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Abstract 

Cancer incidence rates have increased over the last decade. Currently 

available therapies are only moderately effective in targeting cancer cells. 

Established cancer treatment protocols fail to eliminate populations of cancer 

stem cells (CSCs), which develop resistance against the chemotherapeutic 

drugs and lead to cancer recurrence. Therefore, understanding the mechanisms 

by which CSCs resist drugs and identifying molecular markers are both 

necessary to further improve prognosis and to develop new treatment strategies. 

Increased protein kinase B/Akt1 gene expression and/or activity have been 

found increased in majority of cancer types. Akt1 is a key player in PI3K-Akt-

mTOR pathway that is vital for cell survival, proliferation, migration, invasion, 

metastasis, angiogenesis and apoptosis. In this study, we investigated a series 

of novel markers to improve the characterization of CSCs, with particular focus 

the roles of Akt in CSC maintenance and the regulatory role of micro-RNA (miR) 

in cancer cells. While utilizing in breast cancer cells as models, we found that 

luminescent conjugated oligothiophenes (LCOs), p-HTMI and p-HTAA have the 

potential to differentially stain various subpopulations of cancer cells, presumably 

also CSCs among breast cancer cells. However, further studies are needed to 

confirm these results. Additionally, when we investigated the effect of Akt 

intracellular compartmentalization on CSC development, the results revealed 

that nuclear Akt enhances CSC proliferation (ALDH +/High CD44+/High/CD24-/Low) 

and clonogenicity, which was counter examined and confirmed by using the Akt-

specific inhibitor triciribine. Furthermore, while investigating the impact of Akt on 

miR regulation in cancer cells, we found that Akt overexpression decreased 
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miR301 expression in cancer cells. The decreased miR301 expression led to 

enhanced cell proliferation and migration and this correlated with the 

accumulation of PTEN in the nucleus. In conclusion, our data suggest that LCOs 

may have the potential to serve as a CSC marker. The enhancement and 

development of CSCs might be controlled by the intracellular localization of Akt, 

and the novel miR301 has an inhibitory potential towards PI3K-Akt pathway. 

Thus, this extensive study on CSCs and their relation to the PI3K-Akt pathway 

could provide a platform for developing novel chemotherapeutic drugs and 

modifying the targets of currently available drugs for cancer treatments. 	  
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Popular summary 

 Cancer is one of the rapidly growing diseases worldwide and it has been 

reported that 8.2 million people die every year due to cancer. Currently, surgery, 

chemotherapy and radiotherapy are the only available treatments to fight against 

cancer. However, cancer recurrence is the prevailing problem as current 

treatments target only the mature cancer cells and not cancer stem cells (CSCs). 

CSCs are a subpopulation of cancer cells which possess similar properties like 

self-renewal and differentiation which causes tumour initiation and cancer 

recurrence. The mechanism by which CSCs are being resistant to the currently 

available anti-cancer drugs is still not clearly understood. 

The expression of the gene, protein kinase B/Akt1 has been found to be 

increased in majority of cancers. Akt1 is a key player in the cell signaling pathway 

PI3K-Akt-mTOR which is vital for cell survival, proliferation, migration, invasion, 

metastasis, angiogenesis and apoptosis. Thus, in this study, we have 

investigated the role of Akt in CSC development and micro-RNA regulation in 

cancer cells and also to find an improved characterization strategy of CSCs using 

a series of novel markers. We have found that luminescent conjugated 

oligothiophenes (LCOs) have potential to stain a rare-population of cells (CSCs) 

from the breast cancer cells. Further, when we have evaluated the effect of Akt 

intracellular localization on CSCs development, we have found that nuclear 

localized Akt enhances CSCs proliferation (ALDH +/High CD44+/High/CD24-/Low) and 

when we increased the Akt level, we have found decreased miR301 expression 

that leads to enhanced cell proliferation and migration.  
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In conclusion, our study suggests that LCOs could serve as a potential 

marker for CSCs. Intracellular localization of Akt controls CSCs enhancement 

and development. The novel miR301 has an inhibitory potential towards PI3K-

Akt pathway restricting cell proliferation. Thus, this detailed study of CSC 

characterization and biology could provide a platform to develop novel 

chemotherapeutic drugs and modify the targets of currently available drugs for 

improved cancer treatment.	  
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Abbreviations 

CSCs   Cancer stem cells 
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TRKs   Tyrosine receptor kinases  

GPCR   G protein-coupled receptors  

PTEN   Phosphatase and tensin homolog  

PKB   Protein kinase B 

PH   Pleckstrinhomology  

PDK   Phosphoinositide-dependent kinase 

mTOR   Mammalian target of rapamycin 

TSC   Tuberous sclerosis complex 

PRAS40  Proline-rich Akt substrate 40 
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ICC Immunocytochemistry 

MTT 3-(4,5-Dimethyl-2-thiazolyl) 2,5-diphenyl-2H tetrazolium 

bromide  

7-AAD   7-Aminoactinomycin D 

T-ALL T-cell acute lymphoblastic leukaemia 

WT Wild type 

CKIs Cyclin-dependent kinase inhibitors	  
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Introduction 

Some of the earliest evidence of cancer among humans was found in 

ancient manuscripts of Egyptian mummies. The word “cancer” originates from 

the ancient Greek word “karkinos”, which was used to describe carcinoma 

tumour cells and was coined by the great physician Hippocrates of Kos (ca. 460-

360 BC) (1). According to the GLOBOCAN 2012 estimates of cancer incidence 

worldwide, 14.1 million newly diagnosed cases of different types of cancer and 

8.2 million cancer-related deaths are recorded per year. Apart from that, 32.6 

million people throughout the world have been shown to be living with cancer (2). 

Cancer seems to be evolving in a Darwinian manner for survival via harsh 

strategies in order to withstand such challenging environments as acidosis, 

hypoxia and anticancer immune responses (3). It is likely that the adaptation of 

cancer to the evolution process considerably contributes to the development of 

tumours that are able to metastasize to other organs and are resistant to toxic 

therapies (4). Currently, there are 27 major types of cancer; all types of cancer 

cells grow abnormally, divide, re-divide, and escape the cell death stage of the 

cell cycle process (5). 

The main causes of cancer formation are environmental and lifestyle 

factors, as well as genetic and epigenetic alterations. Lifestyle factors, including 

smoking, alcohol consumption and diet are important universal risk factors 

responsible for causing cancer (2). Environmental factors, including viral (e.g., 

human papilloma virus) and bacterial (Helicobacter pylori) infections, account for 

10% of tumours in developed countries (6, 7). Genetic (e.g., mutation, 

translocation and polymorphism) and epigenetic (e.g., DNA methylation, histone 
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modification and loss of imprinting) alterations drive cancer by affecting the 

function and structure of the genome. Disruptions of gene expression patterns 

can lead to abnormal activity and overexpression of protein, which deregulates 

the transcriptional regulation mechanisms of oncogenes and tumour suppressor 

genes. These alterations are in general inheritable at the cellular level, thus 

contributing to the clonal expansion of cancer cells (8). During cancer 

progression, somatic mutations appear and accumulate, allowing the cancer 

cells to proliferate much faster than normal cells in an uncontrolled manner. This 

property of cancer cells leads to faster progression of tumour tissue relative to 

normal tissue (9). Somatic mutations can lead to defects in cell cycle regulation, 

apoptosis, and the DNA repair and genomic stability (10, 11). 

Intriguingly, decades of cancer research suggest that deregulation of 

several physiological functions contribute to developmental processes, e.g., cell 

proliferation, differentiation and survival specifically contributes to different types 

of cancer. Deregulation of all those physiological functions during cancer 

development is well illustrated as “hallmarks of cancer”, as proposed by 

Hanahan and Weinberg in 2000; these were recently updated, with the addition 

of new characteristics. The proposed characteristics of cancer are the following: 

inhibition of cell death; enhanced angiogenesis; uncontrolled growth; insensitivity 

to growth suppressors; activation of invasion and metastasis; enabling replicative 

immortality by escaping immune destruction; deregulated cellular energetics; 

tumour-promoting inflammation and genome instability; and mutations (12, 13). 

The choice of available cancer treatments is dependent on several 

factors, such as cancer type, location, stage, mutations and recurrence. The 
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types of available treatments for cancer can be categorized as surgery, 

chemotherapy, radiotherapy or targeted therapy. Standard chemotherapy is an 

important part of treating cancer and is often used in combination with radiation. 

Large number of chemotherapeutic drugs has been developed. For e.g., 

Cisplatin, a platinum-containing compound that interacts with DNA, which lead 

to the activation of cell-cycle arrest and DNA repair (14, 15). However, these 

drugs have several limitations due to a lack of selectivity for tumour cells over 

normal cells, resulting in insufficient drug concentration in tumour cells, systemic 

toxicity and cancer recurrence due to drug-resistant cancer cells (16). Targeted 

therapies involve the targeted delivery of toxic substances to specifically destroy 

cancer cells (17). Targeted therapy involves the use of monoclonal antibodies, 

e.g., Herceptin (18), or small oral drugs, e.g., Imatinib (19),which ultimately block 

cancer cell proliferation, survival, and promote cell cycle arrest, or induce cell 

death (17). The application of radiotherapy depends on type, stage and 

localization of tumour. Primary resectable tumours are often treated with 25 Gy 

in 5 fractions, whereas primary non-resectable tumours are treated with 50 Gy 

in 25 fractions (20). Radiotherapy is largely recognized to cause DNA damage 

via high-energy photons and free radicals produced adjacent to DNA. DNA 

damage includes base/sugar damage, as well as single-strand and double-

strand breaks (21). 

 

Cancer stem cells 

Cancer stem cells (CSCs), also called as ‘cancer-initiating cells’ or ‘cancer 

stem-like cells’, are a subpopulation of cancer cells. They possess properties 
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similar to those of normal stem cells, such as asymmetric cell division, self-

renewal and differentiation. CSCs can originate from the transformation of 

normal stem cells and undergo epigenetic alterations that give them capability 

for self-renewal and to drive tumourigenesis (22, 23). Epigenetic alterations in 

DNA, histones, and non-coding RNA and miRNA cause modifications in the 

resulting gene expression. These alterations in the epigenome determine the 

specific fate and mechanism for the tumorigenic-reprogramming of these cells. 

These alterations are not as stable as mutations and can be reversed. However, 

some types of alterations remain stable, which lead to the formation of CSCs 

with distinct changes in cellular function (24). 

The first evidence of CSCs was found in breast cancer, and it has been 

shown that as few as 100 cells (CD44high /CD24low) could form a tumour when 

injected into mice (25). Other studies, for example conducted using stemness 

markers conjugated, or coexpressed with fluorescent proteins, for lineage 

tracing, confirmed that these clonal cells act as CSCs by giving rise to 

malignancies and showing resistance to anti-cancer drugs (26-28). Later on, 

CSCs were found to be present in different types of cancer, e.g., brain (29), colon 

(30), pancreatic (31), head and neck (32) and prostate cancer (33). 

The presence of CSCs might explain why cancer can recur after 

treatment. Most anti-cancer drugs (i.e., chemotherapeutics) only act on ‘mature’ 

cancer cells; while these cells are damaged by such drugs, CSCs appear to be 

resistant to conventional therapies and become responsible for the relapse of 

most cancers (34). In many instances, it has been shown that CSCs have 

elevated ATP-binding cassette levels, which promotes drug resistance (35). In 
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glioma, CSCs preferentially activate DNA-damage checkpoints, allowing them to 

repair damage faster and escape radiation-mediated cell death (36). In breast 

cancer, CSCs maintain low level of reactive oxygen species (ROS) mediated by 

higher expression levels of free radical scavengers, which ultimately causes 

radiotherapy resistance (37). Disruption of cell cycle inhibition may also 

contribute to cancer stem cell proliferation (38). 

Different studies have shown that CSCs are the major cause for 

development of breast and other types of cancer. Hence, CSCs need to be 

targeted for treatments to be effective (22, 25, 39). Breast cancer stem-like cells 

could be isolated by using surface markers, such as aldehyde dehydrogenase-1 

(ALDH1), which is enriched in CSCs (40). Several studies have shown that 

different signalling pathways play various significant roles in CSC biology. It has 

been reported that alterations in signalling pathways, such as Notch, Wnt and 

Hedgehog, are important in normal stem cells; these alterations might play key 

roles in the maintenance of CSCs (41). Several non-coding RNAs, e.g., micro-

RNAs (miRs), also play important roles in cancer biology.  

 

Micro-RNAs 

Micro-RNAs are small, non-coding RNAs that are key cellular elements in 

both normal and diseased conditions. Over the last decade, miRs have become 

a new tool for defining developments in many human pathologies (42). The first 

miR, Lin-4, was discovered in 1993 in studies on Caenorhabditis elegans. Lin-4 

acts via the Lin-14 3’UTR to inhibit the translation of Lin-14 mRNA (43). In 

mammals, miRs are predicted to control the activity of approximately 50% of all 
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protein-coding genes. A miR is processed in the nucleus from the transcription 

of primary miR by RNA polymerase II, forming a typical hairpin structure. Then, 

the microprocessor complex comprising DGCR8 and the RNAse enzyme Drosha 

trims the primary miR to precursor miR (pre-miR) hairpin. The pri-miR is then 

exported to the cytoplasm by a protein known as exportin 5. In the cytoplasm, a 

protein complex, including Dicer and TRBP, further trims the stem loop of the 

pre-miR to produce a short, double-stranded RNA molecule. Next, AGO2 protein 

interacts with DICER to bind the miR, which causes the dsmiR to unwind, 

releasing single-stranded RNA. The remaining strand interacts with AGO2 

protein and GW182 to form an RNA-induced silencing complex (RISC). This 

mature miR complex uses predominantly 3’ UTRs to target complementary miR 

sequences and may induce multiple post-transcriptional gene silencing by 

cutting the mRNA or by inhibiting the translation process (44, 45).  

The importance of miR in cancer has been underlined by controlling the 

expression of target mRNA to facilitate carcinogenesis (42). Whether a miR 

functions to promote or suppress cancer depends on the direct target genes. 

Breast cancer promoters miR155 (46), miR21 (47), and miR300 (48) and 

suppressors miR7 (49), miR16 (50), and miR30a (51) have both been previously 

described and demonstrated. Thus, miRs play a major role in all types of cancer 

which is one of the hallmarks defined by Hanahan and Weinberg (13). 

Recently, miR301 has attracted much attention due to its significant 

contribution to different biological processes, including cell differentiation, 

proliferation, survival, and apoptosis in pancreatic (52), hepatocellular (53), lung, 

colorectal (54)and breast cancer (55), as well as sickle cell disease (56). Several 
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miRs target signalling molecules, such as TGF-β, Wnt, EGF and Akt, and they 

serve as nodes for signalling pathways that regulate central cellular processes, 

such as cell survival, proliferation, transcription, translation, differentiation and 

metabolism, as well as the cell cycle (57). 

miRs can act as markers of the prognosis of pathological conditions. Our 

understanding of molecular alterations underlying cancer has created 

opportunities for more effective and accurate treatment and better diagnosis. A 

new era of enhanced personalized medicine choices depends on molecular 

analyses, such as DNA methylation, gene expression and miR expression. miRs 

have been shown to yield essential information and have greater utility than 

mRNAs as prognostic indicators (58). miR expression in cancer frequently 

reflects the development and origin of the cancer type. A blinded study with 400 

tumour samples from 22 different types of tumours showed that miR expression 

classified the cancer type according to tissue of origin with greater than 90% 

accuracy (59). Therefore, many clinical trials consider miRs as biomarkers for 

disease prognosis, drug efficacy, and patient satisfaction. Despite the challenges 

in the miR delivery systems, there are currently two clinical trials for miR-based 

treatments, the first-ever of which uses miR34a. This molecule interacts with 24 

known oncogenes. The MRX34a is a synthetic miR34a mimic that was loaded 

into liposomal nanoparticles for efficient delivery. MRX34a is currently in a phase 

I clinical trial for lung cancer (60). Another clinical trial is testing Miravirsen 

(miR122) for hepatitis C therapy (61). Miravirsen is complementary in sequence 

to miR122 and has a modified, locked nucleic acid structure, which protects 

against degradation and improves its target affinity (62). 
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PI3K-Akt pathway  

Phosphatidylinositol-3-kinase (PI3K) came into the focus of cancer 

research in the mid-1980s, when it became apparent that PI3K activity was 

physically and functionally associated with the transforming activity of viral 

oncogenes (63). PI3K-Akt signalling pathway activation is vital to many aspects 

of control over the proliferation and survival of various normal and cancer cell 

types. Hence, its hyperactivity may contribute to aggressive cancer growth, 

metastatic capacity and chemotherapeutic resistance (64). 

The PI3K-Akt pathway is downstream of many signalling cascades, 

including tyrosine receptor kinases (TRKs) and G protein-coupled receptors 

(GPCR). It is up-regulated in several types of cancer (65). The major reason for 

the hyperactivation of the PI3K-Akt pathway is the inactivation or mutations of 

the tumour suppressor gene phosphatase and tensin homolog (PTEN) (66). 

PTEN is a central negative regulator of PI3K-Akt signal transduction that is 

responsible for the dephosphorylation of PI(3,4,5)P3 and inhibition of 

downstream signals (67). Although PTEN has a well-defined function in the 

cytoplasm, under certain circumstances, it has also been found in the nucleus. 

The nuclear function of PTEN is not clearly understood, but its role in the nucleus 

could be in opposition to its cytoplasmic function (68). 

PI3K is a large and complex protein family that comprises three classes 

with different subunits and isoforms. Only class I PI3Ks will be discussed in this 

thesis because of the contextual relationship to other topics of the thesis(69). 

PI3K consists of a catalytic subunit (P110) and an adaptor/regulatory subunit 

(P85). Both form a heterodimeric complex, which is activated either through 
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receptor conformational changes or by RTK and GPCR (70, 71). The cytosolic 

PI3Ks are responsible for the phosphorylation of the inositol ring of PI(4,5)P2 at 

the 3rd position, creating PI(3,4,5)P3, which is a potent secondary messenger 

(72). This function of PI3K is crucial for the recruitment of specific proteins 

containing a pleckstrin-homology (PH) domain, FYVE domain, Phox domain, C1 

domain, C2 domain and other lipid-binding domains to the cell membrane (72-

75). 

Protein kinase B/Akt1 is a primary downstream target of PI3K (76). 

PKB/Akt is a 55- kDa serine threonine protein kinase and a cellular homologue 

of viral oncoproteins A and C. PKB was first discovered and cloned by research 

groups in 1991 (77, 78). In mammals, the PKB/Akt subfamily consists of three 

related genes located in different chromosomes encoding PKBα/Akt1 (14q32), 

PKBβ/Akt2 (19q13) and PKBγ/Akt3 (1q44). PKBβ and PKBγ share nearly 80% 

homology with PKBα, and all the substrates show wide tissue distributions; 

PKBα and PKBβ show high expression in the brain, heart, thymus, and lungs, 

and while PKBγ shows high expression in the brain and testes, it shows low 

expression in the heart, lungs, spleen, and skeletal muscles (77-80). All the 

isoforms differ in phosphorylation pattern and sub-cellular localization. 

Apparently, the function of Akt depends partly on its sub-cellular localization. 

Akt1 and Akt2 are located in the cytoplasm and mitochondria, respectively, 

whereas Akt3 localizes to the nucleus and nuclear membrane (81). 

The structure of PKB/Akt consists of three functional domains: an N-

terminal PH domain, a central kinase domain, and a C-terminal domain 

containing the hydrophobic motif. Two specific sites, one in the kinase domain 
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(Threonine 308) and another in the C-terminal regulatory motif (Serine 473), are 

phosphorylated during full activation of the kinase (79, 82). Akt/PKB is recruited 

to the plasma membrane from the cytoplasm upon different cellular stimuli (76). 

Plasma membrane recruitment and binding to PI(3,4,5)P3 causes 

conformational changes in Akt, resulting in the exposure of two amino acids, 

which is essential for its complete activation by phosphoinositide-dependent 

kinase (PDK) and mammalian target of rapamycin (mTOR)/rictor. One of the 

sites in a kinase domain, T308, is phosphorylated by PDK1, alleviating the 

activation loop. Another site in the hydrophobic C-terminal domain, S473, is 

phosphorylated by PDK2 and is obligatory for full activation (83-86). The 

activated PKB/Akt triggers the regulation of downstream signalling molecules, 

which play significant roles in angiogenesis and cell survival, growth, migration, 

proliferation and death (87). 

Akt-mediated regulation of mTOR involves several mechanisms. mTOR 

plays a major role in cell growth by regulating protein synthesis through the 

activation of p70 S6 kinase, which enhances the translational process. 

Simultaneously, mTOR phosphorylates and inactivates 4E-BP1, which inhibits 

the translational process (88). mTOR is a component of two multi-protein 

complexes, mTORC1 and mTORC2 (89). Tuberous sclerosis complex (TSC) 2 

binds to the 14-3-3 proteins upon Akt-mediated phosphorylation. The bound 

TSC2 complex goes through proteosomal degradation, which activates 

mTORC1 (90). Apart from this, proline-rich Akt substrate 40 (PRAS40) also plays 

a role in mTORC1 regulation. PRAS40 inhibits the interaction of mTORC1 with 

its substrates. Akt directly phosphorylates PRAS40, which prevents mTORC1 
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cell-growth signalling (91). While our knowledge about mTORC2 is limited, the 

mTORC2 complex directly phosphorylates the Akt at Ser473 (92). 

The cytoprotective function of Akt is considered multifactorial because of 

the ability of Akt to interact either directly or indirectly for the phosphorylation of 

different components of cell death pathways. For example, BAD is the pro-

apoptotic molecule of the B-cell lymphoma (Bcl)2-family and promotes apoptosis 

by forming a complex with BCL-XL. Akt-mediated phosphorylation of BAD 

inhibits this interaction with BCL-XL and thus prevents complex formation (93). 

Similarly, pro-caspase-9 catalytic activity could be inhibited by Akt-mediated 

phosphorylation (94). The phosphorylation of FKHRL, a fork-head transcription 

factor family protein, by Akt leads to nuclear exclusion and inactivation, which 

further leads to the inhibition of essential components of apoptosis-promoting 

factors, such as BIM and Fas-ligand. The NF-κB transcription factor complex 

promotes cell survival in response to several cell death stimuli. Akt 

phosphorylates and activates IκB kinase, which is an inhibitor of the NF-κB 

transcription factor. Enhanced degradation of IκB kinase promotes NF-κB 

nuclear migration, which leads to the activation of cell survival genes (95). Akt 

also influences the activity of the major tumour suppressor gene p53 through the 

phosphorylation and activation of murine double minute (MDM)2 protein. MDM2 

degrades p53 through the proteosome and E3 ubiquitin ligase activity (96-98). 

Akt is also involved in the phosphorylation of different cell proliferation 

factors, such as cyclin-dependent kinase (CDK) inhibitors p21Waf1/Cip1 and p27kip1 

and glycogen synthase kinase-3 (GSK3) (87, 99). The Akt-mediated 

phosphorylation of cyclin-dependent kinase inhibitors (CKIs) p21Waf1/Cip1 and 
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p27kip1 leads to their shift from nuclear to cytoplasmic localization, thus promoting 

the transition from the G0 to the S phase (100-102). Akt-mediated inhibition of 

GSK3β prevents the phosphorylation of β-catenin, which impedes its 

degradation, thus enhancing cell proliferation (100). GSK3β inhibition leads to 

the accumulation of cyclin D1, which facilitates the G1/S progression of the cell 

cycle (103). While Akt1 predominantly resides in the cytoplasm, under certain 

physiologic conditions, it briefly enters the nucleus around the S-G2 boundary to 

participate in cell cycle regulation (104). 

 

Nuclear Akt 

The presence of Akt within the nucleus was first reported in the late 1990s 

(105). Indeed, some Akt substrates are considered to reside in the nucleus, such 

as FOXO transcription factor (106). All isotypes of Akt have been shown to 

transfer into or reside within the nucleus, depending on the type of a wide variety 

of stimuli, e.g., growth factors, which can initiate the process (107-110). Either 

Akt kinase does not possess a nuclear localization sequence (NLS) or it has 

simply remained unknown; yet, but Akt kinase still enters the nucleus. The 

mechanism behind the nuclear localization of any protein lacking an NLS is not 

clearly understood. Smaller proteins (~40kDa) can passively diffuse through the 

nuclear pores, while larger proteins form a complex with a cytoplasmic cargo 

protein possessing an NLS (111). Whether Akt has to be phosphorylated and 

activated for nuclear migration is still under debate. Dominant-negative Akt 

mutants, which cannot be phosphorylated or activated, have been shown to be 

localized in the nucleus in HEK293 cells under specific conditions (112). In 
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contrast, in PC12 cells after NGF treatment, the same dominant-negative Akt 

mutant, even if overexpressed, could not be found in the nucleus (113). 

In 2002, the first incidence of T-cell leukaemia-1 (TCL1) protein was 

reported to play a role in Akt nuclear migration (114). TCL1 preferentially binds 

to the PH domain of Akt in the plasma membrane and forms a protein complex. 

Subsequently, within that protein complex, Akt is phosphorylated and migrates 

into the nucleus (115). TCL1 inhibition or overexpression has been shown to 

decrease or increase Akt nuclear localization (116, 117). Thus, this evidence 

suggests that TCL1 is a major interaction partner of Akt that plays a vital role in 

Akt nuclear migration. However, TCL1 protein expression is limited to certain 

lymphoid cells (118), and Akt nuclear migration has been observed in cells that 

do not express TCL1 protein (105). 

 

Luminescent conjugated oligothiophenes (LCOs) 

Biomolecule visualization is one of many great tools that have been 

developed and implemented in cell biology. Initially, silver salt was the first 

compound found to be useful for staining neuronal tissues, discovered by Golgi 

in 1873 (119). During the development of visualization tools, visible dyes have 

been replaced by fluorescent dyes. In principle, staining biomolecules with 

fluorescent dyes may alter their function, stability and receptor interactions. 

Therefore, it is important to fully characterize the properties of fluorescent dyes, 

such as fluorescence emission, stability, and toxicity, prior to implementing them 

in various experimental applications. Apart from these considerations, the 
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labelling chemistry might directly conflict with the nature of the biomolecule under 

investigation. 

Recently, LCOs have been shown to have high fluorescence and 

photostability, as well as sensitivity and selectivity for certain biomolecules (120). 

LCOs are a novel class of thiophene probes that were designed to have lengthy 

conjugated backbones and are hydrophobic in nature. Generally, 

oligothiophenes are known for their semiconductive properties and their 

usefulness in photonic and organic electronics (121). Oligothiophenes are non-

toxic in nature, which are suitable for staining biomolecules and for imaging 

experiments (122).The lower numbers of ionic side chains enhance the exposure 

of the thiophene backbone, which seems to enhance the interactions and change 

the emission and specificity of the dye (123). 

A recent study has shown that the modification of the side chains in 

oligothiophene compounds could be used for the direct labelling of biomolecules, 

such as nucleosides and oligonucleosides. 5-(2-Hydroxyethyl)-2,2':5',2''-

terthiophene was the first fluorescent oligothiophene that was used for the 

covalent labelling of oligonucleotides (124, 125). Apart from the labelling of 

oligonucleotides, LCOs could be modified to target selective and specific 

disease-associated protein aggregates or specific cells. It has been published 

recently, that LCOs could identify the amyloidβ protein aggregates that are 

associated with Alzheimer’s disease and prion disease (121, 126-128). Two 

LCOs, p-(pentameric) HTAA (hydrogen thiophene acetic acid) and p-FTAA 

(formyl thiophene acetic acid), have been shown to pass through the blood brain 

barrier in vivo successfully and stain these protein aggregates (121). Recently, 
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p-FTAA and heptameric (h)-FTAA were shown to specifically stain the misfolded 

Mallory–Denk Bodies (MDBs). MDBs are the hepatic inclusion bodies that are 

found in several hepatic disorders, including steatohepatitis and hepatocellular 

cancer. Other types of hepatic protein inclusions containing p62 and ubiquitin 

could also be stained by LCOs (129). The Barbarella G. et al were successful in 

developing oligothiophenes for stem cell visualization, and they have also shown 

that selective oligothiophenes have the capability to distinguish protein types 

inside living cells (120, 122, 130, 131). 
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Aim 

To elucidate the role of PKB/Akt kinase localization in the maintenance of 

CSCs and the potential biologic consequences.  

 

More specific aims of the studies were the following: 

 

I. To examine various functionalized LCOs that can be used to specifically 

stain distinct subpopulations. 

 

II. To identify functionalized LCOs that can specifically bind CSCs from a 

heterogeneous population.  

 

III. To elucidate the role of nuclear Akt in the maintenance of CSCs. 

 

IV. To investigate the effect of miR301 on potential Akt-mediated biologic 

consequences.	 	
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Material and methods 

Cells and cell lines 

The first ever-permanent tumour human cell line was established in 1951 

from a cervical cancer biopsy of Henrietta Lacks (HeLa) (132). In cancer 

research, tumour cell line models are important tools for anti-cancer drug 

development and the study of biological mechanisms as well as deregulated 

genetic, epigenetic and cell signalling pathways (133). Cell line models have 

several advantages, such as the ease of handling and manipulating genetic 

expression vectors, the different types of available cancer cell lines, and the high 

homogeneity and reproducibility. However, there are also some limitations, 

including 2D tumour stroma, genomic instability and maintaining tumour genetic 

diversity (134). In our studies, all the experiments were performed using the 

following human cancer cell lines: breast cancer - SKBR-3, MDA-MB-468, and 

MCF-7; prostate cancer - PC-3 and DU-145; cervical cancer - HeLa; colon 

cancer - HCT 116 and p53 mutant HCT 116; chronic myelogenous leukaemia - 

K562; human embryonic kidney 293; and primary human dermal fibroblasts. The 

breast cancer SKBR-3 and MDA-MB-468 cell lines were used for mammosphere 

culture. The culture conditions were described in the respective publications. 

 

Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is a widely used technique for 

amplifying a specific gene sequence from an entire DNA sample. This technique 

was developed in the 1980s by Kary Mullis, who was rewarded with a Nobel prize 
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in 1993 for his excellent work (135). PCR consists of three important phases. 

The first phase is denaturation, during which double-stranded DNA (dsDNA) 

melts into single-stranded DNA due to high temperatures of approximately 93-

96°C. The second phase is annealing, in which the temperature is reduced, 

according to the primers, to anneal the target DNA sequence. The third and final 

phase is extension, during which the temperature is raised up to 72°C, which is 

the optimal temperature for the heat-stable DNA polymerase to start synthesizing 

complementary DNA strands with the help of supplemented dNTPs (136).  

 

Quantitative PCR (qPCR) 

Quantitative PCR (qPCR) is an advanced type of PCR that allows the 

detection and measurement of the number of copies produced during each cycle 

of the PCR process. Two common methods are used to detect PCR products. 

The first method uses a fluorescent dye, such as SYBR green, which binds to 

the dsDNA either by intercalation or external binding. Increases in fluorescence 

intensity represent numbers of the amplified gene of interest, which allows the 

quantification of the total amount of dsDNA (137). The second detection method 

uses the 5’ to 3’ exonuclease activity of Taq DNA polymerase and a non-

expendable probe specially designed to hybridize in close proximity to the 

forward and/or reverse primers. The probes are labelled with a reporter and a 

quencher (138). Fluorescent signal from the reporter dye at one terminal end of 

the probe is inhibited by the quencher at the other terminal end in a normal state, 

after binding to the target DNA. In the extension phase, the Taq DNA polymerase 

synthesizes the complementary DNA strand and degrades the probe, releasing 
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the reporter dye from the quencher and allowing fluorescence, which can be 

detected as a measure of amplification. Increase in DNA amplification is directly 

proportional to fluorescence signal intensity, which allows the quantification of 

the total amount of PCR product (139). In paper II, iQTM SYBRGreen Supermix 

was used to determine the relative mRNA expression of each gene. In paper III, 

TaqMan® Fast Universal PCR Master Mix and TaqMan MicroRNA Assay for 

miR301 were used for the quantification of miR301expression. The detailed 

descriptions were described in the respective publications.  

 

Western blot 

Western blot is a semi-quantitative method used in paper II and III for the 

detection of a specific protein from a protein mixture. The method is based on 

the separation of proteins with different sizes using sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE). After separation in the gel, 

proteins are transferred to a polyvinylidene fluoride (PVDF) membrane. 

Nonspecific binding sites are blocked using blocking reagents; thereafter, the 

membranes are incubated with specific primary antibodies of interest, followed 

by incubation with HRP-conjugated secondary antibodies. The membranes are 

then washed and developed with Amersham ECL plus. The protein levels are 

normalized using a housekeeping protein (140). The detailed descriptions of 

Western blot procedures can be found in the respective publications. 

 

Immunocytochemistry 

Immunocytochemistry (ICC) is a method for visualizing the expression 
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and distribution of specific proteins directly or indirectly using protein-specific 

antibodies conjugated with a fluorophore (141). The most commonly used 

method is indirect ICC, in which the primary antibody is used against the target 

protein without conjugation, and the secondary antibody is conjugated with the 

fluorophore. Then, via confocal microscopy, the fluorophore is excited using 

lasers of a specific wavelength and emits fluorescence of longer wavelength. In 

papers II and III, the localization of Akt and PTEN were investigated, 

respectively, using indirect ICC and breast cancer cell lines. The detailed 

descriptions of the ICC procedures can be found in the respective publications. 

 

Cell survival assay 

The 3-(4,5-dimethyl-2-thiazolyl) 2,5-diphenyl-2H tetrazolium bromide 

(MTT) cell survival assay was used in this study. The MTT assay is based on the 

cleavage of the MTT tetrazolium salt to formazan by reducing molecules, such 

as mitochondrial NADH, and only viable cells have the ability to convert the MTT 

tetrazolium salt to formazan (142). In papers I and III, cells were plated 24h prior 

to the experiments in a 96-well plate. Upon appropriate treatment, MTT was 

added, and the formation of formazan was quantified by measuring absorbance 

at 570 and 630 nm using a spectrometer. The detailed description of the MTT 

assay can be found in the respective publications. 

 

Soft agar assay 

The soft agar assay is a gold standard assay for determining cellular 

transformation, tumourigenicity and self-renewal properties. The soft agar assay 
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is based on the principle of anchorage dependency. CSCs grow in an 

anchorage-independent manner to form colonies, which determines the cellular 

transformation, tumourigenicity and self-renewal properties. (143). 3D growth 

conditions of cancer stem-like cells more accurately reflect the environment of 

growing tumours. In paper II, a soft agar assay was performed in a 6-well plate; 

each well contained 2 layers of agarose (Calbiochem, Darmstadt, Germany) and 

was supplemented with maintenance medium. Single-cell suspensions were 

added into the upper layer of agarose. The cells were incubated for 2–3 weeks 

and were fed twice a week with fresh maintenance medium. After formation, 

colonies were observed, stained with 0.005% crystal violet (Acros Organics), and 

counted using ImageJ software. 

 

Flow cytometry 

Flow cytometry is also based on fluorescence detection and has 

continued to develop over the years since the 1960s (144). Single-cell 

suspensions are stained and passed through a laser that detects the 

fluorescence intensity of each cell. In paper I, flow cytometry was used to obtain 

information about oligothiophenes in a large number of cells. In paper II, an 

Aldefluor assay kit was used to analyse ALDH enzymatic activity in breast cancer 

cells. Furthermore, the prevalence of CD24-PE and CD44-APC surface markers 

was also determined in the breast cancer cells. In papers II and III, cell cycle 

analysis was performed by DNA content quantification using propidium iodide 

DNA staining. In papers II and III, cell death was analysed using the Po-Pro and 

7-aminoactinomycin D (7-AAD) dyes, respectively. In papers I-III, the 
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fluorescence intensities of the samples were quantified using a Gallios flow 

cytometer (Beckman Coulter, Inc.,), and the data were analysed using Kaluza 

software (Beckman Coulter, Inc.). The detailed description of the flow cytometry 

staining procedures can be found in the respective publications.  

 

Cell migration assay 

A cell migration assay was used to analyse migration capacity after 

scratching. The degree of cell ingrowth into the scratch indicated cell migration 

capacity (145). In paper III, after co-transfection of miR301 inhibitor and mimic 

with Akt, cell layers cultured in 6-well plates were scratched. Serial bright-field 

images were captured at different time points using a JuLi Smart Fluorescence 

cell imager. Scratch areas were quantified using ImageJ software.  

 

Bioinformatics and statistics 

All the statistical analyses (one-way and two-way ANOVA, including 

Bonferroni post hoc tests) were performed using Graph Pad Prism (version 5.0 

d), and a p-value <0.05wasconsidered statistically significant. Unless mentioned, 

all presented data represent the averages of a minimum of 3 independent 

experiments. Target genes for miR301 were predicted by the following computer-

aided algorithms: TargetScan (http://www.targetscan.org) and PicTar 

(http://pictar.mdc-berlin.de).
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Results and Discussion 

Paper 1: Cell type-related differences in staining with pentameric 

thiophene derivatives 

	

The aim of the study was to identify new, functionalized LCOs that can be 

used to selectively stain distinct subpopulations and to identify functionalized 

LCOs that can specifically bind CSCs within a heterogeneous population of 

cancer cells. We tested different LCOs as markers for cancer cell stemness in 

collaboration with Prof. P. Nilsson’s group. A library of functional LCOs was used 

for the selective detection of specific cells or disease-associated protein 

aggregates. As shown in previous papers, LCOs can effectively stain proteins 

related to various diseases, such as Alzheimer’s disease and prion disease (121, 

127, 128). Here, we show differential staining patterns of LCOs in various cells, 

including cancer cells. LCOs with different imidazole motifs, along with the 

thiophene backbone, have shown interesting staining patterns in cancer cells, in 

particular. For instance, the LCO p-HTMI differentially stained cells depending 

on p53 expression pattern. On the other hand, the LCO p-HTAA has been shown 

to stain a rare population of cells in SKBR3, MDAMB468 and MCF7 breast 

cancer cell lines. Thus, LCOs that are capable of staining rare populations of 

cells might serve as excellent tools for specifically staining CSCs. This finding 

would remarkably impact further investigations in the field of stem cell biology. 

However, further experiments are required to clarify these findings.  
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Figure 1. Chemical structure of the pentameric thiophene probe, p-HTAA 
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Paper 2: Nuclear-localized Akt enhances breast cancer stem-like cells 

through the counter regulation of p21Waf1/Cip1 and p27kip1 

 

The aim of this study was to investigate the intracellular localization of Akt 

and its effect on the maintenance of cancer stem-like cell (CSC) populations. We 

observed that nuclear Akt in transiently transfected breast cancer cell lines 

(SKBR3 and MDAMB468) enhances the CSC population detected as highly 

positive for ALDH (ALDH+/High). These ALDH+/High cells show a typical 

CD44+/High/CD24-/Low phenotype of breast cancer stem cells. A similar 

phenomenon was observed when the transiently transfected breast cancer cells 

were cultured under non-adherent conditions. The non-adherent conditions 

favour mammosphere formation and have been widely used for the 

enhancement of CSCs. The results described above confirm that the PI3K/Akt 

pathway is important for the maintenance of stemness, and they are consistent 

with previous studies, in which the PI3K/Akt pathway has been shown to serve 

a vital function in mouse and cynomolgus monkey embryonic stem cells (146, 

147). The nuclear Akt-mediated enhancement of CSCs was completely reversed 

after treatment with the Akt-specific inhibitor, triciribine in both adherent and non-

adherent transfected breast cancer cells. Recently, a similar decrease in CSCs 

was shown after triciribine treatment in T-cell acute lymphoblastic leukaemia (T-

ALL) (148). 



! $)!

 

Figure 2. Graphical representation of enhancement of CSCs by Akt and nuclear 
Akt  
 

Further, to explore the role of nuclear Akt in the mechanism of CSC 

enhancement, we used immunoblotting techniques to investigate the expression 

of well-known pluripotent stem cell factors, known as Yamanaka factors, Oct4, 

Sox2, KLF4 and cMyc, in breast cancer cells. Akt has been shown to enhance 

stemness through regulating and/or stabilizing reprogramming factors (149-151). 

In this study, increased protein expression of Oct3/4, cMyc, Nanog and Sox2 

were observed in both Akt wild-type (WT) and Akt-NLS construct cells compared 

with that of the control cells; however, differences between Akt WT and Akt-NLS 

construct cells were observed at the mRNA level. Akt WT cells exhibit enhanced 

mRNA levels of Oct4, cMyc, Nanog and Sox2, while Akt-NLS cells show 

significant upregulation of only cMyc. To understand the functional aspects of 

the differential expression of these stemness markers, we performed a 3D-soft 

agar colony formation assay showing that Akt-NLS transfected cells have a 

significantly higher colony-forming capability.  

 For a closer look into the nuclear Akt role in cell proliferation, the cell cycle 

profile of the Akt-transfected breast cancer cells was studied. Previously, several 

/01234!23556 708896:;343 
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studies have shown that nuclear Akt reduces the G0/G1 phase by the 

phosphorylation of the cell cycle inhibitory proteins p21Waf1/Cip1 and p27kip1 (101, 

102), which promotes the cell cycle regulators cyclin D1 and CDK2 (99, 116). 

Based on these observations, we investigated two CKIs (p21Waf1/Cip1 and p27kip1) 

and cyclins in both Akt WT and Akt-NLS-transfected cells using immunoblotting 

techniques. The transcriptional and translational regulation of CKIs and cyclins 

has been shown to differ in Akt and Akt-NLS cells. Therefore, cell cycle 

progression was studied by staining DNA content with propidium iodide. Indeed, 

the Akt-NLS transfected cells showed shorter G0/G1 phase, and a 

corresponding enhancement in the percentage of cells in the G2 phase. Thus, 

the Akt- and Akt-NLS-mediated stabilization of cyclin proteins was found to be 

similar to that of reprogramming factors, along with the inhibition of p21Waf1/Cip1, 

as both correspond to an increase in the number of CSC-like cells. 

Our study found that nuclear Akt is important for the maintenance and 

proliferation of CSCs. Specifically targeting nuclear Akt could lead to more 

selective or improved treatments against CSCs. Intriguingly, available Akt-

specific inhibitors lack the distinguishing (cytoplasmic or nuclear Akt and Akt 

subtypes) characteristics that result in major side effects (152).  
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Paper 3: Inhibition of miR301 enhances Akt-mediated cell proliferation by 

accumulation of PTEN in the nucleus and affects cell-cycle regulatory 

proteins 

	
In paper III, the aim was to investigate the effect of micro-RNA 301 

(miR301) on Akt-mediated biological functions in breast cancer cells. Concurrent 

with our previous publication on Akt cellular compartmentalization enhancing 

CSCs, we proposed that more selective and specific novel targets of Akt could 

be obtained by evaluating the role of miRs. Several studies have suggested that 

miR expression patterns are robustly related to specific characteristics of cancer 

cells (153-155). Therefore, we evaluated this possibility by examining the miR 

profiles in MCF7, SKBR3 and HEK293 cells transiently transfected with Akt. 

When Akt was overexpressed, a marked decrease in miR301 expression was 

found in MCF7 and HEK293 cells; furthermore, the expression levels of Akt and 

miR301 were confirmed using Western blot and qPCR. 

To explore the mechanism behind the downregulation of miR301 upon 

Akt overexpression, we evaluated the biological role of miR301. A miR301-

specific inhibitor and a mimic were utilized to inhibit and increase miR301 

expression in breast cancer cells. Several studies have shown that Akt-driven 

enhancement of cell survival pathways plays an important role in drug resistance 

(156-158). Therefore, we investigated metabolic/mitochondrial activity and cell 

migration after miR301 inhibition in the presence of Akt. Intriguingly, we found a 

significant increase in cell survival and cell migration upon miR301 down-

regulation mediated by the miR301 inhibitor and Akt compared with the controls. 
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As we have shown in paper II (159), Akt plays a major role in the cell cycle 

profile. Nuclear Akt accumulation causes a short G1 phase via the 

phosphorylation of p21Waf1/Cip1 and p27kip1, which leads to reduced cell cycle 

inhibition by p21Waf1/Cip1 and p27kip(160). In this study, we observed similar effects 

upon the downregulation of miR301 mediated by the miR301 inhibitor and Akt. 

In addition, to confirm the cell survival functions in our model, we analysed the 

cell death pattern of these cells. We found that cells overexpressing the miR301 

inhibitor with Akt showed lower staining for Po-Pro (apoptotic dye) and 7-AAD 

(necrotic dye).  

Further studies were performed to understand the molecular mechanism 

behind the miR301 inhibition-mediated enhancement of Akt biological functions. 

A recent study has shown that there is a strong correlation between miR301 and 

PTEN levels in human breast cancer patients (55). We investigated miR301 

targets (i.e., PTEN, PI3K and FoxF2) using immunoblotting techniques. We 

observed an enhanced protein expression of PTEN, PI3K and FoxF2 upon the 

down-regulation of miR301 mediated by the miR301 inhibitor and Akt compared 

with the controls. Intriguingly, PI3K is a known Akt activator (69), and PTEN is a 

known inhibitor of the Akt pathway (161). To understand these contrasting 

results, we evaluated the marked upregulation of phosphorylated PI3K levels, 

which has not been observed in the case of PTEN. In several cancer cell types, 

large quantities of PTEN localize to the nucleus (162). We also observed a 

similar trend in our model, with the nuclear localization of PTEN occurring upon 

the extreme downregulation of miR301 mediated by the miR301 inhibitor and 

Akt. Our results were also found to be consistent with previous findings showing 
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nuclear PTEN to be unable to inhibit the Akt pathway (68). These observations 

are further supported by enhanced total and phosphorylated protein levels of Akt 

and its downstream targets (mTOR and P70S) upon the downregulation of 

miR301 mediated by the miR301 inhibitor and Akt compared with the controls. 

In conclusion, these data provide a foundation for the development of miR301-

based inhibitors targeting the Akt pathway. 
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General Discussion 

Despite the development of new agents targeting a broad range of cancer 

cells, the genetic status and unknown cause of possible gene alterations among 

cancer cells that lead to recurrence remain huge clinical challenges. For the 

development of targeted therapies of specific oncogenic pathways, as well as to 

improve clinical therapeutic efficacy and reduce side effects, a comprehensive 

characterization and analysis of genetic alterations in cancer cells is required 

(163). Mutational analyses have shown that deregulation of the PI3K-Akt-mTOR 

signalling pathway contributes to tumour progression, angiogenesis, stemness 

maintenance, cell proliferation, survival and migration in various cancer cell types 

(146, 147, 164). The role of the PI3K-Akt-mTOR signalling pathway in cancer 

recurrence and its biological consequences cannot be predicted by relying on a 

single factor. Therefore, in this study, we focused on both CSCs and miRs 

because the presence of CSCs and the deregulation of miRs are now widely 

accepted and have been reported in the majority of cancer types (34, 165). 

Therefore, in paper I, we examined a whole panel of LCOs towards 

different cell types (especially cancer cells) with the objective of identifying 

various functionalized LCOs that could be used to stain specifically CSCs. From 

the screened library of LCOs, we found p-HTMI and p-HTAA, which have shown 

the potential to stain a specific cell subpopulation among breast cancer cells. 

In paper II, we continued to study CSCs and the related mechanisms by 

analysing the intracellular compartmentalization of Akt. Akt localization gained 

substantial attention in the last decades its function depends on its localization. 

Cytoplasmic Akt is well known for its cell survival effects, while mitochondrial Akt 
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localization regulates the β subunit of ATP synthase and inhibits GSK-3β function 

(166).The role of nuclear Akt is not clearly understood, and it may support cell 

proliferation or cell death, depending upon the stimulus and cell cycle stage (99, 

167). To understand the impact of nuclear Akt on cell proliferation, the 

connection between Akt localization and stemness maintenance in human breast 

cancer cells has been deduced. Moreover, Akt and its nuclear 

compartmentalization have been shown to impact the enhancement of CSCs. To 

confirm that Akt mediates CSC enhancement, inhibition studies using triciribine, 

an inhibitor of Akt activation and phosphorylation were performed. Triciribine has 

been shown to significantly inhibit the CSCs in T-ALL (148). This indicates that 

Akt activation/phosphorylation and nuclear localization are directly correlated to 

the number of CSCs. Additionally, Akt and its nuclear compartmentalization 

result in different transcriptional regulation of pluripotent factors, cyclins and 

CKIs. We explored the functional translation of stemness properties by 

performing a 3D colony-forming assay and observed that nuclear Akt can 

increase the number of colonies compared with that of the control. Furthermore, 

we examined mTOR expression, a downstream regulator of the PI3K/Akt 

pathway and a key player in autophagy (168, 169). Our results show a significant 

increase in mTOR activity and Akt activation in both Akt- and nuclear Akt-

overexpressing cells. Thus, this study strongly supports that the PI3K/Akt/mTOR 

pathway plays a critical role in CSC proliferation.  

Paper III was designed to study the role of miRs in the regulation of the 

PI3K/Akt/mTOR pathway. We overexpressed Akt for miR profiling in MCF7, 

SKBR3 and HEK293 cells, and we found that miR301 expression was 
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subsequently downregulated. We observed that the downregulation of 

miR301expression was strongly associated with enhanced Akt-mediated cell 

survival, proliferation and migration. Therefore, as described above, 

PI3K/Akt/mTOR pathway deregulation plays a crucial role in cancer. 

Shi W.et al., have recently shown that there is a direct correlation between 

miR301 and PTEN (a negative regulator of the PI3K/Akt/mTOR pathway) 

expression in human breast cancer patients (55). Therefore, we hypothesized 

that miR301 downregulation inhibits PTEN protein expression. However, we 

found that miR301 downregulation enhances PTEN protein levels. Enhanced 

PTEN was mostly localized in the nucleus. In numerous cancer cell types, PTEN 

localizes to the nucleus (162), and it was recently reported that nuclear PTEN 

does not affect the PI3K/Akt/mTOR pathway (68). Furthermore, the above 

results might be applied to a subpopulation of cells isolated from cancer cells. 

Targeting nuclear Akt and miR301-based inhibitors opens up new avenues for 

the selective or preferential targeting of CSCs and the Akt pathway in cancer 

therapy.
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Conclusions	

• After screening the LCO library, we found well-defined probes with the 

ability to stain different cell types.  

 

• The most interesting probes were p-HTMI and p-HTAA because they 

specifically stain rare populations of cells in breast cancer cell lines.  

 

• Intracellular Akt localization was found to play a vital role in the 

maintenance of stemness by regulating cell proliferation and cell cycle 

progression.  

	

• The downregulation of miR301 was shown to be directly correlated to the 

Akt-PI3K pathway in breast cancer cells through the accumulation of 

PTEN in the nucleus.	 	
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Future perspectives 

Across the globe, many scientists and researchers pursue the 

development of prognostic biomarkers to improve cancer treatments. Many 

molecules have been identified to estimate treatment efficacy and patient 

prognosis by several approaches, but these seem to be only partially effective. 

In our approach, we targeted the PKB/Akt1 pathway and its relevance in cancer 

development to develop a platform for the generation of new targets for cancer 

therapies. However, many questions remain to be answered, some of which 

include the following: 

• Although we have found that the LCOs such as p-HTMI and p-HTAA have 

the potential to stain subpopulations that are most likely CSCs, it would 

be interesting to further confirm this by co-staining with other consistent 

CSC markers, i.e., ALDH +/High, CD44+/High, and CD24-/Low. 

• It will be very interesting to understand the mechanism behind the 

intracellular localization of Akt. As Akt does not possess a classical NLS, 

the intracellular localization of this molecule must either be mediated by 

another molecule that has an NLS or it might possess an unknown, unique 

sequence that facilitates nuclear transfer.  

• We observed miR301 inhibitory regulation of the Akt pathway by the 

accumulation of PTEN in the nucleus. Therefore, it would be very 

interesting to investigate the effect of miR301 on Akt localization in breast 

cancer cells. 	
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