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Aim: Circulating tumor cells (CTCs) are crucial to tumor metastasis and valuable for 
prediction of clinical outcome in patients with solid tumors. Here, the authors aimed to 
establish a method for enumeration and characterization of CTCs from liquid biopsies. 
Methods: Peripheral blood mononuclear cells (PBMCs) were separated from blood samples 
from patients with metastatic cancer using Ficoll-Hypaque gradients and cultured to isolate 
and enumerate CTCs. Cultured CTCs were morphologically characterized by light and 
phase contrast microscopy. The tumorigenicity of Ficoll-Hypaque-separated PBMCs was 
examined, in addition to their expression of mRNA metastasis markers. Results: CTCs 
were isolated in culture and enumerated by counting under phase contrast microscopy, 
demonstrating that 0.01-0.04% of total PBMCs were CTCs. CTCs were dormant, with 
large, oval-shaped, spiky morphology. PBMCs obtained from liquid biopsies exhibited 
anchorage-independent growth, forming numerous colonies in soft agar assays. Molecular 
profiling demonstrated expression of several metastatic genes, but not of cadherin 1 
(encoding the adhesion protein), in all patients. Conclusion: The authors successfully 
isolated, enumerated, and characterized CTCs from liquid biopsies of metastatic cancer 
patients. This study has potential to facilitate the development of new diagnostic and 
therapeutic methods using liquid biopsies, for application in metastatic cancers.
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Dr. Pravin D. Potdar’s present interest is to study molecular profiling of circulating tumor cells (CTC), circulating 
tumor DNA, cancer associated fibroblasts and cancer stem cells involved in metastatic process of cancers, 
and to see how this process can be reverted back to normal by using innovated technologies which include 
nanotechnology and nanomedicine.
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INTRODUCTION

Cancer cells are invasive and can metastasize; once 
metastasis has occurred, disease is usually incurable. 
Recent technological developments have enabled 
evaluation of the metastatic potential of cells using 
“liquid biopsies”,[1,2] noninvasive tests for circulating 
tumor cells (CTCs), which are present even at early 
stages of disease.[3] Additionally, molecular profiling 
and enumeration of CTCs can predict their metastatic 
potential, thereby facilitating improved treatment and 
prognosis.[3] Such testing has potential to revolutionize 
personalized cancer medicine by avoiding biopsies, 
since it captures cancer cells that tumors shed into 
the circulation, rather than sampling the tumor itself. 
Liquid biopsies permit repeated, noninvasive sample 
collection from cancer patients that can be profiled for 
gene expression, allowing clinicians to choose specific 
therapies targeting particular mutations. Ultimately, 
liquid biopsies could become a routine cancer 
screening method, alongside current methods, such as 
mammograms and colonoscopies.[4,5] Liquid biopsies 
could be useful in the majority of invasive solid tumors, 
including breast, colon, lung, prostate, and pancreatic 
cancers.

Isolation and enumeration of CTCs is difficult because 
of their low numbers, size, and heterogeneity. 
Several methods have been established for isolation 
and enumeration of CTCs from liquid biopsies, 
including the Ficoll-Hypaque gradient method,[6] 
flow cytometry,[7,8] the CELLSEARCH® system,[9] 
isolation by size of epithelial tumor cells (ISET),[10,11] 
and microfluidic systems.[12] The CELLSEARCH® 
system is primarily based on selection of EpCAM- and 
cytokeratin-positive CTCs, and has been approved 
by the Food and Drug Administration (FDA) and used 
in several clinical studies;[13,14] however, one study 
reported that CTCs which have undergone epithelial 
mesenchymal transition (EMT) exhibit down-regulation 
of epithelial markers, including EpCAM and keratin,[15] 
and such CTCs would be missed using this technology. 
Similarly, in some cases, CTCs from HER2-positive 
metastatic breast cancer patients include EpCAM-
negative cells.[15] Hence, EpCAM-independent methods 
may enable improved detection of CTCs in certain 
cancer patients. Advances in microfluidic technologies, 
biomaterials, and molecular profiling have led to rapid 
growth and interest in achieving liquid biopsies for 
cancer diagnosis and treatment. CTCs are primarily 
characterized and identified by their morphology 
and immunostaining pattern with specific antibodies; 
however, the heterogeneity of CTC’s is a major obstacle 
to their isolation, identification, and characterization 
from liquid biopsies.

Chemotherapy is a standard mode of treatment for 
all cancers. CTC levels are determined before and 
after rounds of chemotherapy. In the majority of cases 
of non-metastatic breast cancer, reduction in the 
number of CTCs is observed after the first round of 
chemotherapy; however, CTCs can be resistant to 
therapy, leading to administration of increasing doses 
in subsequent rounds of chemotherapy. In one study, 
patients with > 80 CTCs in 7.5 mL of blood died within 
one year of diagnosis due to metastases.[16] In another 
study of patients with metastatic breast cancer, when 
CTCs continued to be detected after the first round 
of chemotherapy, there was rapid progression of 
the disease; it was suggested that, in such cases, it 
would be preferable to opt for alternative treatment, 
rather than continuing with the same chemotherapy.[17] 
A review of CTCs in patients with breast cancer in 
2013 considered the clinical application of CTCs in 
breast cancer therapy and assessed the use of HER2 
treatment in HER2-negative breast cancer patients, 
selected on the basis of CTC detection.[13,14] Rack et al.[18] 
concluded that there is an independent prognostic 
relevance of CTC determination both before and after 
adjuvant chemotherapy in a study of > 2,000 patients 
with primary breast cancer. Bidard et al.[13] also studied 
the clinical utility of CTCs in metastatic breast cancer, 
mainly focusing on first and second line treatments.

Completion of the human genome project and 
the advent of molecular profiling has led to an 
understanding of the genetic profiles of cancer cells, 
including CTCs.[19] MMP1, MMP2, MMP9, VEGFA, 
MT-CO2, ICAM1, CD44, and PROM1 are major genes 
involved in the processes of invasion and metastasis. 
Moreover, cadherin-1, N-cadherin, fibronectin, and 
integrin β are adhesion molecules involved in the 
metastatic process. During invasion and metastasis, 
CTCs frequently undergo the process of EMT, 
which involves several genes including TWIST1 and 
TWIST2,[20] in combination with TGFB1, WNT, and 
NOTCH2. The majority of CTCs isolated from breast 
cancer patients express EMT markers, including ETV5, 
NOTCH1, SNAIL, TGFB1, ZEB1, and ZEB2.[21] Keratin 
analysis is also a major molecular test in cancer, while 
CK19 and TP53 mutations are frequently found in 
CTCs from triple-negative breast cancer patients,[22] 
and are a factor in the progression of the disease to 
the triple-negative stage. Patients with breast cancer 
expressing CK19, SCGB2A2, and ERBB2 showed 
poor survival rates.[22] Riethdrof et al.[23] demonstrated 
that HER2+ CTCs can be identified in HER2- breast 
cancer patients, leading to consideration of revision of 
ongoing treatment, with trastuzumab-based therapy 
applied to patients with HER2+ CTCs and HER2- 
primary tumors, demonstrating that CTCs can assist in 
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determining the changing course of disease in a timely 
manner and have potential to determine the metastatic 
state of breast cancer.

CTCs are present in very low numbers in whole blood 
and are difficult to identify and characterize. The 
primary aims of the present study were to establish 
a simple protocol for the isolation, identification, and 
enumeration of CTCs from various metastatic cancer 
patients and to molecularly profile genes involved 
in the processes of invasion and metastasis, and to 
evaluate the potential clinical utility of liquid biopsies in 
the treatment of advanced stage cancer.

METHODS

Materials
Low-glucose Dulbecco’s modified Eagle’s Medium 
(DMEM), penicillin/streptomycin (PenStrep), 
phosphate-buffered saline (PBS), trypsin EDTA, 
erythrosin B, and colchicine, were purchased from 
HiMedia (Mumbai, India); fetal bovine serum (FBS) 
from GIBCO BRL (Carboside, MA); Trizol reagent, 
cDNA preparation kits, and agarose from Invitrogen 
(Carlsbad, CA, USA); and histopaque and primers for 
KRT18, KRT19, PROM1, CD44, CXCR4, NOTCH2, 
VEGFA, MMP1, MMP2, MMP9, ICAM1, CDH1, 
KCNH2, and ACTB from Sigma Chemicals, USA.

Sample collection
A total of eight metastatic cancer patients recruited 
by oncology clinic of Jaslok Hospital and Research 
Centre, Mumbai India (three breasts, two ovarian, 
two prostate, and one nasopharyngeal cancer) and 
five healthy individuals were included in this study. 
All patients had stage IV disease, with invasive and 
metastatic cancer. All tumors were histopathologically 
proven to have metastatic potential. Fresh blood 
samples (10 mL) were collected from each metastatic 
cancer patient and healthy control individual in sterile 
EDTA vacutainers with proper consent from the 
patients, according to the ethical committee guidelines 
of Jaslok Hospital and Research Center, Mumbai, 
India, and sent to the tissue culture laboratory of the 
Molecular Medicine and Biology Department.

Culture of peripheral blood mononuclear cells 
for isolation of CTCs
Plasma rich in peripheral blood mononuclear cells 
(PBMCs) was separated from blood samples from 
cancer patients and healthy individuals by allowing 
blood to stand for approximately 1 h. We obtained 
approximately 2 mL of PBMC-rich plasma from 10 mL of 
blood. Next, PBMCs were isolated by Ficoll-Hypaque 
gradient centrifugation as follows. Briefly, 300 µL 

aliquots of PBMC-rich plasma were mixed with 300 µL 
of 1 × PBS and this mixture was layered onto 300 µL 
of Ficoll-Hypaque solution. We prepared two tubes 
each for cancer patients and healthy individuals for 
our culture study. Tubes were centrifuged at 3,000 g 
for 30 min to obtain a middle layer containing PBMCs. 
The PBMCs isolated from the two tubes were pooled 
together, washed with 1 × PBS, and suspended in 4 mL of 
RPMI growth media, supplemented with 10% FBS, 1% 
PenStrep, L-glutamine, and vitamin C. Tissue culture 
dishes (65 mm) containing PBMCs were incubated in 
a 5% CO2 incubator at 37 °C. After 24 h, non-adherent 
cells were removed and the remaining adherent cells 
fed with 4 mL of DMEM growth medium supplemented 
with 10% FBS + PenStrep + L-glutamine, which were 
changed twice a week. Cultures were observed and 
photographed every day for 30 days under a phase 
contrast microscope (model AXiovert 40CFL from 
Carl Zeiss), equipped with TS view software (Tucsen 
Imaging, Fuzhou, and PR China) and images were 
captured and analyzed to determine and record the 
morphology of adherent cells. Adherent cells that 
appeared CTC-like by phase contrast microscopy were 
counted manually under a phase contrast microscope 
to calculate the number of cells present in each 
metastatic cancer patient and were then fixed in 50% 
methanol, stained with Giemsa, and examined by light 
microscopy (AXiovert 40CFL, Carl Zeiss) to determine 
their general morphological features.

Anchorage-independent soft agar assay
PBMCs were isolated from metastatic cancer patients 
and healthy individuals and their tumorigenic potential 
determined using soft agar assays. A total of 3 × 103 
PBMCs per individual were layered on 0.4% soft agar 
in DMEM growth medium in 65 mm dishes. The plates 
were then incubated at 37 °C with 5% CO2 for 2 weeks. 
Emerging colonies were observed under a phase 
contrast microscope and photographed.

Molecular markers in PBMCs (liquid biopsies) 
and cultured CTCs
Total RNA was extracted from all patient’s PBMCs 
and isolated cultured CTCs from Ovarian, prostate 
and CNS cancer patients using the Trizol method. 
RNA was then reverse transcribed to cDNA using the 
Applied Biosystems High Capacity cDNA Kit (Applied 
Biosystems, USA). PCR was carried out using specific 
forward and reverse primers with defined annealing 
temperatures [Table 1]. For all genes, PCR reactions 
were performed at 95 °C for 5 min; followed by 40 
cycles at 95 °C for 30 s, at the respective annealing 
temperatures [Table 1] for 30 s, and at 72 °C for 30 s; 
with a final extension at 72 °C for 7 min. Amplicon sizes 
were checked by 2% agarose gel electrophoresis, 
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followed by using Ethidium Bromide dye and 
visualization using a gel documentation system (Alpha 
Imager HP from Cell Bioscience) and photography.

RESULTS

Isolation of CTCs from PBMCs from metastatic 
patients
PBMCs were isolated from metastatic cancer patients, 
counted using a hemocytometer, and 3 × 105 cells were 
cultured for 24 h, followed by culture only of adherent 
cells. After 15-20 days of incubation, we observed 
circular cells with spikes on their circumference 
[Figure 1], which were metastatic tumor cells that 
had been circulating in the blood of the cancer 
patients. We considered these cells to be CTCs and 
examined their morphology and other characteristics 
daily by phase contrast microscopy. CTCs were large 
spherical cells, with spikes, single nuclei, and granular 
cytoplasm, which differed from other cell types 
[Figure 1], clearly indicating that the cells observed in 
samples from metastatic patient were CTCs involved 
in cancer metastasis. CTCs isolated from all metastatic 
cancer patients were morphologically similar, with no 
differences in samples from patients with different 
types of cancer [Figure 1]. No such cells were 
observed in PBMCs from healthy individuals cultured 
simultaneously.

To determine the general morphological feature of 
CTCs, we stained them with Giemsa, revealing that 
these large cells had distinct nuclei, with granulated 

cytoplasm at the periphery of the nucleus [Figure 1]. 
CTCs were dormant, and did not multiply for several 
months.

Enumeration of CTCs in metastatic cancer 
patients
Enumeration of CTCs in metastatic cancer patients 
was a major aim of this study. After 30 days of culture 
of adherent cells emerging from PBMCs, CTCs were 
clearly visible in culture dishes [Figure 1] and were 
counted manually under phase contrast microscopy. In 
samples from the three breast cancer patients, CTC 
counts ranged from 120 to 160 cells (average = 145 
cells; percentage of total cells plated = 0.045%); from 
the two patients with prostate cancer, the count ranged 
from 120 to 160 (average 140 cells; percentage of total 
cells plated, 0.042%); samples from the two ovarian 
cancer patients yielded 90-120 CTCs (average = 105; 
percentage of total cells plated = 0.032%); and from 
the single nasopharyngeal cancer sample we obtained 
50 CTCs (percentage of total cells = 0.015%). All 
experiments were performed in duplicate. This cell 
counting process was very consistent and a successful 
straightforward method to enumerate CTCs.

Anchorage-independent soft agar assays
Anchorage-independent soft agar assays were 
performed to determine the tumorigenic potential 
of PBMCs isolated from metastatic cancer patients 
and healthy individuals. No colonies were observed 
in samples from healthy individuals [Figure 2A]. In 
contrast, several large colonies grew in agar plates 

Table 1: Forward and reverse primer sequences used for respective molecular markers with their annealing 
temperature and size

Serial No. Name Primer sequence (5’-3’) Annealing (℃ ) Size (bp)

1 ACTIN             F GACTACCTCATGAAGATC 55 512
2 ACTIN             R GATCCACATCTGCTGCAA 55 512
3 KERATIN        F GAGATCGAGGCTCTCAAGGA 55 357
4 KERATIN        R CAAGCTGGCCTTCAGATTTC 55 357
5 CD44              F CAACCCTACTGATGATGACG 60 302
6 CD44              R GGATGCCAAGATGATCAGCC 60 302
7 CXCR4           F GGACCTGTGGCCAAGTTCTTAGTT 60 273
8 CXCR4           R ACTGTAGGTGCTGAAATCAACCCA 60 273
9 NOTCH-2       F ACTTCCTGCCAAGCATTCC 60 278
10 NOTCH-2       R GTCCATGTCTTCAGTGAGAAC 60 278
11 CD133            F ACCTGCGTAATCCCATCT 60 340
12 CD133            R TTGTCCGACCAGTTCTTC 60 340
15 VEGFR           F GAAGTGGTGAAGTTCATGGATGTC 62 422
16 VEGFR           R CGATCGTTCTGTATCAGTCTTTCC 62 422
17 MMP1             F CTGAAGGTGATGAAGCAGCC 55 427
18 MMP1             R AGTCCAAGAGAATGGCCGAG 55 427
19 MMP2             F GCGACAAGAAGTATGGCTTC 58 390
20 MMP2             R TGCCAAGGTCAATGTCAGGA 58 390
21 MMP9             F CGCAGACATCGTCATCCAGT 64 405
22 MMP9             R GGATTGGCCTTGGAAGATGA 64 405
23 E -Cadherin    F TGCTCTTGCTGTTTCTTCGG 60 422
24 E -Cadherin    R TGCCCCATTCGTTCAAGTAG 60 422
25 I -CAM1          F AGGCCACCCCAGAGGACAAC 58 405
26 I -CAM1          R CCCATTATGACTGCGGCTGCTA 58 405
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containing PBMCs isolated from all metastatic 
cancer patients [Figure 2B]. Hence PBMC samples 
from metastatic cancer patients clearly contained a 
tumorigenic population, whereas those from healthy 
individuals did not. We also observed the formation of 
circular rings around each colony, indicating that the 
cells secreted proteolytic enzymes [Figure 2B]. This 
assay only indicates the basic cancer phenotype of 
cells; tumorigenic potential can be confirmed by “in vivo 
transformation assays” using nude mice, or by PCR 
determining their molecular phenotypes. We confirmed 
the tumorigenicity of the cells by molecular analysis.

Molecular markers in isolated cultured CTCs
To determine the molecular cancer phenotypes of 
isolated CTCs, we harvested cells after 30 days of 
culture of PBMCs from metastatic cancer patients and 
determined the expression of specific mRNAs involved 
in metastasis in these cells by RT-PCR. We studied 
the expression of only five specific genes: KRT18, 
PROM1, CD44, CXCR4, and NOTCH2, in addition to 
the ACTB housekeeping gene in these samples, due to 
the limited quantities of mRNA available. We obtained 
CTCs from ovarian, prostate, and central nervous 
system (CNS) cancers for this analysis. We found 
that ovarian cancer CTCs expressed KRT18, PROM1, 
and CD44; however, CXCR4 and NOTCH2 were not 
expressed in CTCs obtained from this cancer type 

[Figure 3]. CTCs from CNS cancer exhibited expression 
of KRT18 and NOTCH2 and absence of expression of 
PROM1, CD44, and CXCR4, whereas prostate cancer 
CTCs expressed all five genes [Figure 3]. Overall our 
results indicated that the molecular profiles of CTCs 
varied according to the type of cancer; therefore, we 
suggest that individual profiling of metastatic cancer 
patients will be essential for management of therapy 
in these patients.

Molecular markers in PBMCs from metastatic 
cancer patients (liquid biopsies)
We also examined molecular markers present in 
whole plasma PBMCs (liquid biopsies), from patients 
with metastatic breast (n = 3), ovarian (n = 1), 
nasopharyngeal (n = 1), and prostate (n = 1) cancer. We 
analyzed expression of 11 genes related to metastasis: 
KRT18, CD44, PROM1, CXCR4, NOTCH2, MMP1, 
MMP2, MMP9, KCNH2, ICAM1 and CADH1. KRT18, 
CD44, PROM1, CXCR4, and NOTCH2 were expressed 
by PBMCs from all patients [Figure 4] indicating that 
they were present in all cancer patients and have roles 
in the metastatic process.

The expression of KRT19, MMP1, MMP2, MMP9, 
ICAM, and CDH1 was studied in samples from three 
breast cancer patients, one ovarian cancer patient, 
one nasopharyngeal cancer patient, and one prostate 
cancer patient, and the results are shown in Figure 5. 

Figure 1: Morphology of circulating tumor cells (×20). A and B are phase contrast microscopy and C is Giemsa stained

Figure 2: Anchorage independent growth assay (×40). (A) Normal PBMCs; and (B) metastatic cancer PBMCs. Each colony shows 
proteolytic enzyme ring (arrows). PBMCs: peripheral blood mononuclear cells
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KRT19 was expressed in the ovarian, nasopharyngeal, 
and prostate cancer samples, whereas its expression 
was completely absent in samples from all three breast 
cancer patients; and the metastatic genes, MMP1, 
MMP2, and MMP9, were expressed in all patients 
studied, confirming the metastatic potential of these 
cells. The MMP2 gene was highly expressed in breast 
and nasopharyngeal cancer, whereas KCNH2, which 
is specific for prostate cancer, was faintly expressed 
only in the sample from the prostate cancer patient 
and its expression was absent from all other samples. 
The ICAM gene, which encodes a molecule involved 
in cellular adhesion, was expressed in breast and 
prostate cancer samples, but expression was absent 
from ovarian and nasopharyngeal cancer samples; 
in contrast, the expression of another gene, CADH1, 
encoding the adhesion molecule (cadherin 1), was 
completely absent from the samples from all four types 
of cancer patients, indicating that cells in liquid biopsies 
from metastatic cancer patients were in the EMT 
phase, in which they lose their adhesive properties and 
become free to move in the blood stream, which may 
also explain the high metastatic potential of these cells.

DISCUSSION

In their early stages, the majority of cancers are 
asymptomatic, whereas they exhibit rapid growth rates 
later in disease progression; therefore, it is difficult to 
treat advanced-stage cancer patients, due to spread 
of the disease to various organs and tissues.[24] CTCs 
are shed by primary tumors into the vasculature and 
circulate in the blood of cancer patients;[25] however, 

they are not easily identified, due to their very limited 
numbers. Pantel et al.[26] reviewed the importance of 
CTCs, including the biological properties of metastatic 
cells involved in cancer progression, and stated that 
CTC-derived cell lines could be used to develop new 
therapeutic targets, and for drug screening. Several 
investigators have described the development of in 
vivo and in vitro methods for the isolation of CTCs 
in larger numbers from metastatic cancer patients, 
for use in research into the role of CTCs in cancer 
progression,[27-29] and with the aim of targeting such 
cells to cure cancer; hence CTCs are a topic of intense 
discussion among oncologists.[25]

Many techniques have been developed and are under 
continuous improvement to enhance the efficacy of 

Figure 3: Expression of K18, CD33, CD44, CXCR4 and NOTCH2 
genes in circulating tumor cells isolated from culture peripheral 
blood mononuclear cells of metastatic patients. B indicates black 
sample and B is a blank lane

Figure 4: Molecular profiling of liquid biopsies (PBMC) of metastatic 
cancer patients. PBMC: peripheral blood mononuclear cell

Figure 5: Molecular profiling of liquid biopsies (PBMC) of metastatic 
cancer patients. C indicates positive control for respective gene. 
PBMC: peripheral blood mononuclear cell
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CTC isolation and enumeration.[16] Comparison of 
the OncoQuick density gradient method with Ficoll-
Hypaque density gradients for separation of tumor 
cells from bone marrow and peripheral blood aspirates 
indicated that CTCs can be easily aspirated by both 
methods and analyzed further to determine their 
presence and quantity.[30] In the present study, we used 
the simple and cost-effective Ficoll-Hypaque density 
gradient method to separate PBMCs from whole 
plasma of cancer patients. These cells were then 
cultured to isolate CTCs, which were identified by their 
morphology (i.e. large oval shape, with large nuclei 
and peripheral spikes) [Figure 1]. Similar morphology 
was first reported by Gascoyne et al.[31] It is likely that 
the spike-like processes allow CTCs to adhere to the 
surface of basement membranes during the process of 
invasion. We confirmed the phenotype of these cells 
by studying cancer-associated genes in isolated CTCs 
and from liquid biopsies [Figures 3 and 4].

The presence of CTCs in an advanced metastatic 
cancer patient was first reported in 1869 by Ashworth;[32] 
however, limited information is available regarding the 
numbers of CTCs in the blood of patients with different 
stages and types of cancer,[33] making proficient isolation 
of CTCs in a viable and intact state challenging. The 
CELLSEARCH® system[34] is the only method approved 
by the US FDA for clinical use in metastatic breast, 
colorectal, and prostate cancer.[13,17,35] Patients with > 
80 CTCs in 7.5 mL of blood were reported to die within 
one year of diagnosis from metastatic disease,[16] and 
CTCs continue to be detected after the first round of 
chemotherapy in some breast cancer patients with 
rapid progression of the disease to metastasis;[17] it 
has been suggested that, in such cases, it may be 
preferable to opt for an alternative treatment with novel 
therapeutic agents, rather than continuing with the 
same chemotherapy.

In the present study, we established a simple method 
of isolation and enumeration of CTCs from metastatic 
cancer patients. PBMCs were cultured in 65-mm 
dishes and numbers of CTC-like cells were counted 
manually under a phase contrast microscope. We 
observed that there were more CTCs in patients with 
final-stage, compared with early-stage, metastatic 
cancer. We found approximately 50-160 CTCs in the 
majority of cancer patients, representing 0.01-0.04% 
of overall PBMCs. All three breast cancer patients and 
one prostate cancer patient were determined to be 
in the late stages of metastatic disease, according to 
CTC enumeration, which was confirmed by molecular 
profiling. Hence, our results indicate that enumeration 
and molecular profiling of CTCs can distinguish early- 
and later-stage disease in metastatic cancer patients. 

Moreover, the values obtained by enumeration of CTCs 
correlated well with those from previous reports.[13,14]

The CELLSEARCH® system, is primarily selective for 
EpCAM- and cytokeratin-positive CTCs;[34] however, 
Lianidou et al.[15] demonstrated that CTCs which have 
undergone EMT exhibit down-regulation of epithelial 
markers, including EpCAM and K19 and hence such 
cells will be missed by this technology. Similarly, some 
cases of HER2-positive metastatic breast cancer have 
EpCAM-negative CTCs. Hence, additional markers 
should be considered in the development of methods 
to isolate and enumerate CTCs in metastatic cancer. 
Our study also demonstrated that KRT19 and CADH1 
were not expressed in liquid biopsies from any breast 
cancer patients [Figure 5]. Moreover, the observed 
absence of CADH1 expression indicated that CTCs 
obtained from all cancer patients were in EMT. As the 
method we used was based on counting intact cultured 
CTCs by phase contrast microscopy, the possibility of 
missing CTCs was small.

The soft agar colony formation assay is a common 
method to monitor anchorage-independent growth 
in semi-solid agar during 3-4 week incubation by 
manual counting of colonies under phase contrast 
microscopy. This method is considered one of the most 
accurate and sensitive in vitro assays for detection of 
malignant transformation of cells and confirmation 
of the phenotype of tumor cells with metastatic 
potential.[36] In this study, we found that all PBMCs 
isolated from metastatic cancer patients resulted in 
significant numbers of colonies on soft agar, indicating 
their high tumorigenic potential. There were rings 
around each colony [Figure 2], indicating the activity 
of secretory proteases from these cells, which are 
primarily responsible for the degradation of basement 
membranes during invasion and metastasis.[37]

Molecular profiling of tumor cells has become 
important for understanding genes involved in 
cancer development,[38] and provides insights into the 
selection of tumor cells and resistance mechanisms 
in patients undergoing systemic therapies; therefore, 
molecular profiling of liquid biopsies or isolated 
CTCs, to determine the major genes involved in the 
processes of invasion and metastasis, was a primary 
aim of this study. We performed molecular profiling 
of isolated CTCs as well as liquid biopsies obtained 
from metastatic cancer patients. The results indicated 
that CTCs and liquid biopsies from all cancer patients 
expressed KRT18, PROM1, CD44, CXCR4, and 
NOTCH2 genes [Figures 3 and 4], demonstrating 
that the malignant phenotypes of CTCs and liquid 
biopsies can be evaluated by molecular profiling. We 
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also observed that KRT19 was not expressed down-
regulated in all breast cancer patients, possibly due to 
EMT of these cells during the invasive process, and 
suggesting a need for aggressive treatment for these 
patients. MMP1, MMP2, and MMP9 are metastatic 
genes involved in the invasion of tumor cells into 
underlying epithelium.[39] This is the first report that 
liquid biopsies from all cancer patients tested express 
high levels of MMP1, MMP2, and MMP9, providing 
a potential new avenue for treatment of metastatic 
cancers by suppression of these genes; however, these 
results require confirmation and further investigation. 
PBMC from five normal individual were tested and 
found to be negative for expression of cancer-related 
genes.

Adhesion molecules play important roles in the 
migration of tumor cells to distant organs.[40] 
Cadherin 1 is primarily responsible for adherence 
of cells to surfaces and reduced mobility of tumor 
cells; however, due to down-regulation of cadherin 1, 
metastatic cells are highly mobile and can easily travel 
to distant organs in short periods of time.[41] Our results 
indicated that the gene encoding cadherin 1 (CADH1) 
was undetected in all cancers studied, indicating that 
all CTCs obtained from metastatic cancer patients 
were in EMT.

Overall, this is the first report of molecular profiling 
of several cancer genes in isolated CTCs and 
liquid biopsies from metastatic cancer patients. 
We suggest that liquid biopsies can be profiled 
for the metastatic genes identified in this study as 
potentially useful for the monitoring and treatment of 
metastatic cancer patients, with the aim of achieving 
improved outcomes. We realize that additional tests, 
including immunofluorescence, will be required to fully 
characterize the cells we have observed in metastatic 
patients’ blood. We plan to perform these studies in the 
near future.

In conclusion, the present study describes a simple 
protocol for the isolation and enumeration of CTCs 
from liquid biopsies and the morphological and 
molecular characterization of CTCs from metastatic 
cancer patients. Molecular profiling of CTCs and 
whole liquid biopsies clearly indicated the expression 
of metastatic genes and adhesion molecules involved 
in the metastatic process; thus molecular profiling 
for these genes could enable the establishment of 
improved diagnosis and treatment protocols for last 
stage cancer using liquid biopsies.
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