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Carcinogenesis arises from cells which have accumulated genetic and epigenetic 
alterations that affect the strictly monitored growth control. These uncontrolled 
growing cells acquire the ability to invade and damage the organ where they have arisen 
and to spread to other organs through the bloodstream and lymphatic fluid. The cell 
that acquires tumorigenic mutations (e.g. the cell origin of the tumor) is different from 
the cells responsible for the propagation of the tumor after the onset [1]. Stem cells, 
progenitor cells or differentiated cells can gather mutations that lead to its malignant 
transformation and become the cell of origin [2]. After tumor inception, the processes 
of carcinogenesis and tumor progression can be explained accordingly to the two 
proposed models, the Stochastic or the Cancer Stem Cell models.  

1.1 The Stochastic Model. 
The stochastic theory postulates that every cell can accumulate mutations that lead to 
its transformation allowing the initiation and propagation of the tumor. Further 
mutations can be acquired following transformation, giving rise to different populations 
of sub-clones. According to this model, the accumulation of stochastic genetic 
abnormalities and the microenvironmental niche impact may account for the intrinsic 
heterogeneity of the tumor [1,3]. Not all the clones can acquire the properties to migrate 
and form metastasis, however the cancer cells that acquire these features can migrate, 
gather more mutations and give rise to a metastatic lesion with distinct characteristics 
compared to the parental tumor [4].  

1.2 The Cancer Stem Cell (CSC) Model. 
The CSC theory, conversely, postulates that a very low percentage (1%) of tumor cells 
have the potential to propagate the tumor, and though classified as Cancer Stem Cells 
(CSCs) [5]. Only these cells own the competence of self-renewal, multipotency, unlimited 
proliferation capacity, immune evasion properties and angiogenic characteristics as 
normal tissue stem cells (SCs) [6]. Other common features of CSCs and SCs are the active 
expression of the telomerase, the increase of the active membrane transports, the anti-
apoptotic pathways activation and the capacity of metastasis migration and colonization [7]. To 
explain tumor heterogeneity, the CSC model postulates that, alike normal tissues, 
cancers are hierarchically arranged. The high proliferative multipotent CSCs produce a 
broad variety of progenitor cells, characterized by a medium proliferative capacity, and 
of non-proliferative differentiated cells [4,8]. CSCs are highly resistant to current 
systemic therapies, which only induce partial or incomplete remission, due to the 
expression of DNA repair machine, detoxifying enzymes and drug transporters. Surgical 
resection is, at the moment, the only effective arm against CSCs. Thus, new therapies 
for targeting this distinct group of cancer cells are urgently required. Unluckily, SCs form 
a core unit in the human body, and try to selectively target CSCs is, actually, extremely 
hard due to the lack of biomarkers that unequivocally discriminates between them [9].  
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1.3 Somatic Mutation Theory vs Tissue Organization Field Theory. 
In the last decades, the Tissue Organization Field Theory (TOFT) has been proposed as 
a new theory for cancer neo-genesis, in contrast to the classical Somatic Mutation 
Theory (SMT) [10]. The core of the SMT is that cancer develops from a single somatic 
cell that accumulated sequential multiple DNA mutations in genes controlling cell 
proliferation and cell cycle [11]. According to this theory, neoplastic lesions that 
overwhelm normal tissue architecture are the results of DNA-level events [11]. On 
the contrary, the TOFT theory arguments that carcinogenesis is mainly a question 
of tissue organization. Carcinogens (chemicals, viruses, inflammation) alters the 
normal tissue architecture, destroying cell-to-cell signaling and affecting genome 
integrity [11–14]. According to this theory, the DNA mutations are the effect of the 
tissue-level events, and not the cause [15]. In recent years, there is a heated debate 
between the supporters of either theories. Several arguments have been proposed to 
sustain one or the other theory [13–18]. However, it can’t be excluded that the 
two theories might be confluent and complementary [11]. 

1.4 Tumor progression and metastasis. 
Concerning tumor progression, metastasis accounts for over 90% of mortality in cancer 
patients [19].  

A pathologic based point of view depicts a series of determined events leading to 
metastatic colonization (Fig.1): 

1. An epithelial-to-mesenchymal transition (EMT)  leads to increased motility and
invasive potential of a primary tumor cell [20]; transforming growth factor β
(TGF-β) and Wnt pathways play  key roles in this process [21,22].

2. Proteolysis of the basement membrane and extracellular matrix,  which involves
the action of Matrix Metalloproteases (MMPs) family proteins, allow the cell to
enter the stroma [23].

3. A crosstalk between tumor cells and the surrounding stroma cells (e.g.
fibroblasts, macrophages, telocytes, pericytes, endothelial cells) leads to
modifications of the tumor microenvironment that facilitates the intravasation
of malignant cells in the bloodstream and lymphatic system [24].

4. Extravasation and invasion of a distant tissue are achieved  once the circulating
cancer cell acquires the capacity to survive and evade the immune system attack
[25].

5. Metastatic colonization is gained if the malignant cell is able to adapt to the new
foreign microenvironment and to crosstalk with it to  create a suitable
environment for micro and macro-metastasis development [25].
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Fig.1: From primary tumor to metastatic colonization. 
©Valastyan and  Weinberg [25]. 

Depending on the targeted organ and the genetic profile of the primary cancer, the 
abovementioned steps may vary and involve different and defined genetic alterations.  

1.5 Tumor microenvironment. 
Tumor microenvironment (Fig. 2) is critical in the process of metastatic colonization. 
Different cancer stromal elements (e.g. cancer associated fibroblasts, tumor associated 
macrophages, endothelial cells, pericytes, telocytes) express several factors that 
influence the epithelium to regulate epithelial CSC function. For example, CAFs (cancer 
associated fibroblasts) express BMP antagonists, MMPs, cytokines, hepatocyte growth 
factor (HGF) and osteopontin (OPN).  

TAMs (tumor associated macrophages) tightly resemble M2-polarized macrophages 
that, in normal conditions, regulate the anti-inflammatory response and the wound 
healing process. TAMs play a key role in the regulation of tumor microenvironment, 
creating a suitable niche for cancer cell development and progression [26]. 
Accumulation of TAMs in tumors is correlated with poor prognosis [27].  

ECs (endothelial cells) communicate with the epithelium through the expression of the 
Notch ligand Jagged1 to regulate Notch pathway, promoting the CSC phenotype in 
colorectal cancer cells [28] .  

Pericytes are involved in blood flow regulation and vessel permeability, and play an 
important role in the stabilization of the vascular wall and in vessel remodeling and 
maturation [29–31]. Moreover, several studies hint a role for pericytes in the 
maintenance of adult SCs [32] and in immune-regulation [33]. For all these features, 
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pericytes, in carcinogenesis, are regarded as important regulators of illness progression, 
participating in tumor progression, metastatic process and resistance to therapy [34].  

Telocytes are a recently identified interstitial cell type present in several tissues and 
organs [35]. Are characterized by a small cell body and 1 to 5 thin and very long 
moniliform prolongations (telopodes), with an alternation of thin segments (podomers) 
and dilated areas (podoms) [36]. Telocytes are interconnected, via their telopodes, 
creating a complex 3D interstitial network forming homo-cellular contacts as well as 
hetero-cellular contacts with other neighboring cell types [37]. They are also involved in 
paracrine signaling, indeed they can release extracellular vesicles such as exosomes and 
ectosomes [36]. Functionally, they are involved in the regulation of tissue homeostasis 
and renewal [36,38]. 

Fig.2: Tumor microenvironment. Schematic illustration of cancer stromal elements that influence tumor 
progression and growth and representative images from CRCs of immunohistochemical or 
immunofluorescent staining of typical markers for such cells. CAFs: cancer associated fibroblasts; CSC: 
cancer stem cell; EC: endothelial cell; ECM: extra cellular matrix; TAMs: tumor associated macrophagies. 

6 
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1.6 Intestinal tissue homeostasis vs colorectal cancer: signaling pathways 
involved.  
Colorectal cancer is among the leading causes of death in western world [39]. Over 95% 
of colorectal cancers are adenocarcinomas, namely epithelial-derived malignant tumors 
that arise from the cells that line the interior of the colon and rectum and that produce 
and release mucus and other fluids. The main risk factors are genetic factors (family 
history), low fiber and high fat diet and smoking.  The development and progression 
from adenoma to cancer and metastatic disease implies the concurrently failure of 
protective mechanisms (e.g. adenomatous polyposis coli, p53 and transforming growth 
factor-β) and the induction of oncogenic pathways (e.g. Ras) [40,41]. 
Under normal conditions, intestinal homeostasis is controlled by a complex crosstalk 
network between several evolutionary conserved pathways that stringently regulates 
the balance among proliferation, differentiation, apoptosis, migration and renewal [42]. 
These pathways are: Wingless-related integration site (Wnt), Notch, transforming 
growth factor-β (TGF-β)/bone morphogenetic protein (BMP), Hedgehog (HH), 
Phosphatidylinositol 3-kinase (PI3K)/Akt, Hippo. Jointly, the TGF-β/BMP, Wnt and 
Hedgehog signaling pathways preserve the crypt-villus architecture, while  Notch, Wnt 
and Hippo pathways connect to regulate the cellular fate of intestinal SCs [43]. 
Alterations in these key signaling pathways, due to oncogenic factors and/or 
genetic/epigenetic mutation may lead to malignant cell transformation. The interplay 
with microenvironmental and germ-line factors play an important role in this process 
leading to altered colonic mucosa phenotype [40,41]. 

The Wnt signaling pathway is a key regulator of embryonic development and tissue 
homeostasis [44]. It plays a pivotal role in intestinal stem cell preservation by regulating 
cell-fate decisions, proliferation and differentiation [45–51]. Apart from its critical role 
in tissue homeostasis, the Wnt signaling is abnormally activated in many human 
disorders, including metabolic diseases and cancers, especially in CRCs [52]. Mutations 
in the pathway negative regulator Adenomatous Polyposis Coli (APC) [53–55], or in β-
catenin (the key transcription modulator of the pathway) [56] or in the proteins that 
regulate the pathway (e.g. AXIN1, AXIN2), cause its constant activation leading to 
uncontrolled proliferation and increased survival [57]. Wnt pathway is also implicated in 
the EMT and invasion processes [8,58]. 

Notch signaling has a crucial role in the normal maintenance and homeostasis of the 
intestinal epithelium [59,60], regulating the balance between cell differentiation, 
proliferation and apoptosis and controlling the cellular fate of intestinal SCs and the 
differentiation of Goblet cells [61,62]. In many human cancers, including CRCs, 
abnormally activated Notch pathway was correlated with increased progression, 
metastatic potential and relapse [63–65].  
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TGF-β/BMP pathway plays a key role in preventing cell proliferation and in the 
regulation of immune control, cell invasion and microenvironment adaptation [66]. TGF-
β and BMP are members of a family of ligands whose receptors interact with the 
intracellular cascade of the SMAD proteins [67]. TGF-β inhibits intestinal epithelial cell 
proliferation and induces apoptosis in normal conditions, acting as a tumor suppressor 
[40,42,68]. Many colorectal cancers evade the tumor-suppressor action of TGF-β and 
are resistant to TGF-β-induced growth inhibition [69]. However, in the late stages of 
colorectal carcinogenesis, TGF-β is usually highly expressed and acts as an oncogene 
promoting the survival, invasion and metastasis of CRC [70].  Overexpression of TGFβ1 
in the primary CRC is associated with advanced stages, poor prognosis and recurrence 
[71,72]. BMPs bind to Bone Morphogenetic Protein Receptors type I and II (BMPR1 and 
BMPR2) and phosphorylates the intracellular signal transducing factors SMAD 1, 5 or 8. 
Upon the formation of a heterodimer with SMAD4, the complex then translocates to the 
nucleus and activates the transcription of target genes [73]. BMP signaling is a well-
known tumor suppressive pathway. The loss of SMAD4 in CRC cells determines a change 
in BMP signaling, that now acts as a metastasis promoter, instead that a tumor 
suppressor, by increasing EMT and invasiveness in CRC [74].   

Hedgehog signaling pathway is essential for normal embryonic development and plays 
critical roles in adult tissue maintenance, renewal and regeneration [75]. It regulates 
progenitor cell fate in normal development and homeostasis. Although the lack of 
incontrovertible proofs, it seems that abnormal pathway activation might be involved in 
the maintenance of progenitor cell population in cancer. Recently, Varnat et al. [75] 
provided evidences that supported the crucial involvement of this pathway in human 
colon cancer growth, relapse, metastases and stem cell proliferation [75,76].  

PI3K/Akt pathway leads to reduced apoptosis, stimulates cell growth and increases 
proliferation. The major player of this pathway is PI3K, that, upon activation, 
phosphorylates its substrate determining the activation of the Akt-kinase by PDK1. A 
negative regulator of this signaling pathway is PTEN (phosphatase and tensin homolog). 
In 60-70% of human CRCs, activation of Akt pathway and altered expression of PTEN has 
been reported [77].  

Hippo pathway regulates cell proliferation, growth and apoptosis, and controls organ 
size, stem cell functions and tissue homeostasis. This pathway acts primarily through 
inhibition of TAZ and YAP1 kinases, which are its major nuclear effectors. Inhibition of 
Hippo signaling leads to stem cell expansion and neoplastic growth [78]. 
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1.7 Current challenge to CRC: combined 5-fluorouracil/oxaliplatin 
chemotherapy. 
In CRC, after curative surgery alone, the percentage of patients that subsequently 
relapse and die of metastatic disease ranges between 40-50%. This percentage falls to 
33% when patients receive postoperative adjuvant chemotherapy (CT) with 5-
fluorouracil and levamisole (5-FU/LV), and to 23% when the platinum-based drug 
oxaliplatin is added to this treatment (FOLFOX: FOL-Folinic acid, leucovorin, F-
Fluorouracil, 5-FU, OX-Oxaliplatin) [79].  
Fluorouracil has been used by more than half a century as a chemotherapeutic agent for 
colorectal cancer due to its action on multiple pathways, such as RNA metabolism and 
DNA signaling and repair. Folinic acid and/or levamisole improve the efficacy of 5-FU 
[80]. The addition of oxaliplatin to a regimen of 5FU/LV doubles the response rate and 
prolongs progression-free survival [80]. Interestingly, it has been reported that 
administration of oxaliplatin and 5-FU augments BMP4 antitumor action [2,42]. BMP4 is 
able to initiate a differentiation program and to drive apoptosis in colon CSCs by the 
reduction of β-catenin activation via the upregulation of Wnt-negative controllers and 
the inhibition of PI3K/Akt pathway [2]. Todaro et al. [81] demonstrated that the 
concomitant administration of oxaliplatin and 5-fluorouracil elicited BMP4 action and 
induced complete and long-term regression of colon CSCs-derived xenograft tumors 
[81].  
Oxaliplatin (trans-1-diaminocyclohexane oxaliplatinum) is a third generation platinum 
derivative, containing the 1,2-diaminocyclohexane group (Fig. 1). It acts via the 
formation of cytotoxic cross-linked DNA adducts. The cyclic group is thought to be 
responsible for the greater resistance to DNA repair, in respect to other platinum-
derivative drugs, such as cisplatin (cis-dichlorodiamine platinum II) or carboplatin, which 
lack this cyclic group. In particular, oxaliplatin forms both inter- and intra-strand cross 
links in DNA (Fig. 2), which prevent DNA replication and transcription, causing cell death. 

Fig.1 : Oxaliplatin structure showing the cyclic bulk group 1,2-diaminocyclohexane. (Wikipedia) 
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Fig.2: DNA adducts formed by cisplatin and oxaliplatin [80]. 

Unfortunately, beside the positive results obtained by the combination protocols of 
oxaliplatin with fluoropyrimidines (e.g. 5-fluorouracil) and folinic acid (leucovorin) in  
disease-free survival of stage II or III colon cancer [79], unwanted side effects are to be 
considered and monitored, as they can affect in various degrees the quality of patient’s 
life. Several secondary effects have been reported for oxaliplatin, which include 
gastrointestinal toxicity, moderate hematologic toxicity, hypersensitivity and neurologic 
toxicity. This unpredictable neural toxicity has quite unique features and determines the 
dose-limiting toxicity (DLT) of this platinum-based drug [82].  
The identification of biomarkers would be of great importance in order to avoid the 
onset of long term toxicity or permanent damage in patients at risk. A recent project 
from our laboratory has led to the identification of several genes which were 
significantly up- or down- regulated following oxaliplatin-based chemotherapy 
treatment (CT) [83]. More in details, the aim of the project was to study the differential 
expression of genes associated with neuropathy which expression was affected by 
oxaliplatin CT. Using peripheral white cells from patients suffering from colon 
adenocarcinoma before and after 3 CT cycles, a differential transcriptome profile of 
peripheral white cells (PWCs) was obtained. Among the differentially expressed genes 
obtained with this approach, we found genes coding for cellular component movement, 
metabolic proteins, response to drugs, cell morphogenesis and differentiation.
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 2.1 Objectives 
The aim of the present study was to determine whether the alterations in gene 
expression observed in peripheral white cells (PWCs) [83] could be detected in CRC 
tumours and in metastasis after the administration of chemotherapy and whether these 
alterations had any role in tumour-pathogenesis and prognostic implications. To this 
end, we performed an immunohistochemistry analysis of the proteins encoded by the 
selected genes in CRC and metastases. 

Specifically, genes which expression had been investigated were the scaffold proteins 
IQGAP1 (IQ-motif containing GTPase activating protein 1), FKBP51 (FK506 binding 
protein 5), AmotL2 (Angiomotin-like 2), and the proteins corresponding to the α1, α3, 
β1 and β2 subunits of Na,K-ATPase. Table 1 details selected genes and gene expression 
levels in PWCs before (PRE) and after (POST) 3 cycles of CT. 

Genebank  
  Acc. Nº Gene       Symbol     PRE POST 

NM_003870.3 IQ motif containing GTPase activating protein IQGAP1 0 229,5 

NM_U71321.1 FK506 binding protein 5 FKBP51 3812 1383 

NM_016201.3 Angiomotin-like 2 AMOTL2 15,4 68,1 

NM_152296.4 ATPase, Na+/K+ transporting, α3polypeptide ATP1A3 251 100 

Table 1- Genes and gene expression levels in PWCs before (PRE) and after (POST) three cycles 
of FOLFOX CT. 

2.2 Background 

2.2.1 IQGAP1 (IQ motif containing GTPase activating protein 1) 

IQGAP1 is a ubiquitously expressed scaffold protein that contains multiple protein 
interaction domains. The protein interacts with components of the cytoskeleton, cell 
adhesion molecules, and several signaling molecules to regulate cell morphology and 
motility, cell cycle and other cellular functions [84,85]. By regulating its binding partners, 
IQGAP1 integrates many signaling pathways, several of which contribute to 
tumorigenesis. For example, IQGAP1 is associated with actin dynamics through direct 
binding of actin and indirect regulation via Cdc42/Rac1 [86]. Through its poly-proline 
protein-protein domain (WW domain) it modulates the MAPK pathway which is 
associated with cell cycle control [87]. Hence, IQGAP1 can link MAPK signaling (e.g. 
decisions about cell fate) to the cytoskeleton or cellular adhesion, with important 
implications for cancer. Moreover, interactions of IQGAP1 with ERK1/2 and MEK1/2
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 can lead to activation of the mitogen-activated protein kinase (MAPK) signaling 
pathway, modulating cell differentiation and proliferation [87]. Thus, IQGAP1 plays 
pivotal roles in several cellular functions, such as control of cell adhesion, polarization, 
migration, proliferation and angiogenesis. Many immunohistochemical studies have 
demonstrated that in several cancer types IQGAP1 is over-expressed and an aberrant 
membrane accumulation is observed, especially at the invasive front [88,89]. The higher 
expression and the altered localization of IQGAP1 from the cytoplasm to the membrane 
correlate with the grading of the tumor and with poor prognosis. The presence of 
IQGAP1 in the cell membrane may decrease adherence junction function, favoring the 
dissociation of the tumor cells [90]. 

2.2.2 FKBP51 (FK506 binding protein 5) 

The immunophilin protein FKBP51 (FK506 binding protein 5) is a member of the 
peptidyl-prolyl isomerases (PPIs) superfamily [91]. This superfamily includes three 
distinct classes: the FK506-binding proteins (FKBPs) (e.g. FKBP12, FKBP51, FKBP52); the 
CyclosporinA-binding proteins and the parvulin-like PPIs [92]. PPIs catalyze the cis-trans 
conversion of peptidylprolyl imide bonds in target proteins [93]. FKBP51 is a 51 kD FK506 
binding protein with a C terminal tetratricopeptide repeat (TPR) domain, and an N 
terminal FK1 domain responsible for PPIase activity [93]. Through the TPR domain, 
FKBP51 binds to heat shock protein 90 (HSP90) complexes, such as those associated with 
steroid hormone receptors. The mechanisms underlying the regulation of steroid 
hormone receptor signaling by this immunophilin and its physiological roles in 
endocrine-related processes are very well studied. Research in this field has led to the 
identification of FKBP51 as a potential therapeutic target for several endocrine-related 
diseases, such as metabolic and stress-related diseases, prostate cancer and breast 
cancer [94]. Diseases associated with this protein include major depressive disorder and 
glucocorticoid resistance (Gene Ontology annotations). 
FKBP51 protein is localized in mitochondria, cytoplasm and nucleus [93,95,96], is 
involved in the regulation of a variety of signaling pathways and is considered as a 
molecular integrant of the adaptation process [97]. Recently, a role for the 
immunophilins FKBP51 and FKBP52 in regulating microtubules has been suggested, 
acting via their interaction with Tau proteins [98]. Regulation of microtubule dynamics 
by FKBPs has been associated with neurite outgrowth [99]. Furthermore, FKBP51 has 
been identified as a regulator of cell death in response to gemcitabine and cytarabine 
treatment: high levels of FKBP51 expression were associated with sensitivity, while low 
levels of expression were associated with resistance to these drugs [100].  
In many different tumors altered expression levels have been described [101,102]. 
Through its influence on steroid receptor maturation, and on the regulation of PKA 
[103], NF-kB [94], Akt [104] and the transforming growth factor β (TGF-β) [105] signaling 
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pathways, FKBP51 plays an important role in tumorigenesis and response to anti-
neoplastic therapy [106,107]. It has been demonstrated, for example, that it plays a role 
in negatively regulating the Akt pathway. Acting as a scaffold protein, FKBP51 promotes 
the interaction of Akt and PHLPP, a phosphatase that specifically dephosphorylates Akt 
at Ser473 and inhibits its activity [104]. Recently it has been demonstrated that FKBP51 
is key in promoting the activation of genes involved in melanoma progression [108], and 
modulates the transforming growth factor β (TGF-β) signal in malignant melanocytes, 
increasing the tumor-promoter potential of TGF-β [109]. FKBP51 expression is also 
decreased in pancreatic cancer tissues and in numerous cancer cell lines. 

2.2.3 AmotL2 (angiomotin-like 2) 

Is a member of the angiomotin protein family responsible for maintaining cell to cell 
interactions to keep asymmetrical apical-basal polarity avoiding endothelial detachment 
and promoting vascular tube formation. Human AmotL2 encodes two isoforms of a 
molecular mass of 100kDa and 60kDa [110]. Most human cancers have an epithelial 
origin and the assessment of malignancy is based on the loss of apical–basal polarity of 
the epithelial organization (epithelial mesenchymal transition -EMT), however, whether 
this is a cause or consequence of tumor progression has yet to be established [111]. Loss 
of polarity, EMT and angiogenesis are crucial in CRC. 

2.2.4 The Na+,K+-ATPase genes family 

One of the differentially expressed genes was the isoform α3 of the Na,K-ATPase; mRNA 
levels of Na,K-ATPase α3 subunit were down-regulated 2.6 fold. Moreover, an alteration 
in the intracellular location of Na,K-ATPase α3 isoform has been reported in human CRC 
tumor cells versus normal colon [112]. Additionally, other laboratories have shown 
differential expression in cells, altered subcellular localization and down regulation of 
the β subunit of the Na+/K+-ATPase in carcinoma cells [113–116].  
Na,K-ATPase is an integral protein in the plasma membrane of all animal cells that 
transports three sodium ions out and two potassium ions into the cell, against 
electrochemical gradient  [117,118]. This activity is necessary for the regulation of the 
cellular ionic homeostasis and maintaining the electrochemical gradient required for ion 
channel function and secondary active transport [119]. Recently, additional functions for 
the Na,K-ATPase in the cell have been proposed, as a signal transducer and transcription 
activator [120–124] affecting cell proliferation [125], cell motility [126], and apoptosis 
[127]. Besides this, the Na,K-ATPase is the receptor of cardiotonic glycosides. It is 
functionally composed of catalytic α (100–112kDa) and regulatory β (45–55kDa) subunit 
and an optional γ (6.5–10kDa) subunit belonging to the FXYD family of proteins [128]. 
Na,K-ATPase is expressed as several isozymes. Four different isoforms of the α subunit 
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have been found in humans [129]. The α1 isoform (ATP1A1 gene) is expressed almost in 
all tissues. Isoform α2 (ATP1A2 gene) is the predominant isoform in skeletal muscle 
[130], brain (astrocytes) [131], heart [132], and adipose tissue [133]. The α3 isoform 
(ATP1A3 gene) is primarily found in the brain (neurons) [131,134] and isoform α4 
(ATP1A4 gene) is only expressed in testis [135]. In reference to the β subunit, three 
different isoforms have been identified: β1 (ATP1B1 gene), β2 (ATP1B2 gene) and β3 
(ATP1B3 gene). While β1 has a generalized expression in almost all tissues and cells, the 
expression of the other β isoforms are more restricted to certain tissues and cells. The 
β2 isoform is found in skeletal muscle [136], pineal gland [137], and nervous tissues 
[138], whereas β3 is present in testis, retina, liver and lung [139–142]. The expression 
pattern of the Na,K-ATPase subunit-isoforms is subjected to developmental and 
hormonal regulation and can be altered during disease [141,143–146]. 
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3.1 Patients.  
The study was approved by the Ethics Committee of La Laguna University (La Laguna, 
Canary Islands, Spain) and the Ethical Committee of Nuestra Señora de Candelaria 
University Hospital (HUNSC); Santa Cruz de Tenerife, Canary Islands, Spain). All patients 
have been treated at HUNSC between years 2007-2015 and provided informed consent 
for the diagnosis and research of tissue specimens prior to entering  the study. All 
patients had colonic cancer and liver metastasis, which had been treated with FOLFOX-
CT, (day 1, oxaliplatin 100 mg/m2 iv over 2 h; leucovorin calcium 400 mg/m2 iv over 2 
h; followed by 5-fluorouracil 400 mg/m2 iv bolus and by 5-fluorouracil 2400 mg/m2 iv 
over 46 h; every 14 days). All patients received the chemotherapy after the resection 
of the primary tumor. Thus, the primaries were chemotherapy naïve, while the 
liver metastases were chemotherapy-treated. Fifteen (27.8%) patients presented 
liver metastasis after CT. Curative resections of liver metastasis were performed 
following FOLFOX-CT. The average age of patients was 59 years old (range 35–78), 
with 29 (54%) males and 25 (46%) females. Eight patients (15%) were stage IV and 
underwent palliative surgery. The other patients, T3–T4, N1–N2 (85%) were stages 
partial response upon RECIST (Response Evaluation Criteria In Solid Tumors) criteria. 
The survival is 74% (40 patients), with a follow up of six years. Localization of tumors 
varied from cecum (4), ascending (13), transverse (8) colon, both flexures (7), 
sigmoid (16) colon and sigmo-rectal (3) area and rectum (3). 
Paraffin-embedded tissue samples from 54 patients, ensuring patient anonymity, and 
the corresponding clinical data were obtained from the reference medical areas of 
HUNSC. Following the same ethics and consent rules, colon and liver samples were 
obtained from surgery partial exeresis pieces after trauma of three control males. 

3.2 Antibodies 
Table 2 at the end of this section, shows antibodies used in this thesis for the 
proteins object of the study and cell markers as well. 

3.3 Immunohistochemistry. 
Samples were fixed in 10% formalin, for 48–72 h at 4 ◦C. Immunoperoxidase staining of 
paraffin-embedded tissue sections was performed using the avidin-biotin reaction. 
Briefly, 5-µm-thick tissue sections, deparaffinized in xylene and hydrated in graded 
alcohol baths, were autoclaved at 120 ◦C for 10 min in sodium citrate buffer (pH 6.0) to 
uncover hidden antigenic sites (antigen retrieval). Samples were then incubated for 1 h 
at room temperature with 5% non-fat dry milk in Tris-buffered saline (TBS) to block non-
specific sites. The Avidin/Biotin Blocking kit (Vector Laboratories Inc., Burlingame, CA, 
USA) was used to block endogenous biotin, according to the manufacturer‘s 
instructions. Primary antibodies were applied to slides overnight at 4 ◦C. Endogenous 
peroxidase activity was blocked by incubating the slides with 3% hydrogen peroxidase 
in methanol for 15 min. Biotin-conjugated anti-rabbit secondary antibody was incubated 
for 2 h at 37 ◦C, and the specific antibody staining was amplified with the ABC Peroxidase 
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Staining kit (Thermo Fisher Scientific, Inc.). 3,3’-diaminobenzidine substrate concentrate 
(#IHC-101F; Bethyl Laboratories Inc., Montgomery, TX, USA) was used to visualize 
immunohistochemical reactions. Samples incubated without primary antibodies were 
used as a negative control. Slides were counterstained with Harris hematoxylin solution 
DC (#253949, Panreac Química SLU, Barcelona, Spain) to visualize cell nuclei and 
mounted with Eukitt mounting medium (#253681, Panreac Química SLU, Barcelona, 
Spain). An optical light microscope (BX50; Olympus Corporation, Tokyo, Japan) was used 
to visualize the results of the immunostaining. 

3.4 Double Immunofluorescence Simultaneous Staining. 
Immunofluorescent staining of 10% formalin-fixed paraffin-embedded tissue sections 
was performed as previously described [47]. Briefly, 5-µm-thick tissue sections, 
deparaffinized in xylene and hydrated in a graded series of alcohol baths, were 
autoclaved at 120 ◦C for 10 min in sodium citrate buffer (pH 6.0) to uncover hidden 
antigenic sites (antigen retrieval). Samples were then incubated for 1 h at room 
temperature with 5% bovine serum albumin in Tris-buffered saline (TBS) to block non-
specific sites. Tissue sections were then incubated simultaneously with a mixture of two 
distinct primary antibodies overnight at 4 ◦C. Slides were then incubated for 1 h at room 
temperature in the dark with a mixture of two secondary antibodies raised in different 
species and conjugated to different fluorochromes. Slides were mounted with ProLong® 
Diamond Anti-fade Mountant with DAPI (Molecular Probes®; Thermo Fisher Scientific, 
Inc.) to visualize cell nuclei. Slides were analyzed using Leica SP8 (Leica Microsystems, 
Wetzlar, Germany) confocal microscopes and Olympus FV1000 (Olympus Corporation, 
Tokyo, Japan). 

3.5 Image Analysis and Statistical Analysis.  
To compile tables, two independent observers evaluated the specimens blindly. After 
an initial examination of the whole blind-coded material, cut-offs were established by 
consensus between each investigator. Staining intensities were graded as strong (+++), 
moderate (++), weak (+) or absent (−). When scorings differed by more than one unit, 
the observers re-evaluated the specimens to reach consensus, otherwise means of the 
scorings were calculated. 
For the semi-quantitative image analysis performed in publication no2 (Rotoli et al. 
Oncol. Lett. 2016, 12, 1315–1322), the open resource digital image analysis software 
ImageJ was used, implemented with the IHC Profiler plug-in developed by Varghese et 
al [147], which creates a pixel-by-pixel analysis profile of a digital IHC image, and further 
assigns a score in a four tier system: High positive (pixel intensity range, 0-60), positive 
(pixel intensity range, 61-120), low positive (pixel intensity range, 121-180), negative 
(pixel intensity range, 181-235). All images were captured at the same magnification 
(40x) and with the same levels of contrast and brightness. Pearson's Correlation 
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Coefficient and Student's t-test were performed using SPSS version 20 software (IBM 
SPSS, Madrid, Spain) in order to estimate the reliability of the study. 

Table 2: Antibodies and cell markers used 

Antibody M/P IHC-P IH-F Source Cat.# 
Anti-AMOTL2 Rabbit 

polyclonal 
1:100 1:250 LifeSpan 

BioSciences 
LS-C178611 

Anti-FKBP51 Rabbit 
polyclonal 

1,25:100 1:50 Abcam ab46002 

Anti-IQGAP1 Rabbit 
polyclonal 

1:500 1:250 Millipore ABT186 

α1-isoform 
(620) 

Rabbit 
polyclonal 

1:1000 - M.J. Kashgarian - 

α3-isoform Mouse 
monoclonal 

1:600 1:300 M. Caplan - 

α3       (XVIF9-
G10) 

Mouse 
monoclonal 

1:5 1:5 Arystarkhova and 
Sweadner 

- 

SpETβ1 
β1-isoform 

Rabbit 
polyclonal 

1:600 1:300 P. Martín-Vasallo - 

SpETβ2 
β2-isoform 

Rabbit 
polyclonal 

1:600 - P. Martín-Vasallo - 

anti-PCNA Mouse 
monoclonal 

- 1:100 Boehringer 
Mannheim 

1486 772 

anti-human 
CD34 

Mouse 
monoclonal 

- Ready-to-
use 

Dako IR632 

anti-human 
CD31 

Mouse 
monoclonal 

- Ready-to-
use 

Dako IR610 

anti-β tubulin Mouse 
monoclonal 

- 1:150 Santa Cruz 
Biotechnology 

sc-101527 

Anti-rabbit 
IgG (H+L), 

biotin 
conjugated 

goat pAb 
against rabbit 

IgG 

1:300 Pierce 31820 

Anti-rabbit 
IgG (whole 
molecule), 

FITC-
conjugated 

goat pAb 
against rabbit 

IgG 

- 1:200 Sigma-Aldrich F9887 

Anti-mouse 
IgG, 

DyLight®650-
conjugated 

goat pAb 
against mouse 

IgG 

- 1:100 Abcam ab97018 
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Research in the field of cancer is mainly focused on cell cultures to study the molecular 
basis of cancers, but to do so we must first consider tumours in their original 
environment and microenvironment, taking into account all the players involved in the 
process (cell of origin, macrophages, endothelial cells, pericytes, telocytes, fibroblasts, 
immune cells, ….), as the interactions between them are strictly related to the inception 
and propagation of malignancy.  
The aim of my PhD project was to study, by immunohistochemistry immunolabelling, 
the expression of the scaffold proteins IQGAP1, FKBP51 and AmotL2 and the proteins 
corresponding to the α1, α3, β1 and β2 subunits of Na,K-ATPase, in CRC and liver 
metastases after the administration of adjuvant CT. The use of double fluorescent 
protein immunolocalization on human cancer tissue specimens, using different 
established markers to recognize such players, allowed us to see the macroscopic 
properties of the disease and gave us preliminary insights that open the way for more 
specific studies, including the use of experimental animal models and cell cultures, 
aimed to better understand the role of such players and the molecular basis of the 
tumorigenic process. 
During the course of this PhD project, 4 scientific articles had been published in indexed 
international scientific journals, allowing the presentation of this PhD thesis as a 
compendium of publications.  Hence, following the procedures that regulate this kind of 
thesis, the memory includes, in addition to the previous chapters, a report that 
summarizes the results and discussion of the published articles, and the final 
conclusions.  

4.1 Article 1:  Alterations in IQGAP1 expression and localization in colorectal 
carcinomas and liver metastases following oxaliplatinbased chemotherapy. 
Oncol. lett.   doi:10.3892/ol.2017.6525
In healthy colon tissue samples, a homogeneous IQGAP1 pattern was observed in 
nuclear membrane and in lateral cell membrane and cytoplasm (Article 1, Fig.1A) 
Instead, the expression pattern and localization of IQGAP1 protein in CRC tissue sections 
was heterogeneous, both in the healthy glandular epithelium and in tumour glands and 
nests: strongly IQGAP1+ cells were intermixed with unstained tumour cells within a 
lesion (Article 1, Fig.1G, black arrow). The protein was found localized in the cytoplasm, 
nuclear envelope, cell junctions, plasma membrane, apical membrane, and this variable 
localization can be seen in the same structure concurrently (Article 1, Fig.1B,D-F). Cancer 
cell nests showing a variable positive perinuclear and cytoplasmic staining were often 
seen in the open-lumen lymphatic ducts present in the submucosa (Article 1, Fig.1B,E 
black arrows). Moreover, high levels of IQGAP1 expression were observed at the 
growing front of tumour glands (Article 1, Fig.1C).   
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In several lesions, we observed a strong apical cell membrane staining (Article 1, Fig.1G 
arrowhead) and a strong expression in areas where cells were detaching from the 
lesion into the lumen (Article 1, Fig.1G asterisk). This higher expression and the altered 
IQGAP1 localization from the cytoplasm to the membrane may lead to a decrease in 
adherence junctions (AJ) stability, allowing the dissociation of tumour cells [90].  
Hepatocytes in healthy liver and in apparently healthy areas of CRC metastasized liver, 
as well as metastases, exhibited a heterogeneous positive IQGAP1 staining in 
cytoplasm, nuclear envelope and/or nucleus (Article 3, Fig.6D-E; Article 1 Fig.2 E-F). 
Double immunofluorescent staining by IQGAP1 and β-tubulin allowed us to notice that 
in some tumour cells the co-localization of both proteins was lost (Article 1, Fig.4), 
showing clear points of EMT occurrence and confirming the proposed role of IQGAP1 
in the regulation of membrane dynamics by connecting the cortical actin network to 
microtubules via plus-end binding proteins (e.g. Cytoplasmic linker protein CLIP-170 
and Adenomatous Polyposis Coli -APC) [148–150]. All these findings point to a key role 
for IQGAP1 in the modulation of functions such as cell growth and survival, cell 
migration, and cytokinesis. Furthermore, some tumour cells exhibited a co-expression 
of IQGAP1 and β-tubulin in the nuclear envelope (NE) (Article 1, Fig.4 arrowheads), a 
co-localization that had already been described by Johnson et al. [151] in several 
epithelial cancer cell lines. The authors correlated these data with a possible role for 
IQGAP1 in cell polarization and migration processes and in cell-cycle-associated NE 
assembly/disassembly, suggesting that the interplay between IQGAP1 and the 
microtubules (MT) may tether MT network to perinuclear actin to modulate the 
microtubule organizing centre (MTOC) and nuclear positioning during cell migration, a 
crucial process in carcinogenesis. 
To further characterize IQGAP1 expression pattern, we performed double 
immunofluorescent staining of IQGAP1 protein and the endothelial/ 
pericyte/macrophage marker CD31 or the endothelial/telocyte marker CD34. A 
colocalization of IQGAP1 with both markers had been observed in several vessels 
(Article 1, Fig.3A-E), implicating IQGAP1 in tumour angiogenesis and/or in vascular 
invasion processes. Moreover, we identified CD31+ stromal cells and CD34+ telocytes 
(TCs) co-expressing IQGAP1. Telocytes are involved in paracrine signaling and they can 
release extracellular vesicles such as exosomes and ectosomes from the cell body and 
from telopodes [36,152]. Increasing evidences point to a role for IQGAP1 in regulating 
protein trafficking by modulating the assembly-disassembly of actin filaments at the 
exocytic targets [153]. Interestingly, IQGAP1 labelling in telocytes was found along the 
plasma membrane of TC’s cellular body and in telopodes (Article 3, Fig.6N-Q; 
supplemental Fig.S2, panels I-P). 
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4.2 Article 2: Expression and localization of the immunophilin FKBP51 in 
colorectal carcinomas and primary metastases, and alterations following 
oxaliplatin-based chemotherapy. Oncol. Let. 12: 1315-1322, 2016. 
doi:10.3892/ol.2016.4772 
FKBP51 protein expression in healthy colon and in CRC tissue samples (Article 2, Fig.1) 
was detected in enterocytes nuclei (Article 2, Fig.1A), endothelial cells, in cells of the 
lamina propria (Article 2, Fig.1A), in the inflammatory and fibrous stromal cells 
surrounding the lesions (Article 2, Fig.1D-G), and in the cytoplasm and/or nucleus of 
tumour cells (Article 2, Fig.1D,F). In addition, FKBP51+ telocyte-like cells were observed, 
forming a network that enveloped CRC tumour nests (Article 3, Fig.5G-H). Co-localization 
of FKBP51 and the telocyte marker CD34 was detected in such cells (Article 3, Fig.5J-L). 
Among the stromal cells, not all the cells expressed FKBP51 (Article 2, Fig.1D-G, Fig.2), 
suggesting a potential role for this immunophilin protein as a stromal cell subtype marker; 
though further studies are needed to assess this hypothesis. 
Notably, the phenotype of the connective tissue surrounding the lesions appeared 
variable and dependent on FKBP51 expression. Indeed, in those areas where no 
immunophilin expression was observed in tumour and stromal cells, stromal fibroblasts 
exhibited a mature phenotype, with thin, wavy and small spindle cell morphology (Article 
2, Fig. 1E and G, arrows); by contrast, immature phenotype of stromal fibroblasts, with 
large, puffy, spindle-shaped morphology, was observed in areas where positive FKBP51 
immunostaining was present in tumour and stromal cells (Article 2, Fig. 1F). An increased 
micro-vessel density and enhanced infiltration of tumour-associated macrophages 
(TAMs) was also detected in the connective tissue surrounding FKBP51+ lesions (Article 2, 
Fig. 1F). All these findings support the idea of a role for FKBP51 in the EMT process in CRC. 
Interestingly, in CRC tissue sections, several cells of the myenteric plexus were strongly 
positive (Article 2, Fig.1B), while in healthy colon the signal was fainter (Article 2, Fig.B), 
suggesting a role for this immunophilin in the development of oxaliplatin-induced 
neuropathy  [154]. 
IHC analyses allowed the observation of changes in FKBP51 expression levels and 
localization in malignant liver compared with CRC, confirming the downregulation of this 
immunophilin in metastasized liver sections resected after oxaliplatin-CT. ImageJ 
software, implemented with the open source plug-in IHC Profiler, was used to compare 
the visual human interpretation to that of the computer-aided vision. In Fig. 5 of Article 
2, a box-and-whisker plot illustrates the results obtained using IHC Profiler to compare 
the percentage of positive pixels (pixel intensity range, 61-120) in the tissue samples. This 
clearly demonstrates the downregulation of FKBP51 protein in malignant liver specimens 
vs. CRC tissue samples (7.5±4.3% in liver vs. 71.3±7.6% in CRC; P<0.003). The observed 
downregulation could be associated with the effect of CT on tumour cells, rather than 
with intrinsic changes of transformed cells. This hypothesis is further supported by the 
observation that the metastatic liver lesion of a patient with a predominantly negative 
FKBP51 immunolocalization, exhibited a complete CT resistance.   
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Lung metastases exhibited a similar expression pattern observed in liver metastases, with 
weak staining in tumour cells and a strong signal in inflammatory and fibrous stromal cells 
surrounding the metastases. Whether this weaker expression in the metastatic cells is 
related to CT or to their cell biology is to be determined by further studies. However, in 
liver, changes in FKBP51 expression detected in tissues surrounding the metastases, may 
be related with hepatic sinusoidal injury elicited by oxaliplatin-CT [155]. 

4.3 Article 3: Commitment of Scaffold Proteins in the Onco-Biology of Human 
Colorectal Cancer and Liver Metastases after Oxaliplatin-Based 
Chemotherapy. Int. J. Mol. Sci. 2017, 18, 891; doi:10.3390/ijms18040891 
The purpose of this study was to report on the cellular and subcellular localization and 
dynamics of the scaffold proteins AmotL2, FKBP51 and IQGAP1 in CRC tissue samples and 
its related liver metastases, discussing the possible interactions between these three 
scaffoldings in tumour progression and in EMT process. 
In the reports of the articles 1 and 2, the variations in the localization and expression of 
IQGAP1 and FKBP51 had been already described and discussed. To make the dissertation 
smoother, the new data obtained for IQGAP1 and FKBP51 in this article (Article 3) had 
been included in those sections. 
Here I will describe briefly the results obtained for AmotL2 expression and localization, 
and will discuss on the possible interplay between the three proteins in CRC 
tumorigenesis.  
AmotL2+ staining had been observed virtually in all the type of cells reported in this study, 
but at different expression levels. High levels of expression had been observed in blood 
vessel cells of both healthy and malignant tissues: endothelial cells (Article 3, Fig.2, v; 
Fig.3C-D v; Fig.4A-G, white arrows), pericytes (Article 3, Fig.S1D, arrow; Fig. 4H-M, white 
arrows), monocyte-derived macrophages (Article 3, Fig.4E-G, yellow arrows; Fig.4H_M, 
white arrowhead). Double immunolocalization of AmotL2 and CD31 or CD34 in serial CRC 
tissue sections, showed several cells in the perivascular area co-expressing the three 
proteins (Article 3, Fig.4N-O; Fig.4P-Q), suggesting a pre-commitment stage of the cells 
from which they could take different cell differentiation fates. 
Compared to healthy tissues, in apparently healthy areas of malignant tissues (both CRC 
and liver metastases) a lower expression level of angiomotin-like 2 protein had been 
observed (Article 3, Fig.1A-E; Suppl. Fig.S1 ). In addition, in malignant liver sections, the 
grading of staining observed in healthy tissues, with a higher AmotL2 cytoplasmic 
expression in hepatocytes surrounding the central vein (the less oxygenated functional 
zone) was no further observed. If the gradient expression pattern disappears because of 
FOLFOX-CT, or if the metastasizing process also affects it, remains to be studied.   
In tumour affected areas of the intestinal epithelium, a higher homogeneous AmotL2+ 

staining had been observed in Lieberkühn Crypts (Article 3, Fig.2F). The expression pattern 
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observed in healthy tissue, with a higher grade of expression in the crypts facing the 
muscularis mucosae (Article 3, Fig.2A) was no longer visible (Article 3, Fig.2F).  
CRC cells exhibited variable intensity of AmotL2 labelling in cytoplasm and nuclear 
envelope, with a higher grade in budding cells of the invasive front (Article 3, Fig.2F-G’).  
Metastases exhibited high levels of angiomotin-2 staining in cytoplasm, as well as in the 
nucleus of budding cells (Article 3, Fig.3B2).  
Deregulated AmotL2 expression in tumours and metastasized areas during tumour 
progression confirms the recent finding that AmotL2 expression is correlated with loss of 
polarity and with the EMT process, leading to loss of tissue architecture. Indeed, Mojallal 
et al. have recently demonstrated that hypoxic stress determines the hypoxia-activated 
c-Fos dependent expression of AmotL2 protein in human breast and colorectal cancer cell
lines [111]. c-Fos/hypoxia-induced Amotl2 interacts with the Crb3 and Par3 complexes,
involved in the establishment and maintenance of apical-basal cell polarity, retaining such
complexes in large vesicles and preventing them to reach the apical membrane [111].
Changes in expression levels and in the subcellular redistribution of AmotL2 protein in
CRC cells shown in this study are indicative of the involvement of this scaffold protein in
CRC tumorigenesis and progression, as well as EMT process.
Scaffold proteins, such as AmotL2, IQGAP1 and FKBP51, bring together in touch multiple
modular partners committed in a specific task, usually in a stable complex and in a
peculiar subcellular localization manner. These superstructures integrate functions such
as enzymatic pathways, cell motility, sorting, signaling, stabilization, localization of plasma
membrane proteins, recycling or cell polarity; facts all pivotal in cell fate, tumorigenesis,
migration, tumour progression and angiogenesis [156–158].
In this study, we show evidence that these three scaffold proteins exhibit changes in
expression and localization in tissue samples of pre-CT treated CRC compared to its liver
metastases, resected after FOLFOX-CT. The co-localization of CD34 and/or CD31 with
these scaffoldins in several vessel cells, including expression in pericytes and/or telocytes,
suggests their involvement in tumour angiogenesis and/or in vascular invasion. Taking
into account the key role of these proteins in the dynamics of tumour cells, they represent
an attractive group of interacting scaffold proteins that could be used as biomarkers for
diagnostic staging and as targets for therapy, although further research is needed to
confirm and to precise these findings.
Figure 7. Article 3, shows a model of inferred interactions of AmotL2, FKBP51, and IQGAP1
made upon integration of our data with the literature and data from databanks.
Scaffold proteins connect structural and signaling molecules in the spatiotemporal
organization and activation in CRC tumorigenic cells [159,160]. The process takes place in
different subcellular localizations and at variable expression levels depending on the
status of the cell within the tumour. Further studies are needed to confirm the possible
existence of the complex FKBP51-HSP90-SRC-YAP-AmotL2-IQGAP1, though String analysis 
[161] has shown experimental and database evidences of known functional interactions
among AmotL2, IQGAP1 and FKBP51 in several physiological and pathological situations
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through the transcriptional coactivator Yap1, the oncogene Src and the chaperone HSP90 
(Article 3, Fig.1). 

4.4  Article 4: Na,K-ATPase Isozymes in Colorectal Cancer and Liver 
Metastases. Front. Physiol. 2016 Jan 29;7:9 
Our purpose for this study was to determine the cellular and subcellular localization of 
the α and β subunit isoforms of Na,K-ATPase in CRC and its liver metastasis using a panel 
of well-characterized isoform-specific antibodies. The primary hypothesis of this study 
was that metastatic cancer cells possess a unique expression phenotype of Na,K-ATPase 
isozymes, similar to that of CRC cells. Na,K-ATPase subunits are able to form different 
functional isozymes in a promiscuous association of α and β isoforms. These isozymes are 
characterized by distinctive enzymatic properties and a strictly modulated pattern of 
expression relying on cell type, developmental phase and hormone regulation [162]. The 
4 human α isoforms define the kinetic properties of the different isozymes, while the 3 β 
subunits are able to influence the Na+ and K+ affinities [129,162–164].  The apparent 
affinities for cations have been determined by expressing recombinant enzymes in 
heterologous systems [163,165]. Affinities of human isozymes expressed in Xenopus 
laevis oocytes are α1β1>α2β1>α3β1 for Na+ and α3β1=α1β1> α1β3>α1β2> α2β1>α3β3> 
α3β2> α2β3> α2β2 for K+ [165].  
Table 2 of this article summarizes the cell-specific Na,K-ATPase subunit-isoforms 
expression detected in healthy colon and liver tissue samples and in CRC and its related 
liver metastases.   
As can be observed, α3 isoform expression was increased in several cell types of CRC 
tissue samples (e.g. CRC cells, mesenchymal cells, immune system cells, endothelial cells), 
and an altered pattern of expression has been detected in CRC cells, compared to healthy 
tissues. Indeed, while in healthy epithelial cells α3 subunit was mainly located in or near 
the plasma membrane (Article 4, Fig.1E), in CRC samples this isoform was localized in a 
perinuclear fashion in CRC cells and no staining was detected in the plasma membrane 
(Article 4, Fig.1F). More intriguingly, in healthy liver tissues, the α3 isoform was not 
detected (Article 4, Fig.4E), while in metastatic liver samples, this isoform was detected 
mainly at a perinuclear location and diffusely expressed across the cytoplasm of 
malignant cells (Article 4, Fig.4F) and hepatocytes (Article 4, Fig.4H), and in immune cells 
(Article 4, Fig.4G). Conversely, we found the α1 isoform along the plasma membrane of 
hepatocytes in healthy liver tissues (Article 4, Fig.4A), but not in apparently healthy areas 
of metastatic liver tissues. α1 expression was also observed in metastatic tumour cell 
niches within the liver, with variable localization (cytoplasm and/or plasma membrane) 
(Article 4, Fig.4C-D). More studies are needed to assess if these changes in expression and 
localization of the α1 and α3 isoforms observed in metastasized liver tissues, are due to 
FOLFOX-CT or to intrinsic changes related with malignancy.  
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The high levels of perinuclear and cytoplasmic α3 isoform detected in malignant liver 
tissues, suggests other moonlighting functions for this isoform besides ion transport. 
Regarding the β1 and β2 isoforms, in metastasized liver, β1 was detected in disordered 
and semi-necrotic tumour tissue (Article 4, Fig.5C-D), while β2 was not detected (Article 
4, Fig.5H). This may be related to the fact that these metastatic cells arise from CRC 
tumour cells, which did neither express β2 isoform or at a very insignificant level (Article 
4, Fig.5). 
In Table 3 of Article 4, are highlighted the possible cell-specific isozymes that may be 
present in healthy colon, CRC, healthy liver and metastasized liver, based on the data 
collected in this study. As can be observed, in mesenchymal cells surrounding the lesions, 
the predominant isozyme is α3β2, which have a low K+ affinity.  Conversely, in CRC and in 
metastatic cells, the predominant isozymes are α1β1 and α3β1. α1β1 isozyme have the 
highest Na+ affinity, while α3β1 the lowest; and both isozymes have the highest K+ affinity. 
These are the isozyme combinations that allow an optimal performance of the enzymes 
involved in protein synthesis and transfer of phosphor groups. In cancer, Na+ and K+ ions 
are likely to favor optimal conditions for the function of nuclear enzymes involved in 
mitosis, particularly high intra-nuclear K+ concentration.  
Double immunofluorescent labelling of α3 and β1 subunits in liver metastases tissue 
samples, confirms the co-localization of both isoforms in malignant cells (Article 4, Fig.S1), 
and suggests the possible role for this isozyme as a novel biomarker for CRC metastatic 
cells in liver.   
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1. The analysis of IQGAP1 detailed expression in CRC tissue sections and 
metastasized liver tissue samples, resected after oxaliplatin-based CT-treatment, 
showed: 

• The loss of β-tubulin and IQGAP1 co-localization in several tumour cells, detects 
clear points of EMT occurrence and confirm the already proposed role of IQGAP1 
in the regulation of membrane dynamics, suggesting a key role for IQGAP1 in the 
modulation of cell growth and survival, cell migration, and cytokinesis.  

• The co-expression of IQGAP1 and β-tubulin in the nuclear envelope (NE) of 
several tumour cells, correlates with a possible role for IQGAP1 in cell 
polarization and migration processes and in cell cycle-associated nuclear 
envelope assembly/disassembly. 

• The colocalization of IQGAP1 with CD31 and CD34 markers observed in several 
vessels involves IQGAP1 protein in tumour angiogenesis and/or in vascular 
invasion processes.   

• IQGAP1 labelling along the plasma membrane of telocyte’s cellular body and in 
telopodes, sustains the idea of a role for IQGAP1 in the regulation of protein 
traffic by modulating the assembly-disassembly of actin filaments at the exocytic 
targets. 
 

2. The immunohistochemistry for FKBP51 in tissue sections of metastasized liver 
resected after oxaliplatin‑based chemotherapy confirms at the protein level the 
downregulation of FKBP51 gene expression elicited by FOLFOX chemotherapy in 
PWCs of CRC patients.  

• The expression of FKBP51 in tumour and stroma cells correlates with the 
immature phenotype of stromal fibroblasts, suggesting a role for this protein in 
the EMT process in CRC.  

• The observation that only certain cells in the tumour‑associated stroma express 
FKBP51 suggests a potential role for this immunophilin as a stromal cell subtype 
marker. 

• The high expression of FKBP51 in neural cells of the Auerbach's and Meissner's 
plexus in CRC, compared to a lighter signal in neural cells of healthy colon 
tissues, might be related with the development of oxaliplatin‑induced autonomic 
neuropathy. 
 

3. The expression levels and the subcellular redistribution of AmotL2 protein in CRC 
cells, as well as the altered pattern of protein expression detected in tumour 
affected areas of CRC and related metastases, are indicative of the involvement 
of this scaffold protein in CRC tumorigenesis and progression, as well as in the 
EMT and angiogenesis processes. 
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• The co-localization of IQGAP1, FKBP51 and AmotL2 with CD34 and/or CD31 in 
several cell vessels, including expression in pericytes and/or telocytes, suggests 
their involvement in tumour angiogenesis and/or in vascular invasion.

• Due to the key role that these scaffold proteins exert in the dynamics of tumor 
cells, they represent an attractive group of interacting proteins that could be 
used as biomarkers for diagnostic staging and as targets for therapy. 

4. The α and β subunits of the Na,K-ATPase vary their pattern of expression and
localization in CRC, in metastases and in metastasized liver tissue as follows:

• The α1, α3 and β1 isoforms are the most highly expressed in tumour cells and
metastases.

• The high levels of perinuclear and cytoplasmic α3 isoform detected in malignant
liver tissues, suggests other moonlighting functions for this isoform besides ion
transport.

• Based on the data collected in this study, the possibly predominant isozymes
present in tumour and metastatic cells are α1β1 and α3β1, which exhibit the
highest and lowest Na+ affinity respectively, and the highest K+ affinity. These ions
are likely to favor optimal conditions for the function of nuclear enzymes involved
in mitosis.

• Double immunofluorescent labelling of α3 and β1 subunits in liver metastases
tissue samples, confirms the co-localization of both isoforms in malignant cells,
and suggests the possible role for this isozyme as a novel biomarker for CRC
metastatic cells in liver.
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Abstract. IQGAP1 is a scaffolding protein that serves a key 
role in cell dynamics by integrating internal and external 
stimuli to distinct signal outputs. Previous studies have identi-
fied several genes that are significantly up‑ or downregulated 
in the peripheral white cells (PWCs) of patients with colorectal 
adenocarcinoma (CRC), who underwent oxaliplatin‑based 
chemotherapy (CT). In addition, screening studies have 
reported that IQ‑motif containing GTPase activating protein 1 
(IQGAP1) transcriptional expression levels varied from ‘off’ 

to ‘on’ following oxaliplatin CT. In order to determine if varia-
tions previously described in PWCs are able to be observed at 
the protein level in tumors and in metastases following CT, the 
present study performed an immunohistochemical analysis of 
IQGAP1 in CRC and primary metastases. IQGAP1 expres-
sion was observed in the nuclear envelope and in lateral cell 
membranes and cytoplasm in normal colon tissue. However, 
in tumor tissue, cells exhibited a diffuse pattern, with variable 
expression levels of staining in the nuclear membrane and 
cytoplasm, with the highest expression intensity observed at the 
invasive front. In healthy and metastasized liver tissue and in 
the metastases themselves, expression levels varied from cell to 
cell from no expression to a high level. In the majority of cells, 
IQGAP1 co‑localized with microtubules at the cytoplasmic 
face of the nuclear envelope. Strong positive expression was 
observed in areas of the lesion where cells were detaching from 
the lesion into the lumen. Despite the homogeneous IQGAP1 
staining pattern observed in healthy colon tissue sections, 
CRC demonstrated heterogeneity in staining, which was more 
marked in metastasized liver tissue resected following CT. 
However, the most notable findings were the observed effects 
on the cellular and subcellular distribution and its implications 
for cancer biology. These results suggest that IQGAP1 may be 
a putative biomarker, a candidate for clinical diagnostics and a 
potential novel target for anti‑cancer therapeutics.

Introduction

Folinic acid, leucovorin, 5‑fluorouracil and oxaliplatin 
(FOLFOX)‑based chemotherapy (CT) is widely used in the 

Alterations in IQGAP1 expression and localization in colorectal 
carcinoma and liver metastases following 

oxaliplatin‑based chemotherapy
DEBORAH ROTOLI1,2*,  MANUEL MORALES3,4*,  MARÍA DEL CARMEN MAESO5,  

MARÍA DEL PINO GARCÍA6,  RICARDO GUTIERREZ7,  FRANCISCO VALLADARES7,  JULIO ÁVILA1,  
LUCIO DÍAZ‑FLORES7,  ALI MOBASHERI8,9  and  PABLO MARTÍN‑VASALLO1

1Laboratory of Developmental Biology, UD‑Biochemistry and Molecular Biology and Centre for Biomedical Research 
of The Canary Islands, University of La Laguna, 38206 La Laguna, Canary Islands, Spain;  2National Research Council, 

Institute of Endocrinology and Experimental Oncology, I‑80131 Naples, Italy;  3Service of Medical Oncology, 
University Hospital Nuestra Señora de Candelaria, 38010 Santa Cruz de Tenerife; 4Medical Oncology, Hospiten Rambla, 

38001 Santa Cruz de Tenerife; 5Service of Pathology, University Hospital Nuestra Señora de Candelaria, 
 38010 Santa Cruz de Tenerife; 6Department of Pathology, Hospiten Rambla, 38001 Santa Cruz de Tenerife; 

7Department of Pathology, School of Medicine, University of La Laguna, 38201 La Laguna, Canary Islands, Spain; 
8Department of Veterinary Preclinical Sciences, School of Veterinary Medicine, Faculty of Health and Medical Sciences, 

University of Surrey, Guildford GU2 7XH, UK;  9Center of Excellence in Genomic Medicine Research, 
King Fahd Medical Research Center, Faculty of Applied Medical Sciences, 

King Abdulaziz University, Jeddah 21589, Saudi Arabia

Received July 21, 2016;  Accepted October 11, 2016

DOI: 10.3892/ol.2017.6525

Correspondence to: Professor Pablo Martín‑Vasallo, Laboratory 
of Developmental Biology, UD‑Biochemistry and Molecular 
Biology and Centre for Biomedical Research of The Canary 
Islands, University of La Laguna, Avenue Astrofísico Sánchez s/n, 
38206 La Laguna, Canary Islands, Spain
E‑mail: pmartin@ull.es

*Contributed equally

Abbreviations: AJ, adherens junction; APC, adenomatous 
polyposis coli; CRC, colorectal adenocarcinoma; CT, chemotherapy; 
EMT, epithelial mesenchymal transition; FOLFOX, folinic acid, 
leucovorin, 5‑fluorouracil and oxaliplatin; IQGAP1, IQ‑motif 
containing GTPase activating protein 1; MAPK, mitogen‑activated 
protein kinase; PCNA, proliferating cell nuclear antigen; PWCs, 
peripheral white cells 

Key words: colorectal cancer, oxaliplatin, IQGAP1, scaffold protein



ROTOLI et al:  IQGAP1 EXPRESSION AND LOCALIZATION IN CRC AND LIVER METASTASES2622

treatment of colorectal adenocarcinoma (CRC). The addi-
tion of the platinum‑containing compound oxaliplatin to 
the standard adjuvant treatment with 5‑fluorouracil plus 
leucovorin enhances the efficacy of CT, doubling the response 
rate and prolonging progression‑free survival of patients with 
stage II‑III CRC (1,2). Despite positive results obtained from 
this chemotherapeutic regimen, unwanted side effects are 
significant and require monitoring, as they affect, to various 
degrees, the quality of patient.

In an attempt to identify biomarkers that may predict the 
onset of these secondary effects, a recent study investigated the 
differential gene expression of peripheral leukocytes in patients 
with CRC prior to and following 3 cycles of oxaliplatin‑based 
CT (3). The study identified 502 differentially‑expressed genes 
that were significantly up‑ or downregulated in the peripheral 
white cells (PWCs) of patients following CT treatment (3).

To determine whether the changes in gene expression 
observed in PWCs may be detected in tumors following the 
administration of adjuvant CT, the present study performed 
immunohistochemical analysis of a selected number of genes 
that had previously been identified in the differential tran-
scriptome profile (4). The study observed that one gene among 
four, whose transcriptional expression levels varied from ‘off’ 
to ‘on’, was that coding for IQ‑motif containing GTPase acti-
vating protein 1 (IQGAP1) (3).

IQGAP1 is a ubiquitously expressed scaffold protein, 
which contains a number of protein interaction domains (5). 
The protein interacts with cell adhesion molecules, compo-
nents of the cytoskeleton, and various signaling molecules to 
regulate cell motility and morphology, cell cycle and other 
cellular functions (5,6). By regulating its binding partners, 
IQGAP1 integrates a number of signaling pathways, several 
of which contribute to tumorigenesis. For example, IQGAP1 
is associated with actin dynamics by direct binding to actin 
or indirect regulation via cell division cycle 42/Rac1  (7). 
Through its polyproline protein‑protein domain (WW 
domain), the protein modulates the mitogen‑activated 
protein kinase (MAPK) pathway, which is associated with 
cell cycle control  (8). Therefore, IQGAP1 links MAPK 
signaling (for example, decisions regarding cell fate) to 
the cytoskeleton or cellular adhesion, with important 
implications for cancer.

Furthermore, interactions of IQGAP1 with extracel-
lular signal‑regulated kinases 1/2 and MEK1/2 may lead to 
activation of the MAPK signaling pathway, thus modulating 
cell differentiation and proliferation (8). Therefore, IQGAP1 
serves pivotal roles in several cellular functions, including 
control of polarization, cell adhesion, migration, proliferation 
and angiogenesis.

Numerous immunohistochemical studies have demon-
strated that IQGAP1 is overexpressed in several forms of 
cancer and an aberrant membrane accumulation is observed, 
particularly at the invasive front (9,10). Higher expression and 
altered localization of IQGAP1 from the cytoplasm to the 
membrane correlates with tumor grade and poor prognosis (11). 
The presence of IQGAP1 in the cell membrane may decrease 
adherens junction (AJ) function, favoring dissociation of the 
tumor cells (12).

The present study reports the alteration of IQGAP1 expres-
sion in CRC and liver metastases following CT administration 

at the protein level by performing an immunohistochemical 
analysis.

Patients and methods

Patients. The study was approved by the Ethics Committee 
of La Laguna University (La Laguna, Canary Islands, Spain) 
and the Ethical Committee of Nuestra Señora de Cande-
laria University Hospital (HUNSC; Santa Cruz de Tenerife, 
Canary Islands, Spain). All patients were treated at University 
Hospital of the Nuestra Señora de Candelaria, Santa Cruz 
de Tenerife, Spain between May 2007 and September 2015 and 
provided informed consent for the diagnosis and research of 
tissue specimens prior to enrollment in the study. All patients 
had colonic cancer and liver metastasis, which had been treated 
with FOLFOX‑CT, (day 1, oxaliplatin 100 mg/m2 iv over 2 h; 
leucovorin calcium 400 mg/m2 iv over 2 h; followed by 5‑fluo-
rouracil 400 mg/m2 iv bolus and by 5‑fluorouracil 2400 mg/m2 
iv over 46 h; every 14 days). All patients received CT following 
resection of the primary tumor. Therefore, the primary tumors 
were CT‑naïve, while the liver metastases were CT‑treated.

Tumor tissue. Paraffin‑embedded tissue samples from 15 patients 
(7 males and 8 females), ensuring patient's anonymity, and the 
corresponding clinical data were obtained from the reference 
medical areas of HUNSC.

Antibodies. The following antibodies were used: Rabbit 
anti‑human polyclonal antibody against IQGAP1 (dilutions, 
1:500 for immunohistochemistry and 1:250 for immuno-
fluorescence; cat. no. ABT186; EMD Millipore, Billerica, 
MA, USA); mouse monoclonal antibody clone PC10 against 
anti‑proliferating cell nuclear antigen (PCNA; dilution, 1:100; 
cat. no.  1486772; Roche Diagnostics GmbH, Mannheim, 
Germany); mouse monoclonal anti‑human cluster of differ-
entiation (CD)34 class II clone QBEnd 10 (ready‑to‑use; cat. 
no. IR632; Dako; Agilent Technologies GmbH, Waldbronn, 
Germany); and mouse monoclonal anti‑β tubulin (dilution, 
1:150; cat. no.  sc‑101527; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA). Secondary antibodies: Biotin‑conjugated 
anti‑rabbit secondary antibody (dilution, 1:300; cat. no. 31820; 
Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA); 
fluorescein isothiocyanate (FITC)‑conjugated goat polyclonal 
antibody against rabbit IgG (cat. no. F9887; Sigma‑Aldrich, 
Merck Merck Millipore, Darmstadt, Germany; dilution, 1:200); 
goat polyclonal antibody against mouse IgG (DyLight® 650; 
cat. no. ab97018; Abcam, Cambridge, UK; dilution, 1:100).

Immunohistochemistry. Immunoperoxidase staining of 
paraffin‑embedded tissue sections (fixed in 10% formalin, 
for 48‑72 h at 4˚C) was performed using the avidin‑biotin 
reaction. Briefly, 5‑µm‑thick tissue sections were deparaf-
finized in xylene and hydrated in a graded series of alcohol 
baths. Heat‑induced epitope retrieval was achieved by heating 
samples in sodium citrate buffer (pH 6.0) at 120˚C for 10 min 
in an autoclave. Once non‑specific sites were blocked with 
5% non‑fat dry milk in TBS for 1 h at room temperature, endog-
enous biotin was blocked using the Avidin/Biotin Blocking kit 
(Vector Laboratories Inc., Burlingame, CA, USA). The primary 
antibody against IQGAP1 was applied (dilution, 1:500) to 
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slides over night at 4˚C. To block endogenous peroxidase 
activity, the slides were incubated with 3% hydrogen peroxi-
dase in methanol for 15 min. Biotin‑conjugated anti‑rabbit 
secondary antibody (dilution, 1:300; Pierce; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) was incubated for 2 h at 
37˚C, and ABC Peroxidase Staining kit (Thermo Fisher Scien-
tific, Inc.) was used to amplify the specific antibody staining. 
3,3'‑diaminobenzidine substrate concentrate (no. IHC‑101F; 
Bethyl Laboratories Inc., Montgomery, TX, USA) was used to 
visualize immunohistochemical reactions. Samples incubated 
without primary antibodies were used as a negative control. 
Slides were counterstained with Harris hematoxylin solution 
DC (Panreac Química SLU, Barcelona, Spain) to visualize cell 
nuclei and mounted with Eukitt mounting medium (Panreac 
Química SLU). An optical light microscope (BX50; Olympus 
Corporation, Tokyo, Japan) was used to visualize the results of 
the immunostaining.

Image analysis and statistical analysis. To compile tables, 
two independent observers evaluated the specimens blindly. 
Staining intensities were graded as absent (‑), weak (+), 
moderate (++) or strong (+++). These cut‑offs were established 
by consensus between each investigator following an initial 
survey of the entire blind‑coded material. In cases where scor-
ings differed by more than one unit, the observers re‑evaluated 

the specimens to reach a consensus. In other cases, means of 
the scorings were calculated.

Double immunof luorescence simultaneous staining. 
Following deparaffinization, hydration and a heat‑induced 
epitope retrieval procedure (as described above), tissue 
sections were incubated simultaneously with a mixture of 
two distinct primary antibodies (rabbit anti‑human polyclonal 
antibody against IQGAP1 and mouse monoclonal antibody 
anti‑PCNA, anti‑CD34 or anti‑β‑tubulin) overnight at 4˚C. 
Slides were then incubated for 1 h at room temperature in 
the dark with a mixture of two secondary antibodies raised 
in different species and conjugated to two different fluoro-
chromes [anti‑rabbit fluorescein isothiocyanate‑conjugated 
antibody (Sigma‑Aldrich; Merck Millipore) and anti‑mouse 
DyLight®650‑conjugated antibody (Abcam)]. Slides were 
mounted with ProLong® Diamond Anti‑fade Mountant with 
DAPI (Molecular Probes®; Thermo Fisher Scientific, Inc.) to 
visualize cell nuclei. Slides were analyzed using a confocal 
microscope (FV1000; Olympus Corporation).

Results

IQGAP1 expression and localization in healthy colon and CRC 
tissue sections. Fig. 1 demonstrates IQGAP1 immunoreactivity 

Figure 1. Immunohistochemical analysis of IQGAP1 protein expression in normal colon and colon adenocarcinoma tissue sections. (A) In normal colon 
tissue, positive staining was observed in the nuclear membrane, and in the lateral cell membrane and cytoplasm. (B) Tumor exhibiting heterogeneous IQGAP1 
localization in the cytoplasm, nuclear membrane and plasma membrane. Arrowheads point to intense apical cell membrane staining, while arrows indicate 
budding tumor cells. (C) Low magnification of a CRC tumor section demonstrating a higher grade of IQGAP1 expression at the invasive front (arrowhead). 
(D) Tumor glands exhibiting a polarized positive signal. Cells located at the invasive front exhibited a strong membranous staining (arrows). (E) Tumor 
budding at the invasive front. Arrows identify open lumen lymphatic ducts with disseminated cancer cell nests. Nests demonstrated variable staining in the 
cytoplasm and nuclear envelope. Arrowhead points to the invasive lesion. (F) Cancer cell clusters with intense membranous staining (arrows) and lighter 
staining in cytosol. (G) Intense immunopositivity in a tumor gland exhibiting diffused localization (cytoplasm and nuclear membrane). Note the strong apical 
localization (arrowheads). Arrow points to unstained cells intermixed with IQGAP1+ cells. (H‑K) Arrowheads identify budding tumor cells. Arrows point 
to IQGAP1+ immune cells associated with budding cells. Micrographs in the assembled figure were selected from different CRC cases. IQGAP1, IQ‑motif 
containing GTPase activating protein 1; CRC, colorectal adenocarcinoma.
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in paraffin‑embedded sections of normal colon and in healthy 
areas of adenocarcinoma sections. The signal revealed positive 
staining in enterocytes (nuclear membrane, cytoplasm, apical 
and lateral cell membrane) (Fig. 1A); the majority of cells were 
stained and only a few exhibited a lighter level of staining. 
IQGAP1 protein was localized in cytoplasm, nuclear enve-
lope, cell junctions, plasma membrane and apical membrane, 
and this variable localization could be observed in the same 
structure concurrently (Fig. 1B and D‑F). Within the tumor, 
tumor cells exhibited a diffuse pattern with a variable level 
of staining (from no staining to high intensity) in the nuclear 
envelope and in the cytoplasm. The intensity of staining was 
higher at the invasive front (Fig. 1C). Cancer cell nests exhib-
ited variable positive perinuclear and cytoplasmic staining 
in the open‑lumen lymphatic ducts located in the submucosa 
(Fig. 1B and E, black arrows). In Fig. 1D, the intense membra-
nous IQGAP1 staining appeared polarized in several tumor 
glands, while the other cells of the lesion were negative or 
exhibited only weak reactivity. Thus, the expression pattern 
and localization of IQGAP1 protein in the CRC tissue sections 
was heterogeneous, both in the normal glandular epithelium 
and in tumor glands and nests. Strongly IQGAP1‑positive 
cells were intermixed with unstained tumor cells within 
tumor lesions (Fig. 1G, black arrow); in several carcinoma cell 
clusters located in close proximity to tumor glands, a strong 
and diffuse membranous immunolocalization was observed, 
while nuclei were negative (Fig. 1F, black arrows). In several 
lesions, strong apical cell membrane staining was observed 

(arrowhead in Fig. 1G); in addition, strong IQGAP1 expression 
was observed in areas of the lesion where cells were detaching 
into the lumen (asterisk in Fig. 1G).

Fig. 1H‑K shows representative images of budding tumor 
cells (arrowheads) either as small clusters of cells (<5 cells) 
or as single cells. IQGAP1 expression was variable, with 
certain cells exhibiting a strong positive signal all along the 
cell membrane, while others were completely negative. The 
presence of IQGAP1+ immune cells (arrows) was associated 
with budding cells.

IQGAP1 expression and localization in healthy and metas-
tasized liver tissue sections. In healthy liver and the healthy 
region of metastasized liver tissues, hepatocytes exhibited a 
clearly delimitated labeling in the plasma membrane, cyto-
plasm and nuclear envelope, exhibiting non‑homogenous 
IQGAP1+ immunostaining, with neighboring hepatocytes 
demonstrating variable levels of expression (Fig. 2). Along 
the tissue sections, there were areas with no signal and areas 
exhibiting variable positive staining. The intensity of the 
signal was higher in the metastasized tissue sections compared 
with normal liver sections (Fig. 2A and B). Bile ducts exhib-
ited weak apical staining in normal liver sections (Fig. 2C), 
while in metastasized liver sections they demonstrated intense 
membranous positive staining (Fig. 2D).

Metastases exhibited variable levels of IQGAP1 expression, 
and were heterogeneous in terms of intensity and localization 
(Fig. 2E‑G). Positive immunostaining was observed in several 

Figure 2. Immunohistochemical analysis of the expression of IQGAP1 in liver tissues. (A and B) Immunohistochemical staining demonstrated variable 
expression of IQGAP1 in hepatocytes in (A) healthy tissues and (B) a healthy area of metastasized liver tissue. Note that neighboring hepatocytes exhib-
ited significantly different levels of expression. (C) Normal liver bile ducts with weak apical staining. (D) Metastasized liver portal trial with an intense 
positive membranous staining in bile ducts. (E) Metastases exhibited variable positive staining. Arrows point to malignant cells with strong membranous 
staining, while arrowheads point to areas of apical cell region staining. (F) Tumor glands demonstrated IQGAP1+ membranous staining. (G and H) Several 
microvessels exhibited a strong positive signal (arrows), while other vessels appeared negative (arrowheads). (I) Several stromal cells and microvessels located 
between lesions exhibited intense positive staining. (J) Higher magnification of the inset in (I); arrow points to an IQGAP1+ tumor‑associated microvessel. 
(K and L) IQGAP1‑ tumor cells with tumor‑associated fibroblast‑like cells exhibited strong IQGAP1 staining. IQGAP1, IQ‑motif containing GTPase activating 
protein 1.
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stromal cells (Fig. 2H‑L) and in microvessels present in areas 
adjacent to the metastasis (Fig. 2G and H). To assess the nature 
of these IQGAP1+ vessels, the vascular endothelium marker 
CD34 was used. Confocal analyses of tissue sections double 
immune‑labeled for CD34 and IQGAP1 revealed co‑localiza-
tion of each protein in several vessels (Fig. 3A‑E).

Tables I and II specify the IQGAP1 expression signatures 
observed in the tissue specimens.

To evaluate the proliferative activity of tumor cells, the 
proliferation marker PCNA was used in double immunofluo-
rescence experiments on formalin‑fixed, paraffin‑embedded 
tissue sections. In several malignant cells forming tumor nests, 
IQGAP1 and PCNA protein exhibited partial co‑localization. 
The distribution of intranuclear PCNA and IQGAP1 surrounding 
the outer membrane of the nucleus suggests that these cells were 
in the early S phase (Fig. 3F‑I).

In Fig. 3J‑M, IQGAP1+ staining was observed along the 
cell membrane of several tumor cells, and in tumor‑associated 
blood and microvessels. Within the lesion, PCNA intensity 
and localization varied depending on the stage of the cell 
cycle in which the cells were. Notably, IQGAP1+ staining was 
frequently observed in cells in G1/S phase when PCNA begins 
to translocate from the cytoplasm to the nucleus (Fig. 3F‑I), or 
in cells in early S phase when PCNA expression in the nucleus 
is weaker (Fig. 3J‑M, yellow arrowhead). High levels of PCNA 
in the nucleus helps to identify late S phase cells; within these 
cells, no IQGAP1+ signal was observed (Fig. 3J‑M, white 
arrowhead), except occasionally in the nucleolus (Fig. 3Q).

Given the key role of IQGAP1 in the regulation of the 
cytoskeleton, double immunofluorescence experiments were 
performed on CRC tissue sections to localize IQGAP1 and 
β‑tubulin. As presented in Fig. 4, IQGAP1 co‑localized with 

Figure 3. Confocal microscopic analysis of the protein expression by double immunostaining on paraffin‑embedded tissue sections of CRC and metastasized 
liver for IQGAP1 (green) and CD34 (red) or PCNA (red) and DAPI. CRC tissue section; arrows point to tumor‑associated vessels with positive staining for 
(A) IQGAP1 and (B) CD34 or (C) IQGAP1 and CD34 colocalization. Tumor‑associated microvessels in (D) metastasized liver and in (E) CRC tissue sections. 
IQGAP1+ CD34+ microvessels are identified by arrows. (F‑I) Metastasized liver double immunostaining for (F) IQGAP1 (green) and (G) PCNA (red). IQGAP1 
and PCNA co‑localized at the outer nuclear membrane in several cells of the tumor nests; (H) IQGAP1 and PCNA co‑localization (I) in addition to DAPI. 
(J‑M) Metastasized liver section double immunostaining for IQGAP1 (green) and PCNA (red). Thin arrow points to a tumor cell cluster where IQGAP1 
was observed along the cell membrane; note the presence of a PCNA+ cell in the cluster. Yellow arrow points to an IQGAP1+ tumor‑associated microvessel. 
Thick white arrow points to tumor‑associated blood vessel with PCNA labeled endothelial cells. Yellow arrowhead points to an IQGAP1+ PCNA+ tumor cell. 
White arrowhead points to an IQGAP1‑ PCNA+ tumor cell. (N‑Q) CRC tissue section double immunostaining for (N) IQGAP1 (green) and (O) PCNA (red); 
(P) DAPI; (Q) IQGAP1 and PCNA colocalization. Note the positive IQGAP1 staining in the nucleoli of tumor cells (arrows). Scale bar, 50 µm. IQGAP1, 
IQ‑motif containing GTPase activating protein 1; CD, cluster of differentiation; PCNA, proliferating cell nuclear antigen; CRC, colorectal adenocarcinoma.
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microtubules at the cytoplasmic face of the nuclear envelope 
in certain cells (arrows). However, in other cells, the pole of 
the cell was stained for IQGAP1 with no label for β‑tubulin. 
Nucleolar staining was often observed throughout the fields of 
observation (Figs. 1‑4).

Discussion

The present study aimed to study the expression of IQGAP1 in 
CRC and liver metastases following the administration of adju-
vant CT using immunohistochemistry. In contrast to normal 
cells, in which IQGAP1 was homogeneously distributed, 
cancer cells presented variable expression patterns, ranging 
from no expression to whole cell, high level of expression 

(Fig. 1A‑C). As shown in Fig. 1C, maximum expression was 
observed at the growing front of the tumor gland indicating 
the expanding direction, which corresponded to the apical 
region of the expanding cell in which nuclei were in the 
opposite pole. Furthermore, double labeling by IQGAP1 and 
β‑tubulin demonstrated that in certain tumor cells the asso-
ciation of each protein disappeared (Fig. 4), indicating clear 
points where epithelial to mesenchymal cell transition (EMT) 
occurs. This supports the role of IQGAP scaffold proteins 
in the regulation of membrane dynamics by coupling the 
cortical actin meshwork to microtubules via plus‑end binding 
proteins and other proteins involved in intracellular signaling 
that, ultimately, results in modulation of more complex func-
tions, including cytokinesis, cell migration, cell growth or 
survival. Specifically, IQGAP1 is observed in actin‑dependent 
membrane structures (membrane ruffles implicated in cell 
locomotion and lamellipodia) interacting with the plus‑end 
binding proteins cytoplasmic linker protein‑170 and adenoma-
tous polyposis coli (APC), tethering microtubules to the actin 
network (13,14). Furthermore, in the nuclear envelope of certain 
tumor cells, co‑expression of IQGAP1 protein and β‑tubulin 
was observed (Fig.  4). This co‑localization of IQGAP1 
with the microtubule network at the cytoplasmic face of the 
nuclear envelope has previously been described by Johnson 
and Henderson (15) in MCF‑7 (breast cancer epithelial cells), 
HT29 (colon cancer epithelial cells) and NIH3T3 (non‑tumor 
embryonic fibroblasts) cell lines, and was also correlated with 
a possible role for IQGAP1 in cell polarization and migration 
events, in addition to cell cycle‑associated nuclear envelope 
assembly/disassembly. Johnson and Henderson (15) suggested 
that interactions between IQGAP1 and microtubules may 
tether these cytoskeletal networks to perinuclear actin via the 

Figure 4. Confocal microscopic analysis of (A)  IQGAP1 (green) and 
(B) β‑tubulin (red) expression by double immunofluorescence staining on 
CRC tissue sections. (C) IQGAP1 and β‑tubulin colocalization and with 
(D) the addition of the nuclear stain DAPI. In the majority of cells, IQGAP1 
co‑located with microtubules at the cytoplasmic face of the nuclear envelope 
(arrows). Note that several cells exhibited increased IQGAP1 expression at 
the plasma membrane (arrowhead) at areas with no (or extremely low) tubulin 
expression. IQGAP1, IQ‑motif containing GTPase activating protein 1.

Table I. IQGAP1 expression and localization in healthy colon 
and CRC tissues.

Cell type	 Healthy colon	 CRC

Epithelial cells (Mucosae)	 +++	 +++/‑
	 lm, am, n, c	 pm, lm, c, n
Stromal cells (Mucosae)	 ‑	 ++/‑
Tumor cells	 ‑	 +++/‑
		  pm, c, n
Tumor associated stromal cells	 ‑	 ++/‑
Immune cells	 ?	 +++
Endothelial cells	 ++	 ++
	 n	 n, c
Smooth muscle cells	 ++	 ‑
	 n	
Neurons (Myenteric plexus)	 ++	 ‑
Glial cells (Myenteric plexus)	 ++	 ‑

‑, negative; ++, moderate; +++, high; ++/‑, variable from moderate to 
absent; +++/‑, variable from high to absent; ?, indeterminate staining; 
lm, lateral membrane; am, apical membrane; pm, plasma membrane; 
c, cytoplasm; n, nucleus or nuclear envelope.

Table II. IQGAP1 expression and localization in healthy and 
colorectal adenocarcinoma metastasized liver.

Cell type	 Healthy liver	 Metastasized liver

Tumor cells 	 ‑	 ++/‑
		  pm, c 
Hepatocytes	 +++/‑	 +++/‑
	 n, c	 n, c
Epithelial cells	 +	 ++
(bile ducts)	 am	 pm
Tumor associated	 ‑	 ++
stromal cells		

‑, negative; +, weak; ++, moderate; +++, high; ++/‑, variable from 
moderate to absent; +++/‑, variable from high to absent; am, apical 
membrane; pm, plasma membrane; c, cytoplasm; n, nucleus or 
nuclear envelope.
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plus‑end protein APC and/or interaction with other nuclear 
envelope proteins to regulate the microtubule organizing 
center and nuclear positioning for cell polarization during cell 
migration, a key process in tumorigenesis and carcinogenesis.

In the current study, increased expression and altered 
localization of IQGAP1 from the cytoplasm to the plasma 
membrane was observed in several tumor cells compared 
with healthy tissue (Figs. 1D, F and H, 2E and 4) may serve 
to decrease AJ stability, favoring dissociation of the tumor 
cells  (12). IQGAP1 at the plasma membrane regulates the 
stability of the AJ complex, which is necessary for proper 
apical‑basal polarity of epithelial cells that disappears during 
the EMT process (16).

In the present study, the co‑localization of CD34 and 
IQGAP1 in several vessels (Fig.  3A‑E) is indicative of a 
role for IQGAP1 in tumor vasculogenesis and/or in vascular 
invasion. Nakhaei‑Nejad et al (17) studied the involvement of 
endothelial IQGAP1 in leukocyte transendothelial migration, 
and demonstrated, by RNAi silencing of IQGAP1 in human 
umbilical vein endothelial cells, that IQGAP1 and interen-
dothelial junction‑associated microtubules were involved in 
remodeling interendothelial junctions to facilitate lymphocyte 
diapedesis under physiological shear stress. Furthermore, 
Yamaoka‑Tojo et al  (18) reported that IQGAP1 is a novel 
vascular endothelial growth factor receptor 2 (VEGFR2) 
binding protein in quiescent endothelial cells and is important 
for the establishment of VE‑cadherin‑based cell‑cell contacts, 
and suggested that IQGAP1 may function as a scaffold linking 
VEGFR2 to the β‑catenin/VE‑cadherin compound at the 
AJ (18).

PCNA is a DNA clamp that increases the processivity of 
DNA polymerase δ in eukaryotic cells, which is used as a 
marker of proliferating cells (19-21). The immunohistochem-
ical experiments of the present study revealed that certain cells 
co‑expressed IQGAP1 and PCNA in the cytoplasm, whereas 
others expressed IQGAP1 in the cytoplasm and PCNA in the 
nucleus, which is indicative of S phase (22). In addition, CD34+ 
microvessels of CRC and metastatic sections co‑express PCNA 
and IQGAP, while the majority of cancer cells do not contain 
intranuclear PCNA, though they may contain cytoplasmic, 
pointing to a quiescent phase while waiting for energy to be 
supplied in order for the carcinogenic process to progress (23).

As shown in Fig. 3F‑M, during the synthesis of PCNA, 
PCNA and IQGAP1 are simultaneously expressed in the 
cytoplasm of cells within the liver. PCNA then enters into the 
nucleus and S phase of mitosis begins. A role for IQGAP1 in 
regulating early S phase replication events has been recently 
proposed. Johnson et al (23) identified nuclear localization of 
IQGAP1 in several mammalian cell lines. This nuclear local-
ization was low in asynchronous cells, but was significantly 
increased in cells arrested in G1/S phase (23). The authors 
suggested that the protein enters the nucleus at G1/S phase 
and exits in late S phase. Furthermore, nuclear IQGAP1 was 
identified to function as part of a complex with replication 
protein A 32 kDa subunit and PCNA, suggesting a functional 
role for IQGAP1 in the reinitiation of S phase following DNA 
replication arrest (23).

As observed in the current study, nucleoli staining is often 
observed throughout the field of microscopic observation, 
which is consistent with Bielak‑Zmijewska et al  (24). The 

authors observed the presence of IQGAP1 in mouse oocyte 
nuclei, forming a ring around the nucleolus only in transcrip-
tionally active oocytes, but not in transcriptionally silent ones 
or in growing oocytes treated with the transcription inhibitor 
α‑amanitin, indicating an association between IQGAP1 
expression in the nucleolus and RNA synthesis (24).

In conclusion, extremely few studies have analyzed 
IQGAP1 expression in colorectal tumors, and none have yet 
addressed IQGAP1 expression in CRC and its associated liver 
metastases. To the best of our knowledge, the present study 
is the first to provide a detailed analysis of IQGAP1 expres-
sion in CRC tissue sections and metastasized liver tissue 
samples, which were resected following oxaliplatin‑based 
CT. Despite the homogeneous IQGAP1 staining pattern 
observed in healthy colon tissue sections, the CRC tissues 
exhibited heterogeneous expression (in terms of localization 
and intensity), which was more marked in the metastasized 
liver sections resected following CT treatment. However, more 
notable findings are the described effects over the cellular 
and subcellular distribution and its implications in the cancer 
biology. Therefore, IQGAP1 may be a novel cancer antigen, 
a surrogate biomarker of responses to CT, a candidate for the 
development of new clinical diagnostics and a new target for 
anti‑cancer therapeutics.
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Abstract. The immunophilin FK506‑binding protein  5 
(FKBP51) is a scaffold protein that serves a pivotal role in the 
regulation of multiple signaling pathways, integrating external 
and internal stimuli into distinct signal outputs. In a previous 
study, we identified several genes that are significantly up‑ or 
downregulated in the peripheral white cells (PWCs) of colorectal 
adenocarcinoma (CRC) patients undergoing oxaliplatin‑based 
chemotherapy. In our screening, FKBP51 gene expression was 
downregulated following chemotherapy. In order to determine 
whether this alteration in gene expression observed in PWCs 
may be detected at the protein level in tumors and metastases 
following the administration of adjuvant chemotherapy, an 
immunohistochemical analysis of FKBP51 in CRC and primary 
metastasis tissues was performed. The present study confirmed 
the downregulation of FKBP51 gene expression elicited by 
chemotherapy with folinic acid (leucovorin), fluorouracil and 
oxaliplatin in metastasized liver tissue that had been resected 
after the oxaliplatin‑based chemotherapy, compared with tissue 
section samples of CRC from patients (prior to antineoplastic 

treatment). Furthermore, the results indicated that, in CRC 
tissue sections, the expression of FKBP51 protein is associated 
with an immature phenotype of stromal fibroblasts and with 
the epithelial‑to‑mesenchymal transition (EMT) phenotype, 
suggesting a role for this protein in the EMT process in CRC. 
Finally, the observation that only certain cells of the stroma 
express FKBP51 protein suggests a potential role for this immu-
nophilin as a stroma cell subtype marker.

Introduction

In the Western world, colorectal cancer (CRC) is the fourth 
leading cause of cancer‑associated mortality (1), and >95% of 
colorectal cancers are adenocarcinomas. The main risk factors 
are genetic factors (family history), a low fiber and high fat 
diet, and smoking (2). Following curative surgery alone, the 
percentage of patients that subsequently relapse and succumb 
to metastatic disease ranges from 40 to 50%. This percentage 
falls to 33% when patients receive postoperative adjuvant treat-
ment with 5‑fluorouracil (5‑FU) and leucovorin, and to 23% 
when the platinum‑containing compound oxaliplatin is added 
to this treatment [FOLFOX: folinic acid (leucovorin), 5‑FU and 
oxaliplatin] (2,3).

Unfortunately, despite the positive results obtained by the 
combination protocols of oxaliplatin with fluoropyrimidines 
(e.g. 5‑FU) and folinic acid (leucovorin) in disease‑free 
survival of stage  II or III colon cancer  (3), unwanted side 
effects develop that can affect, to various degrees, the quality 
of life of the patients. Several side effects have been reported 
for oxaliplatin, which include gastrointestinal toxicity, 
moderate hematological toxicity, hypersensitivity and neuro-
logical toxicity. This unpredictable neural toxicity has quite 
unique features and determines the dose‑limiting toxicity of 
oxaliplatin (4).
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The identification of biomarkers that could predict the onset 
of these secondary effects would be of great value in preventing 
long‑term toxicity or permanent damage in patients at risk. 
Recent research from our laboratory has led to the identifica-
tion of several genes that are significantly up‑ or downregulated 
in peripheral white cells (PWCs) of CRC patients following 
oxaliplatin‑based chemotherapy treatment (5). In our screening, 
the expression levels of the gene encoding for the immunophilin 
FK506‑binding protein 5 (FKBP51) were 2.76‑times lower 
[3,812 (pre) vs. 1,383 (post)] in PWCs after 3 cycles of oxalipl-
atin‑based chemotherapy (5). 

FKBP51 protein plays multiple roles in the regulation of a 
variety of signaling pathways, and has altered expression levels 
in many different tumor types. By regulating steroid receptor 
maturation, as well as the Akt and nuclear factor κB signaling 
pathways, FKBP51 is important in tumorigenesis and in the 
response to chemotherapy (6‑13). FKBP51 belongs to a super-
family of peptidyl‑prolyl isomerases (PPIs), which also includes 
FKBP52 and the cyclosporine A‑binding protein cyclophilin‑40. 
FKBP51 is a 51 kD FK506‑binding protein with a C‑terminal 
tetratricopeptide repeat (TPR) domain, and an N‑terminal 
FK1 domain responsible for PPIase activity, which catalyzes 
the cis‑trans conversion of prolyl peptide bonds within target 
proteins (14). Through the TPR domain, FKBP51 binds to heat 
shock protein 90 (HSP90) complexes, such as those associated 
with steroid hormone receptors. The mechanisms underlying 
the regulation of steroid hormone receptor signaling by this 
immunophilin and its physiological roles in endocrine‑related 
processes are very well studied and will be further discussed in 
the discussion section. 

Research in this field has led to the identification of FKBP51 
as a potential therapeutic target for several endocrine‑related 
diseases, such as metabolic and stress‑related diseases, pros-
tate cancer and breast cancer (13). Diseases associated with 
this protein include major depressive disorder and glucocor-
ticoid resistance (Gene Ontology annotations). FKBP51 is a 
ubiquitous protein expressed in the cytoplasm, nucleus and 
mitochondria (14). Nuclear‑mitochondrial shuttling is triggered 
by oxidative stress: The protein translocates to the nucleus upon 
the onset of oxidative stress to protect the cells from stress 
damage (7). 

Recently, a role for the immunophilins FKBP51 and 
FKBP52 in regulating microtubules has been suggested, acting 
via their interaction with τ proteins (15). Regulation of micro-
tubule dynamics by FKBPs has been associated with neurite 
outgrowth (16). Furthermore, FKBP51 has been identified as a 
regulator of cell death in response to gemcitabine and cytarabine 
treatment: High levels of FKBP51 expression were associated 
with sensitivity, while low levels of expression were associated 
with resistance to these drugs (17). 

Several studies also link FKBP51 to cell proliferation and 
cancer. It has been demonstrated, for example, that it plays a role 
in negatively regulating the Akt pathway. Acting as a scaffold 
protein, FKBP51 promotes the interaction of Akt and PHLPP, 
a phosphatase that specifically dephosphorylates Akt at Ser473 
and inhibits its activity (9). Recently it has been demonstrated 
that FKBP51 is key in promoting the activation of genes involved 
in melanoma progression (11), and modulates the transforming 
growth factor β (TGF‑β) signal in malignant melanocytes, 
increasing the tumor‑promoter potential of TGF‑β (12). FKBP51 

expression is also decreased in pancreatic cancer tissues and in 
numerous cancer cell lines.

In the current study, an immunohistochemical (IHC)
analysis of FKBP51 in CRC tissue sections (namely before 
antineoplastic therapy) and primary metastases (resected after 
oxaliplatin‑based chemotherapy) was performed in order to 
determine whether the alteration in FKBP51 gene expression 
observed in PWCs can be detected at the protein level, the 
nature of their role in tumoral physiopathology, and whether 
these alterations have any prognostic implications.

Materials and methods

Patients. The study was approved by the Ethics Committee of La 
Laguna University (La Laguna, Spain) and the Ethics Committee 
of Nuestra Señora de Candelaria University Hospital (HUNSC; 
Santa Cruz de Tenerife, Spain). All patients signed informed 
consent for diagnosis and research on tissue specimens, prior 
to entering the study. All subjects were treated with FOLFOX 
chemotherapy as follows: Day 1, oxaliplatin [100 mg/m2 intra-
venous (i.v.) over 2 h], leucovorin calcium (400 mg/m2 i.v. over 
2 h); followed by 5‑FU (400 mg/m2 i.v. bolus) and by 5‑FU 
(2,400 mg/m2 i.v. over 46 h), every 14 days, days, and no patient 
underwent previous CT scans or received radiation therapy. The 
patients were treated between October 2010 and July 2015.

Several (between 10 and 15) mounted slides of 
paraffin‑embedded tissue samples (5 µm thick; colon adenocar-
cinoma and metastasized liver and lung from selected patients) 
obtained during resection and clinical data were collected from 
33 patients (16 males and 17 females), aged between 38 and 
76 years, from the reference medical areas of HUNSC.

Antibodies. The following antibodies were used: Rabbit poly-
clonal antibody (pAb) against FKBP51 (#ab46002; Abcam, 
Cambridge, UK; dilution, 1.25:100); mouse monoclonal anti-
body against proliferating cell nuclear antigen (PCNA; clone 
PC10; #1486  772, Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany; dilution, 1:100); fluorescein isothiocya-
nate (FITC)‑conjugated goat pAb against rabbit IgG (#F9887; 
Sigma‑Aldrich, St. Louis, MO, USA; dilution, 1:200); goat pAb 
against mouse IgG (DyLight® 650; #ab97018; Abcam, dilution, 
1:100); biotin‑conjugated goat pAb against rabbit IgG (H+L) 
(#31820; Thermo Fisher Scientific, Inc., Waltham, MA, USA; 
dilution, 1:300).

IHC. Immunoperoxidase staining of formalin‑fixed, 
paraffin‑embedded tissue sections was performed using an 
ordinary avidin‑biotin method. Briefly, 5  µm‑thick tissue 
sections were deparaffinized in xylene and hydrated in graded 
alcohol. Heat‑induced epitope retrieval was achieved by heating 
samples in sodium citrate buffer pH 6.0 at 120˚C for 10 min 
in an autoclave. After non‑specific sites were blocked with 
5% non‑fat dry milk in Tris‑buffered saline (TBS) for 1 h at 
room temperature, endogenous biotin was blocked using an 
Avidin/Biotin Blocking Kit (Vector Laboratories, Inc., Burlin-
game, CA, USA). Primary antibody against FKBP51 (1.25:100) 
was applied to slides overnight at 4˚C. Biotin‑conjugated 
anti‑rabbit secondary antibody was incubated for 2 h at 37˚C 
at a dilution of 1:300. To block endogenous peroxidase activity, 
slides were incubated with 3% hydrogen peroxidase in methanol 
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for 15 min. A Pierce ABC Peroxidase Staining Kit (Thermo 
Fisher Scientific, Inc.) was used to amplify the specific anti-
body staining. Concentrated 3,3'‑diaminobenzidine Substrate 
(#IHC‑101F; Bethyl Laboratories, Inc., Montgomery, TX, USA) 
was used to visualize IHC reactions. Samples incubated without 
primary antibodies were used as negative controls. Slides were 
counterstained with Harris Hematoxylin Solution DC (Panreac 
Quimica SLU, Barcelona, Spain) to visualize cell nuclei. Slides 
were mounted with Eukitt (Panreac Quimica SLU). An optical 
light microscope (BX50, Olympus Corporation, Tokyo, Japan) 
was used to visualize immunostaining results.

Image analysis and statistics. For semi‑quantitative image anal-
ysis, the open resource digital image analysis software ImageJ 
was used, implemented with the IHC Profiler plug‑in developed 
by Varghese et al (18), which creates a pixel‑by‑pixel analysis 
profile of a digital IHC image, and further assigns a score in a 
four tier system: High positive (pixel intensity range, 0‑60), posi-
tive (pixel intensity range, 61‑120), low positive (pixel intensity 
range, 121‑180), negative (pixel intensity range, 181‑235). All 
images were captured at the same magnification (40x) and with 
the same levels of contrast and brightness. Pearson's Correla-
tion Coefficient and Student's t‑test were performed using SPSS 
version 20 software (IBM SPSS, Madrid, Spain) in order to 
estimate the reliability of the study.

Double immunofluorescence simultaneous staining. Following 
the deparaffinization, hydration and heat‑induced epitope 
retrieval procedures (as described), slides were incubated with 
5% bovine serum albumin (catalog no. A9647; Sigma‑Aldrich, 
St. Louis, MO, USA) and 1% Triton X‑100 in TBS to block 
non‑specific sites. Tissue sections were then incubated simul-
taneously with a mixture of two distinct primary antibodies 
(rabbit anti‑FKBP51 and mouse anti‑PCNA) overnight at 4˚C, 
at concentrations of 1:50 and 1:100, respectively. Slides were 
then incubated for 1 h at room temperature with a mixture of 
two secondary antibodies (FITC‑conjugated anti‑rabbit and 
DyLight® 650‑conjugated anti‑mouse). Slides were mounted 
with ProLong® Diamond Anti‑fade Mountant with DAPI 
(Molecular Probes; Thermo Fisher Scientific, Inc., Eugene, 
Oregon, USA) to visualize cell nuclei. Slides were analyzed 
using a confocal microscope (FV1000, Olympus Corporation).

Results

IHC analysis of FKBP51 expression in colon tissue samples 
from CRC patients. In healthy colon and in the apparently 
healthy region of the CRC tissue sections (Fig. 1), intestinal 
glands exhibited intense positive FKBP51 nuclear staining 
in enterocytes and in cells of the lamina propria (Fig. 1A). In 
healthy colon, few cells in the myenteric plexus exhibited a 

Figure 1. (A and B) FKBP51 expression in healthy colon: (A) Positive staining in enterocytes and cells of the lamina propria; (B) in healthy colon, few cells 
in Auerbach's plexus exhibit a weak signal. (C) By contrast, in colorectal cancer tissue sections, positive staining is observed in several cells of the plexus. 
(D‑G) FKBP51 expression in colon adenocarcinoma: Tumor cells and inflammatory and fibrous stromal cells exhibit variable signals, from (D) strongly positive to 
(E) absent. (F) Magnification of (D), showing immature phenotype of stromal fibroblasts surrounding a lesion with positive FKBP51 cells. (G) Magnification of (E), 
showing mature phenotype of stromal fibroblasts surrounding a lesion with cells completely negatively expressing FKBP51. FKBP51, FK506‑binding protein 5.

  A   B

  C

  D   E

  G  F
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weak signal (Fig. 1B), while in CRC tissue sections, several cells 
in the plexus were strongly positive (Fig. 1C).

In colon adenocarcinoma tissue sections, FKBP51 protein 
was localized in the cytoplasm and/or nucleus of tumor cells, as 
well as in inflammatory and fibrous stromal cells surrounding 
the lesions (Fig. 1D‑G). In certain areas of the section, a vari-
able positive signal could be observed in tumor cells, while in 
other areas, no staining was detected. Notably, the phenotype 
of the connective tissue surrounding the lesions appeared 
variable: In those areas where no immunophilin expression 
was observed in tumor and stromal cells, stromal fibroblasts 
exhibited a mature phenotype, with thin, wavy and small 
spindle cell morphology (Fig. 1E and G, arrows); by contrast, 
in those areas where positive FKBP51 immunostaining could 
be observed in tumor and stromal cells, fibroblasts exhibited 
an immature phenotype, with large, puffy, spindle‑shaped 
morphology (Fig.  1F). An increased microvessel density 
and enhanced infiltration of tumor‑associated macrophages 
was also observed  in the connective tissue surrounding 
FKBP51‑positive lesions (Fig. 1F).

In the stroma surrounding tumor nests, the expression of 
FKBP51 was variable, with cells exhibiting a strong positive 
signal (Fig. 1F, arrow) and others completely negative (Fig. 1F, 
arrowhead).

Double immunofluorescence experiments to detect FKBP51 
and PCNA, the clamp subunit of DNA polymerase and marker of 
S phase of cell cycle (19), revealed that, among the stromal cells 
expressing PCNA, only a few coexpressed FKBP51 (Fig. 2). 
This suggests a potential role for this immunophilin protein as 
a marker of specific subtypes of stromal cells; however, further 
studies are needed to assess this hypothesis.

IHC analysis of FKBP51 expression in metastasized liver tissue 
samples from CRC patients. In the overall sections of healthy 
liver (Fig. 3C) and in the apparently healthy part of metastasized 
liver (Fig. 3D), there were areas with a more intense signal and 
well‑delimited areas in which FKBP51 protein expression was 
weak or absent. Intense staining could be observed in the nuclei 
of hepatocytes lining the edge of the connective tissue capsule 
(Glisson's capsule) (Fig. 3A, arrows). By contrast, in metasta-
sized liver, this nuclear signal was fainter (Fig. 3B, arrow). In 
metastases, the signal appeared faint or absent, while several of 
the inflammatory fibrous stroma cells exhibited a strong signal 
(Fig. 3E).

IHC analysis of FKBP51 expression in metastasized lung tissue 
samples from CRC patients. In healthy lung tissue, positive 
FKBP51 staining was observed in macrophages and endothelial 
cells. In the respiratory mucosa, a strong signal was present in 
the nuclei and cytoplasm of ciliated cells (data not shown). In 
metastasized lung, strong positive staining could be observed 
in macrophages (Fig. 4A, black arrow), in cells of the lamina 
propria, in endothelial cells and, to a lesser extent, in the nuclei 
of bronchial gland cells (Fig.  4C, arrowhead, thick arrow 
and thin arrow, respectively). In the bronchial epithelial cells, 
FKBP51 protein was localized to the nuclei and/or cytoplasm 
of ciliated cells; strong staining in the basal bodies of these 
cells was present (Fig. 4B, arrow). In the malignant area of the 
section, weakly positive or no staining was observed in tumor 
cells, while the signal appeared stronger in inflammatory and 
fibrous stromal cells surrounding the lesions (Fig. 4E and F). 
Fig. 4F shows the positive protein staining in several stromal 
cells between two metastases; the intracellular distribution 

Figure 2. Double immunofluorescence imaging on colorectal cancer tissue sections. Confocal images of (A) FKBP51 (green) and (B) PCNA (red) expression 
in stromal cells; only certain cells in the stroma co‑express FKBP51 and PCNA (arrows). (C) Nuclei were visualized by DAPI. (D) Merged image of (A) and 
(B). FKBP51, FK506‑binding protein 5; PCNA, proliferating cell nuclear antigen.

  A   B

  C   D
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Figure 3. FKBP51 expression in healthy liver and in metastasized liver. Positive nuclear staining in hepatocytes lining the edge of Glisson's capsule (black 
arrows) was observed in (A) healthy and (B) metastasized liver tissue. Variable FKBP51 protein expression was present in (C) healthy liver and (D) apparently 
healthy parts of metastasized liver. (E and F) Inflammatory fibrous stroma exhibited positive staining in several cells, while in metastasis, the signal is (E) faint 
or (F) absent. FKBP51, FK506‑binding protein 5.

Figure 4. Anti‑FK506‑binding protein 5 immunostaining in metastasized lung tissue section. (A) Macrophages (arrow) and endothelial cells (arrowhead)
exhibited strong positive signals. (B) Respiratory mucosa showed intense positive staining in the nuclei and cytoplasm of ciliated cells; intense staining in basal 
bodies of ciliated cells could be observed (arrow). (C) Strong positive staining was observed in cells of the lamina propria (arrowhead) and in endothelial cells 
(thick arrow); nuclei of bronchial gland cells exhibited a positive signal (thin arrow). (D) Clustered macrophages were visible (arrow). (E and F) Tumor cells 
exhibited weak positive staining, while a strong positive signal was observed in inflammatory and fibrous stromal cells surrounding the lesions. (F) The inset 
image (lower left) shows x100 magnification of a cell to illustrate further distribution detail.
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pattern suggested mitochondrial localization of the protein in 
these cells.

FKBP51 protein is downregulated in metastasized liver tissue 
samples. Specimens were evaluated by two independent 
observers (a biologist and a pathologist) who were blinded to the 
conditions. In addition, ImageJ software and the open source 
plug‑in IHC Profiler developed by Varghese et al (18) were 
used to compare the visual human interpretation to that of the 
computer‑aided vision. Fig. 5 shows a box‑and‑whisker plot 
illustrating the results obtained using IHC Profiler to compare 
the percentage of positive pixels (pixel intensity range, 61‑120) 
in the tissue samples. This clearly demonstrates the downregu-
lation of FKBP51 protein in malignant liver specimens vs. CRC 
tissue samples (7.5±4.3% in liver vs. 71.3±7.6% in CRC; 
P<0.003).

No differences in distribution or in staining intensity were 
detected between samples from male or female patients, or 
among patients of different ages (data not shown).

Discussion

In a previous screening for biomarkers involved in oxaliplatin 
toxicity, FKBP5 was the gene whose transcriptional expres-
sion level was most downregulated quantitatively (5). In the 
current study, IHC analysis of FKBP51 protein expression and 
localization allowed observation of strong staining in the nuclei 
of enterocytes in healthy colon, whereas in colonic adenocarci-
noma cells, the staining was localized in nuclei and cytoplasm. 
However, lesions exhibited variable staining, ranging from 
tumor nests with malignant cells strongly expressing FKBP51, 
to the surrounding stroma cells and lesions where no positive 
signal could be detected (Fig. 1E and F).

The observation that the expression of FKBP51 in tumor 
and stromal cells is associated with an immature phenotype 
of the surrounding stromal fibroblasts and with an increased 

microvessel density, as well as augmented tumor‑associated 
macrophage infiltration, suggests a role for this protein in 
the epithelial‑to‑mesenchymal transition (EMT) process 
in CRC (20).

Patients in the current study received oxaliplatin‑based 
chemotherapy prior to resection of the metastases. IHC analyses 
allowed the observation of changes in FKBP51 expression levels 
and localization in malignant liver compared with CRC. While 
in healthy liver FKBP51 protein exhibited strong staining in the 
nuclei of hepatocytes, in healthy regions of metastatic liver, the 
nuclear signal was fainter. The observed alterations in the liver 
tissue surrounding the metastases could be related to hepatic 
sinusoidal injury elicited by oxaliplatin therapy (21).

In liver metastases, the signal appeared faint or absent, while 
in the inflammatory fibrous stroma, several cells exhibited 
a strong signal (Fig. 3E). These structural changes could be 
associated with the effect of chemotherapy on tumor cells rather 
than with intrinsic changes of transformation of cells. This 
phenomenon is further supported by the fact that a patient with 
a predominantly negative immunostaining signal had a tumor 
(metastasis) that was completely resistant to chemotherapy. 
Lung metastases exhibited a similar expression pattern to liver 
metastases, with weak staining in tumor cells and a strong 
signal in inflammatory and fibrous stromal cells surrounding 
the metastases. Whether this weaker level of expression in 
the metastatic cells is related to chemotherapy or to their cell 
biology is to be determined by further studies.

FKBP51 and its related protein FKBP52 are HSP90 
co‑chaperones that influence steroid hormone receptor activity. 
These two immunophilins share a similar structure but act diver-
gently due to differences in the FK1 domain and the proline‑rich 
loop (13). Fig. 6 illustrates their coordinated functions. Due to 
differences in the FK1 domain, repression of hormone binding 
occurs in the presence of FKBP51, and potentiation in the 
presence of FKBP52. In the absence of a ligand, certain steroid 
hormone receptors reside primarily in the cytoplasm, whereas 
others are nuclear. Regardless of their primary localization, 
these receptors are not confined to any particular cell compart-
ment, and instead shuttle continuously between the cytoplasm 
and nucleus (13). It is assumed that these signaling molecules 
move across the cell by simple diffusion. However, the fact that 
proteins of the HSP90‑FKBP52 complex co‑immunoprecipitate 
with the glucocorticoid and mineralocorticoid receptors, and 
with the dynein‑dynactin complex (22‑24), suggests that these 
motor proteins could power the retrograde movement of these 
steroid receptors. FKBP51 is generally considered to be a 
negative regulator of receptor function. Evidence suggests that 
it displays tissue‑ and/or cell‑type‑specific effects on receptor 
signaling (13). Furthermore, it has been reported that colorectal 
tumors produce glucocorticoids; these glucocorticoids would 
have immunosuppressive functions, leading to an increase in 
tumor survival and growth (25).

In transformed cells, the current results indicated a decrease 
in the expression levels of FKBP51, as observed in leukocytes. 
FKBP52 was not selected for analysis as no change in this gene 
was detected in the transcriptome analysis (5) or in the prelimi-
nary immunolocalization experiments. Fig. 6, which is based 
on the model of Storer et al (13), illustrates how a decrease in 
FKBP51 expression brings about the predominance or easier 
driving of the steroid receptor‑hormone‑HSP90‑p23 complex to 

Figure 5. Box‑and‑whisker plot illustrating FKBP51 downregulation in 
metastasized liver tissue sections compared to FKBP51 expression in CRC 
tissue sections. Boxes indicate interquartile ranges, whiskers indicate ranges 
of maximal and minimal values. FKBP51, FK506‑binding protein 5; CRC 
colorectal cancer.
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the nucleus, making the transformed cell (at least after FOLFOX 
chemotherapy), somehow, more sensitive to steroid hormones. 
This fact needs to be further confirmed experimentally.

Baughman  et  al  (26) reported in 1997 that FKBP51 is 
expressed in various tissues, but not in the colon, lung and 
spleen. In that study, the expression of FKBP51 was only 
analyzed by western blotting of protein lysate. However, in 
another study, in which different techniques were used (western 
blot, reverse transcription‑polymerase chain reaction and IHC 
analyses), Mukaide et al  (27) demonstrated that FKBP51 is 
expressed in normal epithelial cells and in adenocarcinoma 
cells in the human colon, and that there are no significant differ-
ences in the expression of FKBP51 between these cell types. 
Furthermore, the authors suggested that FKBP51 may suppress 
the proliferation of colorectal adenocarcinoma, possibly due to 
the suppression of function of the glucocorticoid receptors (27). 
The current findings only agree partially with these facts.

Previously, the RNA interference technique has been used 
to knock down the expression of FKBP5 in the A174 glioma 
cell line, revealing that FKBP5 expression aids in the regulation 
of glioma cell growth. By contrast, overexpression of FKBP5 
markedly enhanced growth in this cell line (28). This fact agrees 
with the current results and explains a complementary effect of 
chemotherapy through FKBP pathways.

In summary, the present study supports the fundamental 
role of cell‑by‑cell IHC analysis in molecular data interpre-
tation. The findings have demonstrated that the changes in 

FKBP51 gene expression elicited by FOLFOX chemotherapy 
in PWCs of CRC patients can be confirmed at the protein 
level in tissue samples of colon adenocarcinoma prior to 
chemotherapy, compared with tissue sections of metastasized 
liver resected after oxaliplatin‑based chemotherapy. Further-
more, the results indicated that, in CRC tissue sections, the 
expression of FKBP51 in tumor and stroma cells is associ-
ated with the immature phenotype of stromal fibroblasts and 
with the EMT phenotype, suggesting a role for this protein 
in the EMT process in CRC. The expression of FKBP51 in 
neural cells of the Auerbach's and Meissner's plexus could 
explain the development of oxaliplatin‑induced autonomic 
neuropathy (29).

Finally, the observation that only certain cells in the 
tumor‑associated stroma express FKBP51 must be further 
investigated to assess the hypothesis of a potential role for 
this immunophilin as a stromal cell subtype marker (30‑32).

Acknowledgements

The authors would like to thank Dr Sonja Kennington for 
English language supervision and critical reading of the 
manuscript. This study was supported by Health Research 
Fund (FIS) PI11/00114 and FIS PI12/00729 grants, Spain. 
The study was also supported partially by the Insular 
Council of Tenerife and MCT‑FEDER 2003/2004 (Olympus 
FV1000), and by an Improving Biomedical Research in the 

Figure 6. Model for FKBP51 interaction with steroid hormone receptor during translocation. Upon H binding, the SR heterocomplex exchanges FKBP51 
for FKBP52, which is able to interact with dynein. The chaperone complex serves as a traction chain for the receptor through cytoskeletal tracts. The whole 
SR‑chaperone complex translocates through the NPC. Receptor transformation is nucleoplasmic and facilitates binding of the steroid‑activated receptor to 
promoter sites. Partially adapted from Storer et al (13). FKBP, FK506‑binding protein; SR, steroid hormone receptor; H, steroid hormone; NPC, nuclear pore 
complex; Hsp90, heat shock protein 90.



ROTOLI et al:  OXALIPLATIN MODIFIES FKBP51 EXPRESSION IN COLORECTAL CANCER AND METASTASES1322

Canary Islands‑7th Framework Program Research Potential 
(IMBRAIN‑FP7‑REGPOT)‑2012‑31637 grant.

References

  1.	Ferlay J, Shin HR, Bray F, Forman D, Mathers C and Parkin DM: 
Estimates of worldwide burden of cancer in 2008: GLOBOCAN 
2008. Int J Cancer 127: 2893‑2917, 2010.

  2.	Xu R, Zhou B, Fung PC and Li X: Recent advances in the treatment 
of colon cancer. Histol Histopathol 21: 867‑872, 2006.

  3.	André T, Boni C, Mounedji‑Boudiaf L, Navarro M, Tabernero J, 
Hickish T, Topham C, Zaninelli M, Clingan P, Bridgewater J, et al: 
Oxaliplatin, fluorouracil, and leucovorin as adjuvant treatment for 
colon cancer. N Engl J Med 350: 2343‑2351, 2004.

  4.	Raymond E, Chaney SG, Taamma A and Cvitkovic E: Oxali-
platin: A review of preclinical and clinical studies. Ann Oncol 9: 
1053‑1071, 1998.

  5.	Morales  M, Ávila  J, González‑Fernández  R, Boronat  L, 
Soriano ML and Martín‑Vasallo P: Differential transcriptome 
profile of peripheral white cells to identify biomarkers involved 
in oxaliplatin induced neuropathy. J Pers Med 4: 282‑296, 2014.

  6.	Erlejman  AG, De Leo  SA, Mazaira  GI, Molinari  AM, 
Camisay  MF, Fontana  V, Cox  MB, Piwien‑Pilipuk  G and 
Galigniana MD: NF‑kB transcriptional activity is modulated 
by FK506‑binding proteins FKBP51 and FKBP52: A role 
for peptidyl‑prolyl isomerase activity. J  Biol Chem  289: 
26263‑26276, 2014.

  7.	Gallo LI, Lagadari M, Piwien‑Pilipuk G and Galigniana MD: 
The 90‑kDa heat‑shock protein (Hsp90)‑binding immu-
nophilin FKBP51 is a mitochondrial protein that translocates 
to the nucleus to protect cells against oxidative stress. J Biol 
Chem 286: 30152‑30160, 2011.

  8.	Li L, Lou Z and Wang L: The role of FKBP5 in cancer aetiology 
and chemoresistance. Br J Cancer 104: 19‑23, 2011.

  9.	Pei H, Li L, Fridley BL, Jenkins GD, Kalari KR, Lingle W, 
Petersen G, Lou Z and Wang L: FKBP51 affects cancer cell 
response to chemotherapy by negatively regulating Akt. Cancer 
Cell 16: 259‑266, 2009.

10.	Romano S, D'Angelillo A, Pacelli R, Staibano S, De Luna E, 
Bisogni  R, Eskelinen  EL, Mascolo  M, Cali  G, Arra  C and 
Romano MF: Role of FK506‑binding protein 51 in the control 
of apoptosis of irradiated melanoma cells. Cell Death Differ 17: 
145‑157, 2010.

11.	Romano S, Staibano S, Greco A, Brunetti A, Nappo G, Ilardi G, 
Martinelli R, Sorrentino A, Di Pace A, Mascolo M, et al: FK506 
binding protein 51 positively regulates melanoma stemness and 
metastatic potential. Cell Death Dis 4: e578, 2013.

12.	Romano S, D'Angelillo A, D'Arrigo P, Staibano S, Greco A, 
Brunetti A, Scalvenzi M, Bisogni R, Scala I and Romano MF: 
FKBP51 increases the tumour‑promoter potential of TGF‑beta. 
Clin Transl Med 3: 1, 2014.

13.	Storer CL, Dickey CA, Galigniana MD, Rein T and Cox MB: 
FKBP51 and FKBP52 in signaling and disease. Trends Endo-
crinol Metab 22: 481‑490, 2011.

14.	Hubler  TR, Denny  WB, Valentine  DL, Cheung‑Flynn  J, 
Smith  DF and Scammell  JG: The FK506‑binding immu-
nophilin FKBP51 is transcriptionally regulated by progestin 
and attenuates progestin responsiveness. Endocrinology 144: 
2380‑2387, 2003.

15.	Jinwal UK, Koren J III, Borysov SI, Schmid AB, Abisambra JF, 
Blair LJ, Johnson AG, Jones JR, Shults CL, O'Leary JC III, et al: 
The Hsp90 cochaperone, FKBP51, increases Tau stability and 
polymerizes microtubules. J Neurosci 30: 591‑599, 2010.

16.	Chambraud B, Sardin E, Giustiniani J, Dounane O, Schumacher M, 
Goedert M and Baulieu EE: A role for FKBP52 in Tau protein 
function. Proc Natl Acad Sci USA 107: 2658‑2663, 2010.

17.	Li  L, Fridley  B, Kalari  K, Jenkins  G, Batzler  A, Safgren  S, 
Hildebrandt M, Ames M, Schaid D and Wang L: Gemcitabine 
and cytosine arabinoside cytotoxicity: Association with lympho-
blastoid cell expression. Cancer Res 68: 7050‑7058, 2008.

18.	Varghese F, Bukhari AB, Malhotra R and De A: IHC Profiler: An 
open source plugin for the quantitative evaluation and automated 
scoring of immunohistochemistry images of human tissue 
samples. PLoS One 9: e96801, 2014.

19.	Bleau AM, Agliano A, Larzabal L, de Aberasturi AL and Calvo A: 
Metastatic dormancy: A complex network between cancer 
stem cells and their microenvironment. Histol Histopathol 29: 
1499‑1510, 2014.

20.	Ha SY, Yeo SY, Xuan Y and Kim SH: The prognostic significance 
of cancer‑associated fibroblasts in esophageal squamous cell 
carcinoma. PLoS One 9: e99955, 2014.

21.	Nalbantoglu IL, Tan BR Jr, Linehan DC, Gao F and Brunt EM: 
Histological features and severity of oxaliplatin‑induced liver 
injury and clinical associations. J Dig Dis 15: 553‑560, 2014.

22.	Davies TH, Ning YM and Sánchez ER: A new first step in activation 
of steroid receptors: Hormone‑induced switching of FKBP51 and 
FKBP52 immunophilins. J Biol Chem 277: 4597‑4600, 2002.

23.	Galigniana  MD, Radanyi  C, Renoir  JM, Housley  PR and 
Pratt WB: Evidence that the peptidylprolyl isomerase domain of 
the hsp90‑binding immunophilin FKBP52 is involved in both 
dynein interaction and glucocorticoid receptor movement to the 
nucleus. J Biol Chem 276: 14884‑14889, 2001.

24.	Wochnik GM, Rüegg J, Abel GA, Schmidt U, Holsboer F and 
Rein T: FK506‑binding proteins 51 and 52 differentially regulate 
dynein interaction and nuclear translocation of the glucocorticoid 
receptor in mammalian cells. J Biol Chem 280: 4609‑4616, 2005.

25.	Sidler D, Renzulli P, Schnoz C, Berger B, Schneider‑Jakob S, 
Flück C, Inderbitzin D, Corazza N, Candinas D and Brunner T: 
Colon cancer cells produce immunoregulatory glucocorticoids. 
Oncogene 30: 2411‑2419, 2011.

26.	Baughman  G, Wiederrecht  GJ, Chang  F, Martin  MM and 
Bourgeois  S: Tissue distribution and abundance of human 
FKBP51, and FK506‑binding protein that can mediate calcineurin 
inhibition. Biochem Biophys Res Commun 232: 437‑443, 1997.

27.	Mukaide H, Adachi Y, Taketani S, Iwasaki M, Koike‑Kiriyama N, 
Shigematsu A, Shi M, Yanai S, Yoshioka K, Kamiyama Y and 
Ikehara S: FKBP51 expressed by both normal epithelial cells and 
adenocarcinoma of colon suppresses proliferation of colorectal 
adenocarcinoma. Cancer Invest 26: 385‑390, 2008.

28.	 Jiang W, Cazacu S, Xiang C, Zenklusen JC, Fine HA, Berens M, 
Armstrong B, Brodie C and Mikkelsen T: FK506 binding protein 
mediates glioma cell growth and sensitivity to rapamycin treatment 
by regulating NF‑kappaB signaling pathway. Neoplasia  10: 
235‑243, 2008.

29.	Vandamme M, Pauwels W and Bleecker JD: A case of delayed 
oxaliplatin‑induced pseudo‑obstruction: An atypical presentation 
of oxaliplatin neurotoxicity. Acta Clin Belg 70: 207‑210, 2015.

30.	Calon  A, Lonardo  E, Berenguer‑Llergo  A, Espinet  E, 
Hernando‑Momblona X, Iglesias M, Sevillano M, Palomo‑Ponce S, 
Tauriello DV, Byrom D, et al: Stromal gene expression defines 
poor‑prognosis subtypes in colorectal cancer. Nat Genet  10: 
320‑329, 2015.

31.	Kuroda N, Nakayama H, Miyazaki E, Toi M, Hiroi M and Enzan H: 
The distribution of CD34‑positive stromal cells and myofibroblasts 
in colorectal carcinoid tumors. Histol Histopathol 20: 27‑33, 2005.

32.	Sugimoto H, Mundel TM, Kieran MW and Kalluri R: Identifi-
cation of fibroblast heterogeneity in the tumor microenvironment. 
Cancer Biol Ther 5: 1640‑1646, 2006.



 

55 
 

APPENDIX C 
ARTICLE 3 

  





 International Journal of 

Molecular Sciences

Article

Commitment of Scaffold Proteins in the
Onco-Biology of Human Colorectal Cancer and Liver
Metastases after Oxaliplatin-Based Chemotherapy

Deborah Rotoli 1,2, Manuel Morales 3,4, Julio Ávila 1, María del Carmen Maeso 5,
María del Pino García 6, Ali Mobasheri 7,8 and Pablo Martín-Vasallo 1,*

1 Laboratorio de Biología del Desarrollo, UD de Bioquímica y Biología Molecular and Centro de
Investigaciones Biomédicas de Canarias (CIBICAN), Universidad de La Laguna,
Av. Astrofísico Sánchez s/n., 38206 La Laguna, Spain; deborah_rotoli@yahoo.it (D.R.); javila@ull.es (J.Á.)

2 CNR—National Research Council, Institute of Endocrinology and Experimental Oncology (IEOS),
Via Sergio Pansini 5, 80131 Naples, Italy

3 Service of Medical Oncology, University Hospital Nuestra Señora de Candelaria,
38010 Santa Cruz de Tenerife, Spain; mmoraleg@ull.es

4 Service of Medical Oncology, Hospiten®Hospitals, 38001 Santa Cruz de Tenerife, Spain
5 Service of Pathology, University Hospital Nuestra Señora de Candelaria, 38010 Santa Cruz de Tenerife, Spain;

mmaefor@gmail.com
6 Department of Pathology, Hospiten®Hospitals, 38001 Santa Cruz de Tenerife, Spain;

mariadelpino.garcia@hospiten.com
7 School of Veterinary Medicine, Faculty of Health and Medical Sciences, University of Surrey,

GU2 7XH Guildford, UK; a.mobasheri@surrey.ac.uk
8 Center of Excellence in Genomic Medicine Research (CEGMR), King Fahd Medical Research Center

(KFMRC), Faculty of Applied Medical Sciences, King AbdulAziz University, 21589 Jeddah, Saudi Arabia
* Correspondence: pmartin@ull.es; Tel.: +34-922-318-358; Fax: +34-922-318-354

Academic Editor: Peter J. K. Kuppen
Received: 22 February 2017; Accepted: 19 April 2017; Published: 22 April 2017

Abstract: Scaffold proteins play pivotal roles in the regulation of signaling pathways, integrating
external and internal stimuli to various cellular outputs. We report the pattern of cellular and
subcellular expression of scaffoldins angiomotin-like 2 (AmotL2), FK506 binding protein 5 (FKBP51)
and IQ motif containing GTPase-activating protein 1 (IQGAP1) in colorectal cancer (CRC) and
metastases in liver resected after oxaliplatin-based chemotherapy (CT). Positive immunostaining for
the three scaffoldins was found in most cells in healthy colon, tumor, healthy liver and metastasized
liver. The patterns of expression of AmotL2, FKBP51 and IQGAP1 show the greatest variability in
immune system cells and neurons and glia cells and the least in blood vessel cells. The simultaneous
subcellular localization in tumor cells and other cell types within the tumor suggest an involvement
of these three scaffoldins in cancer biology, including a role in Epithelial Mesenchymal Transition.
The display in differential localization and quantitative expression of AmotL2, FKBP51, and IQGAP1
could be used as biomarkers for more accurate tumor staging and as potential targets for anti-cancer
therapeutics by blocking or slowing down their interconnecting functions. Tough further research
needs to be done in order to improve these assessments.

Keywords: colorectal cancer; scaffold proteins; AmotL2; FKBP51; IQGAP1; metastasized liver;
FOLFOX; oxaliplatin; pericytes; telocytes

1. Introduction

Scaffold proteins bring together and facilitate macromolecular interactions between multiple
modular partners that are committed to a specific subcellular task, usually forming a stable complex in
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a peculiar subcellular localization. These superstructures integrate functions such as enzymatic
pathways, cell motility, protein sorting, signaling, stabilization, plasma membrane targeting of
membrane proteins, recycling and cell polarity; in fact, they are involved in cell fate, tumorigenesis,
migration, tumor progression and angiogenesis [1–3].

Colorectal cancer (CRC) is the fourth leading cause of cancer-associated mortality, and >95%
of CRCs are adenocarcinomas [4,5]. FOLFOX (FOL—Folinic acid, leucovorin, F—Fluorouracil,
5-FU) or CAPOX (CA—capecitabine)-chemotherapy of CRC includes oxaliplatin (OX) [6] and is
administered in the treatment of metastatic colorectal cancers in the neo-adjuvant, adjuvant and
palliative setting, with an important percentage of unwanted side effects as peripheral neuropathy [7]
and sinusoidal obstruction syndrome [8]. In the search for early markers of oxaliplatin-related toxicity,
we studied the differential transcriptomics in peripheral white cells (PWCs) from patients receiving
oxaliplatin-based chemotherapy (CT) and found 502 genes significantly up- or down-regulated as a
result of CT [9]. Among those genes, some encoding scaffold proteins presented significant changes in
their expression levels.

In our screening [9], after three cycles of oxaliplatin-based CT, the expression levels of the genes
in PWCs varied as follows: AmotL2 3.5 times higher, FKBP51 2.76 times lower and IQGAP1 with no
detected pre-CT expression level to 229.5 relative to actin expression level [9].

AmotL2 (angiomotin-like 2) is a member of the angiomotin protein family responsible for
maintaining cell-cell interactions to keep asymmetrical apical-basal polarity, avoiding endothelial
detachment and promoting vascular tube formation. Human AmotL2 encodes two isoforms of a
molecular mass of 100 and 60 kDa [10]. Most human cancers have an epithelial origin and the
assessment of malignancy is based on the loss of apicalbasal polarity of the epithelial organization
(epithelial mesenchymal transition (EMT)); however, whether this is a cause or consequence of tumor
progression has yet to be established [11]. Loss of polarity, EMT and angiogenesis are crucial in CRC.

The immunophilin protein FKBP51 (FK506 binding protein 5) is a member of the peptidyl-prolyl
isomerases (PPIs) superfamily [12]. This superfamily includes three distinct classes: the FK506-binding
proteins (FKBPs) (e.g., FKBP12, FKBP51, and FKBP52), the CyclosporinA-binding proteins and the
parvulin-like PPIs [13]. PPIs catalyze the cis-trans conversion of peptidylprolyl imide bonds in target
proteins [14]. FKBP51 protein is localized in mitochondria, cytoplasm and nucleus [14–16]; is involved
in the regulation of a variety of signaling pathways; and is considered as a molecular integrant of the
adaptation process [17]. In many different tumors, altered expression levels have been described [18,19].
Through its influence on steroid receptor maturation, and the regulation of PKA [20], NF-κB [21],
Akt [22] and transforming growth factor β (TGF β) [23] signaling pathways, FKBP51 plays an important
role in tumorigenesis and response to anti-neoplastic therapy [24,25].

IQGAP1 (IQ motif containing GTPase-activating protein 1) is a multidomain protein ubiquitously
expressed and the most versatile of the three here studied [26]. IQGAP1 modulates several cellular
functions, i.e., cell cycle, cell morphology, motility, by linking elements of the cytoskeleton to cell
adhesion and other signaling molecules [27,28], facilitating the space-time organization and the
coordinated activation of structural and signaling molecules [29,30]. Because of this association with
molecular partners, IQGAP1 accumulates in the plasma membrane at the invasive front in several
cancer types [31–35].

In Figure 1, String analysis [36] shows experimental and databases evidences of known functional
interactions among AmotL2, FKBP51 and IQGAP1 in several physiological and pathological situations
through Yap1, Src and HSP90. The oncogene Src and the chaperone HSP90 are well-known genes
and proteins. In zebrafish embryo, AmotL2 regulates the translocation of phosphorylated Src to
peripheral cell–matrix adhesion sites [37], also required for proper architecture of actin filaments.
Transcriptional coactivator YAP1 (Yes-associated protein 1) (Available online: http://www.uniprot.
org/uniprot/P46937) can act both as a coactivator and a corepressor and is the downstream regulatory
target in the Hippo signaling pathway responsible for organ size control and tumor suppression
by restricting proliferation and promoting apoptosis [38,39]. It also controls cell proliferation in
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response to cell contact, where the TEAD family are required for YAP-dependent gene expression [40].
The TEAD family of transcriptional enhancer factors, also known as TEA domain family, is also required
for YAP-induced cell growth, oncogenic transformation, and epithelial-mesenchymal transition
induction [41]. Some TEAD members are up-regulated in several types of cancer [42].
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apparently healthy areas of metastasized liver. The use of real human tumor samples, with its wide 
heterogeneity of cells, offers a more realistic and more dynamic insight into the onco-biology process 
and is superior to the use of primary cancer cells lines. Primary cancer cell lines studied in monolayer 
culture simply cannot replicate the tumor environment and the intricate complexities of the 
oncogenic process. Based on our findings, the published literature and information available in 
publicly accessible databases, we present a model of interactions between the proteins studied, a 
model that incorporates spatiotemporal interplay between the structural and signaling molecules 
involved in CRC tumorigenesis. 

2. Results 

2.1. AmotL2 in Healthy Colon and in CRC Tissue Samples 

In healthy colon, AmotL2 specific staining of high intensity was observed in blood vessel cells 
(Figure 2A–C; v = vessels) and in stroma cells of the connective tissue surrounding Lieberkühn Crypts 
(LC) (Figure 2A). In the crypts, remarkable immunostaining for AmotL2 was present in epithelial 
cells (nucleus, cytoplasm, and tight junctions) with higher strength in the crypts facing the muscularis 
mucosae (mm) (Figure 2A). Positive AmotL2 labeling was also visible in nuclei of smooth muscle 
cells of the muscularis propria (mp) (Figure 2B) and in cells of submucosal glands (submg) (Figure 
2C). Specific immunostaining for AmotL2 was also present in the cytoplasm of some nerve cell bodies 
of the myenteric plexus (MyP) as well as in some nerve fibers (Figure 2D,D’). 

Figure 1. String analysis showing interactions among AmotL2, FKBP51 and IQGAP1 proteins. FKBP51
(FK506 binding protein 5); HSP90 (heat-shock protein 90); SRC (proto-oncogene tyrosine-protein
kinase); IQGAP1 (IQ-motif containing GTPase-activating protein 1); YAP1 (yes associated protein);
AmotL2 (angiomotin-like 2).

Here, we report on the cellular and sub-cellular localization and dynamics of three scaffold
proteins, AmotL2, FKBP51 and IQGAP1 in colorectal primary tumors and their metastases and in
apparently healthy areas of metastasized liver. The use of real human tumor samples, with its
wide heterogeneity of cells, offers a more realistic and more dynamic insight into the onco-biology
process and is superior to the use of primary cancer cells lines. Primary cancer cell lines studied in
monolayer culture simply cannot replicate the tumor environment and the intricate complexities of
the oncogenic process. Based on our findings, the published literature and information available in
publicly accessible databases, we present a model of interactions between the proteins studied, a model
that incorporates spatiotemporal interplay between the structural and signaling molecules involved in
CRC tumorigenesis.

2. Results

2.1. AmotL2 in Healthy Colon and in CRC Tissue Samples

In healthy colon, AmotL2 specific staining of high intensity was observed in blood vessel cells
(Figure 2A–C; v = vessels) and in stroma cells of the connective tissue surrounding Lieberkühn Crypts
(LC) (Figure 2A). In the crypts, remarkable immunostaining for AmotL2 was present in epithelial
cells (nucleus, cytoplasm, and tight junctions) with higher strength in the crypts facing the muscularis
mucosae (mm) (Figure 2A). Positive AmotL2 labeling was also visible in nuclei of smooth muscle cells
of the muscularis propria (mp) (Figure 2B) and in cells of submucosal glands (submg) (Figure 2C).
Specific immunostaining for AmotL2 was also present in the cytoplasm of some nerve cell bodies of
the myenteric plexus (MyP) as well as in some nerve fibers (Figure 2D,D’).
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plexus (MyP); some others are negative (thin arrow in D’); Immunopositive nerve fibers. CRC: (E) Faint 
immunostaining in colon epithelial cells and stronger in stromal and immune cells in the connective tissue 
surrounding epithelial crypts and in the submucosa; (F) Tumor tissue infiltrating intestinal epithelium; 
uniform AmotL2 staining in Lieberkühn Crypts. The intensity in the crypts facing the muscularis mucosae 
observed in healthy colon now is much weaker, while tumor cells exhibit a strong immunopositive staining 
in cytoplasm and nuclear membrane, becoming stronger at the invasive front and in budding cells 
(arrows); (G,G’) Magnifications of the boxed areas in (F,G), respectively; (H) Positive staining in neural 
cells of the myenteric plexus, faint in the cytoplasm and stronger in plasma membrane and nucleus (arrow 
in H’); (D’,H’) are magnifications of the boxed areas in (D,H) respectively. Strong AmotL2 immunostaining 
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Figure 2. Immunolocalization of AmotL2 in: healthy colon (A–D’); and colorectal cancer (CRC) (E–H’);
Healthy colon: (A) High intensity staining in nucleus, cytoplasm and tight junctions of epithelial
cells of crypts facing the muscularis mucosae and stromal cells of lamina propria and submucosa;
(B) Strong AmotL2+ labeling in nuclei of smooth muscle cells of the muscularis propria and in cells of
the submucosal gland (C); (D,D’) AmotL2+ cytoplasmic expression in nerve cell bodies (thick arrow in
D’) of myenteric plexus (MyP); some others are negative (thin arrow in D’); Immunopositive nerve
fibers. CRC: (E) Faint immunostaining in colon epithelial cells and stronger in stromal and immune
cells in the connective tissue surrounding epithelial crypts and in the submucosa; (F) Tumor tissue
infiltrating intestinal epithelium; uniform AmotL2 staining in Lieberkühn Crypts. The intensity in the
crypts facing the muscularis mucosae observed in healthy colon now is much weaker, while tumor
cells exhibit a strong immunopositive staining in cytoplasm and nuclear membrane, becoming stronger
at the invasive front and in budding cells (arrows); (G,G’) Magnifications of the boxed areas in (F,G),
respectively; (H) Positive staining in neural cells of the myenteric plexus, faint in the cytoplasm and
stronger in plasma membrane and nucleus (arrow in H’); (D’,H’) are magnifications of the boxed areas
in (D,H) respectively. Strong AmotL2 immunostaining in blood vessel cells, both in healthy and tumor
tissues (v). LC = Lieberkühn Crypts; lp = lamina propria; v = vessels; mm = muscularis mucosa; sbm =
submucosal muscularis; sbmg = submucosal gland; ic = immune cells; mp = muscularis propria; icsml
= inner circular smooth muscle layer; olsml = outer longitudinal smooth muscle layer; T = tumor lesion;
MyP = myenteric plexus.
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In unaffected areas of the intestinal epithelium surrounding CRC tissue samples, AmotL2
immunopositive staining was present in Lieberkühn Crypts at a lower intensity compared to healthy
tissue (Figure 2E). Immune cells forming a large inflammation cluster in the submucosa showed strong
labeling (Figure 2, ic = immune cells) as well as cells in the connective tissue surrounding the crypts
and in endothelial cells (Figure 2, v). In tumor affected areas of the intestinal epithelium, Lieberkühn
Crypts exhibited a stronger grade of AmotL2 specific staining (Figure 2F); however, the higher grade
of expression in the crypts facing the muscularis mucosae observed in healthy colon was no longer
visible. Immunostaining was present in tumor cells (cytoplasm and nuclear envelope) at a higher
intensity in budding cells of the invasive front (Figure 2F–G’). Nerve fibers and the cytoplasm of all
nerve cell bodies present in myenteric plexuses in CRC samples showed a fainter staining compared to
what observed in healthy tissue, while plasma membrane and nucleus exhibited a stronger labeling
(Figure 2H,H’).

2.2. AmotL2 in Healthy Liver and in CRC Metastasized Liver Tissue Samples

In healthy liver, the peri-portal hepatocytes, functionally identified as zone 1 where the oxygenated
blood from hepatic arteries enters, exhibited a positive AmotL2 cytoplasmic staining that increased
along the way to the central vein, functionally identified as zone 3, where blood flow is less oxygenated
(Figure S1A–C). This grading of staining was not further observed in apparently healthy areas of
metastasized liver samples (Figure S1E,G). Moreover, in the connective tissue surrounding portal
tracts in healthy liver, except for a few lymphocytes, no significant population of any inflammatory
cell was observed (Figure S1D), while the connective tissue of portal tracts of CRC metastasized liver
tissue appeared highly infiltrated by AmotL2+ immune cells, regardless of the presence or absence
of malignant cells (Figure 3A,A1 and Figure S1H). AmotL2+ immune cells were also present in the
connective tissue surrounding metastasis (Figure 3, asterisks). Metastasis showed high levels of
AmotL2 staining in cytoplasm (Figure 3A–B2); in addition, in malignant budding cells the nuclei were
also positive (Figure 3B2, arrows). In tumor associated blood vessels (v), high levels of AmotL2 specific
labeling were observed in nucleus and cytoplasm of endothelial cells (Figure 3B2,B3).

2.3. AmotL2 in Blood Vessels

In blood vessels of healthy tissues and in tumor associated blood vessels (v), high levels of
AmotL2 specific labeling was observed in nucleus and cytoplasm of endothelial cells (Figure 2, v;
Figure 3C,D, v; Figure 4A–G, white arrows), pericytes (Figure S1D, arrow; Figure 4H–M, white
arrows) and macrophages (Figure 4E–G, yellow arrows; Figure 4H–M, white arrowhead), identified
for their morphology, localization and CD31+ expression (Figure 4E–G, yellow arrows; Figure 4H–M,
arrowhead). Figure 4N–Q shows images of double labeling of AmotL2 and CD31 (Figure 4N,O) or
CD34 (Figure 4P,Q) in serial sections from the same tissue sample, where cells co-expressing the tree
proteins can be observed in perivascular areas (arrows).

2.4. FKBP51

In healthy colon and in apparently healthy areas of CRC tissue sections, an intense positive FKBP51
nuclear staining in enterocytes of intestinal glands and in cells of the lamina propria was observed
(Figure 5A). In CRC tissue sections, FKBP51 protein was localized in the cytoplasm and/or nucleus of
tumor cells as well as in inflammatory and fibrous stromal cells surrounding the lesions (Figure 5B).
Intensity of labeling varies with areas within the section, from a variable positive immunostaining in
tumor cells to no staining detected in others.
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Figure 3. Immunolocalization of AmotL2 in CRC metastasized liver tissue samples. (A,B) Low
magnification of AmotL2+ staining in: hepatocytes surrounding portal tracts (A); and malignant
cells (A,B). (A1) Higher magnification of the inset in A; (B1) Higher magnification of the inset 1 in B;
Asterisks identify AmotL2+ immune cells in the connective tissue surrounding metastasis and portal
tracts. (B2,B3) Higher magnifications of the insets 2 and 3, respectively, showing the positive AmotL2
staining in nuclei of malignant budding cells (arrows in B2) and in blood vessel cells (v in B2,B3).
pt = portal tract; cv = central vein; a = artery; bd = bile duct; M = metastasis; * = clusters of Amotl2+

immune cells.
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micro-vessels (arrows) exhibit intense: AmotL2 (A); and CD31 (B) positive staining; both proteins co-
localize along the vessel walls occasionally exhibiting a complementary pattern (C, merge). Arrowhead 
points to a AmotL2+ cell crossing the fenestrated endothelium; (E–G) Positive AmotL2/CD31staining is 
observed in endothelial cells (white arrows) and in macrophage-like cells surrounding the vessels 
(yellow arrows); (H–M) Higher magnifications of the boxed area in G showing the presence of 
AmotL2/CD31 positive pericytes (arrows) surrounding the blood vessel endothelium. Arrowheads 
point to AmotL2+/CD31+ macrophages; (H) AmotL2 (green); (I) CD31 (red); (L) AmotL2/CD31 merged 
images; and (M) AmotL2/CD31/DAPI merged images; (N–Q) Representative images of double labeling 
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Figure 4. Double immunofluorescent staining of AmotL2 protein (green), the pan-macrophage
and endothelial/pericyte marker CD31 (red) and the endothelial/telocyte marker CD34 in human
CRC tissue sections. Cellularity is assessed with DAPI. (A–D) Blood cells of tumor associated
vessels and micro-vessels (arrows) exhibit intense: AmotL2 (A); and CD31 (B) positive staining;
both proteins co-localize along the vessel walls occasionally exhibiting a complementary pattern
(C, merge). Arrowhead points to a AmotL2+ cell crossing the fenestrated endothelium; (E–G) Positive
AmotL2/CD31staining is observed in endothelial cells (white arrows) and in macrophage-like cells
surrounding the vessels (yellow arrows); (H–M) Higher magnifications of the boxed area in G
showing the presence of AmotL2/CD31 positive pericytes (arrows) surrounding the blood vessel
endothelium. Arrowheads point to AmotL2+/CD31+ macrophages; (H) AmotL2 (green); (I) CD31
(red); (L) AmotL2/CD31 merged images; and (M) AmotL2/CD31/DAPI merged images; (N–Q)
Representative images of double labeling of: AmotL2 (green) and CD31 (red) (N,O); or AmotL2 (green)
and CD34 (red) (P,Q) in serial sections from the same tissue sample, where cells co-expressing the
AmotL2/CD31/CD34 proteins can be observed in perivascular areas (arrows).
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Figure 5. FKBP51 immunolocalization in paraffin-embedded tissue sections. (A) Staining is present 
in enterocytes (nucleus and cytoplasm) and in cells of the lamina propria in healthy colon and in 
unaffected areas of CRC tissue samples; (B) Variable positive immunostaining in nucleus and 
cytoplasm of CRC. Positive staining in stroma cells surrounding the lesions (sc); (C) Healthy liver; 
and (D) metastasized liver. Variable immunostaining in hepatocytes of both healthy liver and 
pathological tissue, ranging from high (C) to absent. In metastasized liver (D); in areas with high level 
of infiltrating immune cells (iic), cytoplasmic staining of hepatocytes is not detected, while 
immunostaining is localized in the nucleus; (E) In liver metastases, the immunostaining is faint or 
absent. Several stromal and inflammatory cells are FKBP51+. Arrow in (F) points to a FKBP51+ 
fibroblast showing an immature phenotype. Arrows in (G) point to FKBP51+ telocyte-like cells with 
typical triangular cell bodies and 2 to 5 telopodes, interconnected forming a network; (H) CRC tumor 
nest enveloped by several telocyte-like FKBP51+ cells (arrow); (I) Higher magnification of the cells pointed 
in (H); note the connection between telocyte-like cell and tumor nest; (J–L) Immunofluorescent 
colocalization of: FKBP51 (J, green); and CD34 (K, cyan), used as a telocyte marker. (M–P) CRC tissue 
section double immunostained with: FKBP51 (M, green); and PCNA (N, red); (O) FKBP51/CD34 
merge; and (P) FKBP51/CD34/DAPI. 

In healthy liver and in unaffected areas of metastasized liver, some areas showed intense 
immunostaining (Figure 5C) and other well delimited a weak or absent immunostaining for FKBP51. 
Interestingly in high inflammatory infiltration areas of metastasized tissue sections, the cytoplasmic 
staining of hepatocytes was no further observed, while the protein was localized in the nucleus 
(Figure 5D). In metastases, the immunostaining was faint or absent, while in the inflammatory fibrous 
stroma several cells displayed a strong immunostaining (Figure 5E). 

The presence of FKBP51 in tumor and stroma cells has been associated with the immature 
phenotype of stromal fibroblasts and with the EMT phenotype, suggesting a role for this protein in 
the EMT process [16]. Further observations allowed us to identify telocyte-like FKBP51+ cells located 
in close proximity to tumor lesions and often forming networks (Figure 5G–I), characterized by 

Figure 5. FKBP51 immunolocalization in paraffin-embedded tissue sections. (A) Staining is present in
enterocytes (nucleus and cytoplasm) and in cells of the lamina propria in healthy colon and in unaffected
areas of CRC tissue samples; (B) Variable positive immunostaining in nucleus and cytoplasm of CRC.
Positive staining in stroma cells surrounding the lesions (sc); (C) Healthy liver; and (D) metastasized
liver. Variable immunostaining in hepatocytes of both healthy liver and pathological tissue, ranging
from high (C) to absent. In metastasized liver (D); in areas with high level of infiltrating immune
cells (iic), cytoplasmic staining of hepatocytes is not detected, while immunostaining is localized
in the nucleus; (E) In liver metastases, the immunostaining is faint or absent. Several stromal and
inflammatory cells are FKBP51+. Arrow in (F) points to a FKBP51+ fibroblast showing an immature
phenotype. Arrows in (G) point to FKBP51+ telocyte-like cells with typical triangular cell bodies
and 2 to 5 telopodes, interconnected forming a network; (H) CRC tumor nest enveloped by several
telocyte-like FKBP51+ cells (arrow); (I) Higher magnification of the cells pointed in (H); note the
connection between telocyte-like cell and tumor nest; (J–L) Immunofluorescent colocalization of:
FKBP51 (J, green); and CD34 (K, cyan), used as a telocyte marker. (M–P) CRC tissue section double
immunostained with: FKBP51 (M, green); and PCNA (N, red); (O) FKBP51/CD34 merge; and (P)
FKBP51/CD34/DAPI.

In healthy liver and in unaffected areas of metastasized liver, some areas showed intense
immunostaining (Figure 5C) and other well delimited a weak or absent immunostaining for FKBP51.
Interestingly in high inflammatory infiltration areas of metastasized tissue sections, the cytoplasmic
staining of hepatocytes was no further observed, while the protein was localized in the nucleus
(Figure 5D). In metastases, the immunostaining was faint or absent, while in the inflammatory fibrous
stroma several cells displayed a strong immunostaining (Figure 5E).

The presence of FKBP51 in tumor and stroma cells has been associated with the immature
phenotype of stromal fibroblasts and with the EMT phenotype, suggesting a role for this protein
in the EMT process [16]. Further observations allowed us to identify telocyte-like FKBP51+ cells
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located in close proximity to tumor lesions and often forming networks (Figure 5G–I), characterized
by triangular or spindle body and 2–5 long, slender cytoplasmic telopodes (Figure 5G–L). Double
immunofluorescent experiments using CD34 as a telocyte marker and anti-FKBP51 antibodies showed
co-staining images (Figure 4J–L).

To evaluate a possible role of FKBP51 over the proliferative activity of tumor cells, the proliferation
marker PCNA [43] was used in double immunofluorescence experiments on formalin-fixed,
paraffin-embedded CRC samples. In several malignant cells forming tumor nests, FKBP51 and PCNA
protein exhibited partial colocalization, also a few stromal cells co-expressed both. The distribution of
intranuclear PCNA and FKBP51 surrounding the outer membrane of the nucleus suggests that these
cells were in the early S phase (Figure 5M–P).

2.5. IQGAP1

IQGAP1+ immunostaining was observed in cytoplasm, nuclear envelope, and apical and lateral
membrane of normal epithelial cells (Figure 6A). In tumor lesions, CRC cells exhibited a heterogeneous
staining, with clusters of IQGAP1 negative cells (arrows in Figure 5B) mixed with IQGAP1+ cells where
the protein was localized in cytoplasm, lateral membrane, nuclear envelope and/or nucleus. High
levels of labeling were also observed at the invasive front of the lesion (Figure 6C’). In many lesions,
a strong apical IQGAP1+ immunostaining was present (Figure 6C, arrow). Hepatocytes in healthy
liver and in apparently healthy areas of CRC metastasized liver (Figure 6D,E, respectively) exhibited a
heterogeneous positive IQGAP1 staining in cytoplasm, nuclear envelope and/or nucleus. Assuming
the role of IQGAP1 protein in the regulation of the cytoskeleton functions; double immunofluorescent
experiments were performed to co-localize IQGAP1 and β-tubulin proteins in tissue specimens of
CRC-affected patients (Figure 6F–M). As can be observed in Figure 6F–M, in certain areas of tumor
lesions and metastasis, the co-localization of IQGAP1 and β-tubulin was lost (Figure 6J–M, arrows;
Figure S2A–H).

To further characterize the localization and expression of IQGAP1 protein, we performed double
immunofluorescent staining of IQGAP1 protein and the endothelial/telocyte marker CD34 or the
endothelial/pericyte/macrophage marker CD31. We identified CD34+ telocytes (Figure 6N–Q and
Figure S2I–P) and CD31+ stromal cells co-expressing IQGAP1 (Figure 6R–U, arrows).

Table 1 summarizes expression levels of AmotL2, FKBP51 and IQGAP1 proteins in different cells
of colon and liver from healthy individuals, CRC and metastasized liver after CT. Adjuvant treatment
with FOLFOX-chemotherapy was as follows: Day 1, oxaliplatin 100 mg/m2 intravenous (i.v.) over 2 h
and leucovorin calcium 400 mg/m2 i.v. over 2 h; followed by 5-fluorouracil 400 mg/m2 i.v. bolus and
by 5-fluorouracil 2400 mg/m2 i.v. over 46 h, every 14 days. All patients received the chemotherapy
after the resection of the primary tumor. Thus, the primaries were chemotherapy naïve, while the
liver metastases were chemotherapy-treated. Fifteen (27.8%) patients presented liver metastasis after
CT. Curative resections of liver metastasis were performed followed by adjuvant FOLFOX-CT. The
average age of patients was 59 years old (range 35–78), with 29 (54%) males and 25 (46%) females. Eight
patients (15%) were stage IV and underwent palliative surgery. The other patients, T3–T4, N1–N2 (85%)
were stages partial response upon RECIST (Response Evaluation Criteria In Solid Tumors) criteria.
The survival is 74% (40 patients), with a follow up of six years. Localization of tumors varied from
cecum (4), ascending (13), transverse (8) colon, both flexures (7), sigmoid (16) colon and sigmo-rectal
(3) area and rectum (3).
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Figure 6. (A–E) Immunolocalization of IQGAP1 protein on paraffin-embedded tissue sections; (A) 
IQGAP1 staining in cytoplasm, apical and lateral membrane (arrow) and nuclear envelope 
(arrowhead) of normal epithelial cells; (B) Heterogeneous staining in tumor lesions, CRC IQGAP1+ 
cells (cytoplasm, lateral membrane, nuclear envelope and/or nucleus) and clusters of IQGAP1− cells 
(arrows). Arrowhead: IQGAP1+ staining in nucleus; (C) CRC tumor lesion with strong apical staining 
(arrow in C). (C’) CRC tumor lesion with IQGAP1+ immunostaining at the invasive front.; (D,E) In 
healthy (D); and metastasized liver (E); heterogeneous IQGAP1+ staining in hepatocytes is observed 
(cytoplasm, nuclear envelope and/or nucleus); (F–M) IQGAP1 (green) and β-tubulin (red) double 
immunofluorescent staining in CRC. Variable expression/co-expression of both proteins in a budding 
tumor cell cluster (arrow in F–I) and in a tumor lesion (J–M). Arrows in J–M: IQGAP1−/β-tubulin+ 
CRC tumor cell cluster. (N–Q) Double IQGAP1 (green) and CD34 (endothelial/telocyte marker-red) 
on CRC. Arrow points to a CD34+/IQGAP1+ telocyte. (R–U) Co-expression of IQGAP1 (green) and 
CD31 (endothelial /macrophage marker-red) in several stromal cells of liver metastasis. 

Figure 6. (A–E) Immunolocalization of IQGAP1 protein on paraffin-embedded tissue sections;
(A) IQGAP1 staining in cytoplasm, apical and lateral membrane (arrow) and nuclear envelope
(arrowhead) of normal epithelial cells; (B) Heterogeneous staining in tumor lesions, CRC IQGAP1+

cells (cytoplasm, lateral membrane, nuclear envelope and/or nucleus) and clusters of IQGAP1− cells
(arrows). Arrowhead: IQGAP1+ staining in nucleus; (C) CRC tumor lesion with strong apical staining
(arrow in C). (C’) CRC tumor lesion with IQGAP1+ immunostaining at the invasive front.; (D,E) In
healthy (D); and metastasized liver (E); heterogeneous IQGAP1+ staining in hepatocytes is observed
(cytoplasm, nuclear envelope and/or nucleus); (F–M) IQGAP1 (green) and β-tubulin (red) double
immunofluorescent staining in CRC. Variable expression/co-expression of both proteins in a budding
tumor cell cluster (arrow in F–I) and in a tumor lesion (J–M). Arrows in J–M: IQGAP1−/β-tubulin+

CRC tumor cell cluster. (N–Q) Double IQGAP1 (green) and CD34 (endothelial/telocyte marker-red)
on CRC. Arrow points to a CD34+/IQGAP1+ telocyte. (R–U) Co-expression of IQGAP1 (green) and
CD31 (endothelial /macrophage marker-red) in several stromal cells of liver metastasis.
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Table 1. Protein expression levels of AmotL2, FKBP51 and IQGAP1 in different cells of healthy colon
and liver and in CRC and CRC-metastasized liver. − no expression, + faint, ++ medium, +++ high.
Level/level variable level depending on area; ? indeterminate staining.

AmotL2 IQGAP1 FKBP51

Healthy Colon
Epithelial cells (Mucosae) +/+++ +++ +++
Stromal cells (Mucosae) +++ − ++
Immune system cells + ? ++

Blood vessel cells +++ ++ −
Smooth muscle cells +++ ++ +

Neurous (Myenteric plexus) +++ ++ −/+
Glia cells (Myenteric plexus) +++ ++ −/+

Colorectal Cancer
Tumor cells +++ −/+++ −/++

Budding tumor cells +++ −/+++ −/+
Tumor associated stromal cells +++ −/++ −/+++

Epithelial cells (Mucosae) ++ −/+++ ++
Immune system cells +++ +++ +++
Smooth muscle cells ++ − ++

Blood vessel cells +++ +++ −
Neurous (Myenteric plexus) ++ − ++
Glia cells (Myenteric plexus) ++ − ++

Healthy Liver
Hepatocytes +/+++ −/+++ −/++

Epithelial cells (Bile duct) + + −
Blood vessel cells +++ +++ −

Immune system cells − + +
Metastasized Liver

Tumor cells +++ −/++ −/+
Budding tumor cells +++ +++ −

Hepatocytes ++ −/+++ +/++
Epithelial cells (Bile duct) ++ ++ −

Immune system cells +++ +/++ ++

3. Discussion

Cellularity of CRC consists of tumor cells, vascular endothelial cells and inflammatory immune
cells infiltrating apparent normal colon tissue formed by mucosa, glandular, cryptal, submucosa and
muscularis mucosa cells, interstitial cells, endothelial, pericytes and muscular cells of vessels and nerve
cells of myenteric plexuses.

To give better information on CRC tumorigenesis and progression, instead of PCR and Western
blotting methods in whole tumor pieces, for this study, we performed double immunolabeling for light
and confocal microscopy in order to achieve a “cell by cell” analysis to obtain high quality subcellular
localization data of AmotL2, FKBP51, and IQGAP1 proteins.

3.1. AmotL2 Expression in Healthy Colon and in CRC

AmotL2 localizes, virtually, in all kind of cells reported in this study but at different expression
levels. Amot family includes Amot, AmotL1 and AmotL2. Amot is expressed as two different isoforms,
AMOTp80 and AMOTp130 primarily localized to tight junctions [10,44]. As specified in Table 1, most
cells express AmotL2 at variable levels. This fact agrees with the original report by Troyanovsky
et al. [45] in several tissues and cell lines at the mRNA level, and also agrees with expression data
by Microarray, RNAseq and Serial Analysis of Gene Expression (SAGE) reported by the GeneCards
Human Gene Database (Available online: http://www.genecards.org/cgi-bin/carddisp.pl?gene=
AMOTL2). However, little information is available on expression at the protein level. Summary in

http://www.genecards.org/cgi-bin/carddisp.pl?gene=AMOTL2
http://www.genecards.org/cgi-bin/carddisp.pl?gene=AMOTL2


Int. J. Mol. Sci. 2017, 18, 891 12 of 20

GeneCards indicates the major line of AmotL2 expression at the protein level is blood white cells.
Oxaliplatin-based CT increased AmotL2-mRNA levels in white cells [9].

The over population of pericytes in vascularized areas of CRC drives to think in the possibility that
some of them could come from the EMT evolvement of CRC tumor cells [46]. Most EMT cancer cells
seem to be located in perivascular space and closely associated with blood vessels, thereby simulating
pericytes [46,47]. It has been suggested a reprogramming of carcinoma cells into pericyte-like cells
during EMT essential for tumor vascular stabilization within a new promalignant effect of EMT [46].
From this point of view, AmotL2/CD31 co-expression in pericytes and CRC cell may be indicative of a
common ancestry.

CD34 is selectively expressed on hematopoietic progenitor cells and the small vessel endothelium
of a variety of tissues and telocytes [48,49]. Telocytes are generally defined based on a combination
of peculiar morphology, typical interstitial location, mainly within muscle fibers [48], and expression
of CD34 marker (although there are no strictly telocyte-specific markers). The increased population
of pericytes and telocytes as well as certain population of cells coexpressing AmotL2/CD31/CD34
suggests a pre-commitment stage of cells from which they could take different decisions of final
differentiation [50].

The participation of the angiomotin family isoforms AMOTp80 and AMOTp130 in cancer cell
proliferation has been studied in liver and prostate cancer [51,52]. In liver, Amot-p130 acts as a
tumorigenesis facilitator when associated to Yap cofactor, while, in prostate AMOTp80, not AMOT
p130, functions as a tumor promoter by enhancing PCa cell proliferation. In lung adenocarcinoma,
angiomotin p130 expression correlates with poor prognosis [53].

The variation levels and the subcellular redistribution of AmotL2 shown in this study in tumor
cells, metastasis and blood vessels and adjacent cells are indicative of its involvement in the CRC
tumorigenesis and progression processes.

3.2. AmotL2 Expression in Healthy Colon, Liver and in CRC-Metastasized Liver

Most liver cells types expressed AmotL2. Hepatocytes express AmotL2, apparently, in a gradient
manner, with increasing intensity as a more oxygenated zone is closer (Figure S1A,B). Our images
illustrate how hypoxic gradients may contribute to CRC metastasis implantation and development
in liver and how the gradients of AmotL2 expression in hepatocytes become homogeneous after
being metastasized. If the gradient expression pattern disappears because of FOLFOX-CT, or if the
metastasizing process also affects it, remains to be studied.

The facts that AmotL2 was originally described as a protein responsible for maintaining polarized
endothelial cells attached and involved in vessel formation in angiogenesis and with a role in
tumorigenesis are indicative of the complexity of association as scaffold protein, probably depending
on adaptors that commit AmotL2 to biologically apparently opposite functions. Deregulated AmotL2
expression in tumor and metastasized areas during tumor progression confirms what recently has been
well established in colon cancer tumors, AmotL2 expression correlates with loss of polarity by means of
hypoxia activated c-Fos, leading to loss of tissue architecture [11]. The complex c-Fos/hypoxia-induced
p60 and AmotL2 interacting with the Crb3 and Par3 polarity complexes retain them in large vesicles,
impeding them from reaching the apical membrane [11] and being involved, this way, in EMT.

3.3. FKBP51 Expression in Healthy Colon, Liver, CRC and Metastasized Liver

FKBP51 protein is localized in the nuclei of enterocytes in healthy tissue while in CRC is found
in nuclei and cytoplasm, exhibiting a variable range, from strong to no detectable signal. Metastases
in liver show a faint or absent FKBP51 immunostaining, while the inflammatory fibrous stroma
depicts several cells with a strong immunostaining. This depiction could be related to the effect of
chemotherapy on tumor cells rather than with intrinsic changes of transformation of cells.

The changes of FKBP51 expression in liver tissue surrounding the metastases reported in this
study, could be related with hepatic sinusoidal injury elicited by oxaliplatin therapy [54].
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A role for this protein in EMT has been suggested based on the expression of FKBP51 in tumor
and stromal cells. Indeed, the expression of this immunophilin has been associated to immature
phenotype of the surrounding stromal fibroblasts, increased micro vessel density and tumor associated
macrophages infiltration, suggesting a role in CRC process [19].

FKBP51 and its co-isoform FKBP52 are HSP90 co-chaperones that modify steroid hormone receptor
activity. Figures 6 and 7 illustrate their interaction with the glucocorticoid receptor. The HSP90-FKBP52
complex co-immunoprecipitate with the glucocorticoid (GR) and the mineralocorticoid receptors and
with the dynein–dynactin complex [16,55,56], indicating a retrograde movement of steroid receptors.
FKBP51 is considered a negative regulator of receptor function. The glucocorticoids secretion by some
CRC could be related to this pathway and have immunosuppressive functions cooperating, this way,
to tumor progression [57].

Cytoplasmic FKBP51 is involved in the pro-apoptotic effects of rapamycin: over cell survival and
chemoresistance of cancer cell. Rapamycin inhibits FKBP51 and though hinders NF-κB activation [58].
Mitochondrial-nuclear redistribution of FKBP51 is regulated by the PKA pathway; PKA and FKBP51
mainly colocalize in the nuclear lamina. In the nucleus, FKBP51 is retained by its interaction with the
nuclear matrix and chromatin, regulating expression of target genes [20] (Figure 7, pathway 3).

3.4. IQGAP1 Expression in Healthy Colon, Liver, CRC and Metastasized Liver

The homogeneous distribution of IQGAP1 in normal cells shifts to a broad expression pattern,
ranging from no expression to high level of expression in the whole CRC tumor cell. IQGAP1 seems
to be involved in tumor progression, since its maximum expression is at the growing front of tumor,
just at the apical part of the expanding cells. The absence of IQGAP1 and β-tubulin co-immunostaining
shows groups of tumor cells undergoing EMT.

The interaction of IQGAP1 with cytoplasmic plus-end binding proteins CLIP-170 and APC,
tethering microtubules to the actin network promotes nuclear envelope membrane dynamics [59,60].
Co-localization of IQGAP1, F-actin and β-tubulin proteins at the nuclear envelope has been reported by
Johnson et al. in MCF-7 (breast cancer epithelial cells), HT29 (colon cancer epithelial cells) and NIH3T3
(non-tumor embryonic fibroblasts) cell lines [61]. Those observations suggest a role for IQGAP1 in
cell cycle-associated nuclear envelope assembly/disassembly and in survival, cell growth, cytokinesis,
and cell migration: key processes in tumorigenesis and carcinogenesis [61].

The IQGAP1+ nucleoli, often found throughout the microscopy field, suggests a correlation
between IQGAP1 expression and RNA synthesis in tumor cells, which agrees with the previous
report [62] in mouse oocyte nucleus, forming a ring around the nucleolus only in transcriptionally
active oocytes.
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presumably blocking, transcription of GR-target genes, and possibly other targets (3); Cytosolic 
FKBP51 interacts with glucocorticoid hormone receptor (GR) and HSP90. Upon binding, the GR 
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with dynein and walk by cytoskeletal tracts through cytosol and, through the nuclear pore, get into 
the nucleus, where dissociates and facilitates binding of the steroid-activated receptor to promoter 
sites (4); In its scaffolding function, IQGAP1 interacts with the MEK-ERK pathway hyperactivates 
ERK signaling and promotes tumor cell proliferation and survival (5). On the other hand, IQGAP1 
interaction with the MEK-ERK pathway is dispensable in normal cell differentiation, growth, and 
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suppresses differentiation and apoptosis driving to transformation [65]. 
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Figure 7. Model of direct or indirect protein-protein interaction of AmotL2, FKBP51, IQGAP2 and
interacting partners. (PM) Plasma membrane. (NE) Nuclear envelope. AmotL2, as scaffold protein,
may promote translocation and transcriptional activity of YAP. Upon YAP interaction with AmotL2,
YAP shuttles between the cytoplasm and the nucleus. AmotL2 acts as a negative regulator of YAP
by inducing its cytoplasmic retention or targeting it to cell junctions (1); Within the nucleus, YAP
functions as a transcriptional coactivator of TEAD. The YAP-TEAD complex promotes the transcription
of many genes that encode pro-proliferative and anti-apoptotic proteins. AmotL2 functions as a positive
regulator of YAP by promoting its nuclear translocation (2), where AmotL2 may act as a cofactor for the
transcription of a group of YAP-TEAD target genes (2); Both ways of translocation of FKBP51 between
mitochondrial and nuclear pool. In the nucleus, FKBP51 regulates, presumably blocking, transcription
of GR-target genes, and possibly other targets (3); Cytosolic FKBP51 interacts with glucocorticoid
hormone receptor (GR) and HSP90. Upon binding, the GR heterocomplex exchanges FKBP51 for
FKBP52. FKBP52-GR–chaperone complex is able to interact with dynein and walk by cytoskeletal
tracts through cytosol and, through the nuclear pore, get into the nucleus, where dissociates and
facilitates binding of the steroid-activated receptor to promoter sites (4); In its scaffolding function,
IQGAP1 interacts with the MEK-ERK pathway hyperactivates ERK signaling and promotes tumor cell
proliferation and survival (5). On the other hand, IQGAP1 interaction with the MEK-ERK pathway is
dispensable in normal cell differentiation, growth, and survival [63]. IQGAP1 promotes cell division
and proliferation through IQGAP1-TOR-Akt and suppresses differentiation and apoptosis driving to
transformation [64].

3.5. Final Considerations and Future Research Directions

In this study, we confirm the fundamental role of the cell by cell immunohistochemical analysis
in molecular oncology data interpretation, presenting data compatible with the involvement of
AmotL2, FKBP51 and IQGAP1 proteins in the cellular EMT phenotype. We show evidence that
the scaffoldins show variation in expression and localization at the protein level in tissue samples
of pre-CT treated colorectal adenocarcinoma and in liver metastases from patients that underwent
FOLFOX-CT. The co-localization of CD34 and AmotL2, FKBP51 and IQGAP1 in several vessels is
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indicative of a role for these three scaffoldings in tumor angiogenesis and/or in vascular invasion.
Indeed, Yamaoka-Tojo et al. have recently shown IQGAP1 as a VEGFR2 binding protein in quiescent
endothelial cells, playing an important role in the establishment of VE-cadherin-based cell–cell contacts,
and suggested that IQGAP1 may function as a scaffold linking VEGFR2 to the β-catenin/VE-cadherin
compound at the adherens junctions (AJ) [65].

Several pieces of evidence point to a key role for these proteins in the dynamics of tumor cells
and angiogenesis process, including expression in pericytes and/or telocytes. Variations in cellular
expression here described renders scaffoldins AmotL2, FKBP51 and IQGAP1 an attractive group as
biomarkers for diagnostic staging and as targets for therapy, although further research needs to be
done to confirm and to precise these assessments.

Figure 7 shows a model of interactions of AmotL2, FKBP51, and IQGAP1 made upon integration
of our data with the literature and other data from databanks. Scaffold proteins connect structural and
signaling molecules in the spatiotemporal organization and activation in CRC tumorigenic cells [29,30].
The process takes place in different subcellular localizations and at variable expression levels depending
on the status of the cell within the tumor. Further studies are needed to confirm the possible existence
of the complex FKBP51-HSP90-SRC-YAP-AmotL2-IQGAP.

4. Materials and Methods

4.1. Patients, Tumor Tissue and Controls

The study was approved by the Ethics Committee of La Laguna University (La Laguna, Canary
Islands, Spain) and the Ethical Committee of Nuestra Señora de Candelaria University Hospital
(HUNSC); Santa Cruz de Tenerife, Canary Islands, Spain (No. 198/2008, approved on 16 September
2008). All patients signed an informed consent for diagnosis and research on tissue specimens before
entering in the project. Paraffin-embedded tissue samples from 54 patients, ensuring patient anonymity,
and the corresponding clinical data were obtained from the reference medical areas of HUNSC.

Following the same ethics and consent rules, colon and liver samples were obtained from surgery
partial exeresis pieces after trauma of three control males.

4.2. Antibodies

The following primary antibodies were used: rabbit anti-human polyclonal antibody (PAb)
against IQGAP1 (#ABT186 Millipore Corporation, Temecula, CA, USA) 1:500 for IHC-P, 1:250 for IF;
rabbit pAb against FKBP51 (#ab46002; Abcam, Cambridge, UK) 1.25:100 for IHC-P, 1:50 for IF; rabbit
pAb against AMOTL2 (#LS-C178611; LifeSpan BioSciences, Seattle, WA, USA) 1:100 for IHC-P, 1:50 for
IF; mouse monoclonal antibody clone PC10 against anti-proliferating cell nuclear antigen (anti-PCNA,
#1486 772, Roche Diagnostics GmbH, Mannheim, Germany) 1:100; mouse monoclonal anti-human
cluster of differentiation (CD)31 (ready-to-use; #IR610 Dako, Glostrup, Denmark); mouse monoclonal
anti-human CD34 Class II Clone QBEnd10 (ready-to-use; #IR632, Dako, Glostrup, Denmark A/S);
mouse monoclonal anti-β tubulin (#sc-101527 Santa Cruz Biotechnology, Dallas, TX, USA) 1:150.
Secondary antibodies: fluorescein isothiocyanate (FITC)-conjugated goat pAb against rabbit IgG
(#F9887; Sigma-Aldrich, St. Louis, MO, USA; dilution, 1:200); goat pAb against mouse IgG (DyLight®

650; #ab97018; Abcam, dilution, 1:100); and biotin-conjugated goat pAb against rabbit IgG (H + L)
(#31820; Thermo Fisher Scientific, Inc., Waltham, MA, USA; dilution, 1:300).

4.3. Immunohistochemistry

Samples were fixed in 10% formalin, for 48–72 h at 4 ◦C. Immunoperoxidase staining of
paraffin-embedded tissue sections was performed using the avidin-biotin reaction. Briefly, 5-µm-thick
tissue sections, deparaffinized in xylene and hydrated in graded alcohol baths, were autoclaved
at 120 ◦C for 10 min in sodium citrate buffer (pH 6.0) to uncover hidden antigenic sites (antigen
retrieval). Samples were then incubated for 1 h at room temperature with 5% non-fat dry milk
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in Tris-buffered saline (TBS) to block non-specific sites. The Avidin/Biotin Blocking kit (Vector
Laboratories Inc., Burlingame, CA, USA) was used to block endogenous biotin, according to the
manufacturer‘s instructions. Primary antibodies were applied to slides overnight at 4 ◦C. Endogenous
peroxidase activity was blocked by incubating the slides with 3% hydrogen peroxidase in methanol
for 15 min. Biotin-conjugated anti-rabbit secondary antibody was incubated for 2 h at 37 ◦C, and the
specific antibody staining was amplified with the ABC Peroxidase Staining kit (Thermo Fisher
Scientific, Inc.). 3,3’-diaminobenzidine substrate concentrate (#IHC-101F; Bethyl Laboratories Inc.,
Montgomery, TX, USA) was used to visualize immunohistochemical reactions. Samples incubated
without primary antibodies were used as a negative control. Slides were counterstained with Harris
hematoxylin solution DC (#253949, Panreac Química SLU, Barcelona, Spain) to visualize cell nuclei and
mounted with Eukitt mounting medium (#253681, Panreac Química SLU, Barcelona, Spain). An optical
light microscope (BX50; Olympus Corporation, Tokyo, Japan) was used to visualize the results of
the immunostaining.

4.4. Double Immunofluorescence Simultaneous Staining

Immunofluorescent staining of 10% formalin-fixed paraffin-embedded tissue sections was
performed as previously described [47]. Briefly, 5-µm-thick tissue sections, deparaffinized in xylene
and hydrated in a graded series of alcohol baths, were autoclaved at 120 ◦C for 10 min in sodium citrate
buffer (pH 6.0) to uncover hidden antigenic sites (antigen retrieval). Samples were then incubated
for 1 h at room temperature with 5% bovine serum albumin in Tris-buffered saline (TBS) to block
non-specific sites. Tissue sections were then incubated simultaneously with a mixture of two distinct
primary antibodies overnight at 4 ◦C. Slides were then incubated for 1 h at room temperature in
the dark with a mixture of two secondary antibodies raised in different species and conjugated to
different fluorochromes. Slides were mounted with ProLong® Diamond Anti-fade Mountant with
DAPI (Molecular Probes®; Thermo Fisher Scientific, Inc.) to visualize cell nuclei. Slides were analyzed
using Leica SP8 (Leica Microsystems, Wetzlar, Germany) confocal microscopes and Olympus FV1000
(Olympus Corporation, Tokyo, Japan).

4.5. Image Analysis and Statistical Analysis

To compile tables, two independent observers evaluated the specimens blindly. After an initial
examination of the whole blind-coded material, cut-offs were established by consensus between each
investigator. Staining intensities were graded as strong (+++), moderate (++), weak (+) or absent (−).
When scorings differed by more than one unit, the observers re-evaluated the specimens to reach
consensus, otherwise means of the scorings were calculated.

5. Conclusions

Positive immunostaining for scaffold AmotL2, FKBP51 and IQGAP1 proteins was found in most
cells in healthy colon, tumor, healthy liver and metastasized liver. The expression patterns reveals the
greatest variability in immune system and neural (neurons and glia) cells and the least in blood vessel
cells. The simultaneous subcellular localization of these scaffoldines in tumor cells and other cell types
within the tumor suggest a peculiar involvement in the onco-biology of CRC and metastasis, including
a role in EMT.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/4/891/s1.
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Abbreviations

Amot Angiomotin
APC Adenomatous polyposis coli
CLIP-170 Cytoplasmic linker protein CLIP-170
CT Chemotherapy
EMT Epithelial mesenchymal transition
FKBP FK506 binding protein
FOLFOX FOL—Folinic acid, leucovorin, F—Fluorouracil, 5-FU, OX—Oxaliplatin
HSP90 Heat shock protein 90
IQGAP1 IQ-motif containing GTPase activating protein 1
MAPK Mitogen-activated protein kinase
PCNA Proliferating cell nuclear antigen
TEAD Transcriptional enhancer factors
YAP Yes-associated protein
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Figure S1. Immunohistochemical characterization of AmotL2 expression in healthy (A-D) and CRC metastasized liver (E-
H). In healthy liver tissue sections a positive AMOTL2 cytoplasmic expression gradient is observed in hepatocytes, with 





higher grades of expression in peri-venous hepatocytes (A-C). This grading of staining disappears in apparently healthy 
areas of metastasized liver samples (E-G). (D) and (H) are higher magnifications of the insets in B and G respectively, 
showing the presence of numerous inflammatory AmotL2+ cells in the connective tissue that surrounds portal tracts of 
metastasized CRC liver tissue samples (H), not observed in healthy liver (D). pt=portal tract cv=central vein ilpv=inter 
lobular portal vein a=artery bd=bile duct M=metastasis 
 
 
 

 
Figure S2. (A–H) Double immunolocalization of IQGAP1 (green) and β-tubulin (red) in CRC tissue samples. (I–L) Double 
immunolocalization of IQGAP1 (green) and CD34 (red) in CRC tissue samples. Arrows point to IQGAP1+/CD34+ telocytes. 
(M–N) Higher magnification of panels I–L to appreciate the peculiar morphology of telocytes (arrow). 
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The goal of this study was to define Na,K-ATPase α and β subunit isoform expression and

isozyme composition in colorectal cancer cells and liver metastases. The α1, α3, and β1

isoforms were the most highly expressed in tumor cells and metastases; in the plasma

membrane of non-neoplastic cells and mainly in a cytoplasmic location in tumor cells.

α1β1 and α3β1 isozymes found in tumor and metastatic cells exhibit the highest and

lowest Na+ affinity respectively and the highest K+ affinity. Mesenchymal cell isozymes

possess an intermediate Na+ affinity and a low K+ affinity. In cancer, these ions are

likely to favor optimal conditions for the function of nuclear enzymes involved in mitosis,

especially a high intra-nuclear K+ concentration. A major and striking finding of this study

was that in liver, metastasized CRC cells express the α3β1 isozyme. Thus, the α3β1

isozyme could potentially serve as a novel exploratory biomarker of CRC metastatic cells

in liver.

Keywords: Na/K-ATPase isozymes, sodiumpump isozymes, colorectal cancer, colorectal cancer livermetastases,

Na/K-ATPase isoforms colorectal cancer immunohistochemistry

INTRODUCTION

Colorectal cancer (CRC) is one of the major causes of neoplasia-related morbidity and mortality,
representing the second major cause of disease incidence among females and the third among
males (Jemal et al., 2011). In the western world, CRC is the 4th leading cause of death (Ferlay
et al., 2010). Metastatic CRC cells can invade, populate and flourish in a new niche and ultimately
cause organ dysfunction and death. CRC spawns metastases in liver, lungs, bone marrow and brain
(Chiang and Massague, 2008). However, it is the liver where CRC cells metastasize most frequently
(Hess et al., 2006). The first line treatment for CRC involves surgery and adjuvant oxaliplatin based
chemotherapy. A common side effect of this treatment strategy is oxaliplatin-induced peripheral
neuropathy (Pachman et al., 2014).

Previous research from our group has led to the identification of several genes, which were
shown to be significantly up-, or down- regulated in peripheral white cells (PWCs) of CRC patients,
due to oxaliplatin-based chemotherapy (Morales et al., 2014). Interestingly, one of the differentially
expressed genes was the isoform α3 of the Na,K-ATPase; mRNA levels of Na,K-ATPase α3 subunit
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were down-regulated 2.6-fold. Moreover, an alteration in the
intracellular location of Na,K-ATPase α3 isoform has been
reported in humanCRC tumor cells vs. normal colon (Sakai et al.,
2004). Additionally, other laboratories have shown differential
expression in cells, altered subcellular localization and down
regulation of the β subunit of the Na+/K+-ATPase in carcinoma
cells (Rajasekaran et al., 1999, 2001a,b, 2010).

Na,K-ATPase is an integral protein in the plasma membrane
of all animal cells that transports three sodium ions out
and two potassium ions into the cell, against electrochemical
gradient (Skou, 1957; Jorgensen et al., 2003). This activity is
necessary for the regulation of the cellular ionic homeostasis
and maintaining the electrochemical gradient required for ion
channel function and secondary active transport (Mobasheri
et al., 2000). Recently, additional functions for the Na,K-ATPase
in the cell have been proposed, as a signal transducer and
transcription activator (Aizman et al., 2001; Miyakawa-Naito
et al., 2003; Harwood and Yaqoob, 2005; Yuan et al., 2005;
Zhang et al., 2006) affecting cell proliferation (Abramowitz
et al., 2003), cell motility (Barwe et al., 2005), and apoptosis
(Wang and Yu, 2005). Besides this, the Na,K-ATPase is
the receptor of cardiotonic glycosides. It is functionally
composed of catalytic α (100–112 kDa) and regulatory β

(45–55 kDa) subunit and an optional γ (6.5–10 kDa) subunit
belonging to the FXYD family of proteins (Mercer et al.,
1993).

Na,K-ATPase is expressed as several isozymes. Four different
isoforms of the α subunit have been found in humans (Blanco,
2005). The α1 isoform (ATP1A1 gene) is expressed almost in all
tissues. Isoform α2 (ATP1A2 gene) is the predominant isoform in
skeletal muscle (Hundal et al., 1992), brain (astrocytes) (McGrail
et al., 1991), heart (Zahler et al., 1992), and adipose tissue (Lytton
et al., 1985). The α3 isoform (ATP1A3 gene) is primarily found
in the brain (neurons) (Hieber et al., 1991; McGrail et al., 1991)
and isoform α4 (ATP1A4 gene) is only expressed in testis (Woo
et al., 2000). In reference to the β subunit, three different isoforms
have been identified: β1 (ATP1B1 gene), β2 (ATP1B2 gene) and
β3 (ATP1B3 gene). While β1 has a generalized expression in
almost all tissues and cells, the expression of the other β isoforms
are more restricted to certain tissues and cells. The β2 isoform
is found in skeletal muscle (Lavoie et al., 1997), pineal gland
(Shyjan et al., 1990), and nervous tissues (Peng et al., 1997),
whereas β3 is present in testis, retina, liver, and lung (Malik
et al., 1996; Zahler et al., 1996; Arystarkhova and Sweadner,
1997; Martin-Vasallo et al., 2000). The expression pattern of
the Na,K-ATPase subunit-isoforms is subjected to developmental
and hormonal regulation and can be altered during disease
(Book et al., 1994; Charlemagne et al., 1994; Charlemagne
and Swynghedauw, 1995; Ewart and Klip, 1995; Zahler et al.,
1996).

The purpose of this study was to determine the cellular
and subcellular localization of the α and β subunit isoforms
of Na,K-ATPase in CRC and its liver metastasis using a panel
of well-characterized isoform-specific antibodies. The primary
hypothesis of this study was that metastatic cancer cells possess a
unique expression phenotype of Na,K-ATPase isozymes, similar
to that of CRC cells.

MATERIALS AND METHODS

Tissue Samples
The Ethics Committee of the Universidad de La Laguna (ULL)
and Ethical Committee of the Hospital Universitario Nuestra
Señora de Candelaria (HUNSC) approved this study. All patients
signed an informed-consent document for diagnosis and research
on tissue specimen before being enrolled in the project. All the
study subjects were treated with FOLFOX CT: day 1 oxaliplatin
100mg/m2 iv over 2 h; leucovorin calcium 400mg/m2 iv over
2 h; followed by 5-fluorouracil 400mg/m2 iv bolus and by 5-
fluorouracil 2400mg/m2 iv over 46 h; every 14 days. Paraffin-
embedded tissue samples and clinical data were obtained from
15 patients (7 males, 8 females) and 1 control male from the
reference medical areas of HUNSC.

Antibodies
Table 1 shows antibodies and references used in this study.
Secondary antibodies used were goat anti-rabbit IgG or
goat anti-mouse IgG. Biotinylated secondary antibody was
used for immunohistochemistry (IHC), whereas secondary
antibodies targeted with specific fluorochromes were used for
immunofluorescence (IF).

Immunohistochemistry
Five-micron thick paraffin embedded tissue sections were
deparaffinized in xylene and hydrated in graded series of
alcohol baths. Heat mediated antigen retrieval was performed
in an autoclave at 120◦C for 10min in sodium citrate buffer
pH 6.0 before commencing the IHC staining protocol. To
remove endogenous peroxidase activity, sections were incubated
with 3% H2O2 in methanol for 15min at room temperature.
Non-specific sites were blocked with 5% Fetal Bovine Serum
(FBS), 0.3% Triton-X-100 in Tris-buffered saline (TBS) for
1 h at room temperature. Endogen biotin was blocked with
the Avidin/Biotin Vector Blocking Kit (Vector Laboratories
Inc., #SP-2001, Burlingame, CA 94010, USA) according to the
manufacturer’s instructions. Primary antibodies (see Table 1)
were incubated O/N at 4◦C. Slices were then incubated for 2 h at
37◦C with biotin-conjugated secondary antibodies (see Table 1).
Antibodies for IHC were diluted in TBS, 5% FBS, 0.1% Triton.
To amplify the specific antibody staining, ABC complex (Pierce,
Thermo Fisher Scientific Inc., #32020, Waltham, MA, USA) was
applied to the sections, prepared according to manufacturer’s
instruction and incubated for 1 h at room temperature.
3,3′-diaminobenzidine (DAB) Substrate Concentrate (Bethyl
Laboratories Inc., #.IHC-101F, Montgomery, Texas, USA) was
used to visualize immunoperoxidase activity. Slides were
counterstained with Harris Hematoxylin solution DC (Panreac,
#256991.1610 Barcelona, Spain) to visualize cell nuclei. Samples
were mounted with Eukitt (Panreac, #253681, Barcelona,
Spain) and optical light microscope (Olympus BX50, Tokyo,
Japan) was used to visualize IHC staining results. Images
were acquired using the Olympus DP70 camera and the DP
controller software 2.1.1.183 (Copyright 2001–2004 Olympus
Corporation). Negative control experiments were carried out by
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TABLE 1 | Antibodies used in this study. α1(620) (Sztul et al., 1987), α3 (Pietrini et al., 1992), α3 (XVIF9-G10) (Arystarkhova and Sweadner, 1996), SpETβ1

and SpETβ2 (Gonzalez-Martinez et al., 1994).

Antibody Target Host Type Dilution Source

α1(620) α1-isoform* R P 1:1000 M. J. Kashgarian

α3 α3-isoform* R P 1:600 M. Caplan

α3 (XVIF9-G10) α3-isoform* M Mc 1:5 Arystarkhova and Sweadner

SpETβ1 β1-isoform* R P 1:600 P. Martin-Vasallo

SpETβ2 β2-isoform* R P 1:600 P. Martin-Vasallo

Anti-proliferating cell antigen (Anti-PCNA) PCNA M Mc 1:100 Boehringer Mannheim

Anti-rabbit IgG (H+L), biotin conjugated (2◦) Rabbit-IgG G P 1:300 Pierce

Anti-rabbit IgG (whole molecule), FITC-conjugated (2◦) Rabbit-IgG G P 1:200 Sigma

Anti-mouse IgG, DyLight®650-conjugated (2◦) Mouse-IgG G P 1:100 Abcam

R, rabbit; G, goat; M, mouse; Mc, monoclonal; P, polyclonal.
*subunit-isoforms of the Na,K-ATPase, 2◦: secondary antibody.

following the procedure stated above but without incubating with
primary antibody.

Double Immunofluorescence Simultaneous
Staining
As with the IHC samples, tissue sections for IF staining were
paraffin embedded. After deparaffinization, hydration and heat-
induced epitope retrieval procedure (as described above for the
IHC staining), slides were incubated with 5%BSA, 0.3%Triton-X-
100 in TBS to block non-specific sites. Then tissue sections were
incubated simultaneously with a mixture of two distinct primary
antibodies (e.g., rabbit against human target 1 and mouse against
human target 2) overnight at 4◦C. Slices were then incubated
for 1 h at room temperature in dark with a mixture of two
secondary antibodies (see Table 1) conjugated to two different
fluorochromes (i.e., FITC-conjugated against rabbit-Sigma and
DyLight R©650-conjugated againstmouse-Abcam). Antibodies for
IF were diluted in TBS, 1% bovine serum albumin (BSA),
0.1% Triton. Slides were mounted with ProLong R©Diamond
Anti-fade Mountant with DAPI (Molecular Probes by Life
Technologies, #P36962, Eugene, Oregon, USA) to visualize
cell nuclei. Slides were acquired and analyzed using Olympus
confocal microscope (Olympus FV1000, Tokyo, Japan) and the
software FV10-ASW1.3; Lasers: Diode 405 nm, Argon multiline
458/488/514, HeNe 633 nm. Images were acquired by sequential
scan (first sequence Diode and HeNe, second sequence Argon)
to avoid overlapping of channels. Image resolution 1024× 1024.
Objective lens: 60X/1.35 NA oil Plan-Apochromat. Negative
control experiments were carried out by following the same
immunohistochemical procedure but with the primary antibody
omitted.

Image Analysis and Scoring
Samples were evaluated by two independent observers who were
blinded to the clinical data. Scores were graded as absent (−),
moderate (+) or strong (+ + +) for any specific kind of cell.
These cut-offs were established by consensus of all investigators.
For all tumors this grading was applied to three different patterns
of Na,K-ATPase α and β subunit isoform staining in tumor
cells: staining of the plasma membrane; staining of the nuclear
envelope and staining of the cytoplasm.

Final results were computed as the product of staining
intensities. In cases where scorings differed, the observers re-
evaluated samples to consensus. All samples were analyzed and
scored.

RESULTS

Na,K-ATPase α1 and α3 Isoform
Expression in CRC
In healthy colon tissue (Figures 1A,C), the α1 isoform was
detected at the basolateral side of the plasma membrane of
epithelial cells lining the colonic mucosae of Lieberkühn Crypts
and in discrete stromal cells in the connective tissue surrounding
the crypts. In turn, α1 isoform was mainly detected in a peri-
nuclear location in tumor cells (Figures 1B,D). Mesenchymal
cells from the stromal tissue surrounding the tumor also
exhibited positive immunostaining (Figures 1B,D).

The Na,K-ATPase α3 isoform was detected on epithelial cells
lining the colonic crypts and on cells from the lamina propria in
healthy colon (Figure 1E). The α3 isoform was mainly detected
in or near the plasma membrane of epithelial cells and in the
cytoplasm of positively stained cells in the stroma. In CRC tumor
samples, the α3 isoform was mainly located in a peri-nuclear
location in CRC tumor cells, while in the plasma membrane
of these cells staining was negative (Figure 1F). Stromal cells
surrounding the tumor were also α3-positive. Immunolabeling
for the α3 isoform was also detected in microvascular endothelial
cells (Figure 1H) and in cells from the inflammatory reaction
associated with CRC within the stroma (Figure 1G), where the
α3 isoform showed an intense and specific peri-nuclear labeling.

Na,K-ATPase β1 Isoform Expression in
CRC
The β1 isoform of Na,K-ATPase was detected in epithelial cells
from the normal colonic mucosae (Figure 2A). There was a high
positive staining at the baso-lateral side of polarized epithelial
cells that line the colonic Lieberkühn crypts (Figure 2B).

In CRC tumors, the β1 isoform presented a less defined
expression pattern. This isoform was detected in some tumor
cells, but the location was not well-defined, and was seen in
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FIGURE 1 | Immunolocalization of the Na,K-ATPase α1 and α3 subunit

isoforms in normal colon and colorectal cancer (CRC). (A,C) α1

immunostaining in baso-lateral side of polarized epithelial cells in healthy

colonic mucosae, black arrow. g, colonic gland (Lieberkühn crypts); mm,

muscularis mucosae; lm, lamina propia mucosae. (B,D) peri-nuclear labeling
for the α1 isoform in tumor cells. T, tumor; L, lumina; m, mesenchymal tissue.

(E) α3 immunostaining in plasma membrane of healthy colon epithelial tissue.

(F) α3 expressed peri-nuclearly in CRC tumor (arrows). (G) α3 immunostaining

in tumor cells (T) surrounded by immune cells (arrows). (H) Endothelial cells

expressing the α3 isoform in a peri-nuclear location (arrows).

several subcellular locations within the tumor. In some tumor
cells β1 staining was peri-nuclear (Figure 2C), while in others a
peripheral location was observed (Figure 2C).

In addition, in healthy tissue, β1 was detected in cells of the
myenteric plexus, also known as the Auerbach’s plexus, within the
muscular tissue of the muscularis propia (Figure 2E). In the cells
from the plexus,Na,K-ATPase β1 isoform was detected in or near
the cytoplasmic membrane of axons and dendrites of neurons
and glial cells (Figure 2F).

Na,K-ATPase β2 Isoform Expression in
CRC
The β2 isoform was detected at the baso-lateral side of polarized
epithelial cells from the normal colonic mucosae and in

FIGURE 2 | Immunolocalization of the Na,K-ATPase β1 and β2 isoforms

in normal colon and CRC. (A,B) β1 is mainly located at the baso-lateral side

of polarized epithelial cells from the normal colonic mucosae (arrows in B). (C)

β1 is located in the cytosol of tumor cells (arrows). (D) β1 is located at the cell

membrane of tumor cells (arrows). (E) Cells from the myenteric plexus (MyP) at

the muscularis propia (mp) express β1. (F) β1 isoform is mainly located in or

near the cytoplasmic membrane of the neurons and/or glia; a neuron nucleus

with visible nucleolus is indicated using an arrow. g, colonic gland (Lieberkühn

crypts); lm: lamina propia mucosae. (G) Selected cells from the connective

tissue of the mucosae express the β2 isoform (arrows). (H) β2 is mainly located

at the baso-lateral side of polarized epithelial cells from the normal colon

mucosae (arrows). (I) β2 was not detected in tumor cells from

adenocarcinomatous glands (T); however, some stroma (S) cells express β2

(arrows). (J) Possible leukocytes of the stroma expressing β2 (arrows). (K)

Cells from the myenteric plexus (MyP) at the muscularis propia (mp) express

β2. (L) β2 isoform is mainly located at the soma of glia cells (arrows).
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selected fibroblastic and immune cells from the lamina propria
(Figure 2G) and (Figure 2H). In colon adenocarcinoma cells,
the β2 isoform was not detected (Figures 2I,J). However,
some immune cells located in the stromal tissue surrounding
the tumor, were β2 positive while others remained negative
(Figures 2I,J). In immunopositive cells, β2 staining was
detected peri-nuclearly and also throughout the cytoplasm.
Immunostaining intensity for the β2 isoform varied from
strong to weak across cells in this region. In myenteric plexus
(Figure 2K) the β2 isoform was detected in the soma of neural
cells (Figure 2L).

Co-Expression of Na,K-ATpase α3 and β1
Isoforms and PCNA
In CRC, some cells from adenocarcinomatous glands showed
positive staining to both PCNA (nuclei) and Na,K-ATPase α3
isoform (cytoplasm) (Figure 3), and PCNA and β1 isoform
(plasma membrane) (Figure 3).

Na,K-ATPase α1 and α3 Isoform
Expression in CRC Metastases in Liver
In healthy liver tissue, hepatocytes were immunopositive for α1,
in the plasma membrane (Figure 4A). Bile ducts cells were also
α1 positive (Figure 4B), and the staining was detected mainly
at the baso-lateral side of the plasma membrane. In metastases,
the Na,K-ATPase α1 isoform was detected in cytoplasm and in
the cytoplasmic membrane of cells of metastatic tumor niches
(Figures 4C,D).

In normal healthy liver, Na,K-ATPase α3 isoform was not
detected in any cell types (Figure 4E). However, in metastatic
tumor cells within the liver, the α3 isoform was detected
(Figure 4F; Supplementary Figure S1D) in a peri-nuclear
location and spread across the cytoplasm. Staining intensity

varied among cells, from strong to weak labeling. In addition
to tumor cells, this isoform was also detected in immune
cells located at the outermost part of the liver (Figure 4G).
In apparently healthy liver tissue surrounding metastases,
Na,K-ATPase α3 isoform was detected peri-nuclearly and also
throughout the cytoplasm of hepatocytes (Figure 4H).

Na,K-ATPase β1 and β2 Isoforms
Expression in Metastasis
In metastasized liver, the β1 isoform was detected at the plasma
membrane of hepatocytes (Figure 5A), bile ducts epithelial cells
(Figure 5B) and peri-nuclearly and/or in the cytoplasm of cells in
disorganized and necrotic tissue (Figures 5C,D; Supplementary
Figure S1C).

In healthy liver tissue, the β2 isoform was detected in the
cytoplasm of some cells and in peri-nuclear locations in others
(Figures 5E,F), with variable staining intensities among cells
ranging from strong to weak. A weak but specific signal for the
β2 isoform was also detected in bile ducts cells at the portal
triads (Figure 5G). However, the β2 isoform was not detected in
metastatic tumor cell niches (Figure 5H).

We were unable to detect the α2 and β3 subunit isoforms
as their expression levels were probably below the threshold of
the ABC amplified immunohistochemical detection technique
employed in this study.

Na,K-ATPase α3 and β1 Isoforms
Coexpression in Metastasis
In order to further confirm the co-expression of the α3 and β1
subunits isoforms in the same metastatic cells in the liver, using
a different and monoclonal antibody, we performed confocal
microscopy co-localization experiments. Image analysis and
scoring was done using same procedure as in all other cases

FIGURE 3 | Double immunofluorescence localization of Na,K-ATPase α3 and β1 isoform and proliferating cell nuclear antigen (PCNA) in CRC. Left

panel: (A) α3 isoform is expressed in colon tumor cells (green). (B) High numbers of tumor cells express PCNA (red). (C) The tumor cells express both PCNA and the

α3 isoform (blue and green merged). (D) α3 isoform is mainly located internally at the cytoplasm; blue (DAPI), red (PCNA), and green (α3 isoform) merged image. L,

lumina. Right panel: (E) β1 isoform is expressed in colonic tumor cells (green). (F) High number of tumor cells expresses PCNA (red). (G) The tumor cells express both

PCNA and β1 isoform (red and green merged). (H) Blue (DAPI), red (PCNA), and green (β1 isoform) merged image.

Frontiers in Physiology | www.frontiersin.org 5 January 2016 | Volume 7 | Article 9

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Baker Bechmann et al. Na,K-ATPase Isozymes in CRC and Metastases

FIGURE 4 | Immunolocalization of the Na,K-ATPase α1 and α3 isoforms

in normal liver and liver metastasis. (A) α1 isoform is located at the plasma

membrane of the hepatocytes (arrows). (B) Bile duct epithelial cells (B) express

α1 isoform, mainly at the baso-lateral side of cell membrane. (C) α1 isoform is

located at the cytosol of metastatic tumor cells (arrows). (D) α1 is present at a

peripheral position in metastatic tumor cells (arrows). (E) Negative

immunolocalization of the α3 isoform in normal liver tissue. (F) α3 isoform is

mainly located at a peri-nuclear position but also detected all-over the

cytoplasm. (G) Inflammatory reaction established at the outermost part of the

liver; α3 IHC-positive cells may correspond to cells from the immune system

(arrows), such as leukocytes. (H) In normal liver tissue from a metastasized

liver, hepatocytes express α3 in peri-nuclear and cytoplasmic locations.

and stated in the Materials and Methods section. As shown in
Figure 6 and in Supplementary Figure S1, both of them co-
localize in a number of metastatic cells in percentages ranging
from+ to+++, depending on the sample and on the area within
the same sample. Most of them showed further more than 2/3 of
total metastatic cells.

DISCUSSION

In this study we explored the cellular and subcellular localization
of the α and β subunit isoforms of Na,K-ATPase in CRC
and its liver metastases. The aim of this work was to test
the hypothesis that metastatic cancer cells possess a unique

FIGURE 5 | Immunolocalization of the Na,K-ATPase β1 and β2 isoforms

in normal liver tissue and liver metastasis. (A) β1 isoform is mainly located

at the cytoplasmic membrane of hepatocytes (arrows) from normal liver. (B)

Bile duct epithelial cells (B) express β1, V, venule. (C) Nuclei of metastatic

tumor cells (arrows). (D) β1 IHC-positive staining at necrotic tissue is signaled

with arrows; S, septum. (E) β2 is differentially expressed at the cytoplasm of

neighboring hepatocytes (arrows) of normal liver. (F) Hepatocytes with different

degrees of β2 immunostaining at a peri-nuclear position in neighboring

hepatocytes (arrows) of normal liver. (G) In normal liver, a bile duct (B) and cells

from the lining connective tissue (arrow) express β2. (H) Metastatic tumor cells

(T) do not express β2.

expression phenotype of Na,K-ATPase isozymes, which may
be similar to that of CRC cells. Table 2 summarizes the cell-
specific Na,K-ATPase subunit-isoforms expression and Table 3

highlights the possible cell-specific Na,K-ATPase isozymes
present in healthy colon, colorectal cancer, healthy liver and
metastasized liver.

Based on the results presented we propose that the
predominating isozymes in tumor cells from the colon and
metastases in the liver are α1β1 and α3β1. The α3β1 isozyme of
Na,K-ATPase is only present in livermetastases but not in healthy
liver, thus, the α3β1 isozyme could serve as a novel exploratory
biomarker of CRCmetastatic cells in liver. Further studies should
be carried out to test the utility of this observation.

Subunits of Na,K-ATPase have the ability to form functional
isoenzymes by a promiscuous association of α and β isoforms
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FIGURE 6 | Double immunofluorescence localization of Na,K-ATPase

α3 and β1 isoform in liver metastasis. (A) α3 isoform is located at a

peri-nuclear position and all-over the cytoplasm. (B) β1 isoform is mainly

located at the plasma membrane of metastases cells and in nuclear envelope.

(C) Merge.

TABLE 2 | Cell-specific Na,K-ATPase subunit-isoform expression in

normal colon, colorectal cancer, normal liver, and metastasized liver.

α1 α3 β1 β2

Normal colon

Epithelial cells (Mucosae) + + + + + + + + + +

Mesenchymal cells (Submucosae) + + + +

Smooth muscle cells (Muscularis mucosae) ? ? ? ?

Neurons (Myenteric plexus) ? + + + + ?

Glia cells (Myenteric plexus) ? ? + + + + + +

Smooth muscle cells (Muscularis propia) ? + − +

Colorectal cancer

Tumor cells + + + + + + + + + −

Mesenchymal cells (not immune system cells) + + + + − +

Immune system cells ? + + + ? ?

Endothelial cells ? + + + − ?

Epithelial cells (Mucosae) +++* + + + + + + −

Normal liver

Hepatocytes + + + − + + + +

Ephitelial cells (bile duct) + + + − + +

Endothelial cells − − − −

Mesenchymal cells (connective tissue) − − − +

Metastasized liver

Tumor cells + + + + + + + −

Hepatocytes ? + ? −*

Epithelial cells (Bile duct) + + + ? ? ?

Mesenchymal cells (connective tissue) − + − −

Immune system cells − + + + ? ?

+ + +, indicates a high staining level; +, indicates low staining level; −, indicates no
staining detected; and ?, indicates indeterminate staining, according to our observations.
*Data not shown.

to confer significantly different kinetic and biological
properties. The apparent affinities for cations and ouabain
have been determined by expressing recombinant enzymes in
heterologous systems. Affinities of human isozymes expressed
in Xenopus laevis oocytes are α1β1>α2β1>α3β1 for Na+ and
α3β1=α1β1>α1β3>α1β2>α2β1>α3β3>α3β2>α2β3>α2β2 for
K+ (Blanco andMercer, 1998; Crambert et al., 2000). Tumor cells
and metastatic cells have isozymes with highest and lowest Na+

affinity and surrounding mesenchymal cells possess isozymes
with medium range affinity. Regarding K+ affinity, tumor and
metastasis cells possess Na,K-ATPase isozymes of high K+

affinity and mesenchymal cells low K+ affinity. These are the
isozyme combinations that permit an optimal performance
of the enzymes involved in protein synthesis and transfer of
phosphor groups (Glynn, 1985) processes both involved in
carcinogenesis.

Another objective of this study was to correlate the mitotic
index related to the expression of isoforms by co-localization of
those along with PCNA, the clamp subunit of DNA polymerase
δ marker of cell proliferation (Kubben et al., 1994; Bleau et al.,
2014) and carried out further analysis by confocal microscopy.
Figure 3 shows cells expressing the α3 and β1 isoforms in CRC
tumor cells, in which no correlation was seen between sodium
pump isoforms and PCNA protein expression, that is, high
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TABLE 3 | Possible cell-specific Na, K-ATPase isozymes present in normal

colon, colorectal cancer, normal liver, and metastasized liver.

α1β1 α1β2 α3β1 α3β2

NORMAL COLON

Epithelial cells (Mucosae) +++ + +++ +

Mesenchymal cells (Submucosae) + + + +

Smooth muscle cells (Muscularis mucosae) ? ? ? ?

Neurons (Myenteric plexus) ? ? +++ ?

Glia cells (Myenteric plexus) ? ? ? ?

Smooth muscle cells (Muscularis propia) – ? – +++

COLORECTAL CANCER

Tumor cells +++ – +++ –

Mesenchymal cells (Not immune system cells) – + – +++

Immune system cells ? ? ? ?

Endothelial cells – ? – ?

Epithelial cells (Mucosae) +++ – +++ –

NORMAL LIVER

Hepatocytes +++ + – –

Ephitelial cells (Bile duct) +++ +++ – –

Endothelial cells – – – –

Mesenchymal cells (Connective tissue) – – – –

METASTIZED LIVER

Tumor cells +++ – +++ –

Hepatocytes ? – ? –

Epithelial cells (Bile duct) ? ? ? ?

Mesenchymal cells (Connective tissue) – – – –

Immune system cells – – ? ?

+ + +, Indicates a possible high level of the isozyme; +, indicates a possible low
presence of the isozyme; –, indicates no possibility; and ?, indicates indeterminate
staining, according to our observations.

expression of PCNA can be found in cells with either, high or
low, expression level of α3 or β1 and vice versa.

Hideki Sakai and co-workers (Sakai et al., 2004) used western
blotting to demonstrate a decrease in α1 isoform expression in
CRC and, inversely, an increase in the α3 isoform compared
to the accompanying healthy mucosae. In addition they did
not observe a significant expression level of Na,K-ATPase α2
isoform either in the CRC or in the accompanying healthy
mucosae. Our study, confirms their observations. In addition, in
recent studies of hepatocellular carcinoma, a significantly higher
α3 level expression was shown in western blots compared to
the accompanying non-tumor tissues, whereas no significant
increases in expression of α1 and α2 proteins was observed
(Shibuya et al., 2010).

Recently, it has been suggested that the cellular distribution
and expression of Na,K-ATPase α3 isoform affects the anti-
proliferative effects of oleandrin, a cardiac glycoside that inhibits
the Na,K-ATPase (Yang et al., 2014). These authors demonstrated
that healthy, as opposed to neoplastic colonic and lung tissues,
exhibit different distributions of the α3 isoform. While the
α3 isoform was predominantly located in the cytoplasmic
membrane in healthy colon and lung, the distribution of this
isoform was shifted to a predominantly peri-nuclear location
in tumors. These observations have been corroborated by

our laboratory. Furthermore, our results showed a subcellular
location shift for the α1 isoform, which was mainly located at
the basolateral side of the plasma membrane of healthy colonic
epithelial cells, shifting to a peri-nuclear position in CRC tumor
cells.

The α1 and α3 subunit isoforms were detected in all cells
lining the colonic crypts. These isoforms were not only expressed
in epithelial cells in healthy colon mucosae, but they were also
detected in mesenchymal cells from the lamina propria. The α3
isoform presents a high expression level in neurons of the central
nervous system (Hieber et al., 1991; McGrail et al., 1991). The
present study shows specific staining for α3 in neurons from
myenteric plexus.

Regarding the β subunit, it has been reported that expression
of both the β1 and β2 mRNAs were decreased in renal,
lung and hepatocellular carcinomas (Akopyanz et al., 1991),
and that expression levels of the corresponding proteins
was decreased in human clear cell renal cell carcinoma
(Rajasekaran et al., 1999) and bladder carcinoma (Espineda
et al., 2004). Previous work from our laboratory (Avila
et al., 1997) reported, by western blot technique, that gastric
and colon adenocarcinoma showed opposite patterns of β1
isoform expression. While gastric adenocarcinomas showed
lower expression levels of β1 than the healthy tissue, colonic
adenocarcinomas showed higher expression of this isoform
compared to healthy surrounding tissue. In addition, the β2
isoform was neither detected in healthy colon, nor in stomach
adenocarcinomas. In the present immunohistochemical study,
we detected the β1 and β2 isoforms at the baso-lateral side of
the plasma membrane in the healthy colon mucosae, but only
β1 was found in CRC samples. Which, in a certain manner,
resembles our previous findings in Na,K-ATPase in dog and
rat prostate cancer where we found a downregulation and a
reduced expression of sodium pump (Mobasheri et al., 2000,
2003a,b,c).

Na,K-ATPase β1 and β2 isoforms were detected in the
myenteric plexus of healthy colon tissue. It is well-established that
the β2 isoform of Na,K-ATPase, is an adhesion molecule on glia
(AMOG) (Antonicek et al., 1987; Gloor et al., 1990).

In tumor samples, the β1 isoform presented a less defined
pattern of expression. This isoform was detected in some tumor
cells but not all, also the subcellular location differed among
cells within a given adenocarcinomatous area, while some tumor
cells where immunopositive for β1 at the cytoplasmic membrane
location (Figure 2D) other cells presented immunostaining in a
peri-nuclear position (Figure 2C).

Research by Rajasekaran and colleagues reported that Na,K-
ATPase β subunit is required for epithelial polarization,
suppression of invasion, and cell motility (Rajasekaran et al.,
2001b), not only presence of Na,K-ATPase in the cell membrane
but also Na,K-ATPase activity was important to form proper tight
junctions, desmosomes, and induction of polarity in epithelial
cells (Rajasekaran et al., 2001b). Further studies suggested that
the transcription factor Snail might be repressing the β1 isoform
and E-cadherin expression in carcinomas, associating these
events to epithelial-mesenchymal transition (EMT) (Espineda
et al., 2004).
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Taken together, these studies and our results indicate
that the level of expression and the location of the β

subunit in epithelial cells are important for maintaining their
well-differentiated phenotype, which disappears during cancer
progression. Research published by our group on sodium pump
isoform expression levels in stem cells has confirmed that
adipose-derivedmesenchymal stem cells express all knownNa,K-
ATPase isoforms, but some of these genes are turned off along
differentiation (Acosta et al., 2011). In CRC cells or its metastases
in liver we have never seen expression of all isoforms, rather, we
have detected the expression signatures specified in Table 2.

Regarding liver metastases, to our knowledge, there have
not been any reported studies in reference to Na,K-ATPase
isoforms in liver metastasis. In this study the α1 isoform
was detected in metastatic tumor cell niches within the liver,
exhibiting a cytoplasmic subcellular localization in some cells
and a membrane localization in others. The α3 isoform,
however, was mainly detected at a peri-nuclear location and
was more diffusely expressed across the cytoplasm of tumor
metastatic cells. The healthy hepatic tissue presented the α1
isoform at the cytoplasmic membrane where it may establish the
functional heterodimer with a β1 isoform and/or β2 isoform.
Our observations of the subcellular localization of the α1 isoform
are consistent with the first reported immunolocalization of
this subunit in hepatocytes of healthy liver tissue (Sztul et al.,
1987). However, in healthy liver tissue, the α3 isoform was not
detected.

The β2 isoform was detected both at a more peri-nuclear
position in some hepatocytes and throughout the cytoplasm in
others, but not at the cytoplasmic membrane. The reason for this
is unclear at present. It is possible that β2 isoform performs other
moonlighting protein functions in hepatocytes. In metastasized
liver, we detected the β1 isoform in disordered and semi-necrotic
tumor tissue. However, β2 isoform was not detected in liver
metastases. This may be related to the fact that these metastatic
cells arise from CRC tumor cells, which did neither express β2
isoform or at very insignificant levels. Interestingly, apparently
in healthy hepatic tissue surrounding the metastatic zone, the

hepatocytes expressed the α3 isoform, a phenotype not detected
in healthy hepatocytes from non-CRC patient according to our
results. It might be possible that the CRC and the FOLFOX-
CT affecting this patient could be influencing these hepatocytes
driving them to express other genes, ATP1A3 in this case.

The high levels of peri-nuclear and cytoplasmic α3 isoform
in liver metastatic cells is potentially indicative of other
moonlighting functions of this isoform besides ion transport
(Jeffery, 2014; Magpusao et al., 2015; Min et al., 2015). In
addition, the α3β1 isozyme may have utility as a novel
exploratory biomarker for metastases cells. However, further
studies need to be performed in order to confirm both, the
moonlighting and biomarker assessments.
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Legend of supplementary Figure S1: 

Double immunofluorescence localization of Na,K-ATPase α3 (red) and β1(green) 
isoforms in liver metastasis. A) α3 and β1 isoforms co-localize at the nuclear envelope 
in malignant cells. B-D) Magnification of the malignant cell pointed in A; B) α3 and β1 
merge. C)  β1. D) α3. 



 

 



 

 

 

  



 

 

 





 


