carbonyl reductase [NADPH] 1; ENOA, Alpha-enolase; NDKB, Nucleoside diphosphate kinase B; 
NDKA, Nucleoside diphosphate kinase A; RL12, 60S ribosomal protein L12; PRDX4, Peroxiredoxin-4; 
PRDX5, Peroxiredoxin-5, mitochondrial; GSTO1, Glutathione S-transferase omega-1; GSHB, Glutathione 
synthetase; GSTP1, Glutathione S-transferase P; LGUL, Lactoylglutathione lyase; ALDR, Aldose reductase; 
TRXR1, Thioredoxin reductase 1, cytoplasmic; SSBP, Single-stranded DNA-binding protein, mitochondrial; 

SODC, Superoxide dismutase [Cu−Zn]; TBCA, Tubulinspecific chaperone A; DUT, Deoxyuridine 5-

triphosphate nucleotidohydrolase, mitochondrial; PPIA, Peptidyl-prolyl cis−trans isomerase A; PEPD, 

Xaa-Pro dipeptidase; IPYR, Inorganic pyrophosphatase; KCRB, Creatine kinase B-type; PARK7, Protein DJ-
1; DNJA1, DnaJ homologue subfamily A member 1; CHIP, E3 ubiquitin-protein ligase CHIP; UB2L3, 

Ubiquitin-conjugatin enzyme E2 L3; NUCL, Nucleolin; RCL, Deoxyribonucleoside 5′-monophosphate N-
glycosidase MIF, Macrophage migration inhibitory factor; PAIRB, Plasminogen activator inhibitor 1 RNA-
binding protein; RL14, 60S ribosomal protein L14; ROA1, Heterogeneous nuclear ribonucleoprotein A1; 
SRP14, Signal recognition particle 14 kDa protein. 
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1.5. Validation of the identified Hakai-regulated proteins by Western blotting 

After the classification of the identified proteins in relation to their biological process and 

molecular function, validation of protein up- or down-regulation was performed for some of 

the identified proteins which were considered of more interest due to their fold change and 

their role during cancer development. For that purpose, western blot was performed by using 

protein extracts of MDCK and two different Hakai-transformed MDCK clones (clone 4 and clone 

7) to confirm iTRAQ results (Figure 20). Among down-regulated proteins, Annexin A1, Annexin 

A2, Calumenin, Stratifin (14-3-3) and Galectin-3 were selected for validation based on their 

fold-change, p-value and the available information about their possible roles during tumor 

progression.  

 

Figure 20. Western blot analysis of selected increased and decreased proteins in Hakai-transformed 

MDCK cells. Down-regulated proteins (A-E) and up-regulated proteins (F-H) were selected from iTRAQ 

analysis identified proteins and validated by western blot by using cell lysates of MDCK parental cell lines 

and two clones of Hakai-transformed MDCK cells (Hakai-4 and Hakai-7). Densitometric quantification of 

identified proteins was performed using ImageLab Software by employing Tubulin or GAPDH as 

housekeeping for normalization. Proteomic study results were validated for all the proteins analyzed. 

Results are represented as Mean ± SEM from three independent experiments. Statistical analyses 

indicate a significant difference between Hakai-transformed MDCK cells respect to parental MDCK cells 

(*p < 0.05, **p < 0.01, ***p < 0.001). 
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Relative quantification of protein expression levels was performed in relation to housekeeping 

levels. Hakai-transformed clone 4 and clone 11 quantification values were relativized to control 

MDCK expression levels. Significant down-regulation of selected proteins was effectively 

confirmed in Hakai-transformed MDCK clones by statistical analysis (Figure 20A-E). In the same 

way, a subset of up-regulated proteins was selected for iTRAQ results validation by western 

blot, including Hsp70 and IMPDH1 based on their fold-change and p-value. In addition to these 

two identified proteins, we decided to include Hsp90 for validation, as it shares important 

similarities with Hsp70 and has been extensively studied in relation to cancer progression. 

Statistical significance was confirmed for the up-regulation of selected proteins by western 

blot in one or both Hakai-transformed MDCK clones in comparison to MDCK parental cells 

(Figure 20F-H). Altogether, these results support and validate the data obtained through 

proteomic analysis using iTRAQ approach. 

1.6. Analysis of the subcellular localization of Hakai-regulated proteins 

In addition to our proteomic study, we further investigated whether subcellular localization of 

the selected up- and down-regulated proteins was changed in Hakai-transformed MDCK cells 

compared to MDCK parental cell line. To determine subcellular localization, we performed 

immunofluorescence assays in MDCK and one of the Hakai-transformed clones for Annexin A1, 

Annexin A2, Stratifin, Galectin-3, Hsp70 and Hsp90 (Figure 21). As we could observe, Annexin 

A1 and Annexin A2 (Figure 21A,B) were completely disappeared in Hakai-transformed MDCK 

cells compared to parental MDCK cell line. No significative changes were observed in 

localization for Stratifin (Figure 21C) in Hakai-transformed cells compared to MDCK cells. 

However, a dramatical change in localization for Galectin-3 was observed when overexpressing 

Hakai (Figure 21D). While Galectin-3 was dispersedly distributed throughout the cytoplasm in 

parental MDCK cells, it was enriched in specific localizations in the cytoplasm in Hakai-

transformed MDCK cells. This enrichment of Galectin-3 seemed to be localized between 

cellular protrusions and the nuclear area. On the other hand, localization of both chaperones 

Hsp70 and Hsp90 was also found to be modified when overexpressing Hakai. MDCK parental 

cells showed a dotted cytoplasmic pattern for Hsp70 while Hakai overexpression apparently 

induced its translocation to cell-cell contacts (Figure 21E). Regarding Hsp90, localization in 

MDCK parental cell lines was diffused and cytoplasmatic, however Hakai overexpression 

induced its translocation to cellular membrane (Figure 21F). 
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Figure 21. Effect of Hakai overexpression on subcellular localization of selected proteins. Annexin A1 (A), 

Annexin A2 (B), Stratifin (C), Galectin-3 (D), Hsp70 (E) and Hsp90 (F) subcellular localization was examined 

by confocal microscopy. Photos were taken with objective of 40X magnification. A zoom was included by 

amplifying and cutting the images (circle images). 
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Altogether, these results suggest that, apart from inducing the modulation of their expression 

levels, Hakai stable overexpression can also modulate the subcellular localization of some 

selected proteins.  

Due to the interesting results obtained for Galectin-3, Hsp70 and Hsp90 regarding their 

subcellular localization in Hakai-transformed MDCK cells, we decide to evaluate the possible 

co-localization of Hakai and these mentioned proteins by co-immunofluorescence and 

confocal microscopy (Figure 22). Immunofluorescence showed a diffuse cytoplasmic 

localization of Galectin-3 in MDCK parental cell line. Anti-HA tag antibody, only expressed in 

Hakai-transformed MDCK cells, was used for evaluation of Hakai localization in both cell lines 

and showed a week unspecific signal in MDCK cells. However, striking co-localization of HA and 

Galectin-3 was observed in Hakai-transformed MDCK cells in delimited areas localized 

between cytoplasmic protrusions and nuclear area (Figure 22A). On the other hand, no co-

localization was observed for Hsp70 and Hakai, neither in MDCK parental cells nor in Hakai-

transformed MDCK cells (Figure 22B). However, co-immunofluorescence performed for Hsp90 

and Hakai showed a light cytoplasmic co-localization of both proteins in Hakai-transformed 

MDCK cells, whereas no co-localization was detected for parental MDCK cell line (Figure 22C). 

These observations suggest that Hakai may influence the expression or the subcellular 

localization of Galectin-3 and Hsp90 by directly or indirectly interacting with them.  
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Figure 22. Co-immunofluorescence analysis of Hakai co-localization with selected proteins. Hakai co-

localization with Galectin-3 (A), Hsp70 (B) and Hsp90 (C) was examined in Hakai-transformed MDCK cells 

and MDCK parental cells. Hakai localization was evaluated by employing either anti-Hakai or anti-HA 

antibody (A). Protein localization was examined by confocal microscopy. Photos were taken with 

objective of 40X magnification. Zoom was included by amplifying and cutting images (circle images).        
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2. Study of the role of Hakai on Galectin-3 expression 

2.1. Analysis of Galectin-3 down-regulation during Hakai transient transfection 

Given that Galectin-3 was identified as a down-regulated protein in the proteomic study 

performed in Hakai-transformed MDCK clones and MDCK parental cell lines, and that 

immunofluorescence experiments confirmed an interesting colocalization with Hakai in 

cytoplasmic areas at the base of cellular protrusions, we decided to deeply analyze the possible 

mechanism of action of Hakai on Galectin-3. Many biological functions for Galectin-3 have 

been described related to tumor development process such as cell-cell and cell-matrix 

interaction, cellular proliferation, cellular differentiation and apoptosis [111]. Galectin-3 has 

been described to be up-regulated in several types of cancer such as colon cancer, ovarian 

cancer, pancreatic cancer or clear renal cell carcinoma [207-210]. However, its down-

regulation has also been described for node-positive breast cancer, thyroid carcinoma, 

cholangiocarcinoma, cervical carcinoma, small-cell lung cancer, prostate cancer and pancreatic 

ductal adenocarcinoma [125, 211-216]. Taking into consideration the preliminary results 

obtained in the proteomic study, and the already reported down-regulation of Galectin-3 in 

different types of cancer, we decided to evaluate the possible down-regulation of Galectin-3 

during Hakai transient overexpression in human cell lines. For that, HEK 293T cells were used 

given their low expression levels of Galectin-3, and were transiently transfected with 

increasing amounts of pEGFP-Hakai and constant p3X-Flag-Gal3. Expression levels of both 

proteins were determined by western blot. Interestingly, Galectin-3 expression levels were 

markedly decreased in parallel to the increase in Hakai levels (Figure 23).  

Given the results obtained, which pointed that Hakai up-regulation induced Galectin-3 down-

regulation and that both proteins co-localized, we decided to deepen into the mechanism of 

this possible regulation by conducting an international research stay at Dr. Fu-Tong Liu's 

laboratory at Academia Sinica, Taiwan. Dr. Fu-Tong Liu is a worldwide recognized expert in the 

study of galectins, including Galectin-3, so we considered that carrying out this research stay 

could be helpful for the completion of this doctoral thesis. All the results shown from now on 

are about experiments performed in Dr. Fu-Tong Liu's laboratory. 
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Under Dr. Fu-Tong Liu’s supervision, we decided to carry out replicative experiments of our 

previous results obtained in order to confirm the regulation detected. For that, increasing 

amounts of pEGFP-Hakai were again co-transfected together with a constant amount of p3X-

Flag-Gal3 plasmid in HEK 293T cell line (Figure 24A). In this case, no decrease in Galectin-3 

levels was observed under transfection of increasing levels of Hakai. To double-check the effect 

of Hakai overexpression on Galectin-3, same experiment was performed with only one point 

for Hakai overexpression. In this case, HEK 293T cells were transfected with same constant 

amount of p3X-Flag-Gal3 and the highest amount of pEGFP-Hakai employed in previous 

experiments. As a negative control, cells were transfected with p3X-Flag-Gal3 empty vector 

(pCDNA 3.1) and pEGFP-Hakai empty vector (pEGFP-C1) (Figure 24B). In this experiment we 

did not detect any effect on Galectin-3 after Hakai transient overexpression. Different results 

were observed between experiments performed at Dr. Fu-Tong Liu’s laboratory and those 

performed in our own laboratory. This might be due either to technical differences during 

plasmid transfection or during cell culture, despite having worked with the same cell line.  

Figure 23. Study of Galectin-3 expression under transfection of increasing amounts of Hakai in HEK 

293T cells. HEK 293T cells were transiently co-transfected with constant amount of p3X-Flag-Gal3 (0.5 

µg) and increasing amounts of pEGFP-Hakai (0,5 - 3 µg) during 48 h. Cell lysates were subjected to SDS-

PAGE electrophoresis and immunoblot with indicated antibodies. Galectin-3 levels are progressively 

reduced while increasing Hakai expression levels. Relative quantification of expression levels was 

graphically represented as Mean excluding pEGFP-Hakai control point. Tubulin was used as loading 

control. Only one replicate of the experiment was performed. 
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In order to further investigate the obtained results, we decided to choose another human cell 

line expressing higher endogenous levels of Galectin-3. Taking that into account, we selected 

HeLa cell line, derived from cervical cancer cells, to perform the same experiment and check 

the possible reproducibility of Galectin-3 down-regulation during Hakai increasing 

overexpression. For that, HeLa cells were subjected to two different kinetics experiments, one 

in a time of transfection dependent manner, and other in a concentration dependent manner. 

In both cases HeLa cells were transfected with pEGFP-Hakai at the indicated concentrations, 

and endogenous Galectin-3 levels were evaluated by western blot. Time kinetics experiment 

showed efficient overexpression of Hakai at 24 h, but no effect of Hakai on Galectin-3 

expression levels was detected (Figure 25A). Galectin-3 endogenous levels showed an 

unexpected peak of expression at 4 h after transfection followed by a dramatic decrease up to 

75 % of control levels. Galectin-3 endogenous levels were also analyzed in HeLa cells after 

transfection of increasing levels of Hakai protein (Figure 25B). HeLa cells were transfected with 

pEGFP-Hakai for 48 h and Galectin-3 endogenous levels were analyzed by western blot. Results 

Figure 24. Study of Galectin-3 expression levels during Hakai co-transfection in HEK 293T cells. (A) HEK 

293T cells were transiently co-transfected with constant amount of p3X-Flag-Gal3 (0,5 µg) and increasing 

amounts of pEGFP-Hakai (0,5-3 µg) during 48 h. Total amount of transfected plasmid was completed until 

3.5 µg with pEGFP-C1 empty vector. (B) HEK 239T were transiently co-transfected with 0.5 µg of pFlag-

gal3/pcDNA 3.1 and 3 µg of pEGFP-Hakai/pEGFP-C1 for 48 h. Cell lysates were subjected to SDS-PAGE 

and immunoblot with the indicated antibodies. Tubulin was used as loading control. 
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showed a significative down-regulation of Galectin-3 under Hakai overexpression for 1, 2 and 

3 µg of pEGFP-Hakai plasmid compared to non-transfected control. 

 

 

  

Figure 25. Effect of concentration and time kinetics of Hakai overexpression on Galectin-3 endogenous 

levels in HeLa cells. (A) HeLa cells were transiently transfected with 3 µg of pEGFP-Hakai up to 48 h. Cell 

lysates were obtained at different times during transfection and subjected to SDS-PAGE electrophoresis 

and immunoblot with the indicated antibodies (left panel). Relative quantification of Galectin-3 

expression levels was graphically represented as Mean for one experiment (right panel). (B) HeLa cells 

were transiently transfected with increasing amounts of pEGFP-Hakai. Total amount of transfected 

plasmid was completed until 3 µg with pEGFP empty vector. Endogenous levels of Galectin-3 were 

evaluated (left panel). Relative quantification of Galectin-3 expression levels was represented as Mean ± 

SEM (right panel) for three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001). 
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2.2. Analysis of Galectin-3 protein turnover 

Half-life of Galectin-3 protein was also evaluated in order to determine its protein turnover. 

For this, a time-course experiment was performed by using cycloheximide at the indicated 

times and concentration in different cell lines (LoVo, HT29 and HEK293T). Figure 26 shows the 

results obtained for HEK 293T as a representative experiment. No decrease in Galectin-3 levels 

was detected during treatment with cycloheximide for 8 hours in any of the cell lines used. 

Effectiveness of cycloheximide was confirmed by evaluation of E-cadherin half-life (data not 

shown). This result suggests that Galectin-3 has a half-life greater than 8 h. 

 

2.3. Hakai overexpression does not modulate Galectin-3 mRNA levels 

Due to the significant decrease of endogenous Galectin-3 protein levels during Hakai 

overexpression in HeLa cells, we wanted to determine if this modulation was detected at a 

post-transcriptional or post-translational level. Although the main role for E3 ubiquitin-ligase 

Hakai has been described to occur at a post-translational level by the ubiquitination of cytosolic 

proteins, it has also been reported to be mainly localized in the nucleus [89]. Moreover, Hakai 

has been reported to play a role as transcriptional coregulator in breast cancer (Gong et al., 

2010), and to interact with PSF splicing factor and promote its binding to different protein 

transcripts, mainly related to tumorigenesis [99, 103]. Besides, it has been recently described 

Figure 26. Effect of cycloheximide on Galectin-3 expression in HEK 293T cells. HEK 293T cells were 

transiently transfected with 1 µg of pFlag-Gal3 for 48 h and treated with 100 µg/mL of CHX, a protein 

synthesis inhibitor during the indicated times. Cell lysates were obtained and protein expression was 

evaluated by SDS-PAGE electrophoresis and immunoblot with the indicated antibodies. Tubulin was used 

as loading control 
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that Hakai influences mRNA methylation in Arabidopsis thaliana [97]. Taking those discoveries 

into consideration, it is likely to think that Hakai may play additional roles in the mRNA 

regulation. Based on these facts, we decided to evaluate mRNA expression levels for 

Galectin- 3 under Hakai overexpression. For that, HeLa cells were transiently transfected as 

indicated and subjected to mRNA analysis (Figure 27). As shown in figure 27, Hakai 

overexpression did not significantly modify Galectin-3 expression levels, suggesting that Hakai-

dependent Galectin-3 down-regulation may be occurring at post-translational level. 

 

2.4. Analysis of the effect of autophagy and lysosome inhibitors on Galectin-3 

in presence or absence of Hakai 

In order to analyze the possible effect of Hakai on Galectin-3 down-regulation, we explored 

different pathways of degradation. Galectin-3 is mainly described to be secreted during tumor 

progression and to play extracellular roles, however, little is known about its degradation.  

Given the preceding results where Galectin-3 has been related to lysosome degradation [131], 

we decided to evaluate the effect of autophagy inhibition on the recovery of Galectin-3 protein 

levels in HeLa cells. For that, HeLa cells were treated with the autophagy inhibitor 3-

methyladenine and the lysosome inhibitor chloroquine, which exert their inhibitory function 

at different stages of autophagy-lysosomal degradation pathway (Figure 28). Galectin-3 

Figure 27. Galectin-3 mRNA expression levels were quantified under Hakai overexpression. HeLa cells 

were transfected with 3 µg of pEGFP-Hakai/pEGFP for 48 hours. Cells were collected and proceeded to 

RNA and protein extraction. (A) mRNA levels of Galectin-3 were evaluated by performing RT-qPCR using 

GAPDH as a housekeeping. Relative quantification of galectin-3 mRNA levels was graphically represented 

as Mean ± SEM for three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001).  
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endogenous levels were evaluated in HeLa cells under different times and concentrations of 

CQ (Figure 28A) and 3-MA (Figure 28B). Effectiveness of both inhibitors was confirmed by using 

LC3 levels as positive control. None of the selected inhibitors showed any effect on Galectin-3 

levels, suggesting that Galectin-3 degradation does not occur via autophagy or lysosome 

degradation pathways in these cell lines. Proteasome inhibition with MG132 was also studied 

in HEK 293T cells to discard a possible proteasome-mediated down-regulation of Galectin-3, 

however, no effect was either observed on galectin-3 expression levels (data not shown). 

Besides, no decrease of Galectin-3 levels was observed in any case during Hakai 

overexpression. Therefore, we were unable to reproduce our previously reported Galectin-3 

down-regulation and to determine the degradation pathway after Hakai overexpression. 

Figure 28. Effect of autophagy inhibition on galectin-3 under Hakai overexpression. HeLa cells were 

treated with two autophagy inhibitors CQ (A) and 3-MA (B). Cells were treated with CQ at the indicated 

times and concentrations and with 3-MA for 24 hours at the indicated concentrations. Autophagy 

inhibition was studied in presence and absence of Hakai overexpression. Cells were transfected with 

pEGFP-Hakai or pEGFP empty vector and endogenous levels of Galectin-3 were evaluated. Cell lysates 

were subjected to SDS-PAGE electrophoresis and immunoblot with the indicated antibodies. LC3 was 

employed as positive control of the correct functioning of the inhibitors. 
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2.5. Study of Hakai overexpression on Galectin-3 expression and co-localization 

in Galectin-3 stable HEK 293T cells 

Given the positive results initially obtained for Galectin-3 down regulation in HEK 293T during 

Hakai and Galectin-3 co-transfection, we decided to re-evaluate Hakai effect on this cell line. 

For that purpose, we employed HEK 293T stably transfected with GFP-Galectin-3 (HEK 293T-

EGFP-Gal3E) and its corresponding control cell line (HEK 293T-EGFP-C1). Taking advantage of 

Galectin-3 stable transfection linked to GFP fluorophore, we performed flow cytometry and 

immunofluorescence assays to evaluate Hakai effect on Galectin-3 expression and localization. 

First, HEK 293T-EGFP-Gal3E cells and their negative control HEK 293T-EGFP-C1 were subjected 

to flow cytometry (Figure 29). Intensity of GFP endogenous levels was analyzed in both cell 

lines transiently transfected with pcDNA-Flag-Hakai and pcDNA 3.1. Non-transfected control 

was also included. 

Flow cytometry results were analyzed by calculating the ratio of GFP intensity in Flag-Hakai 

and pcDNA 3.1 transfected cells to non-transfected control cell line GFP intensity (Figure 29). 

A <1 ratio indicates GFP intensity down-regulation compared to non-transfected control. 

pcDNA 3.1 transfected cells were discarded as negative control due to the marked decrease of 

GFP levels observed in both control and stably transfected cell lines, which indicated a 

cytotoxic effect during transfection. Regarding Flag-Hakai/Control ratio, Hakai overexpression 

showed no effect on GFP intensity signal, discarding a down-regulation effect of Hakai on 

Galectin-3 levels.  
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Despite the absence of Galectin-3 down-regulation, we decided to evaluate Hakai and 

Galectin-3 possible co-localization by employing endogenous GFP fluorescence. For that, HEK 

293T-EGFP-C1 and HEK 293T-EGFP-Gal3E cells were transiently transfected with pcDNA-Flag-

Hakai and pcDNA 3.1 and GFP and Flag localization was determined by confocal microscopy 

(Figure 30). 

We first observed differences in GFP expression between HEK 293T-EGFP-C1 cell lines and HEK 

293T-EGFP-Gal3E cell lines. Control cell lines showed a diffuse and uniform pattern of GFP 

expression, whereas HEK 293T-EGFP-Gal3E cell lines showed a dotted pattern combined with 

GFP diffuse expression. This fact suggests that Galectin-3 may be partially localized in vesicles. 

Hakai localization was evaluated by employing Flag antibody and thus, only exogenous Hakai 

signal was evaluated. Expression pattern of Hakai was found to be irregular, showing a higher 

expression in some cells compared to those which did not internalize the plasmid. Galectin-3 

dotted pattern was not correlated either with Hakai highest or lowest expression, and no clear 

co-localization of both proteins was observed.  

Figure 29. Flow cytometry analysis of galectin-3 levels in HEK 293T EGFP-C1 and HEK 293T EGFP-Gal3E 

under Hakai overexpression. HEK 293T EGFP-C1 (left) and HEK 293T EGFP-Gal3E (right) cells were 

transfected with pcDNA-Flag-Hakai and pcDNA 3.1 empty vector for 48 h. Non-transfected control was 

also used to discard cytotoxic effects. Cells were collected and subjected to flow cytometry to evaluate 

endogenous EGFP levels. Results are shown as ratio of the mean of samples and non-transfected control 

for one experiment. No differences were found in EGFP-Galectin-3 levels under Hakai overexpression.  
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Altogether, these results do not allow us to conclude if Hakai plays a role on Galectin-3 down-

regulation due to the discrepancies observed in the different experiments performed. While 

the proteomic study showed favorable results for this hypothesis, further experiments could 

not demonstrate the previous results. Therefore, we decided not to continue with this 

research line. 

 

 

 

Figure 30. Confocal immunofluorescence analysis of Galectin-3 and Hakai in Galectin-3 stable HEK 293T 

cells. HEK 293T EGFP-C1 and HEK 293T-EGFP-Gal3E were transfected with pcDNA-Flag-Hakai and pcDNA 

3.1 as negative control for 48 h and subjected to immunofluorescence analysis by employing endogenous 

GFP fluorescence and anti-Flag antibody. No clear co-localization was observed between galectin-3 and 

Hakai. Images were obtained by confocal microscopy with an objective of 100X magnification.   



  RESULTS 

106 
 

3. Study of Heat shock protein 90 regulation of Hakai protein stability 

3.1. Analysis of Hakai interactome in HCT116 cells 

We decided to further follow another strategy by analyzing Hakai interactome. This type of 

analysis consists in a proteomic approach which allows to directly identify Hakai-interacting 

proteins by performing protein immunoprecipitation. This type of approach, unlike the 

proteomic study in which we detected Hakai-regulated proteins, allows us to narrow the 

results to only those proteins that are interacting with our protein of interest, either directly 

or indirectly.  

For analyzing Hakai interactome, immunoprecipitation of Hakai endogenous protein levels was 

optimized in HCT116 until reaching good levels of immunoprecipitation, in order to assure a 

high probability of co-immunoprecipitated proteins (Figure 31A). Once the 

immunoprecipitation was optimized, total amount of immunoprecipitated protein was ran in 

an acrylamide gel and silver stained to observe total immunoprecipitated protein before 

performing proteomic analysis (Figure 31B). Proteomic analysis was performed by the 

Proteomic service of IDIS (Instituto de Investigación Sanitaria de Santiago de Compostela) as 

previously described. Briefly, protein samples, including control IgG and Hakai 

immunoprecipitation, were loaded into an 10% acrylamide gel and subjected to SDS-PAGE 

electrophoresis for gel Coomassie staining and subsequent in-gel protein digestion. For protein 

digestion, gel bands were excised and digested with trypsin for peptide extraction. Digested 

peptides were subjected to mass spectrometry analysis. First, peptides were separated by 

Reverse Phase Chromatography and data was obtained in a TripleTOF 6600 System. Raw data 

analysis was performed by using ProteinPilotTM 5.0.1 software (ABSciex) as previously 

described.  

A total of 48 proteins with a peptide match ≥ 1 were identified in Hakai immunoprecipitated 

samples, however, only proteins with a peptide match ≥ 2 were considered in this analysis. 

Hakai-interacting proteins identified with a peptide match ≥ 2 were confronted with those 

identified in non-specific immunoprecipitation and analyzed by a Venn diagram using Venny 

2.1.0 software. Venn diagram showed 13 proteins (16,3 %) exclusively identified in Hakai 

immunoprecipitated sample, 53 proteins (66,3 %) matching between the IgG control sample 

and Hakai immunoprecipitated sample, and 14 proteins (17,5 %) identified exclusively in the 

negative IgG control (Figure 31C). Hakai-interacting proteins are listed in table 19. It should be 
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noted that, among the identified proteins we can find the Hakai protein immunoprecipitated, 

thus ensuring the specificity of the developed technique. Among the identified interacting 

proteins, we could find proteins implicated in cytoskeleton reorganization, such as Keratin type 

II cytoskeletal 6B (K2C6B), Tubulin β chain (TBB5), Hornerin (HORN) and Keratin type I 

cytoskeletal 18 (K1C18); proteins involved in ubiquitination, such as Ubiquitin-60S ribosomal 

protein L40 (RL40), Ubiquitin-40S ribosomal protein S27a (RS27A), Polyubiquitin-C (UBC) and 

Polyubiquitin-B (UBB); response to stress proteins, such as Heat shock protein 60 (CH60) and 

Heat shock protein 90 (HS90A); and lipid metabolism proteins, such as Apolipoprotein C-I 

(APOC1) (Table 19). 

 

Figure 31. Experimental summary of Hakai interactome analysis. (A) Immunoprecipitation of Hakai 

endogenous levels was optimized until reaching a good level of immunoprecipitation (B) Protein samples 

were analyzed by 1D-SDS-PAGE electrophoresis and dyed with silver staining for total protein 

visualization. (C) Venn diagram of interacting proteins allows to exclude false positive interactions. Hakai 

interacting proteins are represented in blue. IgG unspecific interacting proteins are represented in 

yellow. Common interacting proteins between Hakai and IgG are represented in brown. This assay was 

performed without replicates as a developing experiment.  
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Table 19. Identified Hakai-interacting proteins in HCT116 cells. 

 

 

% Cov(95) 
Accesion 

number 

Protein 

Symbol 
Name Description 

Peptide 

match 

(95 %) 

1 22,87 P04259 K2C6B Keratin, type II cytoskeletal 6B 
Isoform of human type II keratin-6 constituent of cytoskeleton and implicated 

in cornification, ectoderm development and keratinization. 
19 

2 18,47 P07437 TBB5 Tubulin beta chain 
Major constituent of microtubules. Implicated in cell division, mitotic cell 

cycle, and other functions involving cytoskeleton reorganization. 
6 

3 9,77 P10809 CH60 60 kDa heat shock protein 
Mitochondrial chaperonin implicated in imported proteins correct folding, 

apoptotic mitochondrial changes and immune response. 
5 

4 4,65 P07900 HS90A Heat shock protein HSP 90-alpha 

Molecular chaperone implicated in the structural maintenance of client 

proteins in an ATP dependent manner.  Involved in response to stress, 

autophagy and ubiquitination. 

3 

5 5,83 P61978 HNRPK Heterogeneous nuclear ribonucleoprotein K 
Pre-mRNA binding protein. Participates in mRNA splicing, transcription and 

RNA metabolism. 
2 

6 3,65 Q86YZ3 HORN Hornerin OS=Homo sapiens 
Component of the epithelial cells. Implicated in keratinization, cell envelope 

organization and formation of skin barrier. 
2 

7 5,91 Q75N03 HAKAI E3 ubiquitin-protein ligase Hakai 

E3 ubiquitin-ligase that mediates ubiquitination and degradation of 

differente Src-phosphorylated proteins sucha as E-cadherin or Cortactin. 

Implicated in maintenance of cell-cell adhesion, cell migration and mRNA 

methylation. 

2 

8 19,53 P62987 RL40 Ubiquitin-60S ribosomal protein L40 

Ubiquitin sigle molecule encoded by UBA52 linked to ribosomal protein L40. 

Implicated in different biological pathways such as protein degradation and 

endosomal transport. 

2 

9 16,03 P62979 RS27A Ubiquitin-40S ribosomal protein S27a 

Ubiquitin sigle molecule encoded by RPS27A linked to ribosomal protein 

S27a. Implicated in different biological pathways such as protein degradation 

and endosomal transport. 

2 
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% Cov(95) 
Accesion 

number 

Protein 

Symbol 
Name Description 

Peptide 

match 

(95 %) 

10 32,85 P0CG48 UBC Polyubiquitin-C 

Polyubiquitin precursor encoded by UBC gen with heat-to-tail repeats. 

Implicated in different biological pathways such as protein degradation, and 

endosomal transport. 

2 

11 32,75 P0CG47 UBB Polyubiquitin-B 

Polyubiquitin precursor encoded by UBB gen with heat-to-tail repeats. 

Implicated in different biological pathways such as protein degradation, and 

endosomal transport. 

2 

12 3,72 P05783 K1C18 Keratin, type I cytoskeletal 18 
Type I intermediate filament implicated in filament reorganization, 

morphogenesis, cell cycle and apoptosis. Used as an epithelial marker. 
2 

13 22,89 P02654 APOC1 Apolipoprotein C-I 

Lipoprotein which associates with high density lipoproteins (HDL). Interferes 

with fatty acid up-take and inhibits cholesteryl ester transfer protein (CETP). 

Implicated in lipid metabolism. 

2 

* Hakai-interacting proteins identified in HCT116 cells by immunoprecipitation followed by Triple TOF analysis. Selected proteins were those identified with ≥ 2 peptide match (95 %). % Cov 

(95), accession number, protein symbol, protein name and functional description of interacting proteins are also included. 

 

1
0

9
 



RESULTS 

110 
 

Interestingly, Heat shock protein 90 (Hsp90) was identified among Hakai-interacting proteins. 

Hsp90 is a molecular chaperone implicated in the correct folding of specific client proteins. 

Hsp90 and Hsp70 proteins were previously validated in the comparative proteomic study 

performed in Hakai-overexpressing MDCK cells compared to parental MDCK cells. Validation 

of Hsp90 by western blotting previously confirmed its up-regulation during Hakai stable 

overexpression (Figure 20). This result, together with its identification among Hakai interacting 

proteins, suggests a possible relation between both proteins. These facts provided us sufficient 

evidence to initiate studies in order to determine possible relationship between Hakai and 

Hsp90. 

Hsp90 has been widely described to be implicated in tumor progression by regulating client 

proteins described as hallmarks of cancer disease. Most of its client proteins are regulators of 

cellular proliferation, proteins implicated in oxidative stress or cellular differentiation, and  well 

described oncoproteins [217]. Altogether, these facts suggest a clear implication of Hsp90 in 

cancer evolution and, for this reason, great interest is being generated in the study of this 

protein as a new target for cancer treatment.  

3.2. Study of Hsp90 regulation under Hakai overexpression 

In order to study the possible relationship between Hakai and Hsp90, we decided to evaluate 

whether the previously obtained results in the comparative proteomic study were 

reproducible by employing a model of Hakai transient transfection. For that, we performed 

different experiments of Hakai overexpression and evaluated Hsp90 levels in HEK 293T cell line 

(Figure 32). First, we evaluated the effect of increasing amounts of Hakai overexpression (0-3 

µg) on endogenous Hsp90 expression levels (Figure 32A). On the other hand, we performed 

time course experiments with a constant amount of 3 µg of Hakai plasmid overexpression. This 

allows to determine possible effects on Hsp90 levels during different times of transfection up 

to 72 hours (Figure 32B). Non-transfected control was also included. As observed in figure 32, 

no changes on Hsp90 levels were observed during Hakai transient overexpression in a time or 

concentration dependent manner.  
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Similarly, same concentration kinetics experiment was carried out by transient overexpression 

of Hsp90 in order to determine possible effects on Hakai levels (Figure 33). For this, HEK 293T 

cell line was transfected with a constant amount of 0,5 µg of Flag-Hakai plasmid and increasing 

amounts of Flag-HA-Hsp90 plasmid (0–3 µg). Control point of transfection with pcDNA 3.1 was 

also included. No changes were detected in Hakai expression levels during Hsp90 

overexpression.  

 

 

 

Figure 32. Effect of Hakai overexpression on Hsp90 levels. (A) HEK 293T cells were transfected for 48 h 

with increasing amounts of pEGFP-Hakai plasmid (0 -3 µg) completed with pEGFP-C1 empty vector until 

reaching maximum concentration of 3 µg. (B) HEK 293T were transfected with 3 µg of pEGFP-Hakai and 

pEGFP-C1 empty vector and lysates were collected at indicated times of transfection. Cell lysates were 

examined by western blot by employing Hakai, Hsp90 antibodies. GAPDH was employed as loading 

control. 
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3.3. Confirmation of Hakai and Hsp90 interaction in different cell lines 

Despite not observing any effect on Hsp90 during Hakai transient transfection and vice versa, 

we detected interaction between Hakai and Hsp90 when analyzing Hakai interactome, so we 

decided to further evaluate the interaction between these two proteins in different cell lines. 

It has been previously described by a proteomic approach of Hsp90 interactome that, far from 

expected, about 30 % of the total Hsp90-interacting proteins were E3 ubiquitin ligases [160]. 

In addition, other works demonstrated the interaction of chaperones Hsp90 or Hsp70 with 

other E3 ubiquitin-ligases such as Cullin-5 or CHIP. This interacting E3 ubiquitin-ligases help to 

induce the degradation of those chaperone client proteins that have not been correctly folded 

[158, 218]. Based on these precedents, it makes sense that Hakai and Hsp90 might be widely 

interacting regardless of the cell line. To probe this, we performed co-immunoprecipitation 

experiment in different cell lines, including commonly used HEK 293T cells (Figure 34A) and 

carcinoma cell lines such as ACHN (Figure 34B), HT29 (Figure 34C) and HCT116 (Figure 34D).  

Two antibodies of Hakai were used for immunoprecipitation during this experiment. Co-

immunoprecipitation of Hakai and Hsp90 was detected in four cell lines tested with either of 

the two Hakai tested antibodies. Co-immunoprecipitated amount of Hsp90 varied depending 

on the cell line and the antibody employed for immunoprecipitation.  Based on the results 

showed in figure 34, we can conclude that both proteins Hakai and Hsp90 are either directly 

or indirectly interacting with each other.  

Figure 33. Effect of Hsp90 overexpression on Hakai levels. HEK 293T cells were transfected for 48 h with 

constant amount of 0,5 µg of pcDNA-Flag-Hakai and increasing amounts of pcDNA-Flag-HA-Hsp90 

plasmid (0 – 3 µg). Transfection points were completed with pcDNA 3.1 empty vector until reaching 

maximum amount of 3 µg. Cell lysates were evaluated by western blot by employing Flag and Hakai 

antibodies. GAPDH was employed as loading control.  
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To support the results obtained by co-immunoprecipitation that confirmed the interaction 

between Hakai and Hsp90 in different cell lines, we decided to evaluate the possible 

co- localization of both proteins by immunofluorescence (Figure 35). For that, we performed 

co- immunofluorescence experiments in different colon carcinoma cell lines and examined 

subcellular localization of both Hakai and Hsp90 by confocal microscopy. Hakai was mainly 

localized in the nucleus and, to a lesser extent, in the cytoplasm. On the other hand, Hsp90 

was clearly localized throughout the whole cytoplasm. As shown in figure 35, a slight co-

localization has been detected in perinuclear areas of the HT29 and LoVo cell lines. 

Figure 34. Evaluation of protein-protein interaction between Hakai and Hsp90. Co-immunoprecipitation 

of Hakai and Hsp90 was detected in different cell lines: HEK 293T (A), ACHN (B), HT29 (C) and HCT116 

(D). Hakai immunoprecipitation was performed by employing Hakai Bethyl and Hakai 2498 antibodies. 

GAPDH was used for input loading control.  
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Based on the results obtained for co-immunoprecipitation and co-immunofluorescence 

experiments, we can conclude that Hakai and Hsp90 are effectively interacting with each other 

either directly or indirectly. It has been extensively reported that, despite being more prevalent 

in the nucleus, Hakai is also located in the cytosol, where it exerts its E3 ubiquitin-ligase activity. 

This makes it possible that the weak co-localization observed between both proteins might be 

due to a detection sensitivity problem.  

3.4. Hakai expression levels induce Annexin A2 regulation 

Annexin A2 is calcium binding protein which was reported to be expressed in tumoral cells and 

to be implicated in cytoskeleton dynamics and vesicle trafficking, among others. In addition, 

Annexin A2 has been extensively studied in relation to its involvement in tumor progression, 

mainly as a cancer biomarker. However, it has been described both as an up-regulated and 

down-regulated protein depending on the type of cancer [219]. 

Annexin A2 was one of the proteins detected in our proteomic study that turned out to be 

down-regulated in Hakai-overexpressing MDCK cells compared to normal MDCK cell line, 

suggesting a possible role of this E3 ubiquitin-ligase in its regulation. Besides, Annexin A2 has 

Figure 35. Co-immunofluorescence analysis of Hakai and Hsp90 in HT29, LoVo and HCT116 cell lines. 

Protein localization was examined by confocal microscopy. Photos were taken with objective of 40X 

magnification. Zoom images were taken with 80X objective magnification. 

 

Figure 35. Co-immunofluorescence analysis of Hakai and Hsp90 in HT29, LoVo and HCT116 cell lines. 
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been described to be phosphorylated by tyrosine-kinase Src in a similar to E-cadherin, which 

supports the hypothesis of being a new probable target for the E3 ubiquitin-ligase activity of 

Hakai. In addition, it has been reported that Annexin A2 co-immunoprecipitates with Hsp90 

[220]. Given that Annexin A2 became a new link between Hakai and Hsp90, we decided to 

deepen in the study of this protein and its relationship with Hakai and Hsp90. 

We decided to evaluate the reproducibility of the down-regulation of Annexin A2 in the 

presence of Hakai overexpression in a different cellular model than the one we used during 

the proteomic study. To do this, we performed a transient overexpression of Flag-Hakai 

together with Src and HA-Ubiquitin in HEK 293T cells to favor the activity of the ubiquitin-

mediated degradation system. Besides, co-overexpression of Hakai with Src favors the increase 

of Hakai levels by inducing its stabilization, and helps to observe the effect on Hakai substrates 

(Figure 36) [56].  

 

 

As shown in figure 36, Annexin A2 levels were significatively reduced by co-overexpressing 

Hakai together with tyrosine kinase Src and Ubiquitin. This observed down-regulation suggests 

Figure 36. Effect of Hakai overexpression on Annexin A2 levels. HEK 293T cells were transfected with 

pcDNA-Flag-Hakai (4 µg), pBSSR-HA-Ubiquitin (3 µg) and pSG-v-Src (3 µg) plasmids for 48 h. Cell lysates 

were evaluated by western blot with the indicated antibodies (left panel). GAPDH was used as loading 

control. Annexin A2 levels were evaluated when co-transfecting Flag-Hakai, HA-Ubiquitin and Src 

plasmids. Relative quantification of Annexin A2 expression levels was graphically represented as Mean 

± SEM for two independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001) (right panel). 
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a role of E3 ubiquitin-ligase Hakai on mediating Annexin A2 degradation. Hsp90 expression 

levels were also evaluated and, as previously observed in figure 32, no effects were observed.  

To further confirm the effect of Hakai on Annexin A2 expression levels we performed Hakai 

silencing experiments by transiently transfecting two different Hakai siRNAs (Figure 37). HEK 

293T and HCT116 cells were transfected with both Hakai siRNA1 and siRNA2 for 72 hours and 

Annexin A2 levels were evaluated.  

Hakai expression was 90 % reduced when transfecting with Hakai siRNA1 and siRNA2 (Figure 

37A,B). Reduction of Hakai levels was accompanied by an up-regulation of Annexin A2 levels 

in both cell lines, especially when employing Hakai siRNA2. Hsp90 levels were also evaluated 

and, as expected, no effects were observed under Hakai silencing. An increase in E-cadherin 

levels in HEK 293T cell line was also observed during Hakai silencing (data not shown). These 

Figure 37. Effect of Hakai silencing Annexin A2 levels. HEK 293T (A) and HCT116 (B) cells were transiently 

transfected with Hakai siRNA1 and Hakai siRNA2 for 72 h. Cell lysates were collected and analyzed by 

western blot with the indicated antibodies (upper panel). GAPDH was employed as loading control. 

Annexin A2 relative quantification was graphically represented as Mean ± SEM for three independent 

experiments (lower panel) (*p < 0.05, **p < 0.01, ***p < 0.001).  
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results support those showed in figure 36, suggesting that Hakai may be playing a role on 

Annexin A2 protein levels.  

Taking into account the results obtained during the proteomic study in stable Hakai 

overexpressing MDCK cells, together with those obtained in HEK 293T and HCT116 during 

Hakai transient overexpression, we can affirm that Hakai plays an important role in regulating 

Annexin A2 expression levels, and that Annexin A2 may be a new substrate for E3 ubiquitin-

ligase Hakai.  

3.5. Hakai, Hsp90 and Annexin A2 interact with each other 

As demonstrated so far, Annexin A2 can be a new substrate protein for Hakai E3 

ubiquitin- ligase activity. In addition, Annexin A2 has been previously described as an Hsp90 

interacting protein, although it has not been probed as a Hsp90 client protein. On the other 

hand, we have demonstrated the interaction between Hakai and Hsp90 in different cell lines 

and, to a lesser extent, their subcellular co-localization in colorectal carcinoma cell lines. Based 

on this, we decided to study the possible interaction of these three proteins in order to 

determine if they may form a chaperone-substrate-E3 ubiquitin-ligase complex as already 

described for other Hsp90 client proteins [158]. 

To probe this, we conducted an interaction study among Hakai, Hsp90 and Annexin A2 by co-

immunoprecipitation in HCT116 cell line (Figure 38). HCT116 cell line was selected based on 

the previous results obtained for Hakai and Hsp90 interaction and Annexin A2 up-regulation 

during Hakai silencing. During co-immunoprecipitation experiments, endogenous levels of 

Hakai, Annexin A2 and Hsp90 were immunoprecipitated, and evaluation of 

co- immunoprecipitation with the other two proteins was performed. Immunoprecipitation of 

Hakai and consequent co-immunoprecipitation of Hsp90 has been previously described. 

During this experiment, we confirmed reverse co-immunoprecipitation of Hsp90 and Hakai by 

performing Hsp90 immunoprecipitation (Figure 38A), co-immunoprecipitation of Hakai and 

Annexin A2 by performing Hakai immunoprecipitation (Figure 38B), and Annexin A2 and Hsp90 

by performing Annexin A2 immunoprecipitation (Figure 38C). These results confirm that Hakai, 

Hsp90 and Annexin A2 are effectively interacting with each other, either directly or indirectly, 
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and maybe constitute a complex where Hsp90 is the chaperone responsible of the correct 

folding of any of these two proteins. 

3.6. Effect of Hsp90 inhibitor geldanamycin on cellular phenotype 

Geldanamycin (GA) is one of the best described Hsp90 inhibitors so far. It acts by blocking ATP 

binding site of Hsp90, thus preventing the correct folding of its client proteins. Given the 

evidence of Hakai, Hsp90 and Annexin A2 interaction, we decided to perform Hsp90 inhibition 

assays by employing Hsp90 inhibitor geldanamycin in order to probe if Hakai or Annexin A2 

may be any of them regulated by Hsp90 activity.  

Before starting geldanamycin experiments, we evaluated the cytotoxicity of this inhibitor in 

the previously used cell lines HEK 293T and HCT116 (Figure 39). Cytotoxicity was evaluated by 

Figure 38. Study of protein-protein interaction between Hakai, Hsp90 and Annexin A2 proteins. Co-

immunoprecipitation was performed in HCT116 cell line with Hakai Bethyl (A), Hsp90 (B) and Annexin 

A2 (C) antibodies. Interaction between the three proteins was evaluated. Co-immunoprecipitation was 

evaluated by western blot using the indicated antibodies. GAPDH was used for input loading control. 
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performing MTT assay with increasing concentrations of GA up to 200 µM for 24 hours, and 

IC50 was determined. Both cell lines showed an IC50 close to 10 µM, being 11,83 µM for 

HEK 293T cells (Figure 39A) and 18,74 µM for HCT116 (Figure 39B). Based on these IC50 

concentrations, we chose GA working concentration for the subsequent experiments.  

 

 

In parallel to the evaluation of the cytotoxicity of the geldanamycin inhibitor, we decided to 

evaluate its effect on the cell phenotype in both HEK 293T and HCT116 cell lines. To do this, 

we treated the cells for 24 hours at two different concentrations: 10 uM, close to the IC50 of 

the HEK 293T line; and at 20 uM, close to the IC50 of the HCT116 line (Figure 40).  

 

Figure 40. Effect of geldanamycin treatment on HCT116 cell line phenotype. HCT116 phenotype was 

evaluated after treatment with two different concentrations of geldanamycin (10 and 20 µM) for 24 h. 

Images were taken with optical microscope by employing objective of 10X magnification. 

Figure 39. Evaluation of geldanamycin cytotoxicity in HEK 293T and HCT116 cells. Geldanamycin 

cytotoxicity was evaluated by MTT assay in HEK 293T (A) and HCT116 (B) cells for 24 h employing 

increasing concentrations (0-200 µM). Results are represented as Mean ± SEM for three independent 

experiments employing 6 technical replicates in each experiment. Concentrations of GA were 

represented in logarithmic scale (log [GA] µM). IC50 was calculated for each cell line. 
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We were able to verify that the geldanamycin treatment induced a phenotypic change in 

HCT116 cell line for the two concentrations tested. HCT116 cells showed a loss of its 

mesenchymal phenotype accompanied by a decrease of cellular protrusions and acquired a 

more epithelial phenotype, organized in compacted cell clusters. Given the observed 

phenotypic change, these results led us to hypothesize that geldanamycin could be exerting a 

reversal effect of the EMT process.  

Moreover, we decided to evaluate the localization of Annexin A2 and E-cadherin, by 

immunofluorescence in presence of geldanamycin in HCT116 cell line (Figure 41). 

As shown in figure 41, we observed a four-fold increase of Annexin A2 levels in the presence 

of geldanamycin inhibitor, showing a statistical enriched pattern in cytoplasm and cell 

Figure 41. Immunofluorescence evaluation of geldanamycin treatment on Annexin A2 and E-cadherin 

levels. HCT116 cell line was treated at the indicated concentrations of GA for 24 h. Annexin A2 and E-

cadherin subcellular localization was determined by immunofluorescence by employing the same 

exposition time for all the samples. Images were taken with confocal microscope by employing 40X 

magnification objective. Intensity quantification was performed by employing ImageJ software. 

Statistical analysis was performed by employing Student’s t-test. Results are represented as Mean ± SEM 

for two different replicates (*p < 0.05, **p < 0.01, ***p < 0.00,1 ****p < 0.0001). 
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membrane (Figure 41, left panel). On the other hand, we observed a three-fold increase in 

E- cadherin at cell-cell contacts in presence of geldanamycin (Figure 41, right panel). All these 

data support the previously observed effect on cellular phenotype and suggests that 

geldanamycin inhibitor might be playing a role in the reversal of the EMT process by mediating 

Hakai down-regulation, which in consequence causes up-regulation of Annexin A2 and 

E- cadherin. This possible down-regulation of Hakai would propose it as a new client protein 

for Hsp90.  

3.7. Inhibition of Hsp90 induces Hakai down-regulation at post-translational 

level 

Given the previously detected interaction between Hakai, Hsp90 and Annexin A2 and the effect 

on the recovery of Annexin A2 and E-cadherin in presence of geldanamycin, we decided to 

study the effect of geldanamycin on Hakai endogenous levels. For that, we analyzed Hakai 

expression under different time and concentration conditions of geldanamycin in HEK 293T 

and HCT116 cell lines (Figure 42). 

Figure 42. Effect of geldanamycin on Hakai and Annexin A2 expression levels. HEK 293T (A) and HCT116 

(B) cells were treated with GA at the indicated times and concentrations. Cell lysates were subjected to 

western blot analysis and immunoblot was performed with the indicated antibodies. GAPDH was used 

as loading control. 
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As shown in figure 42, Hakai endogenous levels were clearly down-regulated when treating 

with geldanamycin for all the conditions tested in both cell lines, suggesting that Hakai may be 

a new client protein for Hsp90. Parallelly to Hakai down-regulation, Annexin A2 levels were 

up- regulated in all the tested conditions, supporting it as a new substrate for Hakai.  

In order to discard the possibility that Hakai down-regulation was taking place at a 

transcriptional level, endogenous mRNA Hakai levels were determined in presence of 

geldanamycin for both cell lines HEK 293T and HCT116 (Figure 43).  

As shown in figure 43, no significative differences were observed for Hakai mRNA levels after 

treatment with geldanamycin, neither in HEK 293T nor in HCT116 cell line. This result indicates 

that down-regulation of Hakai is not occurring at a transcriptional level, and suggests that 

Hakai down-regulation is effectively taking place at a post-translational level.  

 

In order to corroborate the results obtained for endogenous protein levels after geldanamycin 

treatment, we decided to carry out the same experiment under Hakai overexpression in HEK 

293T cell line (Figure 44) where Annexin A2 down-regulation had been previously 

demonstrated (Figure 36). 

Figure 43. Hakai mRNA expression levels under geldanamycin treatment in HEK 293T and HCT116 cells. 

HEK 293T and HCT116 cell lines were treated with 10 µM geldanamycin for 24 hours. Cells were collected 

and proceeded to RNA and protein extraction. Hakai cDNA levels were evaluated by performing RT-qPCR 

using HPRT as a housekeeping. Relative quantification of Hakai mRNA levels was graphically represented 

as Mean ± SEM for six replicates of the experiment (*p < 0.05, **p < 0.01, ***p < 0.001). 
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Hakai down-regulation in presence of geldanamycin was confirmed in a model of Hakai 

overexpression in HEK 293T cells. As shown in figure 44, Hakai levels were drastically reduced 

in presence of geldanamycin compared to non-treated control transfected with Hakai, Src and 

Ubiquitin. Accompanying this reduction in Hakai levels, we observed an increase in Annexin A2 

levels, thus confirming the previous results observed by immunofluorescence and western 

blot.  

To further study the effect of geldanamycin on Hakai and Annexin A2 levels, we performed an 

experiment combining Hakai silencing with geldanamycin treatment. For that, HCT116 cells 

were transiently transfected with both Hakai siRNA 1 and Hakai siRNA 2 for 72 hours and 

treated with 10 µM geldanamycin for 24 hours (Figure 45). As shown in Figure 45, Hakai 

expression levels in the HCT116 line were drastically reduced in the presence of both siRNAs 

used. This reduction in Hakai levels was accentuated in combination with geldanamycin 

treatment, resulting in a synergistic effect that leads to Hakai almost dissapearance. The 

opposite effect was observed for Annexin A2 levels, which were significantly increased in the 

presence of Hakai siRNA 2. Statistical signification of regulation of Annexin A2 levels showed 

an increase in combination of Hakai silencing and geldanamycin treatment for both siRNAs 

employed. 

Figure 44. Effect of geldanamycin on Hakai and Annexin A2 levels in a model of Hakai overexpression in 

HEK 293T cells. HEK 293T cells were transfected with pcDNA 3.1 (10 µg) empty vector or pcDNA-Flag-

Hakai (4 µg), pBSSR-HA-ubiquitin (3 µg) and pSG-v-Src (3 µg) plasmids for 48 h. Cell lysates were 

evaluated by western blot with the indicated antibodies. GAPDH was used for loading control. 
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3.8. Geldanamycin causes the disruption of the interaction between Hakai, 

Hsp90 and Annexin A2 

So far, we have confirmed that Hakai regulates Annexin A2 levels and that Hakai is down-

regulated in the presence of an Hsp90 geldanamycin inhibitor. In order to confirm whether 

Hakai may be an Hsp90 client protein, which in turn regulates Annexin A2 levels, we performed 

co-immunoprecipitation assays in order to study if geldanamycin treatment may affect this 

protein interactions. (Figure 46). As shown in figure 46, previously detected interaction 

between Hakai, Hsp90 and Annexin A2 (Figure 38) was completely disrupted when performing 

immunoprecipitation with Hakai (Figure 46A) and Annexin A2 antibodies (Figure 46B). These 

results support the previously shown effect of geldanamycin on Hakai levels, suggesting that 

Hakai may be degraded after blocking Hakai-Hsp90 interaction. Besides, Annexin A2 

interaction with Hakai and Hsp90 was also disrupted. Given that Annexin A2 is proposed as a 

new substrate for Hakai E3 ubiquitin-ligase activity, and that geldanamycin disrupts interaction 

between Hakai and Hsp90, it is possible that Hakai might be a direct client protein of Hsp90 

chaperone.  

 

 

Figure 45. Effect of geldanamycin on Hakai and Annexin A2 levels in a model of Hakai silencing. HCT116 

cells were transfected with Hakai siRNA 1 and siRNA 2 for 72 h and treated with 10 µM geldanamycin for 

the last 24 hours of transfection. Cell lysates were collected and protein expression was evaluated by 

western blot with the indicated antibodies. GAPDH was employed as loading control. Relative 

quantification of Annexin A2 expression levels was graphically represented as Mean ± SEM for three 

independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001). 
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3.9. Hsp90 inhibitor geldanamycin induces down-regulation of Hakai protein 

via lysosome 

In order to study the mechanism of Hakai degradation during geldanamycin treatment, we 

performed inhibition experiments in the previously employed HEK 293T cell line. For that, 

HEK 293T cells were treated with lysosome degradation inhibitor CQ at different 

concentrations for 24 hours and with proteasome inhibitor MG132 for 6 hours. Hakai 

endogenous levels showed a clear recovery when treated with chloroquine, while no effect 

was observed during MG132 treatment (Figure 47B). This indicates that Hakai down-regulation 

is occurring in a lysosome-dependent manner (Figure 47A). Besides, Hakai levels recovery was 

accompanied by a down-regulation of Annexin A2, supporting the previously obtained results 

and pointing to Annexin A2 as a new possible target protein for Hakai E3 ubiquitin-ligase. 

Once Hakai degradation was described to occur via the lysosome pathway, we combined 

geldanamycin treatment with chloroquine in HEK 293T cells in order to elucidate the 

mechanism by which Hakai is being degraded in absence of Hsp90 activity. For that, HEK 293T 

were transiently transfected for 48 hours with Hakai, Src and Ubiquitin in order to better detect 

Figure 46. Study of protein-protein interaction disruption after geldanamycin treatment. Co-

immunoprecipitation was performed in HCT116 cell line with Hakai Bethyl (A) and Annexin A2 (B) 

antibodies. Interaction among the three proteins was evaluated in presence and absence of 10 µM 

geldanamycin treatment by employing the indicated antibodies. GAPDH was used as input loading 

control. 
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Hakai down-regulation under geldanamycin treatment, as showed in Figure 44. Twenty-four 

hours after transfection, cells were treated separately with chloroquine, geldanamycin and the 

combination of both treatments for 24 hours, and protein levels were analyzed by western 

blot (Figure 47C). In this case, Hakai recovery after chloroquine treatment was not detected, 

maybe due to the already elevated levels of Hakai after its overexpression. However, a 

recovery in Hakai levels was observed during combination of both treatments, suggesting that 

geldanamycin is effectively inducing Hakai degradation in a lysosome-dependent manner. 

Accordingly, Annexin A2 levels were up-regulated under geldanamycin treatment, while this 

effect was reverted in combination with chloroquine inhibitor. Moreover, the well-described 

E3 ubiquitin-ligase Hakai, E-cadherin, showed a similar regulatory pattern to Annexin A2, 

supporting the expected role of Annexin A2 as a substrate for E3 ubiquitin-ligase Hakai. 

Altogether, these data support that Hsp90 inhibition induces Hakai lysosome-dependent 

degradation and suggest the involvement of Hsp90 in the regulation of Hakai specific 

substrates. 
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3.10. Geldanamycin treatment reduces Hakai-induced migration ability 

So far, we demonstrated that geldanamycin-induced Hsp90 inhibition induced Hakai down-

regulation and E-cadherin and Annexin A2 recovery, suggesting that Hsp90 plays a role in Hakai 

stabilization. Hakai was reported to be overexpressed in various cancer, such as lung and colon 

cancer [89, 91, 93], and to be related to different oncogenic properties such as migration, 

oncogenic potential, proliferation and invasion [89, 90, 94]. To further confirm the effect of 

Figure 47. Study of Hakai mechanism of degradation under geldanamycin treatment. (A) HEK 293T cells 

were treated with chloroquine and MG132 at the indicated concentrations. Incubation with chloroquine 

was performed during 24 h (left panel) and with MG132 for 6 h (right panel). Endogenous protein levels 

were evaluated. (B) HEK 293T cells were transiently transfected with pcDNA-Flag-Hakai (4 µg), pBSSR-

HA-Ubiquitin (3 µg) and pSG-v-Src (3 µg) for 48 hours. The day after transfection cells were treated with 

chloroquine and geldanamycin at the indicated concentrations for 24 hours. Cell lysates were collected 

and protein expression was evaluated by SDS-PAGE electrophoresis followed by immunoblot with the 

indicated antibodies. GAPDH was used as loading control. LC3 I/II levels were analyzed as a positive 

control of chloroquine treatment and β-catenin for MG132 treatment. 
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Hsp90 inhibition on Hakai-induced oncogenic properties, we performed a migration assay in 

order to determine if the effects observed at a molecular level are affecting Hakai-induced 

migration ability (Figure 48).  

Transwell migration assay was performed for 16 h with HEK 293T cells transiently transfected 

with pcDNA 3.1 and pcDNA-Flag-Hakai. HEK 293T cells transfected with pcDNA 3.1 empty 

vector did not show any migration ability, however, Hakai overexpression induced an increase 

in cell migration when compared to cells transfected with empty vector. This migratory ability 

was drastically reduced in presence of geldanamycin. This result supports that geldanamycin 

treatment has an effect on Hakai-mediated cell migration by inhibiting Hsp90 activity, 

consequently affecting Hakai-induced migration capability. 

Figure 48. Effect of geldanamycin treatment in Hakai-induced cell migration. HEK 293T cells were 

transiently transfected with 8 µg empty vector pcDNA 3.1 and pcDNA-Flag-Hakai for 54 h and motility 

was evaluated by transwell migration assay in presence or absence of geldanamycin. 48 hours after 

transfection, cells were seeded into migration transwells for 16 h in a gradient concentration of FBS (1%-

30%). After incubation, cells in transwells were fixed and stained for microscopy detection. Images were 

obtained by employing optical microscopy with an objective of 10X¡x magnification. Quantification 

indicates number of cells per 10x objective field in a total of three different images and was represented 

as Mean ± SEM for one experiment (*p < 0.05, **p < 0.01, ***p < 0.001). 
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3.11. Hsp90 is highly expressed in colorectal cancer samples compared to 

adjacent normal epithelial tissues 

As previously mentioned, Hsp90 has been extensively studied in relation to cancer progression. 

Hsp90 regulates a wide number of down-stream targets which might be implicated in cancer 

progression, and it is proposed as a potential therapeutic target for cancer treatment. Hsp90 

was reported to be implicated in different oncogenic pathways of colorectal cancer, such as 

mitogen-activated protein kinases (MAPKs) or transforming growth factor β (TGF-β), and 

different Hsp90 inhibitors are being studied in relation to inhibition of colorectal cancer 

progression in combination with other chemotherapeutic agents [221]. We previously 

published that Hakai expression levels are gradually increased according to colorectal tumoral 

stage in adenoma and different carcinoma TNM stages (I-IV) compared to healthy colon 

samples [91], thus constituting a novel biomarker of tumor progression. Moreover, in this 

study we demonstrated a link between Hakai and Hsp90 in vitro. In order to determine 

whether Hsp90 may be implicated in colorectal cancer in vivo, we decided to evaluate Hsp90 

expression in the same colorectal cancer patient samples were Hakai had been previously 

evaluated. For that, we performed immunohistochemistry experiments in samples of 

colorectal cancer patients, including healthy tissue, adenoma, and TNM stages I to IV of 

colorectal cancer (Figure 49). 

As shown in figure 49, Hsp90 expression correlates with the presence of the disease, being 

practically absent in healthy tissue and adenoma and stably increasing its expression between 

the different stages of tumor progression. This increased expression further supports the 

already demonstrated pathological role of Hsp90 in tumor progression and resembles that 

previously described in our laboratory for Hakai expression in vivo. Considering the previously 

demonstrated regulation of Hakai by Hsp90 in vitro, together with this expression pattern in 

pathological samples, we propose that Hsp90 might be effectively regulating Hakai levels in 

vivo with an important impact on tumor progression. 
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Figure 49. Hsp90 expression levels in colorectal cancer human samples. Representative images of Hsp90 

immunoreactivity in healthy tissue, adenoma and TNM stages I – IV of colorectal cancer (upper panel). 

Images were obtained with 20x objective. Scale bar 125 µm. Statistical analysis of Hsp90 staining intensity 

in the different samples. Quantification of staining intensity per field of five photographs was performed 

and represented in a scatter plot.  Results are represented as Mean ± SEM for signal intensity (lower 

panel). Analysis was performed by employing Kruskal-Wallis with Tukey correction test (*p < 0.05; 

**p < 0,01; ***p < 0,001). 
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During the development of this work we performed a proteomic comparative study between 

Hakai-transformed cells and parental epithelial MDCK cells by employing an iTRAQ technique. 

Proteomic techniques provide new methods for the identification of molecular pathways that 

may be regulated during Hakai-driven EMT in tumor progression, and offer a new way to 

determine new biomarkers related to Hakai overexpression that may be useful during 

diagnosis, prevention or treatment of cancer and metastatic process. iTRAQ technique is a 

quantitative method based on isotope labeling of peptides that allows to identified 

differentially expressed proteins in diverse biological samples or experimental conditions. Here 

we evaluated differentially expressed proteins during Hakai overexpression and identified one 

hundred and forty-six deregulated proteins compared to non-transformed epithelial cell line 

MDCK, out of which 83 happened to be up-regulated and 63 down-regulated. Classification of 

the identified proteins by employing different databases showed revealed novel molecular 

pathways were Hakai may be playing a role during tumor progression. By performing 

bioinformatic analysis employing different bioinformatic tools, we discovered that most up-

regulated proteins in Hakai-transformed epithelial cells were implicated in metabolic process 

and post-transcriptional process. On the other hand, down-regulated proteins in Hakai-

transformed epithelial cells were mostly implicated in cytoskeleton morphology and 

membrane vesicle trafficking, which suggest the clear implication of Hakai during EMT-induced 

cellular phenotype change and in the mediation of intercellular communication [222]. Besides, 

among down-regulated proteins implicated in protein metabolism, this analysis also 

highlighted a broad cluster of 26S proteasome subunit proteins, pointing to a decrease of 

proteasome activity during Hakai-driven EMT (Banno et al., 2016). So far, proteasome 

inhibitors are being increasingly used for the treatment of hematopoietic malignancies, but 

showed no successful effect during the treatment of carcinomas [73, 223]. Our results suggest 

that epithelial cells might be developing escape strategies during carcinoma progression, partly 

mediated by Hakai overexpression, that could be one of the causes of the lack of effect of 

treatments based on proteasome inhibition.  

Many studies have been published so far explaining that the epithelial plasticity experienced 

by tumor cells is due to the activation of different key signaling pathways [224, 225]. We 

currently know that one of these routes involves the E3 ubiquitin ligase Hakai, which binds to 

the Src-phosphorylated tyrosine residue of the cytoplasmic domain of E-cadherin, thus causing 

its degradation. We previously reported that Hakai-transformation in MDCK cell line induces 

the acquisition of a mesenchymal phenotype (Figure 15A) accompanied by a decrease of the 
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epithelial marker E-cadherin and the increase of mesenchymal markers such as N-cadherin 

(Figure 15B) which translates into the loss of cell-cell contacts and the acquisition of an 

increased motility and invasiveness capability [56]. This increased motility and invasiveness 

capability is a necessary requirement during the metastatic process so that the tumoral cells 

can initiate their dissemination through the organism and colonize distant organs, causing the 

appearance of secondary tumors [226]. In the proteomic study conducted in this doctoral 

thesis, we found numerous down-regulated proteins during Hakai overexpression (Table 16). 

Among them, we found not only proteins related to cell adhesion, but also related to 

cytoskeleton dynamics, which play an active role in the acquisition of cellular plasticity, 

invasion and motility. Cytoskeleton-related proteins such as Annexin A2, Annexin A2, Alpha-

actinin-4, Ezrin, Moesin and other are included in this down-regulated group of proteins.  

In addition to the changes occurring during the EMT process at a cytoskeleton reorganization 

level, cells also undergo morphological changes which include the formation of membrane 

protrusions, such as lamellipodia, phylopodia, podosomes and invadopodia, necessary during 

the migratory process [226]. Proteins implicated in pseudopodial actin dynamics during cell 

plasticity in tumor progression were also found among down-regulated proteins during Hakai 

overexpression, such as AHNAK, Arp2/3 complex, Alpha-actinin-4 and Cofilin [227]. Some of 

these identified proteins were reported to be down-regulated during the EMT process or 

cancer invasion. For example, Annexin A1 was reported to attenuate the EMT process and 

metastatic potential y breast cancer, Annexin A2 was reported to maintain the epithelial 

phenotype in bladder urothelial carcinoma, Prelamin A was described to prevent tumoral 

invasiveness and Ahnak was classified as a tumor suppressor through the potentiation of TGF-

β1, a crucial factor in the EMT development [183, 228-230].  

One of the described down-regulated proteins in this study was Cortactin. Cortactin has been 

previously reported to be phosphorylated by Src, proposing it as a new possible substrate for 

Hakai E3 ubiquitin-ligase activity. Cortactin and Hakai interaction has also been confirmed by 

immunoprecipitation assay, although the physiological meaning of these interaction has not 

been elucidated [63]. Cortactin has been described to be one of the major substrates for 

tyrosine kinases including Src, and it exerts its activity as a structural protein implicated in cell 

motility taking part in lamellipodia and invadopodia formation [231]. Despite not being 

identified as a down-regulated protein with statistical difference in this proteomic study, we 

have confirmed Cortactin down-regulation by western blot in Hakai-transformed MDCK cells 

(Figure 15B). These data suggest that Hakai may be effectively inducing Cortactin down-
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regulation, and supports the hypothesis of Cortactin being considered a new substrate for 

Hakai E3 ubiquitin ligase activity by causing its ubiquitination and consequent degradation. 

This effect of Hakai on Cortactin may be responsible of the repercussion of Cortactin down-

regulation on the EMT process. In this context, previous studies reported a decrease on the 

tyrosine-phosphorylated Cortactin levels during TGF-β1-driven EMT. Moreover, Cortactin 

knockdown during TGF-β1-driven EMT lead to the disruption of tight junctions causing thus an 

increase of the migration ability of AML-12 cells [231]. All these results suggest that Hakai-

mediated Cortactin regulation during the metastatic process, however, the mechanism by 

which Hakai is inducing Cortactin degradation still remains to be elucidated. 

Hakai influence on the development of the metastatic process has also been described. By 

using time-lapse microscopic analysis, it was observed that Hakai-overexpressing MDCK cells 

experimented a morphological transformation characterized by the appearance of dynamic 

spiky protrusions which may favor cellular migration and invasiveness [89]. This Hakai 

influence on cell motility was also reported in in vivo assays performed in Drosophila 

Melanogaster, where high levels of Hakai expression were detected in endoderm migratory 

cells [98]. Given that Hakai was found to be expressed in Drosophila melanogaster endoderm 

tissue where E-cadherin is absent, as well as in other tissues such as spleen, skeletal muscle or 

lymph nodes, it is believed that Hakai may be involved in the regulation of many other client 

proteins [56, 63, 89]. This fact would provide a new possible explanation to the phenomena in 

cell adhesion and migration that arise during embryonic development in Drosophila 

melanogaster. Moreover, Hakai has been recently described to cause micrometastases in vivo 

[91]. Given the described enriched localization of Hakai in cellular protrusions [89], together 

with the amount of cytoskeleton-related proteins identified in this proteomic study, it is 

plausible that Hakai may be involved in the turnover of proteins implicated in the maintenance 

of cellular structure and cell adhesion, thus causing and effect on cell motility and invasiveness. 

Besides cytoskeleton-related proteins, an important amount of up-regulated proteins was 

found to be related to extracellular exosome by employing STRING database (Figure 19). 

Although Hakai has not yet been related to exosomal content, this result opens a possibility to 

the investigation of the role of Hakai ubiquitin-ligase E3 in exosomes derived from tumor cells. 

It has been published that post-translational modifications are involved in the sorting of 

specific proteins into the exosome content, such as ubiquitin-like modification ISGylation 

which was reported to control the exosome release in vitro and in vivo [232, 233]. Despite the 

indications that point to a possible role of Hakai in the regulation of exosome-related 
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metabolism, further studies are needed to elucidate whether Hakai may exert and effect on 

exosome release during the metastatic process.  

Our proteomic study also revealed the influence of Hakai on RNA-related proteins. Proteins 

such as hnRNPA1, PAIRB, ROA1, LYAR or Galectin-3 (Table 17), constitute a network of RNA-

binding proteins up-regulated during Hakai overexpression (Figure 19). The importance of the 

post-transcriptional control by RNA-binding proteins has been previously reported during the 

EMT process [24, 234]. Regarding this, in 2009 Hakai has been described to promote 

tumorigenic process by enhancing the RNA-binding activity of PSF splicing factor. Hakai 

interaction with PSF was described to alter PSF ability to bind to specific cancer-associated 

mRNAs, however it was not probed that Hakai can induce PSF ubiquitination [89, 103]. These 

findings, together with the well described presence of Hakai and other E3 ubiquitin-ligases in 

the nucleus, suggest that Hakai may be playing an E3-ubiquitin-ligase independent role on 

cellular phenotype by regulating the RNA metabolic process [105].  

In addition, our proteomic study also revealed the impact of Hakai on a clear subset of down-

regulated proteins implicated in cellular metabolism (Figure 18, Table 16). Interestingly, by 

protein interaction networks analysis employing STRING database, we identified a specific 

cluster of interconnected down-regulated proteins constituted by 26S proteasome subunits 

(Figure 18, Table 18). According to these data, a recent publication demonstrated proteasome 

activity decrease in epithelial cells during EMT and how this process is induced by the 

employment of proteasome inhibitors in breast cancer cells [235]. As previously mentioned, 

proteasome inhibitors such as bortezomib have shown successful results in the treatment of 

many hematopoietic malignancies in clinical trials, however, the results obtained for the 

treatment of solid tumors have so far been disappointing [223, 236]. Authors suggest that the 

use of proteasome inhibitors during breast cancer treatment may be not only inducing EMT 

process, but also increasing the survival of tumor cells [235]. In addition, although the 

ubiquitination process has been widely described for the degradation of cytosolic and nuclear 

proteins via proteasome, we currently know that other membrane proteins are ubiquitinated 

and degraded via lysosome. This ubiquitin-dependent lysosomal degradation process was first 

described in Saccharomyces cerevisiae [237]. Specifically, this degradation process has been 

described for E-cadherin in MDCK cells when it is phosphorylated by Src, thus facilitating the 

loss of cell-cell contacts and allowing cells to acquire mobility capacity [81]. Given that 

proteasome subunits are specifically down-regulated in Hakai-transformed cells, and that 

Hakai expression is markedly increased in gastric and colon adenocarcinoma compared to 
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healthy tissue, our data support the previously reported work where proteasome inhibitors 

are described as a not effective treatment in tumor subtypes that are subjected to the EMT 

process [235]. Although further analyses are needed to be carried out in human clinical 

samples to confirm those obtained in our cellular model system, we first propose that 

triggering E3 ubiquitin-ligases such as Hakai may be a better strategy during the treatment of 

solid tumor malignancies in order to prevent carcinoma cells from developing escape 

strategies during proteasome inhibition-based therapy [238]. 

In addition to the classification and network analysis of interactions between the identified 

proteins, some of the up and down-regulated proteins were chosen for validation by western 

blot based on their implication described in tumor progression. In this case, we chose down-

regulated Annexin A1, Annexin A2, Calumenin, Stratifin, Galectin-3 and up-regulated Hsp70, 

IMPDH and Hsp90 due to their homology with Hsp70 despite not having been identified in the 

proteomic study (Figure 20). The up and down-regulation observed in the proteomic study was 

confirmed in all cases by western blot, supporting the hypothesis that they could be new 

proteins regulated by Hakai. The study of subcellular localization, as well as the study of its co-

localization with Hakai, revealed interesting results for some of the identified proteins. 

Annexin A1 and Annexin A2 showed a membrane expression pattern in MDCK cells and 

completely disappeared in Hakai-transformed MDCK cells. Given that Annexin A1 and Annexin 

A2 are cytoskeleton-related proteins, we propose that Hakai-induced EMT has an impact on 

actin cytoskeleton reorganization in which Annexin A1 and Annexin A2 are implicated [239, 

240]. Also, Hsp70 and Hsp90 pattern expression suffered a translocation from cytoplasm in 

MDCK cells to a higher membrane location in Hakai-transformed cells. This translocation to cell 

membrane has been previously reported for both chaperones in cancer disease [241, 242]. 

These results suggest that Hakai overexpression is inducing an EMT process through a global 

metabolic affectation that includes the dysregulation of the mentioned proteins. Moreover, 

an interesting result was also observed for the localization of Galectin-3 in cells that 

overexpress Hakai. While the expression pattern in MDCK lines is diffuse, Hakai-transformed 

cells showed an interesting localization of Galectin-3 in perinuclear areas located at the base 

of cellular prolongations accompanied by a clear co-localization with Hakai E3 ubiquitin-ligase.  

Galectin-3 is a carbohydrate-binding protein able to recognize and attach to glycoconjugates 

present on cell surface and extracellular matrices, thus playing an important role in different 

processes during tumor progression [243, 244]. Galectin-3 has been extensively described to 

act extracellularly after being secreted during cancer progression however, little is known 
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about is mechanism of degradation [131, 245]. Besides, most authors describe Galectin-3 as 

marker of poor prognosis during cancer progression [246-250], however, some others have 

described a down-regulation of this protein during tumoral progression [125-128]. 

In order to deepen the mechanism responsible for the results obtained in our stable Hakai-

overexpressing model, we carried out experiments of Hakai transient overexpression in other 

cell lines. These experiments were mostly conducted during a predoctoral stay in Dr. Fu-Tong 

Liu's laboratory at Academia Sinica. The first results obtained apparently confirmed the down-

regulation of Galectin-3 during the transient overexpression of increasing concentrations of 

Hakai in HEK 293T and HeLa cells (Figure 23 and 25). Since the only evidence of Galectin-3 

mechanism of degradation is via lysosome degradation pathway [131], inhibitors of the 

autophagic and lysosomal pathways were employed in this work to determine the mechanism 

by which Hakai might be inducing Galectin-3 degradation. In all the cases, previously observed 

effects of Galectin-3 down-regulation during Hakai overexpression were not replicated, and 

results were not conclusive. Similarly, the previously observed co-localization between 

Galectin-3 and Hakai, and the demonstrated Galectin-3 down-regulation in Hakai-

overexpressing cells, was not reproduced in stable HEK 293T Galectin-3 overexpressing cells. 

On the other hand, given that no changes in galectin-3 mRNA levels were detected in presence 

of Hakai overexpression, it is plausible that the regulation initially observed in the first 

experiments might be occurring at a protein level. Altogether, despite the signs observed, the 

results obtained in relation to the regulation of Galectin-3 by Hakai do not allow us to conclude 

the mechanism by which Hakai is inducing Galectin-3 down-regulation in our Hakai-

overexpressing model. 

Other proteins identified as a result of the realization of the proteomic study in Hakai-

overexpressing cells were Annexin A2 and Hsp90. Hsp90 is a chaperone that has been 

extensively described related to tumor progression due to the regulation of multiple client 

proteins directly involved in cancer disease. Most of the proteins described as clients of Hsp90 

chaperone are proteins involved in cell proliferation, oxidative stress or cell differentiation, 

among which we can mostly find kinases and transcription factors [135, 251]. However, a 

recent study about the Hsp90 interactome has revealed that 31 % of the total tested E3 

ubiquitin-ligases interact with this chaperone, out of which a minority has so far been 

described to interact with this chaperone, such as Cullin-5 or CHIP [158-160]. Here, we first 

performed a proteomic analysis of Hakai interactome where we identified 13 different 

proteins, among which we confirmed Hsp90 chaperone as a Hakai-interacting protein (Table 
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19). Interaction of Hakai and Hsp90 was further confirmed by immunoprecipitation assay 

followed by western blotting in different cell lines, thus supporting the result obtained in the 

interactome analysis. Interaction among chaperones and E3 ubiquitin-ligases has been 

generally stablish to happen as a collaboration as part of the chaperone complex. Usually, E3 

ubiquitin-ligases are responsible of ubiquitinating chaperone client proteins which cannot be 

correctively folded and tagging them for degradation through the proteasome pathway [156, 

252, 253]. Regarding Hsp90, the pharmacological inhibition of its folding activity is coupled 

with the activity of different E3 ubiquitin-ligases such as CHIP or Cullin-5, which are responsible 

of signalizing its specific client proteins for ubiquitination when they have not been correctly 

folded [158, 254]. Although this is the best described mechanism for the interaction of 

chaperones and E3 ubiquitin-ligases, here we demonstrated that Hakai and Hsp90 interaction 

is due to the nature of Hakai as a client protein of Hsp90. So far, only UHRF1 E3 ubiquitin-ligase 

has been described as a client protein for Hsp90 [171]. By employing Hsp90 inhibitor 

geldanamycin, we demonstrated that Hakai is induced to degradation in different cell lines 

(Figure 42). By combining Hsp90 inhibition with chloroquine, we confirmed that this 

degradation is taking place in a lysosome-dependent manner (Figure 47), however the exact 

ubiquitin-ligase mediating Hakai lysosome-dependent degradation upon pharmacological 

inactivation of Hsp90 remains to be elucidated. To our knowledge, this proteasome-

independent degradation of Hsp90 client proteins under geldanamycin treatment has only 

been described for IκB kinase. A,uthors demonstrate that IκB kinase, an essential activator of 

NF-κB, is a novel client protein for Hsp90 and is degraded via autophagy when inactivating 

Hsp90 with geldanamycin [153].  

In this work, we previously demonstrated as a result of a proteomic study, that Annexin A2 is 

down-regulated in Hakai-transformed MDCK epithelial cells compared to parental MDCK cells 

[238]. Moreover, interaction between Annexin A2 and Hsp90 has been previously reported in 

vitro and in vivo in diabetic rat’s aorta [220]. Based on these reported results, and the currently 

confirmed interaction between Hakai and Hsp90 in different cell lines, we were also interested 

in determining the possible relationship between Annexin A2, Hsp90 and Hakai. In this work, 

by immunoprecipitation we confirmed interaction between Hakai, Hsp90 and Annexin A2 in 

HCT116 cell line (Figure 38). Annexin A2 is a calcium-binding protein that belongs to annexin 

family and is implicated in the dynamic organization of membrane microdomains thus 

mediating the formation of membrane-cytoskeleton and membrane-membrane contacts 

[255]. Besides, Annexin A2 has been extensively reported to be tyrosine-phosphorylated by 
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Src kinase [256]. Moreover, Hakai has been described to interact with different Src tyrosine-

phosphorylated proteins and to induce its ubiquitination and consequent degradation. This 

fact turns Annexin A2 into a new potential substrate for Hakai E3 ubiquitin-ligase. In our work, 

transient overexpression of Hakai, together with Src and ubiquitin, induced a significative 

down-regulation of Annexin A2 levels (Figure 36). In the same way, Hakai silencing led to a 

significative increase in Annexin A2 levels (Figures 37). These data support the results obtained 

in the comparative proteomic study between Hakai-overexpressing MDCK cells and parental 

MDCK cells, and suggest that Hakai is directly regulating Annexin A2 levels as a new substrate 

for its E3 ubiquitin-ligase activity. Furthermore, the previously reported interaction between 

Hakai, Hsp90 and Annexin A2 was completely disrupted in presence of Hsp90 inhibitor 

geldanamycin (Figure 46). Also, experiments performed with geldanamycin revealed a down-

regulation of Hakai levels accompanied by an up-regulation of Annexin A2 (Figure 44). On the 

other hand, inhibition of Hsp90 activity in HCT116 cells, which initially show a mesenchymal 

invasive phenotype, experimented a recovery or the epithelial phenotype, accompanied by an 

increment of Annexin A2 expression in cell membrane and E-cadherin at cell-cell contacts 

(Figure 41). Based on this effect, migratory capability of cells was also evaluated in presence 

of geldanamycin and a clear reduction of Hakai-induced cell migration was observed. 

Altogether, these data support that Hsp90 inhibition by geldanamycin regulates Hakai stability 

as a client protein of this chaperone and, in consequence, Hakai substrates such as E-cadherin 

and Annexin A2 are increased, thus reducing migratory cell ability and causing a reversion of 

the EMT process. This effect observed in our cellular model matches that previously described 

where Hsp90 knockdown and inhibition with ganetespib induced a down-regulation of EMT 

and motility associated molecular pathways [257].  

Annexin A2 has been extensively described as a poor-prognosis marker during cancer 

progression, however it has been recently reported to be induced to degradation by other 

oncogenic E3 ubiquitin-ligases such as TRIM65 [183]. Besides, as a protein involved in the 

membrane-cytoskeleton dynamics, Annexin A2 was demonstrated to be implicated in E-

cadherin recovery at adherens junctions given its effect on actin cystoskeleton [193], thus 

supporting the recovery of the epithelial phenotype here observed during geldanamycin 

treatment.  On the other hand, E-cadherin was reported to be stabilized at adherens junctions 

during geldanamycin treatment due to the degradation of ErbB2. ErbB2 is a tyrosine kinase 

and Hsp90 client protein responsible of phosphorylating β-catenin and destabilizing the β-

catenin-E-cadherin association, necessary for the maintenance of the epithelial phenotype 
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[258]. This data, together with our observed results suggest that Hsp90 inhibition with 

geldanamycin might be reverting EMT process at least partially through its effect on Hakai 

stability and, in consequence, through the stabilization of Hakai substrate E-cadherin and 

Annexin A2.  

In this work, we also evaluated Hsp90 expression in human samples from different colon 

adenocarcinoma stages in order to study the possible role of this chaperone tumoral 

progression. Here we demonstrated that Hsp90 expression is increased in human colorectal 

cancer samples compared to those corresponding to adenoma or adjacent healthy tissue, thus 

suggesting a role for Hsp90 during tumor malignancy in colorectal cancer. These data agree 

with those recently published were Hsp90 expression has been related to a poor outcome in 

colorectal cancer patients [259]. 

Given the demonstrated interaction between Hakai and Hsp90 in vitro, together with the high 

expression of Hakai oncogene in colorectal cancer [2, 63, 91, 101], further investigations would 

be needed to elucidate the role of Hsp90 and Hakai interaction in vivo. Since the appearance 

of the first Hsp90 inhibitors such as geldanamycin or radicicol, promotion of Hsp90 client 

proteins degradation has been extensively studied as an anticancer strategy [217, 260]. In fact, 

there currently exist numerous clinical trials in progress based on geldanamycin derivative 

compounds for cancer treatment [151, 261]. Although Hsp90 inhibition has been extensively 

studied for the treatment of different tumor types, Hsp90 inhibition-based monotherapy has 

not shown successful results due to the existence of different resistance mechanisms. In fact, 

only combined therapies based on Hsp90 inhibition and the employment of chemotherapeutic 

agents have obtained promising results [221]. Given that one of the resistance mechanisms is 

based on EMT induction, and considering the impact of Hakai during EMT process, the 

development of therapeutic strategies based on combination of Hsp90 and Hakai inhibition 

could be and attractive alternative therapy for cancer treatment [262].
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Conclusions related to objective 1: 

 

1. Proteomic analysis shows that Hakai stable overexpression in MDCK cells induces 

down-regulation of proteins related to cytoskeleton and membrane vesicle 

trafficking, and up-regulation of proteins implicated in metabolic process and post-

transcriptional regulation compared to parental MDCK cells. 

 

2. Hakai stable overexpression in MDCK cells enriches protein-protein interactions 

related to proteasome subunits. 

 

3. Western blot validation shows that Hakai stable overexpression in MDCK cells 

effectively induces up-regulation of Hsp70, Hsp90 and IMPDH1 and down-regulation 

of Annexin A1, Annexin A2, Calumenin, Stratifin and Galectin-3 compared to MDCK 

parental cells. 

 

4. Hsp70, Hsp90 and Galectin-3 subcellular localization changes during Hakai 

overexpression in Hakai-overexpressing MDCK cells compared to MDCK parental 

cells.  

 

Conclusions related to objective 2: 

 

1. Hakai is a novel client protein for Hsp90 chaperone. 

 

2. Annexin A2 is a potential new target for the E3 ubiquitin-ligase Hakai.  

 

3. Geldanamycin treatment induces Hakai degradation in a lysosome-dependent 

manner, and induces the recovery of epithelial phenotype in HCT116 colon cancer cell 

line. 

 

4. Geldanamycin treatment reduces Hakai-mediated cell migration. 
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APPENDIX A 
 
 
 
Identified regulated proteins in the comparative proteomic study: 
 

• Table A1: List of total identified Hakai-down-regulated proteins with score ≤0.5. 
 

• Table 2A: List of total identified Hakai-down-regulated proteins with score ≥2. 
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Table A1. List of total identified Hakai-down-regulated proteins with score ≤0.5. 

Accesion 
number 

Protein 
symbol 

Protein name 
Peptides 

(95%) 
114:115 

PVal 
114:115 

115:114 
PVal 

115:114 
116:115 

PVal 
116:115 

116:114 
PVal 

116:114 
117:115 

PVal 
117:115 

117:11
4 

PVal 
117:114 

Q09666 AHNK 

Neuroblast 
differentiation-

associated protein 
AHNAK 

88 1,2589 0,0004 0,7798 0,0004 0,0254 0 0,0213 0 0,0203 0 0,0175 0 

P15311 EZRI Ezrin 61 1,028 0,7296 0,955 0,7296 0,1905 0,0004 0,1888 0,0004 0,157 0,0003 0,1528 0,0002 

P26038 MOES Moesin 52 1,4454 0,0175 0,6792 0,0175 0,3162 0,0965 0,2109 0,0092 0,1995 0,0829 0,1355 0,0108 

P07355 ANXA2 Annexin A2 49 0,4446 0,045 2,208 0,045 0,0172 0 0,0256 0,3955 0,0146 0 0,0223 0,2509 

P07237 PDIA1 
Protein disulfide-

isomerase 
34 1 0,7675 0,9817 0,7675 0,4966 0,084 0,4966 0,0609 0,2228 0,0055 0,2228 0,0024 

P04181 OAT 
Ornithine 

aminotransferase, 
mitochondrial 

34 0,6138 0,0362 1,5996 0,0362 0,0157 0,0027 0,0198 0,005 0,0189 0 0,0227 0,0001 

P27797 CALR Calreticulin 29 0,912 0,5922 1,0765 0,5922 0,4831 0 0,5248 0,0001 0,4613 0 0,5012 0 

Q06830 PRDX1 Peroxiredoxin-1 28 1,3552 0,0036 0,7244 0,0036 0,3311 0 0,2399 0 0,3565 0 0,2582 0 

P04083 ANXA1 Annexin A1 25 1,1376 0,3795 0,863 0,3795 0,0137 0 0,0126 0 0,011 0 0,0108 0 

P30101 PDIA3 
Protein disulfide-

isomerase A3 
24 1,1482 0,6458 0,8551 0,6458 0,492 0,0871 0,4487 0,08 0,3162 0,0402 0,2754 0,0334 

P23284 PPIB 
Peptidyl-prolyl cis-
trans isomerase B 

24 0,673 0,1964 1,4588 0,1964 0,2965 0,0039 0,4285 0,0078 0,3251 0,0054 0,4699 0,0122 

P23528 COF1 Cofilin-1 23 0,8395 0,3168 1,1695 0,3168 0,3162 0 0,3698 0,0002 0,4875 0,0004 0,5702 0,0034 

P24534 EF1B 
Elongation factor 

1-beta 
20 1,0864 0,6653 0,9036 0,6653 0,4831 0,0172 0,4365 0,0092 0,4699 0,0127 0,4285 0,0069 

P17931 LEG3 Galectin-3 20 1,406 0,3584 0,6982 0,3584 0,0171 0,0111 0,0153 0,0088 0,0198 0,0112 0,0167 0,0088 

P67936 TPM4 
Tropomyosin 
alpha-4 chain 

18 1,9409 0,2368 0,5058 0,2368 0,2188 0,0017 0,1169 0,0009 0,1585 0,0008 0,0794 0,0005 

P37802 TAGL2 Transgelin-2 16 1,1803 0,347 0,8318 0,347 0,4365 0,003 0,3664 0,0008 0,1202 0,0001 0,1019 0 

P09622 DLDH 
Dihydrolipoyl 

dehydrogenase, 
mitochondrial 

16 1,4997 0,0354 0,6546 0,0354 0,1459 0,0498 0,1191 0,0132 0,7943 0,364 0,4966 0,0405 

O43852 CALU Calumenin 16 0,7943 0,2466 1,2359 0,2466 0,0912 0 0,1127 0 0,1644 0 0,2032 0 
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P02545 LMNA Prelamin-A/C 16 0,6026 0,0033 1,6293 0,0033 0,0417 0,0015 0,0679 0,0084 0,0441 0 0,0692 0,0001 

P62158 CALM Calmodulin 15 1,1066 0,5876 0,8872 0,5876 0,166 0,0032 0,1486 0,0019 0,3802 0,0099 0,3404 0,0055 

P31040 DHSA 

Succinate 
dehydrogenase 

[ubiquinone] 
flavoprotein 

subunit, 
mitochondrial 

14 1,1803 0,8785 0,8318 0,8785 0,3981 0,0249 0,3373 0,0113 0,4018 0,0794 0,3373 0,0502 

P52565 GDIR1 
Rho GDP-

dissociation 
inhibitor 1 

14 1,2589 0,1936 0,7798 0,1936 0,2938 0,0331 0,227 0,0226 0,4325 0,0867 0,3373 0,0438 

O43707 ACTN4 Alpha-actinin-4 14 0,8472 0,2672 1,1588 0,2672 0,166 0 0,1959 0 0,1306 0 0,1528 0 

P60900 PSA6 
Proteasome 

subunit alpha type-
6 

13 1,2706 0,2247 0,7727 0,2247 0,597 0,0304 0,4699 0,0038 0,7244 0,1501 0,5598 0,0238 

P06576 ATPB 
ATP synthase 
subunit beta, 
mitochondrial 

13 0,3767 0,0008 2,6062 0,0008 0,0437 0 0,0863 0,0003 0,0391 0 0,0855 0,0025 

P25786 PSA1 
Proteasome 

subunit alpha type-
1 

12 1,5417 0,0216 0,6368 0,0216 0,6792 0,1428 0,4325 0,0021 0,6546 0,1053 0,4207 0,0016 

O14818 PSA7 
Proteasome 

subunit alpha type-
7 

12 1,7219 0,0297 0,5702 0,0297 0,6546 0,232 0,3873 0,0029 0,7311 0,422 0,4285 0,0057 

Q15019 SEPT2 Septin-2 12 1,3552 0,2541 0,7244 0,2541 0,4285 0,0692 0,3221 0,0104 0,5754 0,2087 0,4246 0,0318 

P25787 PSA2 
Proteasome 

subunit alpha type-
2 

12 1,5704 0,1021 0,6252 0,1021 0,2089 0,0082 0,1306 0,0007 0,4285 0,0254 0,2704 0,0018 

P60903 S10AA Protein S100-A10 12 0,8017 0,4375 1,2246 0,4375 0,0211 0,0004 0,0233 0,0011 0,0209 0,0002 0,0233 0,0003 

P49748 ACADV 

Very long-chain 
specific acyl-CoA 
dehydrogenase, 
mitochondrial 

11 0,8395 0,3655 1,1695 0,3655 0,0955 0,0015 0,1148 0,0026 0,0429 0,0007 0,0501 0,0038 

O14745 NHRF1 

Na(+)/H(+) 
exchange 

regulatory cofactor 
NHE-RF1 

11 1,7539 0,1032 0,5598 0,1032 0,0698 0,0045 0,0425 0,0018 0,0667 0,0037 0,0409 0,0018 

P31947 1433S 
14-3-3 protein 

sigma 
11 0,9462 0,9771 1,0375 0,9771 0,0219 0,0118 0,0236 0,0119 0,0483 0,0212 0,0506 0,0214 
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P25788 PSA3 
Proteasome 

subunit alpha type-
3 

10 1,5996 0,1367 0,6138 0,1367 0,7516 0,5215 0,4613 0,0534 0,7112 0,3248 0,4285 0,0316 

P28838 AMPL 
Cytosol 

aminopeptidase 
10 1,028 0,836 0,955 0,836 0,3373 0,1353 0,3342 0,0466 0,2704 0,1551 0,263 0,0489 

P00367 DHE3 
Glutamate 

dehydrogenase 1, 
mitochondrial 

10 0,6982 0,1352 1,406 0,1352 0,1406 0 0,1923 0,0001 0,2606 0,0002 0,3664 0,0012 

Q96AY3 FKB10 
Peptidyl-prolyl cis-

trans isomerase 
FKBP10 

10 0,7178 0,145 1,3677 0,145 0,1096 0 0,1514 0,0023 0,0592 0 0,0745 0 

P49721 PSB2 
Proteasome 

subunit beta type-
2 

9 1,9231 0,1127 0,5105 0,1127 0,7943 0,6719 0,4246 0,0619 0,7112 0,4266 0,3802 0,0462 

P61586 RHOA 
Transforming 
protein RhoA 

9 1,1272 0,7006 0,871 0,7006 0,4786 0,0379 0,4207 0,0237 0,3837 0,0205 0,3404 0,0133 

Q15102 PA1B3 

Platelet-activating 
factor 

acetylhydrolase IB 
subunit gamma 

9 1,0965 0,7391 0,8954 0,7391 0,2559 0,0087 0,2291 0,0181 0,3192 0,0514 0,2965 0,0108 

Q02818 NUCB1 Nucleobindin-1 9 0,8872 0,5699 1,1066 0,5699 0,0964 0 0,1076 0 0,0929 0 0,1038 0 

P25789 PSA4 
Proteasome 

subunit alpha type-
4 

8 1,4859 0,1943 0,6607 0,1943 0,5495 0,0647 0,3698 0,0119 0,6138 0,0944 0,4093 0,0162 

P28066 PSA5 
Proteasome 

subunit alpha type-
5 

7 2,5586 0,3113 0,3837 0,3113 0,5702 0,5811 0,2109 0,0062 0,3499 0,5073 0,1169 0,0054 

P04040 CATA Catalase 7 1,5136 0,2254 0,6486 0,2254 0,3767 0,0342 0,2535 0,0136 0,3467 0,029 0,2312 0,012 

Q9UBS4 DJB11 
DnaJ homolog 

subfamily B 
member 11 

7 0,7586 0,2349 1,2942 0,2349 0,3133 0,0049 0,3981 0,0235 0,1837 0,001 0,2355 0,0036 

Q14914 PTGR1 
Prostaglandin 
reductase 1 

7 0,8954 0,9802 1,0965 0,9802 0,0122 0,0443 0,0137 0,0443 0,0105 0,0576 0,0106 0,0575 

P54687 BCAT1 

Branched-chain-
amino-acid 

aminotransferase, 
cytosolic 

6 0,7047 0,5185 1,3932 0,5185 0,078 0,1201 0,1057 0,1457 0,0305 0,0453 0,036 0,0486 

Q9NYL9 TMOD3 Tropomodulin-3 5 0,6486 0,2536 1,5136 0,2536 0,3532 0,0792 0,5445 0,3288 0,2014 0,0187 0,3048 0,0475 

P08670 VIME Vimentin 5 2,4889 0,0174 0,3945 0,0174 0,2377 0,0325 0,0973 0,0021 0,1871 0,0147 0,0824 0,0013 
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O00151 PDLI1 
PDZ and LIM 

domain protein 1 
5 0,7656 0,3493 1,2823 0,3493 0,0839 0,003 0,1107 0,0059 0,1629 0,004 0,2109 0,0081 

P40121 CAPG 
Macrophage-

capping protein 
5 1,406 0,324 0,6982 0,324 0,0661 0,0182 0,0515 0,0132 0,037 0,0071 0,0302 0,0058 

Q13510 ASAH1 Acid ceramidase 5 1,2246 0,3877 0,8017 0,3877 0,0387 0,0027 0,0331 0,0021 0,0331 0,0661 0,027 0,0561 

Q06323 PSME1 
Proteasome 

activator complex 
subunit 1 

4 1,0375 0,913 0,9462 0,913 0,5445 0,1324 0,4831 0,2919 0,3251 0,046 0,278 0,1034 

Q96C19 EFHD2 
EF-hand domain-

containing protein 
D2 

4 1,0186 0,9262 0,9638 0,9262 0,2421 0,0224 0,2333 0,0211 0,2559 0,0223 0,2489 0,0209 

Q6NZI2 PTRF 
Polymerase I and 
transcript release 

factor 
4 0,3837 0,0424 2,5586 0,0424 0,1343 0,0067 0,3311 0,169 0,1393 0,003 0,3532 0,0672 

Q02218 ODO1 
2-oxoglutarate 

dehydrogenase, 
mitochondrial 

4 0,8166 0,4611 1,2023 0,4611 0,0545 0,0032 0,0637 0,0043 0,0608 0,0033 0,0718 0,0045 

P27824 CALX Calnexin 3 0,9376 0,7509 1,0471 0,7509 0,4285 0,1292 0,4529 0,1655 0,1 0,0437 0,1038 0,051 

P11234 RALB 
Ras-related protein 

Ral-B 
3 0,9817 0,7793 1 0,7793 0,3945 0,031 0,3981 0,0347 0,3532 0,0261 0,3565 0,0289 

P62072 TIM10 

Mitochondrial 
import inner 
membrane 
translocase 

subunit Tim10 

3 0,8872 0,6818 1,1066 0,6818 0,3221 0,0249 0,3597 0,0291 0,4018 0,0452 0,4529 0,0554 

Q9BPX5 ARP5L 

Actin-related 
protein 2/3 

complex subunit 5-
like protein 

3 1,2359 0,528 0,7943 0,528 0,3076 0,062 0,2466 0,0445 0,2208 0,0341 0,1803 0,0264 

Q15046 SYK 
Lysyl-tRNA 
synthetase 

3 1,0666 0,6419 0,9204 0,6419 0,1977 0,0144 0,1837 0,011 0,1977 0,0158 0,1871 0,012 

Q14847 LASP1 
LIM and SH3 

domain protein 1 
3 1,2359 0,4804 0,7943 0,4804 0,1644 0,0412 0,1306 0,0301 0,0887 0,0372 0,0711 0,0275 

P00167 CYB5 Cytochrome b5 3 0,9908 0,9432 0,9908 0,9432 0,0863 0,0276 0,0847 0,0283 0,0787 0,026 0,078 0,0266 

P52943 CRIP2 
Cysteine-rich 

protein 2 
1 1,0666 0,9726 0,9204 0,9726 0,0586 0,0595 0,0555 0,0592 0,0461 0,0368 0,0437 0,0367 

 

*114 and 115 indicate MDCK labeled replicates. 116 indicates Hakai-transforming clone 4. 117 indicates Hakai-transforming clone 11. Hakai-transforming clones-related values are indicated 
in bold font. 
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Table A2. List of total identified Hakai-down-regulated proteins with score ≥2. 

Accesion 
number 

Protein 
symbol 

Protein name 
Peptides 

(95%) 
114:115 

PVal 
114:115 

115:114 
PVal 

115:114 
116:115 

PVal 
116:115 

116:114 
PVal 

116:114 
117:115 

PVal 
117:115 

117:114 
PVal 

117:114 

P08107 HSP71 
Heat shock 70 

kDa protein 
1A/1B 

111 2,0893 0,7688 0,4325 0,7688 32,8095 0,0003 20,893 0,0012 39,8107 0,0002 27,0396 0,0008 

P06733 ENOA Alpha-enolase 96 5,5976 0,0031 0,1871 0,0031 27,0396 0,0005 7,5162 0 32,5087 0,0003 10 0 

P19338 NUCL Nucleolin 63 0,2399 0,0286 4,0926 0,0286 2,9648 0,8082 9,1201 0,1408 10,4713 0 26,3027 0 

P31948 STIP1 
Stress-induced-
phosphoprotei

n 1 
54 1,7378 0,0668 0,5649 0,0668 5,445 0 3,1623 0 4,7863 0 2,8576 0 

P09651 ROA1 

Heterogeneous 
nuclear 

ribonucleoprot
ein A1 

50 0,52 0,0272 1,888 0,0272 1,2246 0,2 2,3335 0,004 1,4588 0,0383 2,8054 0,0011 

P62937 PPIA 
Peptidyl-prolyl 

cis-trans 
isomerase A 

48 0,3698 0,5842 2,6546 0,5842 2,0701 0,0696 4,5709 0,0292 2,2699 0,0877 5,2481 0,035 

P60174 TPIS 
Triosephosphat

e isomerase 
46 3,1333 0,0948 0,3133 0,0948 5,3951 0,0024 1,8535 0,0496 8,6298 0 3,0479 0,0005 

P12277 KCRB 
Creatine kinase 

B-type 
40 1,9409 0,6134 0,4875 0,6134 36,3078 0,0004 22,4905 0,0009 37,325 0,0004 23,9883 0,0009 

Q8NC51 PAIRB 

Plasminogen 
activator 

inhibitor 1 RNA-
binding protein 

35 0,4656 0,4066 2,1086 0,4066 3,767 0 7,3114 0 4,5709 0 8,5507 0 

P00558 PGK1 
Phosphoglycera

te kinase 1 
33 1,5136 0,2926 0,631 0,2926 16,293 0,0022 13,9316 0 14,4544 0,0043 12,2462 0 

P22392 NDKB 
Nucleoside 

diphosphate 
kinase B 

30 2,5119 0,2355 0,2805 0,2355 24,2103 0,0643 17,2187 0 30,1995 0,0535 22,2843 0 

P05455 LA 
Lupus La 
protein 

26 0,7516 0,385 1,3062 0,385 6,792 0 9,0365 0 6,1376 0 8,091 0 

Q07021 C1QBP 
Complement 

component 1 Q 
subcomponent-

25 0,4699 0,0545 2,0701 0,0545 20,5116 0,0025 33,4195 0,0152 22,6987 0,0012 36,3078 0,0153 

 

1
7

1 



 

172 
 

binding protein, 
mitochondrial 

P15531 NDKA 
Nucleoside 

diphosphate 
kinase A 

24 1,0568 0,6166 0,879 0,6166 9,6383 0,0136 11,1686 0,0026 9,3756 0,0024 10,5682 0,0009 

P23246 SFPQ 
Splicing factor, 

proline- and 
glutamine-rich 

23 0,871 0,9104 1,1272 0,9104 2,5823 0,0391 2,704 0,0095 4,7863 0 4,9204 0 

P12268 IMDH2 

Inosine-5'-
monophosphat

e 
dehydrogenase 

2 

21 0,4487 0,0017 2,1878 0,0017 1,556 0,0368 3,4041 0,0007 2,1281 0,0001 4,6132 0 

Q15233 NONO 

Non-POU 
domain-

containing 
octamer-

binding protein 

17 1,1376 0,8517 0,863 0,8517 2,421 0,0086 2,1878 0,0374 3,5645 0 3,2509 0,0001 

P16949 STMN1 Stathmin 16 1,4859 0,0803 0,6607 0,0803 2,8576 0,0017 1,977 0,0147 3,4995 0,0001 2,421 0,0014 

P00505 AATM 

Aspartate 
aminotransfera

se, 
mitochondrial 

16 0,3162 0,1557 3,0761 0,1557 2,2491 0,002 6,792 0,0017 2,5823 0,0005 7,7983 0,0001 

P26583 HMGB2 
High mobility 
group protein 

B2 
16 0,9817 0,6884 1 0,6884 1,5276 0,2953 1,5136 0,1719 2,4889 0,0209 2,4889 0,0133 

Q99497 PARK7 Protein DJ-1 14 1,2359 0,9739 0,7943 0,9739 6,6681 0,006 5,7016 0,0037 7,3114 0,0075 6,1376 0,0064 

Q15181 IPYR 
Inorganic 

pyrophosphata
se 

14 1,0471 0,6801 0,9376 0,6801 4,4875 0 3,9811 0,0002 4,2855 0 3,8726 0 

P31689 DNJA1 
DnaJ homolog 

subfamily A 
member 1 

14 0,3105 0,0005 2,8576 0,0005 1,6596 0,0042 4,5709 0 1,4588 0,0153 4,0551 0 

P07195 LDHB 
L-lactate 

dehydrogenase 
B chain 

13 1,9231 0,2574 0,5058 0,2574 6,9183 0 3,4995 0,005 6,1944 0,0001 2,9648 0,0355 

Q04837 SSBP 

Single-stranded 
DNA-binding 

protein, 
mitochondrial 

13 1,1482 0,5931 0,8551 0,5931 4,1687 0,0004 3,6983 0,0247 5,2481 0,0001 4,6559 0,0015 

P43487 RANG 
Ran-specific 

GTPase-
13 1,4588 0,79 0,673 0,79 3,6644 0,087 2,5119 0,1199 5,9156 0,021 4,0926 0,0271 
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activating 
protein 

P30050 RL12 
60S ribosomal 

protein L12 
13 0,5445 0,1829 1,7865 0,1829 2,1086 0,0064 3,4356 0,0003 2,8054 0,0008 4,7863 0,0001 

P14174 MIF 

Macrophage 
migration 
inhibitory 

factor 

12 2,1281 0,0524 0,3664 0,0524 29,6483 0,0214 20,7014 0,1066 39,4457 0,0205 29,1072 0,0883 

P09211 GSTP1 
Glutathione S-
transferase P 

12 1,4454 0,6035 0,6792 0,6035 14,8594 0,1793 11,9124 0,0289 29,9226 0,1501 24,6604 0,0044 

Q9Y383 LC7L2 
Putative RNA-

binding protein 
Luc7-like 2 

12 0,7586 0,5106 1,2589 0,5106 4,8306 0,0002 5,7016 0,0001 3,9446 0,001 4,529 0,0002 

O75937 DNJC8 
DnaJ homolog 

subfamily C 
member 8 

12 0,7178 0,2328 1,3677 0,2328 2,2909 0,0259 3,1046 0,0007 2,7797 0,0027 3,8019 0,0003 

P55209 NP1L1 
Nucleosome 

assembly 
protein 1-like 1 

12 0,8551 0,4642 1,1482 0,4642 2,1878 0,0461 2,5351 0,0186 1,8197 0,1034 2,0701 0,0389 

Q13162 PRDX4 Peroxiredoxin-4 11 0,5152 0,5016 1,9055 0,5016 5,1051 0,0004 8,8716 0,0002 3,281 0,0032 5,8076 0,0026 

Q12906 ILF3 
Interleukin 
enhancer-

binding factor 3 
11 0,955 0,5995 1,028 0,5995 2,466 0,0711 2,4889 0,0195 2,8054 0,0245 2,8054 0,0059 

P07741 APT 
Adenine 

phosphoribosyl
transferase 

10 0,8017 0,3023 1,3062 0,3023 17,378 0,0002 15,5597 0,115 18,5353 0,0002 16,7494 0,1086 

O75347 TBCA 
Tubulin-specific 

chaperone A 
10 2,1478 0,303 0,4571 0,303 15,7036 0,3179 6,9183 0,6914 23,3346 0,1313 11,1686 0,0049 

P16152 CBR1 
Carbonyl 
reductase 
[NADPH] 1 

10 0,631 0,2427 1,4723 0,2427 8,0168 0,0003 9,7275 0,0001 10,3753 0,0001 12,5892 0,0001 

P12532 KCRU 
Creatine kinase 

U-type, 
mitochondrial 

9 1,7539 0,4185 0,5598 0,4185 4,7424 0,031 2,7797 0,0116 4,0551 0,0889 2,3768 0,0697 

Q04760 LGUL 
Lactoylglutathi

one lyase 
8 2,4889 0,3008 0,2168 0,3008 25,5859 0,1177 23,7684 0 24,6604 0,1229 22,6987 0 

P00441 SODC 
Superoxide 

dismutase [Cu-
Zn] 

8 1,5849 0,404 0,6194 0,404 13,9316 0,0001 8,6298 0,0042 27,5423 0 18,7068 0,0002 

P60891 PRPS1 
Ribose-

phosphate 
8 0,4656 0,3014 2,0137 0,3014 3,4356 0,0321 6,6681 0,0012 3,767 0,0066 7,2444 0,0008 

 

1
7

3
 



 

174 
 

pyrophosphoki
nase 1 

P33316 DUT 

Deoxyuridine 
5'-triphosphate 
nucleotidohydr

olase, 
mitochondrial 

8 1,0375 0,7491 0,955 0,7491 2,6062 0,0106 2,5823 0,103 3,3113 0,0036 3,1915 0,0087 

P61758 PFD3 
Prefoldin 
subunit 3 

8 1,0666 0,5802 0,9204 0,5802 2,1281 0,0173 2,0512 0,0382 2,1878 0,0091 2,0324 0,0167 

P37108 SRP14 

Signal 
recognition 

particle 14 kDa 
protein 

7 1,7865 0,5948 0,4742 0,5948 12,1339 0,0006 8,1658 0,0009 15,1356 0,0003 10,3753 0,0004 

Q9BTT0 AN32E 

Acidic leucine-
rich nuclear 

phosphoprotei
n 32 family 
member E 

7 1,2706 0,7491 0,7727 0,7491 6,3096 0,0512 4,6989 0,0439 3,5645 0,1097 2,6303 0,0886 

Q9NX58 LYAR 

Cell growth-
regulating 
nucleolar 
protein 

7 1,8197 0,5559 0,5346 0,5559 6,2517 0,2452 2,3335 0,3017 12,942 0,1797 6,0813 0,0442 

Q16881 TRXR1 
Thioredoxin 
reductase 1, 
cytoplasmic 

7 2,6546 0,1414 0,3698 0,1414 4,6132 0,074 1,556 0,6355 7,4473 0,0103 2,355 0,3222 

P49321 NASP 
Nuclear 

autoantigenic 
sperm protein 

7 2,5823 0,0681 0,3532 0,0681 3,5318 0,0023 1,5276 0,2921 4,4875 0,0012 1,9055 0,0377 

O00273 DFFA 

DNA 
fragmentation 
factor subunit 

alpha 

7 0,4571 0,3833 2,1281 0,3833 2,9648 0,0489 5,4954 0,0052 2,3988 0,136 4,4463 0,0097 

P15170 ERF3A 

Eukaryotic 
peptide chain 
release factor 
GTP-binding 

subunit ERF3A 

7 0,5248 0,0436 1,8197 0,0436 2,3121 0,0028 3,9446 0,0001 1,803 0,015 3,0761 0,0003 

P53999 TCP4 

Activated RNA 
polymerase II 
transcriptional 
coactivator p15 

6 1 0,6177 1,4322 0,6177 28,0543 0,0001 23,7684 0,0001 31,6228 0 25,8226 0 

Q9NQP4 PFD4 
Prefoldin 
subunit 4 

6 0,4018 0,6562 2,5351 0,6562 9,2045 0,0394 18,8799 0,0326 7,3114 0,0405 15,2757 0,0334 
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Q9H773 DCTP1 
dCTP 

pyrophosphata
se 1 

6 0,4699 0,2406 2,1878 0,2406 8,0168 0,0034 14,3219 0,0014 10,7647 0,0011 18,3654 0,0004 

P07108 ACBP 
Acyl-CoA-

binding protein 
6 1,4322 0,4406 0,631 0,4406 7,3114 0,007 6,0256 0,0105 8,1658 0,0057 6,7298 0,0083 

Q9UKK9 NUDT5 
ADP-sugar 

pyrophosphata
se 

6 0,2466 0,307 3,9811 0,307 6,3096 0,0996 18,3654 0,0127 4,8753 0,1946 14,7231 0,0351 

P49773 HINT1 

Histidine triad 
nucleotide-

binding protein 
1 

6 0,2168 0,0032 4,3251 0,0032 4,0179 0,0164 11,8032 0,0016 5,445 0,0159 15,9956 0,0015 

P09661 RU2A 

U2 small 
nuclear 

ribonucleoprot
ein A' 

6 0,6486 0,751 1,5136 0,751 1,4859 0,2356 2,0137 0,1215 2,2491 0,0474 2,9376 0,0317 

P78417 GSTO1 
Glutathione S-

transferase 
omega-1 

5 1,5849 0,131 0,6081 0,131 6,1376 0,154 3,9811 0,3597 6,5464 0,0382 4,2855 0,1611 

P68036 UB2L3 
Ubiquitin-

conjugating 
enzyme E2 L3 

5 0,871 0,6677 1,1272 0,6677 3,6983 0,0139 4,0551 0,0097 2,7797 0,065 3,1046 0,0404 

P30405 PPIF 

Peptidyl-prolyl 
cis-trans 

isomerase F, 
mitochondrial 

5 1,1066 0,8151 0,8872 0,8151 3,1623 0,0455 2,8576 0,0509 2,6546 0,0596 2,3988 0,0678 

P49915 GUAA 
GMP synthase 

[glutamine-
hydrolyzing] 

5 0,0904 0,0121 7,656 0,0121 2,6062 0,0067 18,0302 0,0005 2,1677 0,0158 15,7036 0,0007 

P48637 GSHB 
Glutathione 
synthetase 

4 1,2823 0,9823 0,7656 0,9823 14,3219 0,004 11,3763 0,0041 16,1436 0,0033 10,9648 0,0033 

P20839 IMDH1 

Inosine-5'-
monophosphat

e 
dehydrogenase 

1 

4 0,0417 0,0007 21,8776 0,0007 2,9107 0,0509 40,9261 0,0006 2,5119 0,0653 36,6438 0,0006 

P53041 PPP5 
Serine/threonin

e-protein 
phosphatase 5 

4 0,3221 0,2276 2,5119 0,2276 2,2284 0,1456 5,3951 0,0404 2,729 0,0797 6,4863 0,0259 

P15121 ALDR 
Aldose 

reductase 
4 0,7447 0,4725 1,3183 0,4725 1,7701 0,4649 2,4889 0,4034 2,7797 0,0419 3,6308 0,024 

P12955 PEPD 
Xaa-Pro 

dipeptidase 
3 2,7542 0,045 3,5975 0,045 19,0546 0,0006 13,0617 0,0005 18,3654 0,0005 17,2187 0,0005 
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Q13428 TCOF Treacle protein 3 3,5975 0,0685 0,2188 0,0685 14,3219 0,0247 6,9823 0,1311 18,5353 0,024 9,3756 0,1151 

Q13126 MTAP 
S-methyl-5'-

thioadenosine 
phosphorylase 

3 3,4041 0,1393 0,3048 0,1393 13,5519 0,024 4,1687 0,0585 9,2045 0,0447 2,3768 0,1615 

Q9H2W6 RM46 
39S ribosomal 
protein L46, 

mitochondrial 
3 1,3677 0,8285 0,7311 0,8285 8,5507 0,0492 8,2414 0,0548 9,9083 0,0374 9,0365 0,0411 

P17174 AATC 
Aspartate 

aminotransfera
se, cytoplasmic 

3 1,8707 0,3783 0,3945 0,3783 7,8705 0,0284 5,4954 0,0426 10,3753 0,0226 6,9823 0,0325 

P30044 PRDX5 
Peroxiredoxin-

5, 
mitochondrial 

3 1,0666 0,8156 0,9204 0,8156 5,5976 0,0279 5,0119 0,0305 5,445 0,0282 5,2966 0,0308 

P50914 RL14 
60S ribosomal 

protein L14 
3 0,2421 0,1024 3,9446 0,1024 2,355 0,1946 9,2045 0,0407 1,5417 0,569 6,1944 0,0708 

O43598 RCL 

Far upstream 
element-

binding protein 
2 

2 7,3114 0,0627 0,057 0,0627 38,3707 0,0224 14,8594 0,0977 27,0396 0,0236 8,9536 0,1243 

O76021 RL1D1 

Ribosomal L1 
domain-

containing 
protein 1 

2 2,6792 0,0076 0,3281 0,0076 18,197 0,001 8,091 0,0135 18,5353 0,001 7,5858 0,0141 

Q9H910 HN1L 

Hematological 
and 

neurological 
expressed 1-
like protein 

2 3,5975 0,058 0,2729 0,058 16,9044 0,0249 4,8306 0,2128 18,5353 0,0267 4,2462 0,4564 

Q969H8 CS010 
UPF0556 
protein 

C19orf10 
2 3,5318 0,0891 0,2938 0,0891 12,5892 0,0286 4,2855 0,1166 16,1436 0,0296 4,2855 0,1249 

Q9UNE7 CHIP 
E3 ubiquitin-
protein ligase 

CHIP 
2 3,8019 0,2415 0,2228 0,2415 10,9648 0,0472 3,6983 0,1079 6,6681 0,0861 2,3988 0,2641 

O14744 ANM5 

Protein arginine 
N-

methyltransfer
ase 5 

2 1,0965 0,7137 0,8954 0,7137 4,2462 0,0283 3,8371 0,0219 4,4875 0,0269 3,9446 0,0209 

Q9H3K6 BOLA2 
BolA-like 
protein 2 

2 0,7586 0,5973 1,2706 0,5973 3,4041 0,0626 4,1687 0,0474 3,6644 0,0551 4,4463 0,0423 

Q9Y3B9 RRP15 
RRP15-like 

protein 
2 1,5704 0,5244 

0,5598 
0,5244 2,9648 0,1034 2,0137 0,1707 7,1121 0,0305 5,0582 0,0403 
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Q9UHD1 CHRD1 

Cysteine and 
histidine-rich 

domain-
containing 
protein 1 

2 0,5445 0,2003 1,7539 0,2003 2,208 0,0735 3,767 0,0226 2,0893 0,0903 3,5645 0,0262 

Q9NW13 RBM28 
RNA-binding 
protein 28 

2 0,8091 0,7241 1,2134 0,7241 2,0512 0,2147 2,421 0,1588 4,2855 0,0569 5,0119 0,0476 

Q12765 SCRN1 Secernin-1 1 6,5464 0,0962 0,1355 0,0962 14,8594 0,028 3,02 0,142 13,9316 0,0282 2,8054 0,1482 

 

*114 and 115 indicate MDCK labeled replicates. 116 indicates Hakai-transforming clone 4. 117 indicates Hakai-transforming clone 11. Hakai-transforming clones-related values are indicated 
in bold font. 
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El carcinoma surge en las células epiteliales y es el tipo de cáncer más común que existe. 

Durante la progresión tumoral las células activan un programa denominado proceso de 

transición epitelio-mesénquima (EMT), mediante el cual sufren un cambio fenotípico y 

adquieren características tales como la alteración de los contactos célula-célula y de unión al 

sustrato, y adquieren capacidades de invasión y migración que facilitan el avance del proceso 

tumoral. El proceso de transición epitelio-mesénquima se caracteriza por la pérdida de 

características epiteliales de las células y adquisición de características mesenquimales. Uno 

de los sellos más importantes del proceso de EMT es la pérdida de E-cadherina presente en las 

uniones adherentes, la cual es considerada un supresor tumoral y cuya pérdida supone un 

marcador de mal pronóstico. Este proceso de transición epitelio-mesénquima también se 

caracteriza por la pérdida de otros marcadores epiteliales como las citoqueratinas y el 

aumento de marcadores mesenquimales como la N-cadherina o la Vimentina (Chaffer and 

Weinberg, 2011; Nieto et al., 2016). 

Dada la importancia de la E-cadherina durante la plasticidad epitelial, los mecanismos 

mediante los cuales esta proteína es regulada durante la progresión tumoral fueron 

ampliamente estudiados. El primer regulador post-traduccional conocido para la E-cadherina 

fue la E3 ubiquitin-ligasa Hakai, y fue descrito por Fujita y colaboradores en 2002. Hakai media 

la ubiquitinización de la E-cadherina cuando ésta se encuentra fosforilada por Src en su 

dominio citoplasmático. La E-cadherina fosforilada es reconocida y ubiquitinizada por Hakai, 

provocando así su consecuente endocitosis y degradación y, por lo tanto, la pérdida de los 

contactos intercelulares, uno de los fenómenos más característicos del comienzo del proceso 

de transición epitelio-mesénquima (Fujita et al., 2002). Además de la E-cadherina, otros 

sustratos fosforilados por Src como Cortactina o DOK-1 han sido descritos para Hakai, sin 

embargo, su significado funcional no ha sido descrito hasta el momento (Figueroa et al., 2009).  

Por otro lado, la expresión de Hakai ha sido detectada en tejidos donde la E-cadherina no se 

encuentra presente, por lo que se sugiere que Hakai se encuentra en ellos regulando otras 

proteínas todavía desconocidas (Figueroa et al., 2009). Además, se ha descrito que la 

sobreexpresión de Hakai no afecta solo a la adhesión y plasticidad celular, sino también al 

potencial oncogénico y a la invasión y migración celular (Figueroa et al., 2009; Rodríguez-

Rigueiro et al., 2011; Castosa et al., 2018). Dado que no todos los cambios celulares descritos 

bajo la actividad de Hakai pueden ser debidos a su actividad sobre la E-cadherina, en esta tesis 

doctoral nos hemos propuesto identificar nuevas dianas moleculares relacionadas con Hakai 
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que puedan estar implicadas en la plasticidad celular y la progresión tumoral, y para ello nos 

hemos propuesto los siguientes objetivos:  

1. Realizar un estudio proteómico en un modelo de sobreexpresión de Hakai con el fin de 

identificar nuevas dianas moleculares asociadas con rutas de señalización implicadas en la 

progresión tumoral. 

1.1. Optimizar y realizar un estudio comparativo entre líneas MDCK que sobreexpresan 

Hakai y líneas MDCK sin transformar empleando la técnica iTRAQ.  

1.2. Clasificar las proteínas identificadas en base al proceso biológico en el que están 

implicadas y su función molecular. 

1.3. Estudiar las distintas redes de interacción existentes entre las proteínas 

identificadas. 

1.4. Validar la regulación de algunas proteínas de interés seleccionadas de entre las 

identificadas en el estudio proteómico.  

1.5. Analizar la localización subcelular y la posible co-localización de Hakai con las 

proteínas identificadas seleccionadas. 

2. Estudiar el mecanismo de regulación de Hakai sobre las proteínas de interés identificadas. 

2.1. Analizar el efecto de la sobreexpresión y silenciamiento transitorios de Hakai sobre 

las proteínas seleccionadas del estudio proteómico. 

2.2. Determinar la posible interacción de Hakai y las proteínas seleccionadas 

2.3. Estudiar el mecanismo de acción de Hakai sobre las proteínas seleccionadas 

2.4. Realizar estudios funcionales para determinar el impacto de la regulación proteica 

mediada por Hakai.  

Tal y como se detalla en los objetivos, el desarrollo de esta tesis doctoral se inició con la 

realización de un estudio proteómico comparativo entre dos líneas celulares: la línea epitelial 

de riñón de perro MDCK y dicha línea sobreexpresando Hakai de forma estable (Díaz-Díaz et 

al., 2017). El estudio proteómico se llevó a cabo mediante la técnica proteómica iTRAQ seguida 

de cromatografía líquida y análisis por espectrometría de masas MALDI-TOF/TOF. El desarrollo 

de esta parte técnica del estudio proteómico se realizó en colaboración con la plataforma de 

proteómica del Instituto de Investigación Biomédica de A Coruña (INIBIC). Las proteínas 

identificadas fueron clasificadas en función de su expresión up o down-regulada en la línea 

transformada con Hakai en comparación con la línea control, y se seleccionaron aquellas que 

se modulaban de forma más significativa en base a criterios estadísticos. Una vez seleccionadas 

las proteínas más relevantes, éstas fueron clasificadas en base a su función molecular y 
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proceso biológico en el que se encuentran principalmente implicadas teniendo en cuenta la 

información obtenida de la bibliografía y las bases de datos Uniprot, Gene Ontology y 

PANTHER. Los resultados evidenciaron que la mayor parte de las proteínas up-reguladas bajo 

la sobreexpresión de Hakai se encontraban principalmente implicadas en procesos 

metabólicos o regulación post-transcripcional, mientras que aquellas cuya expresión estaba 

down-regulada se encontraban principalmente implicadas en el citoesqueleto y el tráfico de 

vesículas de membrana.  

Además de la clasificación de las proteínas identificadas en base a su función molecular y 

proceso biológico, se analizó también la interacción entre las proteínas identificadas mediante 

la base de datos STRING- Esto nos permite determinar posibles rutas metabólicas 

especialmente activas durante la sobreexpresión de Hakai. Entre las redes de interacciones 

identificadas, destacó aquella constituida por subunidades del proteasoma identificadas entre 

las proteínas down-reguladas. La down-regulación del proteasoma ha sido recientemente 

descrita en células epiteliales durante el proceso de transición epitelio-mesénquima (Banno et 

al., 2016). 

Posteriormente, las proteínas identificadas como up y down-reguladas bajo la sobreexpresión 

estable de Hakai, fueron sometidas a un proceso de selección basado en su interés e 

implicación en el desarrollo del cáncer. En base a ello, 10 proteínas fueron seleccionadas 

finalmente para su validación mediante western blot, entre las cuales se encontraban 5 

proteínas down-reguladas (Annexin A1, Annexin A2, Galectin-3, Stratifin y Calumenin) y 3 

proteínas up-reguladas (Hsp90, Hsp70 e IMPDH). En todos los casos, los resultados obtenidos 

mediante western blot validaron aquellos obtenidos en el estudio proteómico. 

Una vez validadas las proteínas seleccionadas, se determinó la localización subcelular de las 

mismas en líneas MDCK y MDCK transformadas con Hakai, así como su posible co-localización 

con Hakai. Para ello, se realizaron ensayos de co-inmunofluorescencia y se tomaron imágenes 

mediante microscoscopía confocal, que permitieron determinar la presencia o ausencia de co-

localización entre Hakai y las proteínas validadas. Se obtuvieron resultados interesantes para 

Annexin A1 y Annexin A2, cuya expresión en membrana desapareció por completo en 

presencia de sobreexpresión de Hakai; Hsp70 y Hsp90, las cuales mostraron un patrón 

mayoritariamente citoplasmático en la línea parental MDCK y una traslocación a membrana 

en las células transformadas con Hakai. La localización de Hsp90 y Hsp70 en membrana ha sido 
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previamente descrita en líneas de cáncer colorrectal (Elmallah et al., 2020; Snigireva et al., 

2016); una co-localización perinuclear entre Hakai y Hsp90 en las células transformadas con 

Hakai; y finalmente, una destacada co-localización entre Hakai y Galectin-3 en la zona base de 

las prolongaciones de membrana en las células transformadas con Hakai.  

En base al interesante resultado obtenido para la localización de Galectin-3 y Hakai, se realizó 

una estancia predoctoral en el laboratorio del Dr. Fu-Tong Liu, donde se decidió profundizar 

en el estudio de la posible implicación de Hakai en la regulación de Galectin-3. Galectin-3 es 

una proteína de unión a carbohidratos que tiene la habilidad de unirse a lípidos y proteínas 

glicosiladas presentes en la matriz extracelular y en la superficie de la membrana celular. 

Concretamente, la Galectina-3 es el único tipo de galectina quimérica existente, lo cual facilita 

sus importantes funciones durante la progresión tumoral (Liu and Rabinovich, 2015).  

 

Se comenzó con la realización de ensayos de cinética de expresión, en los cuales se evaluaron 

los niveles de expresión de Galectin-3 en función de la cantidad de Hakai transfectada en las 

líneas celulares HEK 293T y HeLa. En primera instancia se obtuvieron resultados interesantes 

que mostraron una clara down-regulación de Galectin-3 en función de los niveles de expresión 

de Hakai que posteriormente no se lograron reproducir. La posible regulación de Galectin-3 

fue también evaluada mediante citometría de flujo en la línea celular HEK 293T transfectada 

de forma estable con Galectin-3 y de forma transitoria con Hakai. En este caso tampoco se 

detectó una modulación en los niveles de Galectina-3 cuando Hakai se encontraba 

sobreexpresado. Además, se realizaron ensayos de vida media de Galectin-3 en presencia y 

ausencia de Hakai que no mostraron resultados concluyentes. 

En base a la down-regulación experimentada por Galectina-3 en presencia de sobreexpresión 

de Hakai en los primeros experimentos realizados, se decidió evaluar el mecanismo por el cual 

se estaba llevando a cabo la degradación de Galectina-3 en presencia de Hakai. Para ello se 

realizaron ensayos de inhibición de la vía de degradación del proteasoma, lisosoma y autofagia 

mediante el empleo de los inhibidores MG132, cloroquina y 3-metiladenina, respectivamente. 

En ninguno de los casos se observó una recuperación de los niveles de Galectin-3 en presencia 

o ausencia de Hakai en las condiciones experimentales testadas.  
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Debido a la escasez de resultados positivos obtenidos durante esta estancia, se decidió 

abandonar esta línea de investigación y se inició una nueva basada en el estudio de la relación 

de Hakai con otras proteínas identificadas en el estudio proteómico inicial.  

Previamente, mediante el estudio proteómico realizado al inicio de esta tesis, se identificaron 

Annexin A2 y Hsp90 como proteínas reguladas por Hakai.  Annexin A2 es una proteína de unión 

a fosfolípidos de forma dependiente de calcio. Su expresión durante la progresión tumoral es 

muy controvertida, ya que ha sido descrita en distintos tipos de cáncer como marcador de mal 

y buen pronóstico (Zhang et al., 2012; Yee et al., 2007; Rodrigo et al., 2011; Pena-Alonso et al., 

2008). Por otro lado, Hsp90 es una chaperona que ha sido ampliamente relacionada con la 

progresión tumoral debido a su acción sobre proteínas cliente implicadas en la progresión 

tumoral (Qing et al., 2006). Existen numerosos inhibidores de la actividad chaperona de Hsp90, 

entre los cuales se incluye la geldanamicina. El tratamiento con inhibidores de Hsp90 induce la 

degradación de sus proteínas cliente. Este proceso ocurre gracias a la presencia de E3 

ubiquitin-ligasas en el complejo chaperona, encargadas de la ubiquitinización e inducción a la 

degradación vía proteasoma de las proteínas cliente que no han sido correctamente plegadas 

(Ehrlich et al., 2008; Quinatan-Gallardo et al., 2019).  

 

Distintos estudios publicados demostraron que Annexin A2 es una proteína fosforilada por Src, 

convirtiéndola en un posible sustrato de la actividad E3 ubiquitin-ligasa de Hakai. Además, un 

estudio en aorta de rata ha demostrado la interacción de Annexin A2 y Hsp90, convirtiendo a 

Annexin A2 en una posible proteína sustrato de esta chaperona (Lei et al., 2004). Por otro lado, 

un estudio del interactoma de Hsp90 reveló que un 37% de las E3 ubiquitin-ligasas testadas se 

encontraban interaccionando directamente con esta chaperona (Taipale et al., 2012). Esto 

implica la existencia de un gran número de E3 ubiquitin-ligasas, entre las cuales podría 

encontrarse Hakai, que podrían interaccionar con Hsp90, bien colaborando en el complejo 

chaperona para la degradación de aquellos sustratos que no han sido correctamente plegados, 

o bien como proteínas cliente. Actualmente, la interacción de E3 ubiquitin-ligasas como 

proteínas cliente de Hsp90 sólo se ha descrito para la E3 ubiquitin-ligasa UHRF1 (Ding et al., 

2016). Este descubrimiento, abre otra posibilidad en relación al papel de Hakai con respecto a 

Hsp90.  En base a estos indicios que apuntan a la existencia de una posible relación entre estas 

tres proteínas, se decidió profundizar en el estudio de Hakai y su relación con Hsp90 y Annexin 

A2. 
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Para comenzar esta línea de investigación, se realizó una prueba piloto consistente en la puesta 

a punto de un estudio del interactoma de Hakai mediante técnicas proteómicas. Para ello, se 

llevó a cabo una inmunoprecipitación a gran escala de esta proteína en la línea celular de 

cáncer de colon HCT116. Una vez puesta a punto la inmunoprecipitación, se analizó la calidad 

de la inmunoprecipitación mediante una tinción de plata y se procedió a realizar el estudio del 

interactoma. Para ello, las muestras de la inmunoprecipitación de Hakai con sus respectivos 

controles fueron analizadas mediante cromatografía líquida seguida de espectrometría de 

masas TripleTOF en colaboración con la plataforma de proteómica del IDIS (Santiago de 

Compostela). Los datos fueron analizados con el software ProteinPilot™. Entre las proteínas 

identificadas se encontraba nuestra proteína Hakai (confirmando así la especificidad de la 

inmunoprecipitación) y la chaperona Hsp90, previamente validada en el estudio proteómico. 

En base a este conjunto de resultados, se decidió profundizar en el estudio de esta interacción.  

 

Para determinar la posible relación entre Hakai, Hsp90 y Annexin A2, se realizaron distintos 

experimentos en los que se estudió la posible regulación de las tres proteínas citadas durante 

la sobreexpresión transitoria de alguna de ellas. En primer lugar, se estudió el posible efecto 

de la sobreexpresión de Hakai en líneas HEK 293T sobre los niveles de Hsp90 y viceversa, sin 

detectar modulación de los niveles de expresión de ambas proteínas en ninguno de los casos. 

Por otro lado, se evaluó el efecto de la sobreexpresión transitoria de Hakai sobre Annexin A2, 

confirmando en este caso una down-regulación de Annexin A2 cuando sobreexpresamos Hakai 

junto con ubiquitina y la tirosina kinasa Src. Este efecto de Hakai sobre Annexin A2 fue 

confirmado mediante el silenciamiento transitorio de Hakai, tras el cual se detectó, como era 

de esperar, un incremento de los niveles de Annexin A2 en las líneas células HCT116 y 293T y 

ausencia de efecto sobre los niveles de Hsp90. Estos resultados sugieren que Annexin A2 puede 

ser una nueva proteína sustrato de Hakai. 

 

Por otro lado, decidimos confirmar los resultados obtenidos en la prueba piloto del 

interactoma entre Hakai y Hsp90 y determinar la posible interacción entre éstas y Annexin A2. 

Para ello, se realizó la imunoprecipitación de Hakai y Hsp90 en las líneas celulares HEK 293T, 

HT29 y ACHN, confirmando en todos los casos la interacción positiva previamente observada 

en la línea HCT116. Además, se realizaron ensayos de co-inmunoprecipitación para determinar 

la posible interacción entre las tres proteínas. En este caso, se confirmó la interacción entre 

Hakai y Hsp90 y Annexin A2, la interacción entre Annexin A2 y Hsp90 y la interacción entre 
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Hsp90 y Hakai. Estos resultados sugirieren que las tres proteínas se encontraban formando 

parte del complejo chaperona constituido por Hsp90. 

Una vez confirmada la interacción entre las tres proteínas, realizamos los ensayos de 

interacción en presencia del inhibidor de Hsp90 geldanamicina. Este inhibidor se une de forma 

competitiva al sitio de unión de ATP de la chaperona impidiendo que ejerza su actividad de 

plegamiento sobre sus proteínas clientes (Grenert et al.,1997). En primer lugar, se demostró 

que la interacción previamente detectada en la línea celular HCT116 entre las tres proteínas 

desaparec en presencia de este inhibidor, sugiriendo que al menos una de ellas, bien Hakai o 

Annexin A2, se encuentra interaccionando con Hsp90 como proteína cliente. Por otro lado, se 

realizaron ensayos de inhibición con geldanamicina en cultivo celular en las líneas HEK 293T y 

HCT116, los cuales revelaron una disminución de los niveles de Hakai en paralelo al aumento 

de los niveles de Annexin A2. Estos resultados sugieren que Hakai constituye una nueva 

proteína cliente de Hsp90 y que, en consecuencia, Annexin A2 se regularía como proteína 

sustrato de Hakai, aumentando sus niveles en presencia de geldanamicina y perdiendo su 

interacción con Hsp90 debido a la degradación de Hakai. Por otro lado, comprobamos 

mediante ensayos fenotípicos y de inmunofluorescencia que, en presencia de geldanamicina, 

la línea celular HCT116 adquiría un fenotipo más epitelial y menos invasivo propio de la 

reversión del proceso de EMT. Este cambio fenotípico fue acompañado del incremento de los 

niveles de Annexin A2 en membrana y del marcador epitelial E-cadherina en contactos 

celulares. La estabilización de E-cadherina en presencia de geldanamicina ha sido previamente 

demostrada debido a la degradación de ErbB2, una kinasa cliente de Hsp90 responsable de 

causar la degradación de β-catenina y desestabilizar su asociación con E-cadherina (Bonvini et 

al., 2001). Por otro lado, Annexin A2 se ha relacionado con la recuperación de E-cadherina en 

uniones adherentes (Yamada et al.,2005). Estos resultados sugieren que el tratamiento con 

geldanamicina podría estar revertiendo el proceso de EMT mediante la regulación de Hakai. 

Con el fin de determinar el mecanismo por el cual se produce la regulación de Hakai en 

presencia de geldanamicina, se llevaron a cabo ensayos combinados con inhibidores de 

degradación lisosomal (cloroquina) y degradación vía proteasoma (MG132). En este caso, se 

confirmó que la degradación de Hakai se estaba produciendo vía lisosoma, dada la 

recuperación de los niveles experimentada durante el tratamiento con cloroquina y la ausencia 

de efecto con otros inhibidores de proteasoma como MG132. Además, la recuperación de los 

niveles de Hakai en presencia de cloroquina fue acompañada de una regulación inversa de la 
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proteína sustrato E-cadherina y Annexin A2. La degradación independiente de proteasoma de 

proteínas cliente de Hsp90 sólo había sido descrita hasta el momento para kinasa IκB (Qing et 

al., 2006). 

 

Por otro lado, se llevó a cabo un ensayo funcional de migración para estudiar la implicación de 

dicha degradación de Hakai en presencia de geldanamicina. Para ello, se sobreexpresó Hakai 

de forma transitoria en la línea celular HEK 293T y se realizó un ensayo de migración en 

transwell en presencia y ausencia de geldanamicina. Con este ensayo comprobamos que la 

sobreexpresión de Hakai aumenta la capacidad de migración de esta línea celular, inicialmente 

ausente en el control sin sobreexpresión y que, una vez tratada con geldanamicina, dicha 

capacidad de migración se ve significativamente disminuida. Este resultado concuerda con la 

previamente observada recuperación de E-cadherina y del fenotipo epitelial en la línea celular 

HCT116, y sugiere que la inhibición de la actividad de Hsp90 tiene un impacto en la migración 

celular de células tumorales mediada, al menos en parte, por su acción sobre Hakai como 

proteína cliente de esta chaperona.  

 

Paralelamente, se evaluó la expresión de la chaperona Hsp90 en muestras de pacientes con 

cáncer colorrectal correspondientes a tejido sano y distintos estadios tumorales. En este caso 

se comprobó que Hsp90 se encuentra incrementada en muestras tumorales en comparación 

con el tejido sano, sugiriendo una clara implicación de dicha chaperona en la progresión 

tumoral. Estos datos concuerdan con los recientemente publicados por Zhang y colaboradores, 

en los que describen Hsp90 como un marcador de mal pronóstico en cáncer colorrectal (Zhang 

et al., 2019). 

 

Todos los resultados obtenidos a lo largo del desarrollo de esta tesis doctoral indican que Hakai 

ejerce un importante papel en la progresión tumoral, afectando no sólo a su ampliamente 

conocido sustrato descrito E-cadherina, sino también a otras proteínas implicadas en el 

mantenimiento del fenotipo epitelial y en la promoción de la progresión tumoral. En concreto, 

aquí describimos la Annexin A2 como una nueva potencial proteína sustrato para la E3 

ubiqutin-ligasa Hakai. No obstante, todavía se requiere profundizar en el estudio de este 

mecanismo de regulación. Por otro lado, los resultados obtenidos respecto a la interacción 

entre Hakai y Hsp90, así como la regulación de su expresión y actividad en presencia de 

geldanamicina, sugieren que Hakai y Hsp90 podrían estar jugando conjuntamente un papel 
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importante durante la progresión tumoral in vivo, y se abre así una nueva ventana terapéutica 

basada en la combinación de fármacos antitumorales dirigidos a la inhibición de Hsp90 y de 

Hakai. 
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