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Abstract: Aurora Kinase A being overexpressed in majority of cancers, appear to be an attractive 
therapeutic target. However, a Phase III clinical trial of Alisertib, a selective AURKA inhibitor, 
resulted in no better response compared to the comparator arm of chemotherapeutic regimen 
raising question regarding ability of the same to target the undetectable stem cell functions. In silico 
analysis indicated regulation of AURKA by the stemness factors Oct4 and Sox2. TCGA data 
indicated positive correlation of each of the factors with AURKA which were eventually validated 
in cell lines, patient tissues and blood by flow cytometry along with Oct4 binding on AURKA 
promoter being detected by ChIP assay. However, indirect immunofluorescence and cell cycle 
analyses indicated proliferation-independent AURKA functions during asymmetric cell division, a 
characteristic feature of stem cells. Thorough screening of the AURKA positive cells in patient 
samples denoted epithelial to mesenchymal transition and significant upregulation of Vimentin, a 
mesenchymal marker and ABCG2, a drug resistance marker under Oct4 or Sox2 influence. Overall, 
our study demonstrated combinatorial selection Oct4, Sox2, AURKA, Vimentin and ABCG2 for 
diagnostics and intervention of circulating breast cancer stem cells as a blood-based, cost-effective 
and simple approach which will be beneficial in reducing relapse. 

Keywords: Oct4; Sox2; AURKA; Vimentin; breast cancer; Alisertib; epithelial to mesenchymal 
transition; asymmetric cell division; NUMB; stem cell; diagnostics; intervention; chemotherapy 

 

Introduction: 

Breast cancer is the leading cause of cancer-related death in women with the age and sex-
standardized incidence rate of ~47.8% as per GLOBOCAN 2020. There is about 0.5% increase in the 
incidence rate per year globally despite decrease in death rates, which is associated with improved 
awareness and screening resulting in early detection as per American Cancer Society [1]. However, 
about 30% of patients with apparent clinical remission present with disease recurrence in course of 
time as observed up to 24 years of follow-up studies [2]. In fact, often the actual statistics of patients 
showing clinical remission remains only an estimate since a majority presents for the initial detection 
at a considerably late age with a median age of diagnosis about 62 years while the global life 
expectancy itself is about 73 years [3]. Therefore, considering most of the time the minor initial 
symptoms being ignored by the patients and costly scans associated in the follow-up procedures, a 
cost-effective and simple detection system seems extremely necessary, which can be incorporated 
into yearly check-up.  
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With the discovery of cancer stem cells (CSCs) in 1994 [4], multifarious approaches have been 
made to identify cancer stem cell specific markers [5,6] to develop effective screening strategies 
without success. Disease recurrence has been shown to be resulting from this apparently 
unidentifiable population which happens to be plastic, low-maintenance, chemo –refractory, 
radiation-resistant and with the ability for self-renewal as well as differentiation [7–9]. The 
phenotypic switches selected by the stem cell niche contribute to change of CSC marker profile 
thereby failing the diagnostic protocols. Eventually, this population escapes the chemotherapeutic 
regimen due to their quiescent nature and chemotherapy being aimed at targeting the proliferating 
cells; leading to metastasis and disease recurrence after apparent clinical remission.  

Importantly, breast cancer stem cells (BCSCs) have been shown to impart therapeutic resistance 
not only against chemotherapy through modulation of PI3K/Akt signaling, NFκB signaling etc. [10], 
but also against targeted endocrine therapy through manipulation of Notch/HIF/integrin/Akt 
signaling [11] implying the need to develop effective BCSC diagnostics and targeting strategies. For 
this purpose, identification of the changing marker profile of BCSCs during progression of the disease 
appears inevitable. 

Aurora Kinase A (AURKA) gene amplification has been reported in basal-like breast cancer 
phenotypes [12]. Enhanced transcriptional activity by positive regulators like FOXM1, EGF, [13] 
TRAP200/MED1 complex, β-catenin/TCF-4 complex [14], Myc or inactivation of transcriptional 
repressors [15] etc have been also reported thereby presenting the same as an attractive therapeutic 
target [16] as well as a probable diagnostic marker. AURKA is a serine threonine kinase responsible 
for spindle organization, assembly and other mitotic functions [17] as well as non-mitotic functions 
[18] like regulation of cell motility, senescence and DNA repair etc. AURKA has also been reported 
to be involved in BCSC self renewal through induction of c-Myc, Sox2 and Nanog and enrichment of 
CD44hi/CD24low subpopulation [19]. Overexpression of AURKA in invasive breast cancer has been 
reported already [20] in 94% of cases irrespective of histological subtypes and AURKA protein 
expression has been already proven to be a better prognostic marker than Ki67 in ER-positive breast 
cancer cases [21] although not clinically implemented yet in practice. However, recently a phase III 
clinical trial of Alisertib as a single agent, reported no better prognosis in a 960-day timeframe 
compared to the comparator arm consisting of Gemcitabin/Pralatrexate/Romidepsin in relapsed or 
refractory peripheral T-cell lymphoma [22] proving that AURKA expression may be dispensible 
during dissemination of the breast cancer stem cells (BCSCs). 

Our study was initially aimed at finding out the possible role of stemness factors in regulation 
of AURKA which was confirmed by in silico and in vitro cell line studies. Oct4 and Sox2 were found 
to be associated with regulation of AURKA and correlative expression of these stemness factors and 
AURKA were identified in patient tissues and blood. Interestingly, in an attempt to identify AURKA-
mediated Oct4 or Sox2 functions, breast cancer cells were found to undergo epithelial-to-
mesenchymal transition under G0/G1 phase. An insight into stem cell-specific asymmetric cell 
division of the breast cancer cells in vitro demonstrated differential AURKA distribution in the 
daughter cells along with phosphorylated-NUMB involving one differentiating breast cancer cell 
having colocalization of NUMB and AURKA and the other without any. The daughter cell without 
AURKA is expected to escape the AURKA inhibitors if the same chooses to remain at G0. 
Intriguingly, in patient blood, Oct4 or Sox2 and AURKA were not found to coexpress in the same 
cells although being positively correlated in terms of percent positive cells indicating the Oct4 or Sox2 
positive cells without AURKA expression in blood may be in a phase like G0. These cells were found 
to be mesenchymal (Vimentin expressing) and positive for drug resistant marker ABCG2 confirming 
that the circulating Oct4+/Sox2+Vimentin+ABCG2+ cells are mesenchymal –like breast cancer cells 
and therefore extremely important for diagnostics and therapeutics.   

Results:  

AURKA is transcriptionally upregulated and associated with relapse in breast cancer: 

To ensure that the AURKA protein overexpression mentioned earlier is supported by transcript 
expression as well in breast cancer, we performed retrospective analysis of 1085 invasive breast 
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carcinoma samples and 112 paired breast samples from TCGA database (Figure 1A). Results 
demonstrated significant upregulation of the transcript in tumours compared to normal tissues 
across all the molecular subtypes hinting towards deregulatory events occurring at AURKA 
promoter of tumour samples. When the TCGA data was screened for survival analysis, this high 
AURKA expression as expected from the link to the stemness, was inversely proportional to the 
relapse free survival (RFS ) of the patients (Figure 1B) demonstrating the need for understanding the 
regulation of AURKA by the stemness factors. 

 

Figure 1. AURKA expression and relapse cases in breast cancer are associated with stemness 

factors: (A) Box-whisker plots demonstrating overexpression of AURKA transcripts in tumour 
samples compared to adjacent normal samples as per TCGA database (B) KM-plotter analysis 
denoting more relapse cases are associated with high-AURKA samples (C) Diagrammatic 
representation demonstrating stemness factor binding sites within 2 kb upstream of AURKA 

transcription start site (TSS). Accordingly, Oct4 and Sox2 binding sites have been marked red and 
yellow respectively. 

Oct4 and Sox2 expressions are positively correlated with AURKA expression in breast cancer tumour tissues: 

To understand whether AURKA is actually under the control of the stemness factors and 
whether the expression of AURKA is correlated with the expression of the stemness factors, we 
screened AURKA promoter upto 2kb upstream of the transcription start site(TSS) which unravelled 
17 stemness factor binding sites i.e 3 for Oct4 and 14 for Sox2 (Figure 1C). Next, correlation analyses 
of AURKA expression with Oct4 and Sox2 expression were performed from TCGA data. Results 
(Figure 2A) indicated positive correlation of both Oct4 and Sox2 transcripts with that of AURKA 
transcript expression.  
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Figure 2. AURKA transcript and protein expression are positively correlated with Oct4/Sox2 

transcript and protein expression: (A) scatter plots demonstrating positive correlation of Oct4/Sox2 
transcripts with AURKA transcripts as per TCGA data (B) Interleaved bar diagrams representing 
Oct4/Sox2 binding efficiency on AURKA promoter compared to IgG control; noteworthy, Oct4 
binding to DNA is confirmed. But Sox2 is not. (C-D) Interleaved bar diagrams representing 
downregulation of AURKA under silencing of Oct4/Sox2 in MCF-7 (C) or MDA MB-231 (D) breast 
cancer cells by transfection as observed by flow cytometric analysis; left panels represent efficiency of 
transfection and the right panels represent mean fluorescent intensities (MFIs) of AURKA positive 
cells under vector control vs. shRNA transfection. The transfections have been performed in 
triplicates and P-values have been calculated using unpaired t-tests. Importantly, in MDA MB-231 
our standard time of processing the shRNA transfected cells i.e 48 hr which worked for the rest of the 
experiments, could not reduce the percentage of cells expressing Oct4. However, the MFI of Oct4 in 
the transfected cells was reduced significantly, which was taken into consideration. 

Oct4 and Sox2 regulate AURKA expression which colocalizes with drug-resistance marker ABCG2 and 

phospho-NUMB: 

To validate the positive correlation at protein level, we attempted silencing of Oct4 or Sox2 in 
MCF-7 and MDA MB-231 breast cancer cells which express both the stemness factors [23,24] and 
checked AURKA expression individually by flow cytometry. Results (Figure 2B) confirmed positive 
regulation of AURKA by Oct4 and Sox2 indicating that AURKA is indeed a downstream target 
whether or not the BCSCs depend on AURKA for surviving the therapies. Gating strategy for 
identification of Oct4/Sox2 +ve cells have been shown in Supplementary Data 1. ChIP assays 
confirmed binding of Oct4, but not Sox2 about 2kb upstream of AURKA TSS (Figure 2C). ChIP 
primers were designed spanning the regions designated in Figure 1C. In breast cancer patient tissues, 
Oct4, Sox2 and AURKA expressions appeared to be positively correlated to each other, but not 
necessarily in the same cells as demonstrated when per cell expression (mean fluorescence intensities 
i.e MFI) was considered (Figure 3A). Percentages of Oct4/Sox2/AURKA positive cells have been 
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included in Supplementary Data 3. In peripheral blood however, percentages of Oct4 or Sox2 positive 
cells were significantly correlated to percentages of AURKA positive cells (Figure 3B).  

 

Figure 3. AURKA expression is positively correlated with Oct4/Sox2 in patient samples and also 

associated with multi drug resistance marker ABCG2: (A) Rainbow heat map representing 
Oct4/Sox2 MFI and AURKA MFI in Oct4 [AURKA(O)]/Sox2 [AURKA(S)] cells in adjacent normal 
samples (AN) and tumour(T) samples as surgically dissected by clinicians (B) Scatter plot 
representing positive correlation of total AURKA positive cells with that of total Oct4/Sox2 positive 
cells in patient blood. Significant correlations have been indicated using 2-tailed tests and Pearson 
Correlation coefficient (C) Indirect immunoflurescence demonstrating colocalization of AURKA with 
ABCG2 in one of the progenies during asymmetric division, a characteristic feature of stem cells. 

AURKA colocalizes with drug-resistant marker ABCG2 and phospho-NUMB in asymmetrically dividing 

breast cancer cells: 

In order to ensure the role of AURKA in stem cell functions, we decided to analyse one of the 
specific stem cell characteristics-the asymmetric cell division. In asymmetrically dividing BCSCs 
(Figure 3C), AURKA was found to be colocalized with multi-drug resistance marker ABCG2 in one 
of the daughter cells indicating the mentioned daughter cell retains the BCSC properties while the 
other might differentiate into non-stem cancer cell (NSCC). Accordingly, we questioned whether 
AURKA-ABCG2 colocalization is associated with NUMB [25], which is reportedly phosphorylated 
by AURKA for eventual destabilization of p53 during self-renewal. Indeed, AURKA was found to be 
colocalized with phospho-NUMB as well, in indirect immunofluorecence study (Figure 4A) and their 
physical interaction was confirmed in a patient sample (Figure 4B) through co-immunoprecipitation 
not in tumour, but in the adjacent normal counterpart. Importantly, AURKA and phospho-NUMB 
colocalized not only during asymmetric cell divisions, but symmetric divisions as well in the cell 
lines.  
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Figure 4. Enzymatically active AURKA colocalizes with phospho-NUMB (Ser-276) during 

asymmetric cell division and their physical interaction is observable in the adjacent normal 

counterpart of TNBC tissue sample: (A) Indirect immunofluorescence demonstrating involvement 
of AURKA in stem cell division; notably, active phospho-AURKA (Thr-288) localization follows 
distribution pattern of phospho-NUMB (Ser-276), indicating that NUMB is phosphorylated by 
AURKA leading to mobilization of the same during decision of cell fate; colocalization is identifiable 
both in case of symmetric and asymmetric cell division (B) Co-immunoprecipitation demonstrating 
physical interaction of phospho-AURKA with phospho-NUMB in adjacent normal counterpart of a 
TNBC tissue sample. 

Oct4/Sox2 is associated with proliferation-independent AURKA functions during epithelial to mesenchymal 

transition: 

AURKA being regulated by Oct4/Sox2, targeting Oct4/Sox2 seems to be an attractive way to 
inhibit stem cell division, also due to confirmation of its involvement in asymmetric cell division. 
However, silencing Oct4/Sox2 only impacted G0/G1 (Figure 5A) indicating that the same may not be 
involved in regulating AURKA-mediated cell proliferation, but possibly cell fate. Interestingly, 
AURKA positive cells in the breast cancer tissues, were positive for SLUG, TWIST, N-cadherin and 
Vimentin; among which, Vimentin demonstrated extremely high MFI in the AURKA-positive 
tumour cells (Figure 5B). When patient peripheral blood was analysed, both Oct4 (Figure 5C) and 
Sox2 (Figure 5D) were found to be positively correlated with Vimentin either through MFI (Oct4) or 
through percent positive cells (Sox2) suggesting Oct4/Sox2 regulated AURKA functions are 
associated with epithelial to mesenchymal transition.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 October 2023                   doi:10.20944/preprints202310.0364.v1

https://doi.org/10.20944/preprints202310.0364.v1


 7 

 

 

Figure 5. Oct4/Sox2-mediated AURKA regulation is associated with EMT and simultaneously drug 

resistance: (A) Scatter plots showing decrease in G0/G1 population under Oct4/Sox2 shRNA 
transfection (Figure 2C) compared to vector control in MCF-7; the cell cycle assay has been performed 
in duplicates and 2-way ANOVA has been used for calculation of P-values (B) Scatter plots 
representing MFI of different EMT markers in AURKA +ve cells from patient tissues (C-D) Scatter 
plots representing positive correlation of Oct4 (C) and Sox2 (D) with Vimentin expression in patient 
blood either at intracellular (Oct4) or intercellular (Sox2) level (E) Flow cytometric scatter plots 
demonstrating distribution of ABCG2-low (red) and ABCG2-high (violet) cells in a patient tissue (S-
23) under CD44/CD24 profile (F) Flow cytometric scatter plot showing ABCG2+ve cells in the blood 
of the same patient (S-23) express Vimentin, but not AURKA. 

Vimentin in addition to AURKA, has to be included as a marker for tracking or targeting drug-resistant 

Oct4/Sox2 positive BCSCs: 

Both low ABCG2 and high ABCG2 expressing breast cancer cells in tumour (Figure 5E)  and 
patient blood (Figure 5F) were found to be Vimentin positive in contrast to AURKA for every 
CD44/CD24 profile, indicating Vimentin may prove to be a very important marker to identify drug-
resistant BCSCs which may or may not express AURKA. When peripheral blood was screened, 
Vimentin was found to be co expressed in both Oct4 and Sox2 positive cells in Ductal Carcinoma in 

situ (Figure 6A), Invasive Ductal Carcinoma (Figure 6B) and healthy donors (Figure 6C), while 
AURKA was found to be induced only in the follow-up blood of the IDC patient post surgery, 
chemotherapy and radiation. Compared to the healthy donors, Vimentin expression was found to be 
much higher in DCIS. While total percentages of Oct4/Sox2/AURKA expressing cells were positively 
correlated in patient blood (Figure 3B), comparison of MFIs indicated this correlation of Oct4/Sox2 
with AURKA was not applicable inside the same cell (Figure 6D). When tissue and peripheral blood 
from a single patient were analysed, in the tissue, most of the Vimentin positive cells were under 
CD44+CD24+ profile and ABCG2 positive; while the AURKA positive cells had diverse profiles with 
or without ABCG2 expression and increased CD44+CD24- cells in tumour (Figure 7A) as reported 
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earlier. The peripheral blood of as well demonstrated similar profile of ABCG2 positive cells (Figure 
7B). On the other hand, low-ABCG2 and high-ABCG2 expressing cells had different CD44/CD24 
profile and AURKA/Vimentin profile (Figure 8) with low-ABCG2 cells demonstrating diverse 
CD44/CD24/AURKA/Vimentin profiles and high ABCG2 being primarily Vimentin+CD24+.     

 

Figure 6. Vimentin expression, but not AURKA expression can be relied on for tracking 

Oct4/Sox2+ve cells in healthy donor or cancer patient blood: (A-C) Flow cytometric scatter plots 
showing Oct4/Sox2 +ve cells in blood of DCIS patient (A), IDC patient (B) and healthy donors (C) 
positively express Vimentin, but not necessarily AURKA; AURKA in Oct4/Sox2+ve cells can be only 
detected in the follow-up blood of IDC patient (D) Rainbow heat map image representing status of 
AURKA expression in Oct4/Sox2 positive cells in patient blood; the MFIs of Oct4/Sox2/AURKA have 
been included in the respective cells of the heatmap. Notably, Oct4/Sox2+ve cells in patient peripheral 
blood (n=6) did not express AURKA, even if AURKA MFI in the PBMC was quite high suggesting the 
mesenchymal-like Oct4/Sox2+ve cells were probably in G0 phase or early G1 (Figure 5A) and might 
demonstrate chemoresistance or resistance to AURKA inhibitors. 
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Figure 7. Vimentin+ve cells, but not AURKA+ve cells in patient tumour and blood, are almost 

completely multi-drug resistant: Flow cytometric scatter plots showing almost 100% of Vimentin+ve 
cells in IDC patient tissue (A) and blood (B) are ABCG2+ve; however, the Vimentin+ve population 
primarily lies in CD44+CD24+ profile, while AURKA+ve cells although not necesarily ABCG2+ve, 
includes other CD44/CD24 profiles denoting necessity to analyse the AURKA+ cells whether or not 
ABCG2/Vimentin is expressed. 
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Figure 8. CD44/CD24 profile changes with changes in ABCG2 expression with impact on AURKA 

and Vimentin expression in IDC: Flow cytometric scatter plots demonstrating AURKA expression 
has to be analysed in ABCG2+ve cells, since low-ABCG2 cells include AURKA+CD44+CD24-
Vimentin- category. Notably, high-ABCG2 cells are essentially Vimentin+ve again. 

Discussion: 

AURKA being over-expressed in refractory T-cell lymphoma, failure of Alisertib to improve 
prognosis was quite startling. However, although in a different model system, AURKA, is also 
overexpressed in breast cancer and therefore expected to respond to Alisertib. As evident from our 
findings, the drug resistance marker ABCG2 which have been recently reported to remain 
uninhibited by Alisertib [26], is expressed not only by the AURKA-positive BCSC-like cells but also 
by the Vimentin-positive cells irrespective of AURKA expression. In the patient samples, the 
ABCG2+ve cells were found to be sustaining low or high MFI of the mentioned drug exporter pump. 
The cells with high MFI mostly had CD44+CD24+ or CD44-CD24+ profile and the ones with low MFI 
had diverse profiles including the classical CD44+CD24-profile for stem cells as mentioned before. 
However, 100% of the Vimentin+ve, but not AURKA+ve population was found to be ABCG2+ve 
implying Vimentin expression as a better predictor of ABCG2-mediated drug resistance compared to 
AURKA and also being a surface marker, easily targetable or sortable for ex vivo culture, in case 
intervention is to be planned. Also, the low ABCG2 cells demonstrated more AURKA positivity 
compared to Vimentin in contrast to the high ABCG2 cells which demonstrated mostly 
Vimentin+AURKA- profile thereby implying AURKA targeting will be including the ABCG2-low 
dividing population with diverse CD44/CD24 profiles while Vimentin targeting will be including the 
non-dividing, high ABCG2 cells undergoing EMT. 

Notably, AURKA-expressing cells are apparently under active cell-cycle i.e they are destined to 
divide. Apart from this dividing population, cancer tissues in general, retain a dormant population 
of BCSCs which are not under active cell-cycle, better explained as in the G0 phase. BCSCs in this 
dormant state maintain only the minimal survival mechanisms and demonstrate a phenotype 
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unrecognizable to the host immune system. Due to this survival strategy, these cells remain radio 
resistant for lack of hypoxic environment [27], chemoresistant due to lack of division [28] and 
untraceable due to plasticity [29] and changing surface marker profile [30]. The above mentioned 
Vimentin positive population also includes Oct4/Sox2 positive cells with or without AURKA 
expression i.e the dividing and non-dividing population of potential BCSCs. Again in AURKA-
expressing cells, AURKA may be carrying out the kinase-dependent and independent functions [31], 
which can be identified as cells under S-M and G1 phases responding to catalytic and allosteric 
inhibitors of AURKA respectively. Under Oct4/Sox2 silencing, AURKA was found to be 
downregulated along with significant reduction in cells under G0/G1; supporting kinase-
independent functions of AURKA to be affected under Oct4/Sox2 targeting and G1 commitment of 
cells facing fluctuations in Oct4/Sox2 levels [32]. Importantly, the study unravelling this G1 
commitment also indicated the cell to be differentiation biased. Our immunofluorescence data 
revealed colocalization of AURKA with phospho-NUMB in dividing cells supporting the 
manipulative role [33] of Oct4/Sox2 in differentiating progeny through AURKA induction which can 
be targeted by the AURKA or NUMB inhibitors, if not by the chemotherapeutic agents. The 
chemotherapeutic regimen on the other hand will be targeting the AURKA+ve progenies under active 
cell cycle phases i.e cells under G1 (cyclophosphamides), S (antimetabolites), G2 (alkylating agents) 
and M (taxanes and vinca alkaloids) upto mitotic exit. However, the AURKA-ve progeny, for 
example the Oct4/Sox2+ve cells in patient blood will be capable of adapting therapy escaping 
mechanisms for surviving under the mentioned treatments for example through the ABCG2 
expression. The present findings are encouraging enough to propose Vimentin as a notable target, 
given the fact that Vimentin is expressed in the ABCG2 expressing cells irrespective of AURKA 
expression. Vimentin expression has already been reported to be induced in neural stem cells exiting 
G0 [34]; suggesting that Oct4/Sox2+ve cells surrounding the tumour are undergoing EMT and as 
represented by Vimentin, may be exiting quiescence to enter G1. Additionally, targeting ABCG2 may 
exhibit toxicity owing to the expression of the same in the epithelium of small intestine, colon, liver 
canalicular cells, ducts and lobules of mammary tissue [35]. Vimentin targeting reduces the toxicity 
significantly by selecting only the dividing messenchymal cells [36]. Vimentin-targeting compounds 
like Withaferin A [37], Simvastatin [38], Silibinin [39], Resveratrol [40], Fluvastatin [41], FiVe1 [42] 
etc. are under investigation and therefore can be proposed to be combined with AURKA inhibitors 
for effective remission.  

AURKA-NUMB interaction in adjacent normal tissue was another interesting observation of our 
study; justifying deprivation of the tumour-suppressor activities of both NUMB and p53 within the 
cells surrounding the tumours as a result of AURKA functions. Interestingly, the antibodies used in 
our CoIP represented phosphorylated AURKA at threonine-288 i.e the active conformation for kinase 
activity and NUMB phosphorylated at serine-276, which is responsible for mobilization of the protein 
[43]. Strong interaction between the mentioned proteins furthermore aligns with previous 
observations regarding involvement of G-protein coupled receptor (GPCR)/Protein Kinase C (PKC) 
in the adjacent normal tissues to mediate NUMB phosphorylation by AURKA [44]. Moreover, cancer 
stem cell markers have been shown to be enriched in the adjacent normal tissues in triple negative 
breast cancer [45] and the mentioned cells have been reported to possess DNA repair capability 
thereby withstanding chemotherapy and radiation. Although in a different tissue model, in colon 
cancer, tumor adjacent ‘normal’ tissues have been compared with healthy tissues which indicated 
similarity of both the populations in terms of morphology, clonogenic abilities and differentiation 
except the tumour adjacent normal tissue being changed at molecular level [46] resulting in EMT 
enrichment. Supporting the mentioned report, in our TNBC sample with enhanced AURKA-NUMB 
interaction in the adjacent normal part, Vimentin expression was induced more in Oct4 and Sox2+ve 
cells (54.5% and 90.8% respectively) compared to tumour counterpart (33.7% and 87.7% respectively). 
However, the adjacent normal Oct4+ve and Sox2+ve cells were Vimentin-low (MFI: 951 and 1694 
respectively) compared to the tumour counterpart (MFI:15027 and 3195 respectively) suggesting 
quantitative expression of EMT markers should not be considered while identifying the cancer stem 
cells. Therefore, before deciding surgical margins, multiple specimens need to be collected from the 
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tumour periphery during biopsy and molecular analyses for drug resistance markers, EMT and 
stemness markers need to be performed for comparing the same with healthy counterpart keeping 
in mind the rationality of complete remission after surgery.       

Our brief report connects some missing links between breast cancer stem cell research and 
applicable therapeutic regimen which not only identify the targetable population under the control 
of the ‘undruggable’ stemness factors, but also suggest potential combinatorial therapies for 
metastatic breast cancer. Also, tracking the mentioned quiescent population in patient peripheral 
blood suggests a cost-effective approach for diagnosis of metastatic breast cancer and potential risk 
assessment for relapse. It is worth mentioning that there are instances of Oct4+Vimentin+ cells being 
positively correlated with tumour grade, lymph node metastasis and infiltration of surrounding 
tissues and vasculogenic mimicry in gall bladder adenocarcinoma [47]. On the other hand, isoforms 
of Oct4 have been identified [48] in bone-marrow derived messenchymal stem cells (BM MSC) which 
are recruited to tumour microenvironment for effective immune suppression as reported in colorectal 
cancer [49]. Importantly, BM MSCs may also be mobilized to blood [50] post administration of GM-
CSF in cancer patients which is used as adjuvant post chemotherapy or in combination with vaccines 
for anti-tumorigenic immune stimulation [51]; thereby pointing out the necessity to analyse the 
complete profile of the Oct4 positive cells from patient blood before isolation and ex vivo coculture 
for the purpose of studying possible of pro-tumourigenic activities. In any case, Oct4+Vimentin+ or 
Sox2+Vimentin+ cells are not expected to be ABCG2+ irrespective of CD44/CD24 profile, thereby 
confirming the mentioned Oct4+Vimentin+ABCG2+ or Sox2+Vimentin+ABCG2+ cells to be traceable 
CSCs in patient peripheral blood. On the other hand, allosteric inhibition of AURKA is needed, to 
include the non-dividing chemotherapy resistant Oct4+/Sox2+ cells which are yet to differentiate and 
therefore not expressing Vimentin. Another area of further study involves possible extracellular 
transport of Sox2 which happen to participate in AURKA transcriptional upregulation with Oct4 
without DNA binding. Extracellular transportation of Oct4 [52] has been already documented, 
however there is till-date, no such data regarding Sox2. The mentioned studies will be able to explain 
the underlying reason for obtaining positive correlation of Oct4/Sox2 expressing cells with AURKA-
expressing cells without having similar correlation in MFI. Lastly, we were unable to study the 
coexpression of Oct4, Sox2 and ABCG2 in the same cells due to lack of primary tagged antibodies. 
Elaborate analysis is needed to obtain the actual picture of CSC plasticity from tumour initiation to 
distant metastasis. In this regards, Nanog and ALDH1 expression and ex vivo mammosphere 
formation of the identified Oct4+/Sox2+Vimentin+ABCG2+ populations are also inevitable. 

Materials and Methods: 

Gene expression analysis:  

For comparing AURKA transcript expression in tumour vs. normal samples from TCGA data, 
GEPIA2 platform was used. In the BRCA dataset, separated box plot was generated across the 
histological subtypes with Log2FC cutoff 1, p-value cut off 0.01 and jitter size 0.4.  

Survival analysis: 

For calculation of relapse-free survival (RFS) in AURKA-high or AURKA-low breast cancer 
patients, Kaplan Meier Plotter for breast cancer has been used [53]. The dataset selected, was 
208079_s_at; patients were split using auto select best cutoff and JetSet best probe set was used as 
option. 

Promoter analysis in silico: 

DNA sequence upto 2kb upstream of AURKA (Gene ID: 6790) TSS was obtained from NCBI and 
used for analysis of transcription factor binding sites in ALGGEN-PROMO.  
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Correlation analyses: 

Correlation of Oct4/Sox2 transcript expression with AURKA transcript expression were 
performed in GEPIA2 using Pearson Correlation coefficient using non-log scale for calculation and 
log scale axis for visualization. TCGA tumour as well as normal dataset was used for Oct4/AURKA 
and TCGA tumour and GTeX normal data sets were used for Sox2/AURKA. 1085 invasive breast 
carcinoma samples and 112 paired breast samples from TCGA database were considered. In case 
where the number of corresponding normal samples was not statistically fit to compare with the 
tumour samples GTeX normal sample data was used, which included 179 normal samples.  

Cell lines and transfections:  

Autheniticated breast cancer cell lines MCF-7 and MDAMB 231 were procured from NCCS, 
Pune, maintained in MEM (HIMEDIA) supplemented with 10% FBS (Gibco) with antibiotics 
Penicillin, Streptomycin and Gentamycin in a humidified CO2 incubator at 37 0C for maximum 20 
passages. Prior to transfection, serum containing media was replaced with Opti-MEM (Gibco) 
without antibiotics and conditioned for 24 hrs. pLKO.1 Sox2 3H b was a gift from Matthew Meyerson 
(Addgene plasmid # 26352 ; http://n2t.net/addgene:26352 ; RRID:Addgene_26352); LL - hOCT4i -2 
was a gift from George Daley (Addgene plasmid # 12197 ; http://n2t.net/addgene:12197 ; 
RRID:Addgene_12197); pLKO.1 puro was a gift from Bob Weinberg (Addgene plasmid # 8453 ; 
http://n2t.net/addgene:8453 ; RRID:Addgene_8453). Plasmid DNA and Lipofectamine Stem 
Transfection Reagent (Invitrogen); were diluted in Opti-MEM and added to the cells. Transfected 
cells were maintained in culture for at least 72 hrs and eventually the efficiency of transfection was 
assessed by flow-cytometry. 

Flow cytometric analyses:  

Breast cancer tissue samples were minced and treated with type IV collagenase until single-cell 
suspension was obtained. In case of blood, CTCs were isolated using Histopaque-1077 [54] and 
following manufacturer’s (Sigma) procedure. Cell lines were trypsinized to obtain single cells. 
Eventually, the cells were fixed and permeabilized in chilled acetone for 20min, washed in PBS, 
blocked using 1% FBS, treated with antibodies and analysed in BD FACS Verse flow cytometer.  

Cell Cycle:  

Cells were fixed in acetone [55], washed and treated with RNAse at 37 0C for 1hr. Next, the cells 
were incubated in propidium iodide (Sigma-Aldrich) for 15 minutes, washed and flow cytometric 
analyses were performed.  

Chromatin Immunoprecipitation:  

Cells were fixed using 1% formaldehyde (HIMEDIA) to the media. Excess formaldehyde was 
quenched with glycine and the media was aspirated off. Cells were subsequently lysed in lysis buffer 
containing protease inhibitor cocktail and sonication was performed. Lysates were then precleared 
using Protein A/G plus Agarose beads (SANTA CRUZ BIOTECHNOLOGY).Next, a portion was 
stored in -20°C freezer as input and to the rest, antibodies were added and kept in a rotator overnight 
at 4°C. Next day, the DNA-protein-antibody complexes were pulled down with beads, washed in 
low salt, high salt and LiCl buffers and eluted. Reverse crosslinking was performed at 650C overnight 
using 5M NaCl and subsequent proteinase K (SRL) treatment was done. Finally, DNA was purified 
by phenol chloroform isoamyl alcohol extraction, resuspended in nuclease free water (Millipore 
Sigma) and proceeded for PCR. Sequences of the ChIP primers have been included in Supplementary 
Data 3. 
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Indirect Immunofluorescence:  

Cells were grown on sterilized and poly L-lysine coated cover slips in cell culture plates. On the 
day of processing, the cover slips were washed in chilled PBS and fixed in methanol: acetone (1:1) for 
30 min in -20°C. Next the cover slips were washed in PBS three times and blocked with 1% FBS for 
1hr at room temperature. After blocking, the cells were incubated overnight in antibody-containing 
PBS as per the antibody manufacturer’s recommended dilution and again, washed in PBS. Finally, 
the cells were stained in DAPI, coverslips were mounted in DPX and assessed in fluorescence 
microscope (Leica) under 20X magnification. 

Co-immunoprecipitation:  

Protease inhibitors and antibodies (2 μg/100-200μg of protein) were added to tissue lysates and 
incubated at 40C overnight. The IP suspensions were then transferred to a column containing filter 
coated with Protein-A Sepharose beads and left at 40C overnight. The next day, bead-antibody-
protein congugates were washed with 1X and 0.1X IP Buffer. The purified protein complexes were 
then eluted with IP Elution Buffer and qualitatively analysed for expression of the interacting protein 
candidates by western blotting. 

Statistics: All the statistical analyses were performed using the Graphpad-Prism software. All the data have 
been acquired in replicates-as mentioned in the legends, placed in the Prism for graphical representation and 
statistical analysis was performed in for each graph on a case-to-case basis using a statistical method 
recommended by the software itself. The specific tests for calculating P-values/R-values have have been 
mentioned in the concerned figure legends. 
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