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Ex vivo expansion of circulating 
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Circulating tumour cells (CTCs) are a critical intermediate step in the process of cancer metastasis. 
The reliability of CTC isolation/purification has limited both the potential to report on metastatic 
progression and the development of CTCs as targets for therapeutic intervention. Here we report a 
new methodology, which optimises the culture conditions for CTCs using primary cancer cells as a 
model system. We exploited the known biology that CTCs thrive in hypoxic conditions, with their 
survival and proliferation being reliant on the activation of hypoxia-inducible factor 1 alpha (HIF-1α). 
We isolated epithelial-like and quasi-mesenchymal CTC phenotypes from the blood of a cancer patient 
and successfully cultured these cells for more than 8 weeks. The presence of CTC clusters was required 
to establish and maintain long-term cultures. This novel methodology for the long-term culture of 
CTCs will aid in the development of downstream applications, including CTC theranostics.

Metastasis is integrally linked to cancer-related  deaths1, making the detection and treatment of advanced meta-
static disease a major global challenge. Currently, the mechanisms underlying metastatic events are poorly under-
stood, but circulating tumour cells (CTCs) in the blood are believed to be responsible for cancer dissemination 
from the primary tumour to a distant site, for the seeding of secondary  cancers2. CTCs in the blood of cancer 
patients appear to exhibit dynamic changes in morphology and interact with immune cells, platelets and erythro-
cytes as they transit from the primary tumour to form secondary metastatic  cancers3. In addition to heterotypic 
cellular interactions, CTCs are also able to self-aggregate to form homotypic/heterotypic clusters; also called 
circulating tumour  microemboli4,5. The size and number of CTC clusters directly correlates with the develop-
ment of  metastasis4,5 and is indicative of advanced cancer progression. CTC clusters have a survival advantage 
in the circulation and are effectively a measure of cancer cell adaptation to an altered microenvironment in the 
blood, where they encounter low nutrient availability, reduced oxygen levels and tension from circulatory shear 
 forces3,6. The isolation and real-time monitoring of CTCs in cancer patients will improve early cancer detection, 
the monitoring of disease progression and therapeutic target selection, and will also enable real-time treatment 
response prediction and assessment of therapeutic efficacy. CTC enumeration is now considered to be a key 
prognostic factor in breast, colorectal, prostate and lung  cancers7,8. Several CTC isolation methods have been 
developed, including; Immunomagnetic capture methods (CellSearch, Adna test, and Isoflux system), Microflu-
idic enrichment technologies (chip-based technologies, ClearCell FX and Parsortix device), Chip Based Isolation 
Technologies (Herringbone microfluidic chip, Cluster Chip, and CTC iChip), Microfiltration and Size Based 
Isolation Technologies (ISET and ScreenCell) and RosetteSep (negative enrichment technique)9–25.

CTCs are relatively rare in most cancer  patients26, with typically only one to ten CTCs being isolated from 
7.5 mL of whole blood sample (equating to 1–100 CTCs per  109 white blood cells). Only a few laboratories have 
successfully cultured viable CTCs to produce large populations of cancer cells for ex vivo  expansion27–32. There 
is an urgent unmet need for a reliable method that enables ex vivo expansion and stable long-term culture of 
CTCs, to improve developmental research and clinical service provision.

There is a lack of standardised CTC culture conditions for different cancer cell types and optimal conditions 
remain to be defined, particularly for long-term CTC expansion cultures. Similar to short-term maintenance 
cultures, a cocktail of growth factors appears to be necessary in order to stably expand CTCs for long-term cul-
ture. Essential cytokines, hormones, tissue organ extracts, growth factors (e.g. epidermal growth factor (EGF), 

OPEN

1Department of Histopathology, Trinity College Dublin, Emer Casey Molecular Pathology Research Laboratory, 
Coombe Women & Infants University Hospital, Dublin, Ireland. 2Trinity St James’s Cancer Institute, Dublin 8, 
Ireland. 3Department of Obstetrics and Gynaecology, Trinity College Dublin, Dublin, Ireland. 4HOPE Directorate, 
St. James’s Hospital, Dublin 8, Ireland. 5Division of Gynaecological Oncology, St. James’s Hospital, Dublin 8, 
Ireland. 6Clinical and Health Sciences, University of South Australia, Adelaide, SA 5001, Australia. 7School of Health 
and Biomedical Sciences, RMIT University, Bundoora, VIC 3083, Australia. *email: bashmohamed@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-30733-6&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3704  | https://doi.org/10.1038/s41598-023-30733-6

www.nature.com/scientificreports/

fibroblast growth factors (FGF2 and FGF10), granulocyte–macrophage colony-stimulating factor (GM-CSF), 
insulin/insulin-like growth factor 1 (IGF-1) are thought to play important roles for the survival and growth of 
CTCs in vitro26–28. Low-adherent culture conditions also appear to be important for long-term ex vivo culture 
of CTCs, because CTCs undergo senescence after a few passages in adherent monolayer  cultures27. Hypoxic 
conditions also play an important role in long-term CTC  culture26,27 and hypoxia-inducible factor-1α (HIF-1α) 
has been identified as a key regulator of this process, activating a spectrum of downstream genes to promote cell 
proliferation, angiogenesis and  metastasis33–37. These factors need to be optimised to enable the development of an 
effective and reliable CTC culture method, which ultimately needs to be assessed for CTCs from different cancers.

In this study, we have focused on hypoxia as a critical factor in CTC biology, and have developed a Cobalt(II) 
chloride  (CoCl2) modified culture system, using an approved CTC isolation device the ScreenCell LCD  kit38 and 
low adherence culture plates for the long-term ex vivo culture and expansion of CTCs.  CoCl2 is an alternative 
to technically difficult hypoxia culture systems, as it is an inexpensive chemical agent, which maintains steady 
oxygen tension, allowing real-time monitoring of cells.  CoCl2 has been widely used as a chemical hypoxia-
mimicking agent, to create a “hypoxia-like” state in vitro by stabilizing HIF-1α, which is the master regulator of 
the cellular adaptive response to  hypoxia39. Importantly, mononuclear cells did not survive in a hypoxic condi-
tion, and even when viable remain adherent to the  filter40,41. This  CoCl2 protocol helps to overcome some of the 
difficulties involved in culturing and analysing these relatively rare cancer  cells42.

Results
Optimisation of cell culture conditions using a primary ovarian cell model. CoCl2 induced HIF‑1α 
expression. In order to interrogate the effects of  CoCl2 exposure on HIF-1α protein levels, primary ovarian can-
cer cells were exposed to different concentrations of  CoCl2 (50, 100, 150 and 200 µM) for 48  h39.  CoCl2 exposure 
induced a significant increase in HIF-1α protein expression at 100–200 µM (Fig. 1).

Cell viability and cell cycle progression were maintained upon exposure to  CoCl2. In primary ovarian cells treated 
with 100 and 150 µM  CoCl2, there was a significant (p < 0.001) increase in cell count, demonstrating sustainable 
proliferation activity, whereas a significant (p < 0.05) decrease was observed at a higher concentration of 200 µM 
 CoCl2 in comparison to the untreated control cells (Fig. 2a). At the higher 200 µM concentration of  CoCl2 there 
was a significant cell cycle arrest at G0/G1 (p < 0.001), indicating altered cell viability (Fig. 2b).

γ‑H2AX expression. Gamma H2AX (γ-H2AX) is a potential regulator of DNA repair and is a useful tool for 
detecting DNA  damage43. To evaluate if  CoCl2 induced DNA damage, we exposed primary ovarian cancer cells 
to a range of  CoCl2 concentrations (50, 100, 150 and 200 µM) for 48 h and examined the expression of γ-H2AX. 
We did not detect any induction of DNA damage by  CoCl2 at or less than 150 µM, while significant DNA damage 
was observed when the cells were exposed to 200 µM of  CoCl2 (Fig. 3a,b).

PHH3 expression upon  CoCl2 exposure. PHH3 is a known marker of cellular proliferation and was used to 
assess the proliferation activity under hypoxic  conditions44. The expression of PHH3 was examined in primary 
ovarian cancer cells after exposure to different concentrations of  CoCl2. The expression of PHH3 was not altered 
at 50 µM of  CoCl2, while it was significantly increased at 100 and 150 µM of  CoCl2 (p < 0.05) as determined by 

Figure 1.  Effect of  CoCl2 on HIF-1α protein abundance. Primary ovarian cancer cells were incubated with 
different concentrations of  CoCl2 (50,100, 150 and 200 µM) for 48 h. Cell lysates were collected and HIF‐1α 
protein was determined by ELISA. Data is presented as mean ± SEM (n = 3) and was analysed using one‐way 
ANOVA with Tukey’s post-hoc test, with respect to the corresponding not treated controls (NT), and statistically 
significant data is reported by *** for p < 0.001, ** for p < 0.01 and NS for not significant.
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immunofluorescence (Supplementary Fig. 1a,b) and western blotting (Supplementary Fig. 2). When cells were 
exposed to 200 µM of  CoCl2, there was a reduction in the amount of PHH3 expression (p < 0.001).

EpCAM, HER2 and vimentin expression in primary ovarian cells exposed to  CoCl2. The relationship between 
 CoCl2 exposure (HIF-1α inducer) and the expression of vimentin (Supplementary Fig. 1a), epithelial cell adhe-
sion molecule (EpCAM) (Fig. 4a,d), and the growth factor receptor (HER2) (Fig. 4b,c) was examined in ovarian 
cancer cells. There were no detectable changes in vimentin expression observed for any of the  CoCl2 concentra-
tions examined. EpCAM expression was not changed at concentrations up to 150 µM, whereas EpCAM expres-

Figure 2.  Effect of  CoCl2 on cell viability and cell cycle. Primary ovarian cancer cells were either not treated 
(NT) or treated with different concentrations of  CoCl2 (50,100,150 and 200 µM) for 48 h. Cells were stained 
with Hoechst 33342 and scanned and analysed using the Cytell imaging system and Cell Cycle BioApp software. 
(a) Viable cells were automatically counted and data were presented as mean ± SEM (n = 3) and were analysed 
using one‐way ANOVA with Tukey’s post-hoc test, “*”p < 0.05. (b) Cell cycle distribution was analysed using the 
cell cycle Bioapplication. Data were presented as mean ± SEM (n = 3). 2-way ANOVA with Bonferroni post-test 
analysis was carried out on the experimental data, with respect to the corresponding controls, and statistically, 
significant data is reported by *for p < 0.05; ** for p < 0.01 and *** for p < 0.001.

Figure 3.  Gamma‐H2AX immunofluorescence staining. Primary ovarian cancer cells were incubated with 
various concentrations of  CoCl2 (50,100,150 and 200 µM) for 48 h. (a) Cells were stained with Hoechst 33342 
(Green) and γ‐H2AX (red) and then five microscopic fields per well were scanned and analysed using the 
Cytell imaging system. (b) The number of γ‐H2AX stained cells were automatically counted and data presented 
as mean ± SEM (n = 3). Data was analysed using one‐way ANOVA with Tukey’s post-test analysis relative to 
corresponding not treated controls (NT), ***p < 0.001.
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sion was significantly increased (p < 0.05) at 200 µM  CoCl2 (Fig. 4e). HER2 expression was significantly increased 
(p < 0.05) at concentrations at or above 150 µM (Fig. 4f). Based on the observations above from primary ovarian 
cells, 100 µM of  CoCl2 had the most optimal effect on HIF-1α, cell proliferation, cell viability and the cancer cell 
biomarker expression, and was chosen for the ex vivo examination of ovarian and breast cancer patient CTCs.

Ex‑vivo culture of CTCs isolated from ovarian and breast cancer patient blood samples. When assessed mor-
phologically, only three of 13 (27%) ovarian cancer patient blood samples had evidence of CTCs, with a median 

Figure 4.  Influence of  CoCl2 on EpCAM and HER2 expression in primary ovarian cancer cells. Cells were 
incubated with (50,100,150 and 200 µM)  CoCl2 for 48 h. Cells were stained either with anti-EpCAM (a,b) 
or anti-HER2 (c,d). Five microscopic fields per well were scanned and analysed and the expression level was 
performed using the Cytell imaging system and IN Cell Investigator image analysis software (e,f). Data is 
presented as mean ± SEM (n = 3). One-way ANOVA with Tukey’s post-hoc test was carried out, with respect to 
the corresponding not treated controls (NT), and statistically significant data was reported by * for p < 0.05.
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count of 15 (range 8–28). Our aim was to isolate CTCs using the ScreenCell system and to achieve a long-term 
CTC culture using hypoxia-modified cell culture conditions. On morphological assessment, seven of 18 (39%) 
breast cancer patient blood samples had evidence of CTCs, with a median cell count of 4 (range, 3–13). Only one 
of these seven breast cancer patient blood samples (14%) had a mixture of potential singlet and cluster CTCs. 
CTCs were incubated in culture medium supplemented with 100 µM of  CoCl2, as a chemical inducer of HIF-1α, 
and cultured in low adherence plates.

Using these culture conditions, two molecular subtypes were observed from the CTC cultures derived from 
one of the breast cancer patients (hormone receptor-negative and HER2 positive); classical epithelial-like singlet 
and cluster CTCs (Fig. 5) and quasi-mesenchymal CTCs (Fig. 6). For the CTCs cultured from a blood sample 
from one of the breast cancer patients, we observed quasi-mesenchymal cells 1-week post culturing and over 
100 cells were present. At 4 weeks post isolation, the cell number exceeded one thousand and at 8 weeks post 
isolation exceeded 2000 cells (Fig. 5a), suggesting that the cells were actively proliferating. Fluorescent imaging 
revealed that these cells expressed HER2 (Fig. 6b).

A mixture of CTCs (singlets and clusters, Fig. 4a,b respectively) were isolated from the breast cancer patient 
and cultured in 100 µM  CoCl2. These cells were visualised using an inverted microscope and seven CTC sin-
glets and two CTC clusters as defined by 3 cells or more consisting of three cells as previously  described22 were 
counted. CTC number increased to 55 cells 4 weeks post isolation and reached 150 cells at 8 weeks (Fig. 7a). 
We observed that CTC viability was maintained for more than 8 weeks. CTCs were immunofluorescently char-
acterised using EpCAM and HER2. Interestingly, the CTCs were EpCAM positive (Fig. 7b), but HER2 was not 
expressed in these cells.

Thus, in the case of the breast cancer patient with quasi-mesenchymal cells in the CTC isolates, we were 
able to establish long term cultures and demonstrate a very significant expansion of the number of the HER2 

Figure 5.  Brightfield images of isolated CTCs. (a) CTC singlets and (b) CTC clusters were captured and 
isolated from a breast cancer patient using the ScreenCell device. Images were taken with an inverted 
microscope (20×).

Figure 6.  Quasi-mesenchymal (QM) cells derived from a breast cancer patient blood sample. (a) The 
figure illustrates the number of QM cells cultured over time (1wk, 4 wks and 8 wks) as measured using 
a haemocytomer. (b) Immunostaining revealed that these cells express HER2 at 8 weeks. Cells were 
counterstained with Hoechst 33342, blue for visualisation of cell nuclei. Imaging was performed using an 
inverted microscope (10×).
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positive cells. This provided evidence that the presence of CTC clusters may be critical for the establishment of 
long-term cultures. Furthermore, we were able to establish ex vivo cultures from low numbers of cells, which is 
of critical importance due to the low numbers of CTCs in the circulation. For the CTCs isolated from the other 
six breast cancer patient blood samples, the cells survived in culture for an average of 26.17 days (Range 14 to 
35 days). CTCs isolated from ovarian cancer patient blood samples survived for an average of 21 days (Range 
7 to 35 days). CTCs survived for 5 weeks from only one ovarian cancer sample. These CTCs were found to be 
EpCam positive (Fig. 8a,b), with no evidence of CD45 expression. We further confirm these findings by addi-
tional examination of the expression of both markers on primary ovarian cancer cells isolated from ascites of 
ovarian cancer patients. These cells were ex vivo expanded and co-cultured with PBMCs. Then the cells were 
fixed in 3%PFA and probed with both antibodies (FITC-conjugated anti-EpCam and PE-conjugated anti-CD45 
antibodies). We observed that ovarian cancer cells were EpCam positive/CD45 negative whereas PBMCs were 
CD45 positive/EpCam negative (Fig. 8c,d).

Discussion
CTCs hold great promise for the early detection of metastatic disease, and to provide a potential precision 
medicine solution that enables personalised cancer therapy and patient  monitoring7–9. Despite the potential for 
CTCs as cutting-edge diagnostic/prognostic/monitoring tools, the clinical utility of CTCs from a liquid biopsy 
currently comes with significant challenges; which relate to the rarity of CTCs in circulation, issues with CTC 
isolation/purification, morphological heterogeneity, fragility, and an incomplete knowledge of molecular pheno-
types and the effect(s) of homotypic/heterotypic cellular interactions. Several devices for detecting and isolating 
CTCs lack sensitivity and  specificity9–27. Long-term culturing and expansion techniques need to be optimised 
to better understand the morphological and functional properties of CTCs from patient samples, and to enable 
the development of theranostics.

Since CTCs are thought to originate from a hypoxic environment and can survive in low-adherence condi-
tions, as when circulating in the bloodstream, these two factors may help promote the growth of CTCs in culture 
 systems27,32. The key adaptive response to hypoxic conditions is the stabilisation of HIF-1α45. HIF-1α protein 
is overexpressed in solid malignant tumours including breast, colon, gastric, lung, skin, ovarian, pancreatic, 
prostate, and renal carcinomas when compared to their respective normal  tissues33–37; consistent with the idea 
that HIF-1α is upregulated during cancer progression. HIF-1α is a transcription factor that plays a vital role in 
the functional expression of several genes involved in the adaptation and survival response of cells, tissues, and 
 organs33–37. The transition metal cobalt(II) chloride can mimic hypoxia by upregulating and stabilising HIF-1α, 
which plays an important role in the cell cycle and survival of cancer  cells33–37,45. HIF is normally regulated by two 
oxygen‐dependent events that are catalysed by the HIF prolyl 4‐hydroxylases (HIF‐P4Hs). These HIF-P4Hs are 
2-oxoglutarate dioxygenases and require  Fe2+, 2-oxoglutarate,  O2, and ascorbate for optimal  activity46,47.  CoCl2 
has been reported to inhibit the activities of HIF-P4Hs, suggesting that it may also occupy this  Fe2+ binding site 
and block the degradation of HIF-1α46,47. Numerous cellular proteins require iron for activity and in the form of 
heme and iron-sulfur clusters can act as cofactors for proteins involved in metabolic and regulatory functions. 
Iron can be transported into cells via a divalent metal transporter and it has been suggested that  CoCl2 may also 
be internalised into cells by this same  transporter48. While intracellular iron levels are not significantly changed 
following exposure to  CoCl2

48, it has been suggested that iron may be required as a catalyst for  CoCl2 action on 
HIF-1α. It has been reported that cell culture media supplemented with 10% (v/v) of foetal bovine serum (FCS) 
contains at least 5 µM of  iron49.

Figure 7.  Characterisation of Epithelial-Like CTCs derived from the blood of a breast cancer patient. The 
figure illustrates the number of CTCs grown over time (1 wk, 4 wks and 8 wks) in culture as measured by 
hemocytometry. (b) Immunostaining revealed that epithelial-like CTCs express EpCAM at 8 weeks. Cells 
were stained with Hoechst 33342, blue for nuclear visualisation. Imaging was performed using an inverted 
microscope (10×).
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The expression of HIF-1α was increased when primary ovarian cancer cells were cultured in media sup-
plemented with 20% (v/v) of FCS and exposed to  CoCl2 at concentrations ranging from 100 to 150 µM. A 
significant increase in the level of HIF-1α protein at 100 and 150 µM suggested that  CoCl2 mimics hypoxia in 
primary ovarian cancer cells by activating HIF-1α expression and/or blocking the degradation of HIF-1α, which 
normally occurs in other cells in the presence of sufficient oxygen or  normoxia45. During hypoxia, HIF-1α protein 
accumulates and binds to hypoxia response elements contained within the promoter region of many genes, such 
as those that regulate metabolism, cell survival, and  angiogenesis36,37. While this cell biology supports the growth 
of cancer in vivo, the cell viability and proliferation rate of the primary ovarian cancer cells was also enhanced 
by exposure to  CoCl2 at concentrations of 100–150 µM.

Cell cycle analysis showed that the treatment of cells with 200 µM  CoCl2 induced an accumulation of cells in 
G0/G1, but this effect was not observed at the lower concentrations. Hypoxia can result in the induction of p21 
in many cell types, leading to a G1  arrest50. Even though a possible interruption in G2/M has been reported in 
some hypoxia-stimulated cell  lines51, our results revealed that the proportion of ovarian cancer cells in G2/M 
phase was reduced following the exposure to 200 µM of  CoCl2. Consequently, there was a significant reduction 
in HIF-1α expression and cell numbers for cultures treated with 200 µM of  CoCl2, establishing 100/150 µM  CoCl2 
as the optimal concentration to maintain CTC viability and to effect cell growth.

PHH3 expression was increased at concentrations of 100–150 µM of  CoCl2, suggesting that the primary ovar-
ian cancer cells were able to maintain their metabolic and physiological activity under these hypoxia-mimicking 
conditions. Histone H3 is a nuclear core histone protein of DNA chromatin, with an important role in chromo-
some condensation and cell-cycle progression during mitosis and meiosis, operating by phosphorylation of 
serine-10 and serine-28  residues52,53. In mammalian cells, in the late G2 phase, phosphorylation begins first 
in pericentromeric heterochromatin and, as mitosis proceeds, this occurs throughout the entire chromosome; 
which is completed in the late prophase and maintained through  metaphase44. There was a significant decrease 

Figure 8.  Iimmunofluorescent staining of isolated CTCs captured and isolated from an ovarian cancer patient 
using the ScreenCell device, (a,b). CTCs were immunofluorescently stained for (a) Hoechst, (b) EpCam (green). 
Ovarian cancer cells isolated from ascites of ovarian cancer patients, (c,d) . These cells were co-cultured with 
PBMCs. Following that, cells were fixed in 3% PFA, gently washed with PBS, and probed with anti-EpCam and 
anti-CD45 antibodies. Our results showed that only cancer cells were EpCam positive (green), while PBMCs 
were only positively stained with PE-conjugated anti-CD45 antibody (red), and cells were also stained with 
Hoechst 33342, (blue) for nuclear visualisation. Images were taken with an inverted microscope (10×).
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in PHH3 expression observed with 200 µM  CoCl2, confirming the delay of ovarian cancer cells entering the 
G2/M phase or arrest at the G0/1 phase.  CoCl2 treatment therefore effectively mimics hypoxia by promoting 
HIF-1α expression/stability and establishes an environment that activates other downstream molecular machin-
ery involved in cell division.

Hypoxia increases the invasiveness of tumour cells via epithelial-mesenchymal  transition36,37, which can be 
monitored by biomarker expression. HIF-1α can enhance the expression of many cancer stem cell phenotype 
markers as well as the epithelial cell adhesion molecule EpCAM, which can have increased expression during 
tumour cell growth and  metastasis54,55. The relatively high abundance of EpCAM expression in CTCs/epithelial 
cells allows them to be differentiated from white blood  cells56,57. EpCAM expression was increased under hypoxia 
conditions for hepatocellular carcinoma and was associated with more aggressive cancer phenotypes, that have 
altered expression of stem cell  markers55. However, in our study, the level of expression of EpCAM in untreated/ 
 CoCl2 treated primary ovarian cancer cells, as well as in the CTC cultures did not increase, suggesting that a 
stem cell-like phenotype is being maintained by the hypoxia mimicking culture system.

HER2 is a growth factor receptor which is found to be highly expressed in cancers, particularly those associ-
ated with more aggressive  disease58, and in this study had increased expression in primary ovarian cancer cells 
treated with  CoCl2. Zhang et al. reported that HER2 was closely related to the proliferation of ovarian cancer cells 
under conditions of  hypoxia59. A significant correlation has been reported between HIF-1α and HER2 expres-
sion in breast  cancers60,61, and this was also observed in the  CoCl2 treated primary ovarian and CTC cultured 
cells. Activated HER2 phosphorylates many downstream molecules, which in turn activate signalling cascades, 
including the phosphatidylinositol-3 kinase (PI-3K)/Akt  pathway61. PI-3K and Akt play an important role in cell 
survival, tumour growth and  progression62–64 and also activates the HIF pathway in various  tumours64–66; playing 
an important role in proliferation, angiogenesis and metastasis in various types of  tumours36,37. We established 
that 100–150 µM  CoCl2 could be used to stimulate HIF-1α and growth factor receptors such as HER2 and the 
adhesion molecule EpCAM in order to grow and maintain CTCs isolated from the blood of cancer patients.

CTCs have been successfully isolated from patient’s blood using technologies such as ClearCell, ScreenCell, 
and  others9,10,13,22, but the challenge has remained to expand these cells in vitro. For example, CTCs that were iso-
lated using an enhanced mixing chip have only been able to achieve short-term  cultures67. The method described 
here overcomes a major obstacle in the field of CTC biology enabling long-term cultures and the expansion of 
cell numbers and warrants larger studies. This demonstrates that the size-based isolation method can be used to 
isolate rare CTCs, which can then be successfully cultured; while previous studies have only succeeded in cultur-
ing high cell numbers of  CTCs26,27,32. Furthermore, we used 100 µM of  CoCl2 to grow two molecular subtypes of 
breast cancer CTCs; the classical epithelial-like CTCs and the quasi-mesenchymal subtype (also known as the 
basal-like or squamous subtype). Quasi-mesenchymal CTCs are associated with the poorest  prognosis68,69 and 
the relatively higher expression of mesenchymal genes in the quasi-mesenchymal subtype likely contributes to 
a higher occurrence of epithelial-mesenchymal transition and thus the ability to metastasise, leading to poor 
 outcomes68,69. We expanded the number of quasi-mesenchymal CTCs to > 2000 in 8 weeks, demonstrating that 
the cells were viable and actively proliferating. These cells expressed HER2 but had limited EpCAM expression, 
which is not surprising, as they take on an EMT phenotype. This downregulation of EpCAM has been found to 
be associated with epithelial-mesenchymal transition during the formation of  metastases56. Gorges et al. reported 
faster gene expression changes in CTCs and EpCAM down-regulation which depended on contact between 
tumour cells and endothelial surfaces or organ systems in in vivo  experiments70.

In this study, we observed a mixture of epithelial-like CTCs including singlets and clusters and these CTCs 
were EpCAM-positive HER2-negative. Using the CellSearch System, Fehm et al. reported that 42% of patients 
with HER2-positive metastatic breast cancer exclusively had HER2-negative  CTCs71. Recently, a large study by 
Jaeger et al. demonstrated that 12% of patients with HER2-postive tumours had HER2-negative  CTCs72. Cur-
rently, HER2 status is determined at the time of initial disease diagnosis by analysing primary tumour tissue. 
HER2 is found to be amplified in 20–30% of human breast  cancers52. It has been reported that cell–cell junction 
components such as EpCAM were upregulated in CTC clusters compared to matched CTC  singlets73. EpCAM 
was originally identified as a tumour associated antigen on the basis of its high expression level in the tumours of 
epithelial  origin73. It has also been reported that EpCAM promotes the proliferation of  tumours74. These studies 
supported our findings that the isolated and successfully expanded CTCs were EpCam positive.

The  CoCl2 low adherence culture method reported here enables rare CTCs to be cultured and expanded, 
providing a system to improve developmental research and clinical service provision. CTCs, believed to be 
responsible for seeding and dissemination of cancer, originate from the primary tumour mass and spread in the 
peripheral circulation among immune cells and  erythrocytes4. We demonstrated that the viability of isolated 
epithelial-like CTCs (singlets and clusters) was maintained for more than 8 weeks and that CTCs can be expanded 
to large numbers using the new culture system. Using our conditions, we were able to establish cultures from low 
numbers of isolated CTCs in comparison to previous work which successfully cultured from higher numbers of 
isolated  CTCs27,30. Furthermore, we suggest that CTC clusters might maintain higher proliferative activity and 
be more optimal to achieve long term ex vivo cell growth, which may also be consistent with reports that clus-
ters have higher metastatic potential. We had no success with the expansion of cells in long-term culture from 
patients with only CTC singlets. The presence of EpCAM-positive epithelial-like CTCs and the morphological 
interactions of CTC clusters/aggregates likely improves the viability and the proliferation activities of these cells 
or reflects the presence of CTCs with active proliferative potential. CTC clusters have been reported to have a 
higher proliferation rate compared to single CTCs when assessed using transcriptome analysis and the prolifera-
tion marker Ki-676. Additionally, CTC clusters have a survival advantage in the circulation, since the aggrega-
tion protects tumour cells from apoptosis, shear stress, and immune response and can facilitate  colonisation2,6.

Further optimisation of long-term culture conditions with a focus on single CTCs may involve heterotypic 
and homotypic aggregation. For example, the addition of platelets to CTCs may add a survival advantage as we 
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have previously shown that platelets induce a pro-survival  signature75. In addition, using a three-dimensional 
(3D) environment with our optimised hypoxic conditions may improve long-term culture of CTCs. It is well 
known that 3D culture preserves essential features present in cancer tumours in vivo; i.e. rapid proliferation at 
the surface and slow metabolism or necrosis in the centre of spheroids.

Conclusions
We have developed a workflow that can be used to isolate, characterise and culture rare circulating single cells 
and clusters from the peripheral blood of cancer patients. The culture and expansion of CTCs was facilitated by 
the creation of a hypoxic environment using  CoCl2 and low adherence culture system. We also demonstrated 
the presence of heterogeneous CTC subtypes; a classical epithelial-like CTC and a quasi-mesenchymal subtype 
isolated from a breast cancer patient’s blood sample. The use of a size-based isolation method allowed the cap-
ture of the various phenotypes and CTC clusters that had a survival advantage over single CTCs in our ex vivo 
culture model system.

Material and methods
Ethics. The research protocol was approved by St. James’s Hospital, and Adelaide and Meath Hospital, Dub-
lin, incorporating the National Children’s Hospital Research Ethics Committee (2012/11/04). The experiments 
were performed in accordance with the Helsinki declaration and relevant guidelines and regulations. Informed 
consent was obtained from all subjects and/or their legal guardians. All methods in this study were performed 
in accordance with the relevant guidelines and regulations.

Ovarian explant and ascites cell culture and expansion. To mimic the in vivo derivation and envi-
ronmental conditions of CTCs in circulation : a) primary ovarian cancer cells were derived from ovarian cancer 
cell ex vivo explants and dispersed into monolayers in T-75 tissue culture flasks (VWR, Ireland). The cancer cells 
were maintained at 37 °C in humidified air balanced with 5%  CO2 in RPMI 1640 culture medium (GIBCO, Inv-
itrogen, Ireland); supplemented with 10% (v/v) foetal calf serum (Sigma-Aldrich, Ireland), 2 mM l-glutamine 
and 100 U/mL penicillin–streptomycin (Invitrogen). b) Ovarian cancer cells were isolated from ascites of a high 
grade serous ovarian patient. Briefly, up to 500 ml of ascites was used to collect cells. Contaminating red blood 
cells in the cell pellet of ascites were removed by red blood cells lysis buffer (Thermo Fisher Scientific, Dublin, 
Ireland). The isolated cells were cultured on low attachment 6 well plates (Sarstedt, Nümbrecht, Germany) in 
supplemented RPMI growth medium as above. Cells were maintained at 37°C in the presence of 5% CO2. Adher-
ent and nonadherent cells were isolated, (nonadherent cells floated as spheroids in the medium), while adherent 
cells were attached to low attachment plates. After 5 days, floating spheroids and adherent cells were seeded in 
a 96 well plate for 24h and then co-cultured with human peripheral blood mononuclear cells (PBMCs) from 
a healthy donor and screened for the expression of EpCAM (cancer cell marker) and CD45 (PBMC marker). 

Cobalt(II) chloride-mediated HIF-1α induction. A 1 mM stock solution of cobalt(II) chloride  (CoCl2; 
Sigma-Aldrich, Ireland) was prepared in  dH2O and filter sterilised (0.22 µm filter; VWR International Ltd, Dub-
lin, Ireland). Dilutions of this stock solution were prepared in supplemented RPMI 1640 medium (50, 100, 150 
and 200 µM). Primary ovarian cancer cells were plated at a density of 7 ×  103 cells per well in 96‐well plates, or 
2 ×  106 in T-75 flasks and allowed to attach for 24 h at 37 °C/5%  CO2 under normoxic culture conditions. The 
culture medium was then replaced with  CoCl2-supplemented RPMI 1640 medium for 48 h at 37 °C/5%  CO2.

Protein extraction. Following exposure to  CoCl2, cells were lysed in RIPA buffer (Trizma Base 50 mM, 
sodium chloride 150 mM, EDTA 2 mM, and NP40 0.5% v/v) supplemented with a protease inhibitor cocktail 
(Sigma‐Aldrich Ireland) and incubated on ice for 30 min. Protein samples were centrifuged at 400×g for 10 min, 
at 4 °C and the supernatant collected. Total protein concentration was quantified using the Bradford protein 
assay (Bio-Rad Laboratories, Hercules, CA, USA), and protein extracts normalised for protein content to 40 µg 
per sample for either ELISA assay or immunoblotting.

Quantification of HIF‐1α protein. HIF‐1α protein was determined on ovarian cancer cell extracts by 
ELISA (HIF‐1α ELISA kit, ThermoFisher Scientific, Dublin, Ireland) according to the manufacturer’s instruc-
tions. Absorbance was measured using a spectrophotometer (BIO‐TEK EL808) at 450 nm with a reference wave-
length of 550  nm. All samples and standards were analysed in duplicate (technical replicates) to ensure the 
reliability of single values, and the amount of HIF‐1α protein was calculated by interpolation through a standard 
curve.

Immunoblotting. As described above, cells were cultured in T-75 flasks and treated with  CoCl2 for 48 h. 
Cell lysates were extracted in RIPA buffer supplemented with a protease inhibitor cocktail (Sigma-Aldrich, Ire-
land). The resulting lysates were centrifuged at 16,000×g for 15 min at 4 °C and the protein content of the super-
natants was determined by a Bradford assay. Cell lysates were boiled in Laemmli buffer (final concentration: 
Tris–HCl 62.5 mM, pH 6.7, Glycerol 10% v/v, sodium dodecyl sulphate 2% w/v, bromophenol blue 0.002% w/v 
and 143 mM β-mercaptoethanol) for 5 min. Equal amounts of lysates were resolved by sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE). Following electrophoresis, samples were transferred to a poly-
vinylidene difluoride (PVDF) membrane and blocked overnight in 5% non-fat powdered milk in 0.1% Tween 
20/tris-buffered saline (TBST) at 4 °C. The membranes were then probed with mouse anti-phosphorylated his-
tone H3 (PHH3) (Santa Cruz, Biotechnology, Inc, Germany) in 5% non-fat dry milk in TBST overnight at 4 °C, 
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followed by HRP-conjugated anti-mouse (Santa Cruz, Biotechnology, Inc, Germany) for 1 h. The loading control 
was the constitutively expressed β-actin protein (Santa Cruz, Biotechnology, Inc, Germany). The blots were 
washed with TBST for 5 min three times followed by one wash with TBS and were visualised using the enhanced 
chemiluminescence (ECL) system (Thermo Scientific, Dublin, Ireland). The protein bands were visualised using 
the Fusion FX imaging system (Vilber Lourmat). Densitometric analysis was undertaken using Bio1D soft-
ware (Vilber Lourmat) with the image analyst blinded with respect to the group designation. Membranes were 
stripped (62.5 mM, pH 6.8 Tris–HCl, 2% SDS, and 0.83 μl β‐ mercaptoethanol/100 ml) and re‐probed with 
anti‐β‐actin antibody conjugated to HRP. An EZ‐RUN pre‐stained molecular weight ladder (Fisher Scientific, 
Dublin, Ireland) was used for molecular weight determination.

Immunofluorescence staining. Primary ovarian cancer cells were cultured in 96 well plates for 24 h, then 
the cells were treated with  CoCl2 (50, 100, 150 and 200 µM) for 48 h. Post-treatment, cells were washed in PBS 
then fixed in 3% (v/v) PFA and blocked using 3% (w/v) BSA. Cancer cells were then incubated with a FITC-
conjugated rabbit anti-human EpCAM (BD BioSciences, US) antibody (1:100), mouse anti-human HER2 (Santa 
Cruz Biotechnology, Inc, Germany) antibody (1:200) overnight at 4 °C and/or anti-phosphorylated histone H3 
(Santa Cruz, Biotechnology, Inc, Germany) (PHH3), anti-vimentin antibody (1:400) and anti-gamma H2AX 
(γ-H2AX) (S139) antibody (Cell Signaling Technology, Danvers, MA, USA), (1:100) for 1 h at room tempera-
ture. Cells were then incubated with either with FITC labelled goat anti-mouse (1:300) or with goat anti-rabbit 
(1:400) for 1 h at room temperature (Cell Signaling Technology, Danvers, MA, USA respectively). Cells were 
counterstained with Hoechst 33342 for visualisation of cell nuclei (HQ; 1:1000 dilution; ThermoFisher Scientific, 
Dublin, Ireland) by incubation for 20 min at room temperature.

High content screening analysis. The technology is based around automated fluorescence microscopy 
in combination with advanced image processing and analysis  tools76,77, which together can provide quantitative 
information as a first-level description of complex cellular events. To quantify cell viability and the changes in 
expression of EpCAM and HER2, cells were scanned using a Cytell imaging system (GE Healthcare, UK) and 
INCell Investigator software (GE Healthcare, UK), respectively.

Patient samples and blood collection. Blood samples were obtained from 31 treatment-naive patients; 
18 breast cancer patients and 13 ovarian cancer patients (Supplementary Tables 1 and 2) at St. James’s Hospital, 
Dublin 8, Ireland between 2018 and 2020. Breast cancer patients with a preoperative indication at multidisci-
plinary team discussion for neoadjuvant chemotherapy followed by surgery were recruited and ovarian cancer 
patients scheduled for either primary debulking surgery or neoadjuvant chemotherapy followed by surgery were 
recruited. A 6 mL  K2-EDTA blood sample was taken from each patient for ex vivo culture prior to the initiation 
of treatment.

CTC isolation. The ScreenCell LCD kit (ScreenCell, Sarcelles, France) was used to isolate CTCs for long-
term culture. In brief, 6 mL of blood was collected from the peripheral vein of patients in  K2 EDTA-containing 
tubes. The blood sample was incubated with 1 mL of ScreenCell red blood lysis buffer for 2 min. 1.5 mL of com-
plete culture medium (see “CTC culture” section below) was added to the sample and mixed by inverting the 
tube once. Samples were then filtered through the ScreenCell Cyto R device as per the manufacturer’s protocol. 
CTCs were then harvested from the ScreenCell filter by cytospinning them into a 5 mL Eppendorf tube. Samples 
of isolated cells were resuspended in cultured medium (see “CTC culture” section below) in a 24 well plate, then 
CTCs were imaged and examined/counted by two independent histopathologists.

CTC culture. CTCs were cultured in RPMI medium supplemented with 20% foetal bovine serum, 10 µg 
Insulin, 20 mM HEPES, 10 µM Nicotinamide, 10 μM SB202190, 1.25 mM N-Acetyl-l-cysteine (Sigma-Aldrich, 
Ireland),10% (v/v) Noggin, 10 ng/mL FGF-10, 1 ng/mL FGF-2, 1X B27 Additive, 1:100 (v/v) Primocin (Ther-
moFisher Scientific, Dublin, Ireland), and 10 μM Y-27632 (STEMCELL Technology, Vancouver, Canada) and 
100 µM  CoCl2 (Sigma-Aldrich, Ireland) using a 24 well low adherence plate (Sarstedt, Nümbrecht, Germany).

CTC characterisation post ex vivo culture. Cultured CTCs were washed with PBS and fixed in 3% PFA 
then blocked using 3% BSA and probed with FITC conjugated rabbit anti-human EpCAM antibody (1:100), 
unconjugated mouse anti-human HER2 antibody (1:200) and also probed with PE-conjugated anti-CD45 anti-
body (1:400) using the immunofluorescence method described above.

Statistical analysis. Statistical analysis was performed with the GraphPad Prism Software v.9.0 (GraphPad, 
La Jolla, CA, USA). One-way ANOVA followed by Tukey’s post-test and 2-way ANOVA with Bonferroni post-
test analysis was carried out on the experimental data, with respect to corresponding controls. A value of p < 0.05 
was considered statistically significant.

Data availability
All data generated or analysed during this study are included in this article (and its supplementary information 
files).

Received: 19 May 2022; Accepted: 28 February 2023



11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3704  | https://doi.org/10.1038/s41598-023-30733-6

www.nature.com/scientificreports/

References
 1. Chaffer, C. L. & Weinberg, R. A. A perspective on cancer cell metastasis. Science 331, 1559–1564 (2011).
 2. Aceto, N. et al. Circulating tumor cell clusters are oligoclonal precursors of breast cancer metastasis. Cell 158, 1110–1122 (2014).
 3. Ward, M. P. et al. Platelets, immune cells and the coagulation cascade; friend or foe of the circulating tumour cell?. Mol. Cancer 

20, 59 (2021).
 4. Alix-Panabières, C. & Pantel, K. Challenges in circulating tumour cell research. Nat. Rev. Cancer 14, 623–631 (2014).
 5. Aceto, N., Toner, M., Maheswaran, S. & Haber, D. A. En route to metastasis: Circulating tumor cell clusters and epithelial-to-

mesenchymal transition. Trends Cancer 1, 44–52 (2015).
 6. Gkountela, S. et al. Circulating tumor cell clustering shapes DNA methylation to enable metastasis seeding. Cell 176, 98-112.e14 

(2019).
 7. de Bono, J. S. et al. Circulating tumor cells predict survival benefit from treatment in metastatic castration-resistant prostate cancer. 

Clin. Cancer Res. 14, 6302–6309 (2008).
 8. Hou, J.-M. et al. Clinical significance and molecular characteristics of circulating tumor cells and circulating tumor microemboli 

in patients with small-cell lung cancer. JCO 30, 525–532 (2012).
 9. Miller, M. C., Doyle, G. V. & Terstappen, L. W. M. M. Significance of circulating tumor cells detected by the cell search system in 

patients with metastatic breast colorectal and prostate cancer. J. Oncol. 2010, 1–8 (2010).
 10. Andree, K. C., van Dalum, G. & Terstappen, L. W. M. M. Challenges in circulating tumor cell detection by the cell search system. 

Mol. Oncol. 10, 395–407 (2016).
 11. Agerbæk, M. Ø. et al. The VAR2CSA malaria protein efficiently retrieves circulating tumor cells in an EpCAM-independent man-

ner. Nat. Commun. 9, 3279 (2018).
 12. Ding, P. N. et al. The predictive and prognostic significance of liquid biopsy in advanced epidermal growth factor receptor-mutated 

non-small cell lung cancer: A prospective study. Lung Cancer 134, 187–193 (2019).
 13. Bates, M. et al. Circulating tumour cells: The Good, the Bad and the Ugly. Biochimica et Biophysica Acta (BBA) - Reviews on 

Cancer 188863 (2023).
 14. Hanssen, A. et al. Characterization of different CTC subpopulations in non-small cell lung cancer. Sci. Rep. 6, 28010 (2016).
 15. Szczerba, B. M. et al. Neutrophils escort circulating tumour cells to enable cell cycle progression. Nature 566, 553–557 (2019).
 16. Lee, Y., Guan, G. & Bhagat, A. A. ClearCellFX, a label-free microfluidics technology for enrichment of viable circulating tumor 

cells. Cytometry 93, 1251–1254 (2018).
 17. Yap, Y.-S. et al. Detection and prognostic relevance of circulating tumour cells (CTCs) in Asian breast cancers using a label-free 

microfluidic platform. PLoS ONE 14, e0221305 (2019).
 18. Stott, S. L. et al. Isolation of circulating tumor cells using a microvortex-generating herringbone-chip. Proc. Natl. Acad. Sci. USA. 

107, 18392–18397 (2010).
 19. Sarioglu, A. F. et al. A microfluidic device for label-free, physical capture of circulating tumor cell clusters. Nat. Methods 12, 685–691 

(2015).
 20. Tamminga, M. et al. Detection of circulating tumor cells in the diagnostic leukapheresis product of non-small-cell lung cancer 

patients comparing cell search and ISET. Cancers 12, 896 (2020).
 21. Ozkumur, E. et al. Inertial focusing for tumor antigen-dependent and -independent sorting of rare circulating tumor cells. Sci. 

Transl. Med. 5, 179ra47 (2013).
 22. O’Toole, S. A. et al. Circulating tumour cell enumeration does not correlate with Miller-Payne grade in a cohort of breast cancer 

patients undergoing neoadjuvant chemotherapy. Breast Cancer Res. Treat. 181, 571–580 (2020).
 23. Nicolazzo, C. et al. Circulating tumor cells in right- and left-sided colorectal cancer. Cancers 11, 1042 (2019).
 24. Kapeleris, J. et al. Ex vivo culture of circulating tumour cells derived from non-small cell lung cancer. Transl. Lung Cancer Res. 9, 

1795–1809 (2020).
 25. Kulasinghe, A. et al. Impact of label-free technologies in head and neck cancer circulating tumour cells. Oncotarget 7, 71223–71234 

(2016).
 26. Zhang, L. et al. The identification and characterization of breast cancer CTCs competent for brain metastasis. Sci. Transl. Med. 5, 

180ra48 (2013).
 27. Yu, M. et al. Ex vivo culture of circulating breast tumor cells for individualized testing of drug susceptibility. Science 345, 216–220 

(2014).
 28. Kulasinghe, A. et al. Short term ex-vivo expansion of circulating head and neck tumour cells. Oncotarget 7, 60101–60109 (2016).
 29. Khoo, B. L. et al. Expansion of patient-derived circulating tumor cells from liquid biopsies using a CTC microfluidic culture device. 

Nat. Protoc. 13, 34–58 (2018).
 30. Cayrefourcq, L. et al. Establishment and characterization of a cell line from human circulating colon cancer cells. Can. Res. 75, 

892–901 (2015).
 31. Gao, D. et al. Organoid cultures derived from patients with advanced prostate cancer. Cell 159, 176–187 (2014).
 32. Hassan, S., Blick, T., Thompson, E. W. & Williams, E. D. Diversity of epithelial-mesenchymal phenotypes in circulating tumour 

cells from prostate cancer patient-derived xenograft models. Cancers 13, 2750 (2021).
 33. Donato, C. et al. Hypoxia triggers the intravasation of clustered circulating tumor cells. Cell Rep. 32, 108105 (2020).
 34. Dong, S. et al. ROS/PI3K/Akt and Wnt/β-catenin signalings activate HIF-1α-induced metabolic reprogramming to impart 5-fluo-

rouracil resistance in colorectal cancer. J. Exp. Clin. Cancer Res. 41, 15 (2022).
 35. Ebright, R. Y. et al. HIF1A signaling selectively supports proliferation of breast cancer in the brain. Nat. Commun. 11, 6311 (2020).
 36. Slamon, D. et al. Studies of the HER-2/neu proto-oncogene in human breast and ovarian cancer. Science 244, 707–712 (1989).
 37. Moritz, W. et al. Apoptosis in hypoxic human pancreatic islets correlates with HIF-1α expression. FASEB J. 16, 745–747 (2002).
 38. Desitter, I. et al. A new device for rapid isolation by size and characterization of rare circulating tumor cells. Anticancer Res. 31, 

427–441 (2011).
 39. Wang, G. L. & Semenza, G. L. Desferrioxamine induces erythropoietin gene expression and hypoxia-inducible factor 1 DNA-

binding activity: Implications for models of hypoxia signal transduction. Blood 82, 3610–3615 (1993).
 40. Shweta, Mishra, K. P., Chanda, S., Singh, S. B. & Ganju, L. A comparative immunological analysis of  CoCl2 treated cells with in vitro 

hypoxic exposure. Biometals 28, 175–185 (2015).
 41. Huy, T. X. N. et al. Cobalt (II) chloride regulates the invasion and survival of Brucella abortus 544 in RAW 264.7 cells and B6 mice. 

Pathogens 11, 596 (2022).
 42. Zhang, D. et al. Hypoxia modulates stem cell properties and induces EMT through N-glycosylation of EpCAM in breast cancer 

cells. J. Cell Physiol. 4, 3626–3633 (2020).
 43. Marti, T. M. et al. H2AX phosphorylation within the G1 phase after UV irradiation depends on nucleotide excision repair and not 

DNA double-strand breaks. Proc. Natl. Acad. Sci. USA. 103, 26 (2006).
 44. Hans, F. & Dimitrov, S. Histone H3 phosphorylation and cell division. Oncogene 20, 3021–3027 (2001).
 45. Tripathi, V. K., Subramaniyan, S. A. & Hwang, I. Molecular and cellular response of co-cultured cells toward cobalt chloride 

(CoCl2)-induced hypoxia. ACS Omega 4, 20882–20893 (2019).
 46. Hirsilä, M. et al. Effect of desferrioxamine and metals on the hydroxylases in the oxygen sensing pathway. FASEB J. 19, 1308–1310 

(2005).



12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3704  | https://doi.org/10.1038/s41598-023-30733-6

www.nature.com/scientificreports/

 47. Salnikow, K. et al. Depletion of intracellular ascorbate by the carcinogenic metals nickel and cobalt results in the induction of 
hypoxic stress. J. Biol. Chem. 279, 40337–40344 (2004).

 48. Gunshin, H. et al. Cloning and characterization of a mammalian proton-coupled metal-ion transporter. Nature 388, 482–488 
(1997).

 49. Kakuta, K. et al. High levels of ferritin and its iron in fetal bovine serum. Comp. Biochem. Physiol. A Physiol. 118(1), 165–169 
(1997).

 50. Culver, C., Melvin, A., Mudie, S. & Rocha, S. HIF-1α depletion results in SP1-mediated cell cycle disruption and alters the cellular 
response to chemotherapeutic drugs. Cell Cycle 10, 1249–1260 (2011).

 51. Le, A. et al. Tumorigenicity of hypoxic respiring cancer cells revealed by a hypoxia-cell cycle dual reporter. Proc. Natl. Acad. Sci. 
111, 12486–12491 (2014).

 52. Lee, L. H., Yang, H. & Bigras, G. Current breast cancer proliferative markers correlate variably based on decoupled duration of cell 
cycle phases. Sci. Rep. 4, 5122 (2015).

 53. Pacaud, R., Cheray, M., Nadaradjane, A., Vallette, F. M. & Cartron, P.-F. Histone H3 phosphorylation in GBM: A new rational to 
guide the use of kinase inhibitors in anti-GBM therapy. Theranostics 5, 12–22 (2015).

 54. Yamada, S. et al. Expressions of hypoxia-inducible factor-1 and epithelial cell adhesion molecule are linked with aggressive local 
recurrence of hepatocellular carcinoma after radiofrequency ablation therapy. Ann. Surg. Oncol. 21, 436–442 (2014).

 55. Munz, M., Baeuerle, P. A. & Gires, O. The emerging role of EpCAM in cancer and stem cell signaling: Figure 1. Cancer Res. 69, 
5627–5629 (2009).

 56. Keller, L., Werner, S. & Pantel, K. Biology and clinical relevance of EpCAM. CST 3, 165–180 (2019).
 57. Lindsay, C. R. et al. EPAC-lung: Pooled analysis of circulating tumour cells in advanced non-small cell lung cancer. Eur. J. Cancer 

117, 60–68 (2019).
 58. Riese, D. J. & Stern, D. F. Specificity within the EGF family/ErbB receptor family signaling network. BioEssays 20, 41–48 (1998).
 59. Zhang, K. et al. Investigation of hypoxia networks in ovarian cancer via bioinformatics analysis. J. Ovarian Res. 11, 16 (2018).
 60. Kronblad, Å., Jirström, K., Rydén, L., Nordenskjöld, B. & Landberg, G. Hypoxia inducible factor-1α is a prognostic marker in pre-

menopausal patients with intermediate to highly differentiated breast cancer but not a predictive marker for tamoxifen response. 
Int. J. Cancer 118, 2609–2616 (2006).

 61. Jarman, E. J. et al. HER2 regulates HIF-2α and drives an increased hypoxic response in breast cancer. Breast Cancer Res. 21, 10 
(2019).

 62. Zhou, B. P. et al. HER-2/neu blocks tumor necrosis factor-induced apoptosis via the Akt/NF-κB pathway. J. Biol. Chem. 275, 
8027–8031 (2000).

 63. Zhou, B. P. et al. Cytoplasmic localization of p21Cip1/WAF1 by Akt-induced phosphorylation in HER-2/neu-overexpressing cells. 
Nat. Cell Biol. 3, 245–252 (2001).

 64. Laughner, E., Taghavi, P., Chiles, K., Mahon, P. C. & Semenza, G. L. HER2 (neu) signaling increases the rate of hypoxia-inducible 
factor 1α (HIF-1α) synthesis: Novel mechanism for HIF-1-mediated vascular endothelial growth factor expression. Mol. Cell. Biol. 
21, 3995–4004 (2001).

 65. Zhong, H. et al. Modulation of hypoxia-inducible factor 1alpha expression by the epidermal growth factor/phosphatidylinositol 
3-kinase/PTEN/AKT/FRAP pathway in human prostate cancer cells: Implications for tumor angiogenesis and therapeutics. Cancer 
Res. 60, 1541–1545 (2000).

 66. Treins, C., Giorgetti-Peraldi, S., Murdaca, J., Semenza, G. L. & Van Obberghen, E. Insulin stimulates hypoxia-inducible factor 1 
through a phosphatidylinositol 3-kinase/target of rapamycin-dependent signaling pathway. J. Biol. Chem. 277, 27975–27981 (2002).

 67. Sheng, W. et al. Capture, release and culture of circulating tumor cells from pancreatic cancer patients using an enhanced mixing 
chip. Lab. Chip 14, 89–98 (2014).

 68. Dell’Aquila, E. et al. Prognostic and predictive factors in pancreatic cancer. Oncotarget 11, 924–941 (2020).
 69. Collisson, E. A. et al. Subtypes of pancreatic ductal adenocarcinoma and their differing responses to therapy. Nat. Med. 17, 500–503 

(2011).
 70. Gorges, T. M. et al. Circulating tumour cells escape from EpCAM-based detection due to epithelial-to-mesenchymal transition. 

BMC Cancer 12, 178 (2012).
 71. Fehm, T. et al. HER2 status of circulating tumor cells in patients with metastatic breast cancer: A prospective, multicenter trial. 

Breast Cancer Res. Treat. 124, 403–412 (2010).
 72. Jaeger, B. A. S. et al. The HER2 phenotype of circulating tumor cells in HER2-positive early breast cancer: A translational research 

project of a prospective randomized phase III trial. PLoS ONE 12, e0173593 (2017).
 73. Gaber, A. et al. EpCAM homo-oligomerization is not the basis for its role in cell-cell adhesion. Sci. Rep. 8, 13269 (2018).
 74. Trzpis, M., McLaughlin, P. M. J., de Leij, L. M. F. H. & Harmsen, M. C. Epithelial cell adhesion molecule. Am. J. Pathol. 171, 386–395 

(2007).
 75. Egan, K. et al. Platelet adhesion and degranulation induce pro-survival and pro-angiogenic signalling in ovarian cancer cells. PLoS 

ONE 6, e26125 (2011).
 76. Mohamed, B. M. et al. Citrullination as early-stage indicator of cell response to single-walled carbon nanotubes. Sci. Rep. 3, 1124 

(2013).
 77. Mohamed, B. et al. Activation of stress-related signalling pathway in human cells upon  SiO2 nanoparticles exposure as an early 

indicator of cytotoxicity. J. Nanobiotechnol. 9, 29 (2011).

Author contributions
B.M.M., M.P.W., M.B., C.D.S., C.M., M.G., D.A.B., S.S., S.O., and J.J.O.. conceptualised and planned the study; 
B.M.M., M.P.W., M.B., F.A.S., J.k., N.G., CTCs sampling, isolation. B.M.M. CTC culturing, characterisation, 
analysed data and wrote the paper; D.B., S.S., S.O.. and J.J.O. coordinated the study. All authors discussed the 
results and commented on the paper.

Funding
The study was supported by an Innovation Partnership Fund from Enterprise Ireland, which is co-funded by 
the European Regional Development Fund (ERDF) under Ireland’s European Structural and Investment Funds 
Programmes 2014–2020.

Competing interests 
The authors declare no competing interests.



13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3704  | https://doi.org/10.1038/s41598-023-30733-6

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 30733-6.

Correspondence and requests for materials should be addressed to B.M.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-30733-6
https://doi.org/10.1038/s41598-023-30733-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ex vivo expansion of circulating tumour cells (CTCs)
	Results
	Optimisation of cell culture conditions using a primary ovarian cell model. 
	CoCl2 induced HIF-1α expression. 
	Cell viability and cell cycle progression were maintained upon exposure to CoCl2. 
	γ-H2AX expression. 
	PHH3 expression upon CoCl2 exposure. 
	EpCAM, HER2 and vimentin expression in primary ovarian cells exposed to CoCl2. 
	Ex-vivo culture of CTCs isolated from ovarian and breast cancer patient blood samples. 


	Discussion
	Conclusions
	Material and methods
	Ethics. 
	Ovarian explant and ascites cell culture and expansion. 
	Cobalt(II) chloride-mediated HIF-1α induction. 
	Protein extraction. 
	Quantification of HIF‐1α protein. 
	Immunoblotting. 
	Immunofluorescence staining. 
	High content screening analysis. 
	Patient samples and blood collection. 
	CTC isolation. 
	CTC culture. 
	CTC characterisation post ex vivo culture. 
	Statistical analysis. 

	References


