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Abstract 

 
Cancer stem-like cells (CSCs) are a rare subpopulation of cancer cells capable of 

propagating the disease and causing cancer recurrence. In this study, we found 

that the cellular localization of PKB/Akt kinase affects the maintenance of CSCs. 

When Akt tagged with nuclear localization signal (Akt-NLS) was overexpressed in 

SKBR3 and MDAMB468 cells, these cells showed a 10-15% increase in the 

number of cells with CSCs enhanced ALDH activity and showing CD44+High/CD24-

Low phenotype. This effect was completely reversed in the presence of Akt-specific 

inhibitor, Triciribine. Furthermore, cells overexpressing Akt or Akt-NLS were less 

likely to be in G0/G1 phase of the cell cycle by inactivating p21Waf1/Cip1 and 

exhibited increased clonogenicity and proliferation as assayed by colony-forming 

assay (mammosphere formation). Thus, our data emphasize the importance the 

intracellular localization of Akt has on stemness in human breast cancer cells. It 

also indicates a new robust way for improving the enrichment and culture of CSCs 

for experimental purposes. Hence, it allows for the development of simpler 

protocols to study stemness, clonogenic potency, and screening of new 

chemotherapeutic agents that preferentially target cancer stem cells. 

 

Summary: 

The presented data, (i) shows new, stemness-promoting role of nuclear Akt/PKB 

kinase, (ii) it underlines the effects of nuclear Akt on cell cycle regulation, and finally 

(ii) it suggests new ways to study cancer stem-like cells. 
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Introduction  

Cancer stem-like cells (CSCs) are similar to normal stem cells and exhibit 

properties of both symmetric and asymmetric cell division, self-renewal and, to a 

certain degree, differentiation 1, 2. The origin of CSCs is still debated. They may 

either originate from normal (tissue) stem cells or form in a process similar to 

reprogramming (dedifferentiation). The earliest evidences of CSCs were reported 

in a breast cancer 3 and in acute myeloid leukemia 4. The existence of CSCs was 

later also reported in neural 5, colon 6, pancreatic 7, head and neck 8 prostate 9 and 

other cancers 10, 11. 

CSCs remain largely resistant to the majority of current anti-cancer 

therapeutics (i.e. chemotherapeutic drugs) even though such therapies kill 

differentiated cancer cells that form the bulk of the tumor 12, 13. Though it is not 

clearly understood, several stemness-related cell signaling pathways including 

Notch, Wnt, Hedgehog and others that are vital to cell cycle, differentiation and 

metabolism may be deregulated when compared to normal stem cells 14. Better 

knowledge about the (de)regulation of pathways like phoshatidylinositol 3-kinase 

(PI3K)/Akt and Janus kinase (JAK)/ signal transducer and activator of transcription 

(STAT) could provide crucial insights into understanding the pathophysiology of 

CSCs in tumor and provide new clues helpful in the development of therapeutic 

strategies 15. PI3K-Akt pathway is downstream of many signaling cascades 

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

(GPCR) and up-regulated in several types of cancer 16. The major reason for the 

hyper-activated PI3K-Akt pathway are inactivating mutations in phosphatase and 
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tensin homolog (PTEN), the inhibitory phosphatase responsible for the 

dephosphorylation of PI(3,4,5)P3 and inhibition of downstream signals 17. 

PI3-Kinase consists of a catalytic subunit (P110) and an adaptor/regulatory 

subunit (P85). Both form a heterodimeric complex, which is activated either 

through receptor conformational changes or by TRK and GPCR 18, 19. The cytosolic 

PI3-Kinase is responsible for the phoshorylation of the inositol ring of PI(4,5)P2 at 

the 3rd position to create PI(3,4,5)P3 which is a potent second messenger 20. This 

function of PI3-Kinase is crucial for the recruitment of specific proteins containing 

pleckstrin-homology (PH) domain or FYVE domain to the cellular membrane 21. 

Akt/protein kinase B (PKB) is a primary downstream target of PI3Kinase, carries 

the PH domain, and is recruited to the plasma membrane from the cytoplasm 22. 

Membrane recruitment and binding to PI(3,4,5)P3 causes conformational changes 

in Akt, resulting in exposure of its phoshorylation sites T308 and S473 which are 

then phosphorylated by phosphoinositide dependent kinase (PDK) and 

mammalian target of rapamycin (mTOR)/rictor, respectively 23, 24. Thus, the 

activated (phosphorylated) Akt stays mostly in the cytoplasm. However, under 

certain conditions it may also be transferred into the nucleus 25. Here, it then 

triggers the regulation of downstream signaling molecules that play a role in cell 

survival, growth, migration, proliferation and cell death 25.  

The cytoprotective function of Akt is attributed to its ability to both promote 

activation of anti-apoptotic molecules and to inhibiting the pro-apoptotic molecules 

of the B cell lymphoma 2  (Bcl2)-family member Bad and fork head transcription 

factor, FKHRL 26. Akt is also involved in the phosphorylation of different cell 
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proliferation factors such as cyclin-dependent kinase (CDK) inhibitors p21Waf1/Cip1 

and p27kip1 and glycogen synthase kinase-3 (GSK3) 25, 27. Akt mediated 

phosphorylation of p21Waf1/Cip1 and p27kip1 leads to their shift from nuclear 

localization to cytoplasmic localization and thus promoting the transition from G0 

to S phase 28-30. Akt mediated inhibition of GSK3 prevents the phoshorylation of -

catenin, which impedes its degradation, thus, enhancing cell proliferation 28. In this 

study we have investigated the effects of Akt intracellular compartmentalization on 

the biology of cancer stem-like cell population. We have found that the intracellular 

localization of PKB/Akt kinase affects the maintenance of CSCs through up 

regulation of yamanaka factors Oct3/4, cMyc and Sox2 along with Nanog. When 

Akt-NLS was overexpressed in our model cell lines, breast cancer cells responded 

with 10-15% increase in number of cells with CSC characteristic in 

mammospheres.  
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Results 

 

Nuclear localization signal (NLS-) tagged Akt activates downstream targets 
similar to wild type (WT) Akt: 

In this manuscript, we refer to Akt-1 as simply “Akt”. Akt constructs were transiently 

transfected into breast cancer cells, SKBR3 and MDAMB468, leading to Akt 

overexpression of 20-25% and ~50% respectively (Supl. Fig. 1A). We further 

checked for the intracellular localization of Akt upon transfection and observed that 

NLS-tagged Akt was profoundly localized to the nucleus where it displayed a 

punctate staining pattern, with some Akt still remaining in the cytoplasm (Fig. 1A, 

and Supl. Fig. 1B). However, upon transfection of WT Akt construct lacking the 

NLS sequence the protein was predominantly localized to the cytoplasm (Fig. 1A, 

and Supl. Fig. 1B).  

Once the localization of Akt protein expressed from the transfected 

constructs was established, we focused on the functional aspects of Akt 

intracellular compartmentalization. Akt localized to the nucleus was more 

frequently phosphorylated at T308 as compared to cytoplasmic WT Akt, implying 

an increase in Akt activity upon nuclear localization (Fig. 1B). This observation was 

further confirmed with increased levels of downstream target of Akt, mTOR (Fig. 

1B). 

 

Localization of Akt to the nucleus enhances the cancer stem-like cell 
population:  
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Akt overexpression and its nuclear localization play a vital role in the maintenance 

of pluripotency among murine embryonic stem cells and cardiac progenitor cells 

31, 32. We determined whether nuclear targeting of Akt would further enhance 

stemness of breast cancer cells. Transiently transfected breast cancer cells 

(SKBR3, MDAMB468) with Akt-NLS resulted in an increased ALDH positive cell 

population (ALDH +/High) as compared to control plasmid transfected cells (Fig. 2A 

and 2B, Supl. Fig. 2A and Supl. Fig. 3A). We further screened for breast cancer 

cell markers, CD44 and CD24 among Aldefluor-positive cells. Akt-NLS 

overexpressing and ALDH+/High cells displayed a CD44+/High/CD24-/Low phenotype 

(ALDH+/High/CD44+/High/CD24-/Low), which resembled the classical breast (cancer) 

stem cell phenotype. 

To further investigate the effects of Akt/NLS-Akt on cancer cell stemness, 

we cultured transiently transfected cells with Akt and Akt-NLS constructs under 

non-adherent conditions to allow for the formation of mammospheres, which 

formed within 3-5 days of culture. As expected, even control cells showed an 

increase in the CSCs population (ALDH+/High/CD44+/High/CD24-/Low) under those 

culture conditions when compared to adherent culture conditions. Intriguingly, Akt-

NLS transfected cells showed a further significant increase in this CSCs population 

when compared to control mammosphere cultures (Fig. 2CD, Supl. Fig. 2B and 

Sup. Fig. 3B). Although Akt-WT overexpressing cells showed an increase in the 

cancer stem-like cell population compared to mock transfected cells, this 

enrichment in ALDH+/High/CD44+/High/CD24-/Low CSCs was lower when compared to 

Akt-NLS transfected cells (Fig. 2CD, and Supl. Fig. 3B). 
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Akt function is necessary for the proliferation of cancer stem-like cells: 

Having demonstrated the effects on cancer stem-like cell proliferation by increased 

expression of Akt and nuclear Akt compartmentalization, we investigated how Akt 

function and intracellular localization affect cancer stem-like cell 

maintenance/viability and proliferation. To manipulate Akt activity, we employed 

the Akt inhibitor triciribine that blocks the phosphorylation of Akt. Inhibition of Akt 

function by triciribine was confirmed by western blot probing phosphorylated Akt in 

Akt-WT and Akt-NLS overexpressing cells (Fig. 3A). Furthermore, we checked the 

ability of MDAMB468 and SKBR3 to form mammospheres in the presence of 

triciribine. As shown in the figure 3B, triciribine (10 M) attenuated mammosphere 

formation by SKBR3 and MDAMB468 cells. Moreover, treatment with triciribine (10 

m) for 24 hours strongly reduced the cancer stem-like cell population (ALDH+/High) 

in MDAMB468 and SKBR3 cells grown under adherent conditions  (Fig. 3C and 

Supl. Fig. 4A). The decrease of the ALDH+/High/CD44+/High/CD24-/Low CSCs 

population was further confirmed in SKBR3 cells upon Triciribine treatment (Fig. 

3C). Similar experiments were carried out using SKBR3 mammosphere assays. 

Measurement of the CSC-like phenotype (ALDH+/High/CD44+/High/CD24-/Low) in 

SKBR3-mammospheres confirmed that Triciribine (10 m) drastically reduced the 

CSCs phenotype in SKBR3, which had been transfected with Akt-WT or Akt-NLS 

(Fig. 3D and Supl. Fig. 4A).  

 

Akt-NLS over expression increases expression of stem cell reprogramming 
factors: 
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Following the above findings that Akt is necessary for increasing CSCs population 

and its nuclear localization further enhances CSCs we investigated to find if Akt’s 

nuclear localization further enhances expression and/or stabilization of known 

pluripotent factors like Oct3/4, cMyc, Nanog, Sox2 and KLF4. We observed that 

both wild type and NLS tagged Akt constructs showed increase in expression of 

Oct3/4, cMyc and Nanog protein levels (Fig. 4A). We did however observe marked 

difference between Akt and Akt-NLS expressing cells in the mRNA levels of 

Oct3/4, cMyc, Sox2 and Nanog. While Akt wild type increased the transcription of 

Oct4, cMyc, Sox2 and Nanog, Akt-NLS showed significant up regulation of only 

cMyc mRNA levels and partial increase in Oct4 and Nanog levels (Fig. 4B). 

However both Akt constructs didn’t show any such alteration in KLF4 both at 

transcriptional and translational levels (Fig. 4AB).  

To further assess the functional translation of Akt-WT and Akt-NLS enhanced 

expression of pluripotent factors we conducted 3D- soft agar colony formation 

assay. Mammospheres of SKBR3 and MDAMB468 breast cancer cells transiently 

transfected with control (mock), Akt-WT and Akt-NLS were cultured in soft agar for 

3 weeks. As shown in figures 4CD, Akt-NLS overexpressing cells produced 

significantly more colonies than controls. This difference in the number of colonies 

was not significant among Akt-WT transfected cells and mock control cells (Fig. 

4CD).  

 

Nuclear localized Akt increases cell proliferation and cell survival: 
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Akt nuclear localization was shown to decrease G0/G1 phase by phosphorylation 

of cell cycle inhibitory proteins p21Waf1/Cip1 and p27kip1, resulting in their cytoplasmic 

transport and attenuation of nuclear cell cycle inhibitory functions 29, 30. Using 

western blot analysis, we observed that Akt-NLS over expressing breast cancer 

cells contained more of p21Waf1/Cip1 and p27kip1 total protein levels but only 

p21Waf1/Cip1 showed increase in phosphorylation by Akt-NLS. However, both 

p21Waf1/Cip1 and p27kip1 showed increased phosphorylation by Akt-WT (Fig. 5A). 

Subsequently we performed qRT-PCR and found a similar significant increase in 

p21Waf1/Cip1 and p27kip1 mRNA by Akt wt as protein expression but in the presence 

of Akt-NLS only p21Waf1/Cip1 showed significantly increased expression (Fig. 5B).  

Given the observed difference in expression and activity of cyclin dependent 

kinase inhibitors p21Waf1/Cip1 and p27kip1 among Akt and Akt-NLS transfected cells, 

a further regulation in the expression and functional activity of cell cycyle regulatory 

proteins were studied. We noticed a marked upregulation in the expression of cell 

cycle enhancing proteins cyclin D1 and cyclin E1 representing a G0/G1 to S phase 

transition upon Akt and Akt-NLS over expression (Fig. 5C). Similarly mRNA levels 

of cyclin D1 were showed significant increase upon Akt-NLS expression and a 

similar trend was observed with Akt wild type expression even though no statistical 

significance was observed (Supl. Fig. 5A). Contrastingly, cyclin E1 mRNA levels 

were increased both by Akt wt and Akt-NLS but no statistical significant difference 

was observed with the later  (Supl. Fig. 5A). We further analyzed cyclin A1 and 

cyclin B1 expression, which monitor the transition from S phase through G2 to 

mitotic phase. Cyclin A1 protein expression showed an increment in Akt wt and 
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Akt-NLS overexpressed cells (Fig. 5C), but mRNA levels were significantly up 

regulated among Akt wt and significantly down regulated by Akt-NLS 

overexpression (Supl. Fig. 5A). Cyclin B1 protein levels however didn’t show any 

significant change by either of Akt contructs (Fig. 5C), but its mRNA showed 

significantly higher levels in the Akt-NLS over expressed cells than control and Akt 

wild type (Supl. Fig. 5A). The described above observations concerning the 

expression of cyclins need to be treated with caution, as it has been previously 

observed that manipulation of the cell cycle, may artificially affect the quantity of 

the expressed cyclins 33. 

Because of the above similarities and differences in the expression and 

function of CKI’s (p21Waf1/Cip1 and p27kip1) and cyclins among Akt and Akt-NLS 

transfected cells, we further assessed the impact of such changes on cell cycle 

profile of Akt and Akt-NLS over expressing cells. As shown in the figure 6A, Akt-

NLS over expression shows a significant decrease in G0/G1 phase cells and 

distinct increase in G2/M phase cells as compared to controls. A similar trend was 

observed with Akt-WT over expressing breast cancer cells but without statistical 

significance compared to the corresponding control cells (Fig. 6A).  

Finally, we assessed whether the cell survival functions of Akt are enhanced 

in our model and could contribute to the increase in the CSCs population. We 

assessed cell death in our experimental system, using apoptotic dye Po-Pro and 

necrotic cell death marker 7-AAD. As shown in the figure 6B, cells over expressing 

Akt-WT or Akt-NLS showed lower staining for Po-Pro and 7-AAD, implying an 

increase in cell survival in the presence of Akt-WT and Akt-NLS. 
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Discussion 

The presence of cancer stem-like cells is now widely accepted and reported 

amongst most cancers 13. Some types of (cancer) stem cells may even be 

differentially visualized by certain fluorescent dyes 34, 35. Even though fewer in 

numbers, cancer stem-like cells show resistance to currently available radiation 

and chemotherapeutic interventions and thus cause cancer reoccurrence. 

Previous studies reveal that the PI3K/Akt pathway plays a pivotal role in 

oncogenesis by inhibiting pro-apoptotic signaling molecules and maintaining 

pluripotency among murine and cynomolgus monkey embryonic stem cells 31, 32. 

The intracellular localization of Akt has attracted significant interest in the last 

decade because of Akt displaying diverse functions when present in cytoplasm as 

opposed to its compartmentalization in the nucleus or mitochondria. While 

cytoplasmic Akt is well known for its cell survival effects and metabolic regulation, 

the role of nuclear localization of Akt is less clear. Nuclear Akt may support cell 

proliferation or cell death depending upon the trigger and stage of the cell cycle 25, 

36. Akt mitochondrial localization, i.e. as a result of activation of PI3K by Insulin like 

Growth Factor 1(IGF1), regulates the -subunit of ATP-synthase and inhibits GSK-

3 function 37. Because of its critical and diverse functions depending on Akt 

intracellular localization, we explored the functional aspects of Akt in the nucleus 

and its ability to promote maintenance of stemness in human breast cancer cells. 

Our work shows that the introduction of Akt-WT and Akt-NLS into breast cancer 

cells resulted in an increase of the CSC population which was, at least in part, the 
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result of increased CSCs proliferation. Similarly, a higher percentage of breast 

cancer cells with characteristic stem-like phenotype and increased ability to form 

mammospheres was found in samples transfected with vectors to express Akt-WT 

and Akt-NLS. Similar to previous findings that Akt promotes pluripotency through 

the regulation and/or stabilization of Oct4, Sox2 and cMyc in this study we 

observed that Akt-NLS also showed increased protein levels of reprogramming 

factors either similar or even more compared to wild type Akt 38-40. However, Akt-

NLS markedly differed from wild type Akt in the transcriptional ability of the 

reprogramming factors. While Akt wild type up regulated the mRNA levels of Oct4, 

Sox2, cMyc and Nanog drastically Akt-NLS showed no increased expression 

except for cMyc mRNA. Thus showing that Akt’s role in stem cell maintenance is 

through stabilization of pluripotent factors as compared to increase in transcription.  

To confirm the correlation between Akt expression and nuclear localization 

in CSCs, inhibition studies using triciribine, an inhibitor of Akt phosphorylation and 

activation, were conducted. Evangelisti and colleagues (2011) had recently shown 

that treatment with triciribine significantly decreased the CSC population in a T-cell 

acute lymphoblastic leukemia (T-ALL) cell line and in patient samples 41. Similarly, 

in this study, Triciribine served as an effective inhibitor of Akt activation 

independent of its cytoplasm or nuclear localization. The fact that inhibition of Akt 

lead to a significant decrease in the CSCs population and CSCs clonogenicity, as 

determined by mammosphere cultures, indicates the crucial function of Akt in the 

maintenance of stemness. Triciribine treatment reduced stemness potential even 

in cells over expressing Akt-WT or Akt-NLS. Hence this study shows that Akt 



Jain et al., NLS-

Akt 

  14 

activity is necessary for the maintenance of pluripotency and nuclear localization 

of Akt further increases stemness potential. 

The phoshorylation of Akt leads to the activation of the downstream 

regulator of PI3K/Akt pathway, mTOR, which also is the key regulator of autophagy 

42, 43. The mTOR pathway can form two multiprotein complexes with distinct 

functionalities: mTORC1 (leads to Akt inhibition) and mTORC2 (leads to Akt 

activation). Phoshorylated Akt induces mTORC1 activation through intermediate 

molecules and Akt itself is phoshorylated by the mTORC2 complex. Thus, the net 

Akt phoshorylation/activation status seems to dependent, at least in part, on the 

balance of mTORC1 and mTORC2 activities. The detailed mechanism behind the 

mTORC1 and -2 mediated regulation of Akt activation is not yet fully understood. 

Our study shows significant enhancement of mTOR-activity and Akt-

phosphorylation in Akt-WT and Akt-NLS overexpressing cells as compare to 

control CSCs. These observations strongly suggest that PI3K/Akt/mTOR pathway 

plays a role in CSC proliferation. 

One of the prominent functions of nuclear Akt is to promote cell proliferation 

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

resulting in their cytoplasmic export and degradation 29, 30. Nuclear presence of Akt 

also leads to an increase in the levels of cell cycle promoters cyclin D1 and CDK2 

25, 44. Since nuclear Akt may affect the status of cell cycle-regulating proteins, we 

investigated whether the observed increase in cancer stem-like cell population with 

nuclear Akt coincided with those same activities. We hypothesized that nuclear Akt 

may reduce G0/G1 cell-cycle phase, thus, promoting cell cycle progression in 
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CSCs. Indeed, the presence of Akt-NLS coincided with a short G0/G1 phase and 

a relative increase in the percentage of cells in G2 phase. In agreement with the 

above, we observed increased phosphorylation of p21Waf1/Cip1 upon Akt-NLS 

expression leading to p21Waf1/Cip1 cytoplasmic translocation and removal of its 

inhibitory effect on cell cycle progression. Even though Akt-NLS expression 

resulted in a decrease in phosphorylated p27kip1, this effect was not statistically 

significant when comparing to p27kip1 phosphorylation status in control cells. Based 

on these evidences we further looked for the active role of nuclear Akt in the cell 

cycle. Akt NLS, similar to wild type Akt showed increase in cyclin D1, E1 and A1 

proteins. Similar to mRNA profile of reprogramming factors Akt and Akt-NLS 

differed in the transcriptional regulation of cyclins and CKI’s. Akt-NLS triggered an 

increase in mRNA levels of G0/G1 to S phase regulating cyclin D1, E1 and 

p21Waf1/Cip1 along with G2 to mitotic transition regulating cyclin B1 it showed strong 

decrease in cyclin A1 mRNA levels. Akt wild type on the other hand induced 

increase only in the case of cyclin A1 and E1 mRNA levels. Thus, Akt and Akt-NLS 

mediated stabilization of cyclin proteins similar to reprogramming factors along 

with inhibition of p21Waf1/Cip1 correspond to an increase in the number of CSCs 

population. 

Understanding the biology of CSCs will have a profound impact on the 

design of new therapeutic approaches. Preferential targeting of CSCs is a 

challenging task, especially within a rapidly changing and genetically unstable 

environment 45 prevalent in advanced cancers. A majority of available anti-cancer 

drugs either inhibit cell proliferation or actively induce apoptosis in cancer cells, 
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often leading to relative enrichment of CSCs 46, 47. It is crucial to target CSCs 

populations in order to permanently eradicate tumor 46, 47. Our study indicates that 

nuclear Akt is required for the proliferation of CSCs. Targeting nuclear Akt opens 

new avenues for selective or preferential targeting of CSCs. Currently available 

Akt inhibitors do not distinguish between cytoplasmic and nuclear Akt, resulting in 

major side effects. These pharmacological inhibitors also do not selective for 

different Akt subtypes; for example, Akt inhibitors also block the insulin dependent 

glucose transport that leads to hyperglycemia 48. Based on our findings, we 

propose to focus on the development of strategies to specifically or at least 

preferentially inhibit nuclear Akt. 

In conclusion, this study shows the importance of subcellular localization of 

Akt in maintenance of stemness in breast cancer cells. We demonstrated 

that nuclear localized Akt enriches the population of breast cancer stem-like cells. 

p21Waf1/Cip1 and p27kip1 are involved in the cancer cell proliferation and cell cycle 

progression through Akt regulation25. Our study shows that subcellular localization 

of Akt hindered the CSCs proliferation by opposite regulation of p21Waf1/Cip1 and 

p27kip1. As we have used several cellular models, the bove findings are likely 

relevant for other cell types. They may be utilized for the development of 

methodologies for growing CSCs in vitro and/or enrich CSCs population for 

experimental purposes (e.g. testing of drugs preferentially targeting CSCs). To 

better understand the functions of nuclear Akt 27, the identification of its nuclear 

interaction partners as well as the way it is transported to the nucleus (wild type 

Akt lacks NLS) are among the most pressing questions within this research area. 

 

Materials and methods  
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Cell culture and mammosphere culture:  Breast cancer cell lines, MDAMB468 

and SKBR3, (checked for authenticity every 2 years, by caryotyping), were grown 

in Roswell Park Memorial Institute (RPMI), media (PAA, Pasching, Austria) with 

10% fetal bovine serum (FBS) (PAA, Pasching, Austria) and 1% penicillin-

streptomycin (Gibco, USA) and incubated at 37C with 5% CO2 in a humidified 

atmosphere. For mammosphere culture, suspension of single cells were plated in 

poly-2-hydroxyethyl methacrylate (poly-HEMA) (Sigma-aldrich, USA) coated flask 

and maintained in serum free basal epithelial cell medium (Promocell, Heidelberg, 

Germany) supplemented with Bovine Pituitary Epithelial (BPE) (0.004 ml/ml), 

Recombinant human Epidermal Growth Factor (hEGF) (10 ng/ml), Recombinant 

human insulin (5 g/ml) and Hydrocortisone (0.5 g/ml) (Promocell, Heidelberg, 

Germany) for 3 to 5 days to form mammospheres.  

 

Chemical inhibitor and Antibodies:  Triciribine was obtained from Sigma and 

dissolved in PBS to make a stock concentration of 10M. The primary antibodies 

used: Akt1 and Cyclin A1 obtained from Sigma-Aldrich (USA), Cyclin B1, Cyclin 

E1, pAkt and mTOR from Cell Signaling (Beverly, USA), KLF4, cMYC, Cyclin D1, 

ß-actin, p27 and phospho-p27 from Abcam (Cambridge, UK), hSOX2, OCT3/4 and 

Nanog from R&D systems (Minneapolis, USA), and p21 and phospho-p21 from 

Santa-Cruz (USA). The secondary antibodies used were Alexafluor488 obtained 

from Life Technologies, anti-rat HRP-conjugate from Jackson immuno research 

Laboratories, Inc. (USA), anti-goat -conjugate from Abcam (Cambridge, UK), anti-



Jain et al., NLS-

Akt 

  18 

rabbit HRP-conjugate from Biorad (USA) and anti-mouse HRP-conjugate from GE 

Heath Care (Buckinghamshire, UK). 

 

Plasmids and transient transfection:  Akt1 cDNA was inserted into the BamHI 

and EcoR1 sites of pLVX-Tight-Puro (Clontech, USA). Further, synthetic nuclear 

localization sequence “RRKRQR” 49 was fused to 3’prime end of Akt1 by PCR 

based cloning technique to generate Akt-NLS construct. The construction of 

cloning was confirmed by sequence analysis and restriction digestion.  Empty 

plasmid pLVX-Tight-Puro was used as control. X-treme GENE HP DNA 

Transfection Reagent (Roche, Mannheim, Germany) was used for the transient 

transfection according to manufacturer’s instructions. 

 

Immunocytochemistry:  Cells were grown on coverslip in 12-well plate. Post-

transfection, cells were fixed in 4% paraformaldehyde solution (Santa-Cruz, USA) 

for 30 min at room temperature (RT) and washed 3 times with PBS. Cells were 

permeabilized with 0.1% Triton X for 10 min at RT and blocked using 1% BSA, 

intervened by 3 times with 1XPBS wash. Further, cells were incubated in primary 

antibody overnight at 4C and followed by 3 times wash with 1x PBST. Then 

respective secondary antibody was added and incubated for 1h at RT and followed 

by a triple wash with 1x PBST. DAPI was used for nuclear counter staining, 

intervened by 3 times washing with 1x PBST and cells were mounted on a slide 

with a mounting medium. Images were captured using a Laser Scanning Confocal 

Microscope (Zeiss).  
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Western blot: Transfected cells were washed with PBS and lysed with 

radioimmunoprecipitation (RIPA) buffer with protease inhibitors (cOm-plete, Roche 

Diagnostics, Mannheim, Germany). Cell debris was removed by centrifuging at 

10,000g for 10 min. Protein concentration was determined by performing Bradford 

assay and loaded into 10% polyacrylamide gel and ran at 100V for 3-4h. Further, 

proteins were transferred to Polyvinylidene fluride (PVDF) membrane (Millipore, 

Darmstadt, Germany) at 80V for 2-3h.  Blocking was done by using 5% non-fat 

milk and incubated with primary antibody overnight at 4C. The blots were washed 

for 3 times with 1x TBST and incubated in their respective secondary antibody for 

1h at RT.  Blots were washed again with 1x TBST for 3 times and developed with 

Amersham ECL plus (GE Technologies, Buckinghamshire, UK).  

 

Aldofluor assay and cancer stem-like cell characterization:  Aldefluor assay 

was performed to determine the elevated aldehyde dehydrogenase (ALDH) 

enzymatic activity in CSCs. Cells were stained using Aldefluor kit (StemCell 

Technologies, Canada) according to manufacturer’s instructions and single cells 

were resuspended in an aldefluor assay buffer containing ALDH substrate. For a 

negative control, cells were treated with the diethylaminobenzaldehyde (DEAB), a 

specific inhibitor for ALDH. The presence of CSCs was further confirmed by using 

CD24-PE and CD44-APC surface markers (BD, Bioscience, USA). Single cell 

suspension was prepared in PBS with 1% FBS. Cells were incubated with the fore 

mentioned fluorochrome conjugated markers for 30 min on ice as per the 
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manufacturer’s instructions. Further, the stained cells were washed with PBS and 

analyzed using flow cytometry (Gallios, Beckman Coulter Inc.). Kaluza software 

(Beckman Coulter Inc.) was used for data analysis and compensation was 

conducted for ALDH (maximum emission spectrum 512nm) and CD24-PE 

(maximum emission spectrum 575nm). The spectral overlap signal was subtracted 

from the total fluorescence detected in each channel. 

 

Cell cycle analysis:  Mammospheres obtained from the transfected cells were 

trypsinized and fixed in ice cold 70% ethanol and kept overnight at -20C. After 

washing with PBS, cells were resuspended in 50 g/ml RNAse and incubated for 

30 min at 37C. Then the samples were stained with 100 g/ml propidium iodide 

(Sigma-aldrich, USA) for 10 min and run through the flow cytometer (Gallios, 

Beckman Coulter Inc.). Kaluza software (Beckman Coulter Inc.) was used for data 

analysis. 

 

PO-PRO and 7-AAD cell death assay:  Transfected cells and their respective 

mammospheres were trypsinized and washed with PBS. Further, the resuspended 

cells in PBS were treated with Po-Pro and 7-AAD (7-aminoactinomycin D) dyes 

(Life Technologies Ltd, USA) for 30 min as per the manufacturer’s instruction. The 

florescent intensities of the samples were quantified in Gallios flow cytometer 

(Beckman Coulter Inc.) and the data was analysed using Kaluza software 

(Beckman Coulter Inc.). 
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Soft agar assay:  Soft agar assay was performed in a 6-well plate with each well 

containing two layers of agarose (Calbiochem, Darmstadt, Germany) in 

maintenance medium. The lower layer of well contains 0.5% agarose while the 

upper layer contains 0.35% agarose. Single cell suspensions were prepared from 

mammospheres, which are obtained from the transfected cells and added into the 

upper layer of agarose. The cells were incubated for 2-3 weeks and fed twice a 

week with fresh maintenance medium. Colonies formation was observed and 

stained with 0.005% crystal violet (Acros Organics), and counted using ImageJ 

software. 

 

Quantitative RT-PCR: For the quantitative RT- PCR, total RNA was extracted 

using High Pure RNA Isolation Kit (Roche, Germany) according to the 

manufacture’s instructions from mammospheres obtained by transfecting the 

breast cancer cells. Total RNA concentration was measured by NanoDrop™ 

spectrophotometer (Thermo Scientific, USA) and stored at -80 °C. Then, 0.5ug 

total RNA was reverse transcribed into cDNA using Maxima® First Strand cDNA 

Synthesis Kit for qRT-PCR (Thermo Scientific, USA) using CFX96™ real-time 

PCR detection system (Biorad, USA). Next, cDNA was added to the reaction mix 

containing iQ™ SYBR® Green Supermix (Biorad, USA) and primers (Table 1). 

Each gene reaction were performed in triplicates using a two-step PCR 

amplification program with initial denaturation at 95 °C for 3 min, followed by 40 

cycles of 95 °C for 10 s and 30 s at different primer-specific annealing/extension 

temperature using CFX96™ real-time PCR detection system (Biorad, USA). 
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Glucose-6-phosphate dehydrogenase (GAPDH) was used as housekeeping gene 

to normalize the amount of cDNA between different samples. Cycle threshold (CT) 

values from the logarithmic amplification phase were used for calculating relative 

quantification of each gene by applying the -2ΔΔCt method. 

 

Statistics:  All the statistics (One way Anova including Bonferroni post hoc test) 

were performed using Prism (version 5.0d) and p-value <0.05 is considered as 

statistically significant.   
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Table 1:  Primers utilized for the qRT-PCR experiment performed in this study.  
 

Target Sense primer Anti-sense primer 

p21 GAGGCCGGGATGAGTTGGGAGGAG CAGCCGGCGTTTGGAGTGGTAGAA 

P27 AGGACACGCATTTGGTGGA TAGAAGAATCGTCGGTTGCAGGT 

Cyclin A1 GTCACCACATACTATGGACATG AAGTTTTCCTCTCAGCACTGAC 

Cyclin B1 CGGGAAGTCACTGGAAACAT AAACATGGCAGTGACACCAA 

Cyclin D1 AACTACCTGGACCGCTTCCT CCACTTGAGCTTGTTCACCA 

Cyclin E1 CTCCAGGAAGAGGAAGGCAA TCGATTTTGGCCATTTCTTCA 

cMYC TGCCTCAAATTGGACTTTGG GATTGAAATTCTGTGTAACTGC 

Nanog AGAAGGCCTCAGCACCTAC GGCCTGATTGTTCCAGGATT 

Oct4 TCTCGCCCCCTCCAGGT GCCCCACTCCAACCTGG 

Sox2 CGAGTGGAAACTTTTGTCGGA TGTGCAGCGCTCGCAG 

Klf4 CCGCTCCATTACCAAGAGCT ATCGTCTTCCCCTCTTTGGCS 

GAPDH GTCAGTGGTGGACCTGACCT CACCACCCTGTTGCTGTAGC 
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Figure Legends 

 

Figure 1: Effect of Akt-WT and Akt-NLS on PI3K-mTOR signaling.  (A) 

Fluorescent images showing nuclear localization of Akt-NLS in cells transfected to 

express the Akt-NLS construct. Cytoplasmic localization of Akt-WT in cells 

transfected with empty construct (control). The image data were collected in 

SKBR3 cells using confocal microscopy. (B) Western blot analysis showing the 

increased levels of phosphorylated Akt (pAkt) and mTOR in SKBR3 cells. Lower 

panels show quantitative (densitometric) assessment of the levels of pAkt and 

mTOR as compared to control * P<0.05.  

 

Figure 2: Flow cytometric assessment of cancer stem-like cell populations 

by the combination of stem cell markers ALDH, CD24 and CD44, upon 

overexpression of Akt-WT and Akt-NLS.  (A) Akt-NLS transfected SKBR3 cells 

showed enhanced presence of the ALDH+/High/CD44+/High/CD24-/Low CSCs 

phenotype when compared to control. Akt-WT cells failed to show a marked 

increase in the expression of CSCs markers in SKBR3 cells. (B) Graph 

representing quantification of markers assessed in “A”. Enhanced expression of 

Akt-NLS showed a significantly increase in the CSCs population compared to Akt-

WT and control. (C) Presence of Akt-NLS in SKBR3-mammospheres coincided 

with a higher number in ALDH+/High/CD44+/High/CD24-/Low CSCs population 

compared to control. Akt-WT expressing cells failed to show a marked increase in 

ALDH+/High/CD44+/High/CD24-/Low CSC in SKBR3 mammospheres (D) Graph 
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representing quantitative evaluation of expression of markers assessed in “C”. 

SKBR3 cells transfected with Akt-NLS showed a significantly increased CSCs 

population as compared to Akt-WT cells and mock controls, * P<0.05. 

 

Figure 3: Role of Akt in CSC proliferation.  (A) Western blot results displaying 

decreased phosphorylation of Akt (pAkt) after treatment with Akt inhibitor 

Triciribine in the presence of Akt-WT and Akt-NLS when compared to control 

SKBR3 cells. (B) Phase-contrast images showing the inhibition of mammosphere 

formation upon treatment with Triciribine. Inhibition of Akt phosphorylation/ 

activation resulted in attenuated mammosphere formation capacity in SKBR3 and 

MDAMB468 cells. (C) Triciribine treatment significantly reduced the 

ALDH+/High/CD44+/High/CD24-/Low CSCs population in the presence of Akt-WT and 

Akt-NLS as compared to control SKBR3 cells. Left part of the panel shows graphs 

representing the quantitative assessment of CSCs marker expression after pAKT 

inhibition. (D) Triciribine treatment significantly reduced the 

ALDH+/High/CD44+/High/CD24-/Low CSCs population in mammospheres derived from 

Akt-WT and Akt-NLS SKBR3 as compared to mock control. Similarly, the left part 

of the panel shows graphs representing the quantitative evaluation of CSC marker 

expression after AKT inhibition * P<0.05. 

 

Figure 4 Expression of stem cell reprogramming markers.  (A) Western blot 

detection of Oct4, cMyc, Nanog and Sox2 were increased in Akt-WT and Akt-NLS 

compared to control. In case of KLF4, a protein level was approximately same in 
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Akt-WT and Akt-NLS cells compared to control. (B) Gene expression of Oct4, 

cMyc, Nanog and Sox2 were increased in Akt WT compare to Akt-NLS and control. 

In contrast, KLF4 expression is increased in Akt-NLS as compare to Akt WT and 

control but not significant in SKBR3 mammospheres. (C) Nuclear Akt enhanced 

the colony forming ability (mammosphere formation) of SKBR3 and MDAMB468 

as compared to mock cells. The mammosphere formation assay was conducted 

in soft agar. (D) Quantitative representation of data “C” a significantly increased 

number of colonies (mammosphere formation) of SKBR3 and MDAMB468 as 

compared to, * P<0.05 and  ** P<0.005. 

 

Figure 5: Expression of cell cycle regulatory proteins.  (A) Western blot 

detection of p21 and p27 cell cycle inhibitory proteins. Levels of phosphorylated 

p21 were increased in Akt-WT and Akt-NLS cells compared to control. In contrast, 

detectable levels of phosphorylated p27 were increased in Akt-WT compared to 

Akt-NLS and control in MDAMB468 mammospheres. (B) Gene expression of p21 

and p27 was increased in Akt-WT as compare to Akt-NLS and control; only p21 

expression was increased in Akt-NLS as compare to control in SKBR3 

mammospheres. (C) Western blot analysis of cyclin D1, cyclin E1, cyclin A1 and 

cyclin B1 cell cycle regulatory proteins. Levels of cyclin D1, cyclin E1 and cyclin 

A1 were increase in Akt-WT and Akt-NLS as compare to control. In case of cyclin 

B1, protein expression was approximately same in Akt-WT and Akt-NLS as 

compare to control in SKBR3 mammospheres, * P<0.05 and ** P<0.005.  

 



Jain et al., NLS-

Akt 

  31 

Figure 6: Akt and nuclear Akt enhance cell proliferation and reduce cell 

death.  (A) Cell cycle analysis showed a significant decrease in G0/G1 phase and 

increase in G2/M phase in the presence of Akt-NLS in SKBR3 derived from 

mammospheres. * P<0.05. (B) Cell death was assessed using Po-Pro (apoptotic) 

and 7-AAD (necrotic) markers. Presence of Akt-WT and Akt-NLS resulted in 

reduced cell death compared to control SKBR3 cells, * P<0.05. 
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