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Abstract: Circulating tumor cells (CTC) have shown to be prognostic in advanced 

colorectal cancer (advCRC), but their value for predicting response to treatment or as a 

source of molecular data is debated. We compared CellSearch® (Janssen Diagnostics, 

LLC) and IsoFlux™ (Fluxion Biosciences Inc, South San Francisco, CA) systems for the 

enumeration of CTC in patients with newly diagnosed advCRC (group 1; n=34). Using 

castPCR™ we studied KRAS status in CTC isolated with IsoFlux™ and compared it with 

that of the primary tumor in patients from group 1 and in KRAS wild-type (KRASWT) 

patients with progressive disease (group 2; n=22). Median number of CTC detected 

with CellSearch® (groups 1 and 2) was 1 (range: 0-78) and with IsoFlux™ (group 1) was 
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8 (range: 0-419), showing a modest correlation (r=0.345, P=0.036), which improved if 

lung metastases (r=0.805, P=0.016) or if lung and liver metastases were present 

(r=0.812, P=0.05). A Bland-Altman plot showed that the higher the number of CTC 

detected the larger the difference between both methods in favor of IsoFlux™. After a 

median follow-up since CTC collection of 16 months (range: 1-30) CellSearch® ≥ 3 CTC 

(HR 2.77, 95% CI 0.77-9.95) and IsoFlux™ ≥ 11 CTC (HR 4.14, 95% CI 1.05-16.19) were 

established as the best cutoff points for predicting survival. Using castPCR™ we found 

KRAS mutations in CTC in 4 out of 8 patients from group 1 and in 2 out of 3  patients 

from group 2. None of these mutations were found in the primary tumor using 

standard methods, possibly reflecting intratumor heterogeneity or treatment selection 

pressure. We conclude that IsoFlux™ is more efficient than CellSearch® in the 

isolation of CTC in patients with advCRC, achieving, in a majority of cases, the 

established minimum of CTC for castPCR™-based genetic analyses.  

Keywords: circulating tumor cells; CTC, liquid biopsy; KRAS; colorectal cancer; EpCAM; 
CellSearch; IsoFlux; castPCR; intratumor heterogeneity 
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1. Introduction 

Traditional biopsies provide a static picture of a certain tumor area, which may not be 

the most relevant in terms of metastatic potential and resistance to treatments. 

Furthermore, they may be troublesome to obtain, and carry important morbidities and 

costs [1], which dot not allow for their serial performance. Liquid biopsies are intended 

to circumvent these limitations through highly refined technologies that easily detect 

different biomarkers shed by tumors into the systemic circulation, such as circulating 

tumor cells (CTC), circulating tumor DNA (ctDNA), or exosomes among others [2,3]. 

Elevated CTC counts with the CellSearch® technology indicate a poor prognosis in 

breast, prostate, lung and colorectal cancers [4-13]. However, most CTC technologies 

do not recover enough number of CTC to perform molecular studies, therefore 

precluding CTC from becoming also a predictive tool. Indeed, the CellSearch® system, 

an epithelial cell adhesion molecule (EpCAM)-based immunomagnetic enrichment 

method, and sole FDA-approved CTC technology to date, does not allow for the 

recovery of CTC to perform molecular analyses [2,14]. IsoFlux™, a novel microfluidic 

device that uses single or multiple capture antibodies –usually targeting EpCAM- for 

CTC isolation, was designed to achieve maximum recovery efficiency and cell 

transferability to provide sufficient CTC for molecular studies [14]. The IsoFlux 

system has demonstrated a high isolation effiency in locally advanced bladder cancer, 

and in advanced prostate, renal, CRC and non-small cell lung cancers, as well as in 

patients with hepatocarcinoma awaiting for a liver transplant [14-19]. Furthermore, in 

bladder, prostate and renal cancers IsoFlux was able to recover enough cells for 

performing molecular analyses through droplet digital PCR (ddPCR) and Next 

Generation Sequencing (NGS) [15-17]. Liquid biopsies are expected to offer real-time 
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data on the molecular dynamics of cancer, and this may prove specially useful in 

cancers with known molecular alterations with predictive and/or prognostic value [20]. 

Colorectal cancer (CRC), which stands as the third most common cancer and fourth 

cause of mortality worldwide, is also one of the few malignancies with a predictive 

molecular marker (RAS status) that aids in the selection of the most appropriate 

treatment option [21]. any-RAS (KRAS or NRAS) mutant tumors constitute 

aproximately 50% of advanced CRC (advCRC) cases, 80% of which are due to mutations 

in KRAS [22]. all-RAS wild-type patients show an improved survival with chemotherapy 

plus anti-epidermal growth factor receptor (anti-EGFR) antibodies and thus benefit 

from more treatment options than RAS mutated patients [23]. While RAS mutational 

analysis and other molecular studies have been performed on ctDNA from advCRC 

patients, showing promise as predictive tools, few CTC technologies are claimed to 

efficiently recover enough cells to allow for subsequent molecular studies [24]. 

Therefore, we conducted a prospective-retrospective study to test the enumeration 

efficiency of IsoFlux and compared it to the current standard -CellSearch®- . Finally, 

we tested three different Polymerase Chain Reaction (PCR)-based methods to perform 

KRAS mutational analysis on CTC previously recovered through IsoFlux™. 
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2. Results 

a. Patient characteristics at diagnosis and at CTC collection 

A total of 56 patients were included in the analysis. Thirty-four were assigned 

to group 1 -chemo-naïve patients- and 22 to group 2 – KRAS wild-type (KRASWT) 

patients progressing to chemotherapy with or without anti-EGFR or anti-

vascular endothelial growth factor (VEGF) agents. Twenty-nine were male and 

27 female. Median age at diagnosis was 67 years (range: 41-84). A majority of 

patients had advanced disease at diagnosis (66%), with liver, lung and lymph-

nodes being the most common sites of metastasis (86.5%, 24% and 24%, 

respectively). Surgical resection of the primary had been performed in 79% of 

the patients. Sixteen out of 18 patients diagnosed in stages II or III had received 

adjuvant chemotherapy. Surgery for distant metastases had been performed in 

36.5% of the patients. 

At CTC collection, liver, lung and lymph-node metastases were present in 70%, 

28% and 21%, respectively, and 13% had peritoneal carcinomatosis. At CTC 

collection 68% and 46.8% had carcinoembryonic antigen (CEA) and CA 19.9 

values above their reference cut-off points (>5 ng/ml and >35 U/ml), 

respectively.   

In group 1, 54.5% were KRASWT and 45.5% were KRAS mutated (KRASMUT). 

Among the 22 patients from group 2 –all KRASWT- at the time of progression 

prior to CTC collection, 9 patients (41%) were receiving chemotherapy with 

anti-VEGF agents, 5 patients (23%) were receiving anti-EGFR agents -either 

combined with chemotherapy or as monotherapy-, 4 patients (18%) 

chemotherapy alone, and 4 patients (18%) were on treatment holidays.  
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Most clinico-pathological characteristics were well balanced between the two 

groups and are summarized in Table 1.  

 

Group 1 Group 2 
N 34 22 

Gender (male:female) 14:20 15:7 

Age at CTC determination (median) 71 (44-84) 64 (45-81) 

AJCC Stage at diagnosis I: 
2.9% II: 8.8% III: 

20.6% 
IV: 

67.6% 
I: 

0% 
II: 

9.1% 
III: 

27.3% 
IV: 

63.6% 

Primary tumor 
location 

Left colon 38.2% (23.5% sigma) 37% (23% sigma) 

Right colon 32.4% 29% 

Rectum 29.4% 34% 

Resection of primary tumor 80% 77% 

Histologic type Mucinous: 12.1% Mucinous: 12.5% 
NOS: 87.9% NOS: 87.5% 

Histologic grade 
Grade 1  56.5% 35.7% 
Grade 2  30.4% 57.1% 
Grade 3  13% 7.1% 

Adjuvant CT 6/11 (55%) 5/8 (62.5%) 
Surgery for distant metastases 35.5% 38.1% 

No. of CT lines for advanced disease 
(median) 1 (0-3) 3 (1-7) 

Fluoropyrimidine-
based CT 

1st line 100% 100% 
2nd line 73% 80% 
3rd line 66% 92% 

Anti-EGFR agents Any time N/A 100% 
 Prior to CTC N/A 77% 

Anti-VEGF agents Any time 35% 82% 
 Prior to CTC N/A 73% 

KRAS  
(primary tumor) 

Wild-type 18/33 (54.5%) 22/22 (100%) 
Mutated 15/33 (45.5%) - 
Unknown 1 - 

No. of CTC (median) 
CellSearch® 1 (0-78) 1 (0-17) 

IsoFlux™ 8 (0-419) - 

Location of 
metastases at CTC 

collection 

Liver 70.6% 68.4% 
Lung 23.5% 36.8% 
LN 14.7% 31.6% 

Peritoneum 14.7% 10.5% 
Local  38.2% 15.8% 
Other 5.9% 5.3% 

CEA ≥ 5 at CTC collection 69.7% 64.7% 
CA 19.9 ≥ 35 at CTC collection 46.7% 47.1% 

Table 1. Summary of patient characteristics.

Group 1: patients chemo-naïve for advanced disease at the time of CTC collection; Group 2: KRAS wild-type patients 
with progressive disease at the time of CTC collection. AJCC: American Joint Committee on Cancer, CT: chemotherapy, 
CTC: circulating tumor cells, EGFR: epidermal growth factor receptor, LN: lymph nodes, N/A: not applicable, NOS: not 
otherwise specified, VEGF: vascular endothelial growth factor.  
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b. CTC enumeration, association with clinical characteristics and correlation 

with survival 

i. CTC enumeration with CellSearch® and IsoFlux™.  

CTC were counted both with CellSearch and IsoFlux™ in 34 from 

group 1. Median number of CTC detected with CellSearch was 1 

(range: 0-78) and with IsoFlux™ was 8 (range: 0-419) (Figure 1) (Table 

2). 

 

 
GROUP 1 (CT-naïve) GROUP 2 (KRASWT with PD) 

CellSearch® IsoFlux™ CellSearch® IsoFlux™ 

No. of CTC 

(median) in 

presence of 

metastases 

(P value) 

≥ 3 vs < 3 sites 
7 vs 1 

(P=0.01) 

257 vs 5

(P=0.076) 
7 vs 1 (P=0.351) N/A 

Liver (yes vs no) 
1 vs 2

(P=0.91) 

5 vs 9 

(P=0.704) 
1 vs 1 (P=0.467) N/A 

Lung (yes vs no) 1 vs 1 (P=0.349) 61 vs 4 (P=0.029) 1 vs 1 (P=0.512) N/A

Liver & Lung  

(yes vs no) 
2 vs 1 (P=0.308) 132 vs 4 (P=0.01) 2 vs 1 (P=0.137) N/A 

Correlation 
(P value) 

Global r=0.411 (P=0.016) N/A 

Metas- 
tases 

≥ 3 
sites 

r=0.40 (P=0.6) 
N/A 

Liver r=0.473 (P=0.02) N/A 

Lung r=0.805 (P=0.016) N/A 
Liver & 
Lung 

r=0.812 (P=0.05) 
N/A 

CEA r=0.415 (P=0.003) 
r=0.173 

(P=0.321) 

r=0.375 (P=0.138)  N/A 

CA 19.9 r=0.078 (P=0.68) r=0.20 (P=0.28) 
r=0.340 (P=0.181) N/A 

Table 3. Association and correlation of different clinical characteristics with CTC counts for 
CellSearch® and IsoFlux™. 

Association of different clinical characteristics with CTC counts with CellSearch® and IsoFlux™. Group 1: 
patients chemo-naïve for advanced disease at CTC collection; Group 2: KRAS wild-type patients with 
progressive disease at CTC collection. CTC: circulating tumor cells. For more information, please refer to 
the text. 
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Figure 1. Number of CTC detected with CellSearch® (1a) and IsoFlux™ (1b) in patients from group 1. 
Solid line represents the median. Please note that the scale is different for each detection system. 
Bland-Altman plot showing the agreement between CellSearch® and IsoFlux™ in the detection of CTC 
in group 1 (1c). At higher CTC number detected with IsoFlux™ the larger the difference compared to 
CellSearch®.     
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ii. Correlation and agreement between CellSearch® and IsoFlux™ 

CellSearch and IsoFlux™ showed a modest correlation (r=0.411, 

P=0.016) for the enumeration of CTC. The same ocurred when there 

were ≥ 3 metastatic locations (r=0.4, P=0.6) and in the presence of 

hepatic metastases (r=0.473, P=0.020). Correlation improved with 

pulmonary metastases (r=0.805, P=0.016), and when both pulmonary 

and hepatic metastases coexisted (r=0.812, P=0.05). There was a 

modest correlation between CellSearch and CEA (r=0.415, P=0.003) 

and between both tumor markers (r=0.542, P=0.0001). No significant 

correlations between IsoFlux™and CEA (r=0.17, P=0.32) or CA 19.9 

(r=0.16, P=0.39) were found (Table 2).  

In order to test the agreement between the two enumeration systems, 

we constructed a Bland-Altman plot, which shows that the higher the 

number of CTC detected with IsoFlux™ the larger the difference for CTC 

enumeration compared to CellSearch® (Figure 1). 

iii. Survival and definition of cut-off points for CTC 

After a median follow-up since CTC collection of 16 months (range: 1-

26) in group 1 and 13.4 months (range: 2-30) in group 2, median survival 

was NR for group 1, and achieved 15.7 months (range: 2-30) in group 2 

(Figure 2).  
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Figure 2. Overall survival curves in both groups from time of CTC 
collection (2a), and depending on selected cut-off points for 
each enumeration system. Cut-off points > 3 CTC for CellSearch® 
(2b) and > 11 CTC for IsoFlux™ (2c) predicted significantly worse 
outcomes. 
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Using the area under ROC curves and Youden’s test, CTC ≥ 3 with 

CellSearch® (HR 2.77, 95% CI 0.77-9.95) and CTC ≥ 11 with IsoFlux™ 

(HR 4.14, 95% CI 1.05-16.19) were identified as the best cut-off points 

for predicting survival in group 1. In order to test the discrimination of 

the model, Harrell’s C-statistic was calculated. The highest C-statistic 

values in group 1 ocurred for CellSearch ≥ 3 CTC (c=0.59) and IsoFlux™ 

≥ 11 CTC (c=0.68), meaning that in group 1 IsoFlux™ ≥ 11 CTC was a 

slightly better predictor of survival than CellSearch ≥ 3 CTC but 

without reaching statistical significance (P=0.379) (Table 3).  

 

CTC cut-off  Sensitivity Specificity HR (95% CI) C statistic 

Group 1 

 

CellSearch® 

CTC ≥ 1 80% 29.17% 1.42 (0.29-6.73) 0.50 

CTC ≥ 2 60% 54.17% 1.65 (0.46-5.88) 0.54 

CTC ≥ 3 40% 83.33% 2.77 (0.77-9.95) 0.59 

CTC ≥ 4 30% 83.33% 2.54 (0.62-10.35) 0.59 

IsoFlux™ 

CTC ≥ 4 70% 37.50% 1.67 (0.43-6.51) 0.57 

CTC ≥ 5 70% 50% 2.37 (0.60-9.22) 0.62 

CTC ≥ 6 70% 54.2% 2.49 (0.64-9.65) 0.63 

CTC ≥ 7 70% 58.3% 3.01 (0.77-11.70) 0.65 

CTC ≥ 8 70% 58.3% 3.01 (0.77-11.70) 0.65 

CTC ≥ 9 70% 58.3% 3.01 (0.77-11.70) 0.65 

CTC ≥ 10 70% 62.5% 3.70 (0.94-14.54) 0.67 

CTC ≥ 11 70% 66.7% 4.14 (1.05-16.19) 0.68 

CTC ≥ 12 60% 66.7% 2.70 (0.76-9.67) 0.62 

Table 3. Sensitivity, specificity and Harrell’s C statistic for different CTC cut-off points for CellSearch® and 
IsoFlux™ in patients from group 1. 

The best cut-off points for each enumeration system are shown in bold. Group 1: patients chemo-naïve for 
advanced disease at CTC collection; CTC: circulating tumor cells. For more information, please refer to the text. 
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iv. Association of CTC number and CTC cut-off points with clinical 

characteristics  

Median number of CTC with CellSearch was significantly higher in the 

presence of ≥ 3 metastatic locations (≥ 3 vs < 3: 7 vs 1 CTC, P=0.01) and 

showed a trend towards significance for IsoFlux™ (≥ 3 vs < 3: 257 vs 5 

CTC, P=0.076). The number of CTC with IsoFlux™ was also significantly 

higher when there were lung metastases (Yes vs No: 61 vs 4 CTC, 

P=0.029). There was no difference in the number of CTC with either 

collection system for the presence or absence of hepatic metastases and 

for CEA or CA 19.9 levels (Table 2 and Figure 3). In patients from group 

1, CellSearch® CTC cut-off ≥ 3 was not predictive of KRAS status, CEA 

and CA 19.9 levels, and neither of hepatic or pulmonary metastases. For 

IsoFlux™ CTC cut-off ≥ 11, more patients had pulmonary metastases 

(CTC ≥ 11 vs < 11: 40% vs 10.5%, P=0.10) and CA 19.9 levels above 

normal (CTC ≥ 11 vs < 11: 69.2% vs 29.4%, P=0.03) (Table 4). As an 

exploratory analysis in patients from group 2, we studied the influence 

of prior biological agents on CTC count with CellSearch®. The median 

number of CTC did not change depending on prior treatment or not with 

either anti-EGFR (yes vs no: 1 vs 1 CTC) or anti-VEGF agents (yes vs no: 1 

vs 1 CTC). 
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Figure 3. Number of CTC depending on the number of metastatic locations, and presence 
of pulmonary or hepatic metastases in patients from group 1 (Patients chemo-naïve for 
advanced disease at CTC collection). With > 3 metastatic sites vs < 3, the number of CTC 
detected with CellSearch® was significantly higher (3a). IsoFlux™ also detected more CTC 
but without reaching statistical significance (3b). There were no differences in CTC count 
with CellSearch® (3c) for lung metatases, but median number of CTC with IsoFlux™ was 
significantly higher if they were present (3d). No differences were found in CTC count with 
either enumeration system regarding hepatic metastases (3e, 3f). Solid lines represent the 
median. 
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50 vs 
61.5% 

60.0% 
vs 

57.9% 

Metastases 

≥ 3 sites 
37.5 

vs 
3.8% 

P=0.038 

20.0% 
vs 

5.3% 
P=0.299 

< 3 sites 
62.5 

vs 
96.2% 

80.0% 
vs 

94.7% 

Liver 

Yes 
87.5 

vs 
65.4% 

P=0.385 

73.3% 
vs 

68.4% 
P=1.0 

No 
12.5 

vs 
34.6% 

26.7% 
vs 

31.6% 

Lung 

Yes 
37.5 

vs 
19.2% 

P=0.355 

40.0% 
vs 

10.5% 
P=0.10 

No 
62.5 

vs 
80.8% 

60.0% 
vs 

89.5% 

CEA 

≤ 5 
14.3 

vs 
34.6% 

P=0.397 

35.7% 
vs 

26.3% 
P=0.71 

> 5 
85.7 

vs 
65.4% 

64.3% 
vs 

73.7% 

CA 19.9 

≤ 35 
33.3 

vs 
58.3% 

P=0.378 

30.8% 
vs 

70.6% 
P=0.03 

> 35 
66.7 

vs 
41.7% 

69.2% 
vs 

29.4% 

Table 4. Association of  different clinical characteristics with 
selected CTC cutoffs for CellSearch® and IsoFlux™ in patients 
form group 1. 

More patients with CTC ≥ 3 with CellSearch had  ≥ 3 
metastatic locations compared to CTC < 3. Likewise, 
significantly more patients with CTC ≥ 11 with IsoFlux™ had 
CA 19.9 levels above normal. CEA: carcinoembryonic antigen. 
MUT: KRAS mutated. WT: KRAS wild-type.  
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c. KRAS status in the primary tumor and in CTC 

i. KRAS status in primary tumor by real-time PCR (RT-PCR) 

KRAS status in the primary tumor could not be determined in one 

patient from group 1 due to insufficient sample. Among the 

remaining 33 cases, sixteen were KRASWT and 15 were KRASMUT. As 

per protocol, all patients from group 2 had confirmed KRASWT 

tumors (Table 5).  

ii. KRAS status in CTC using cobas® RT-PCR and CLART® CMA 

multiplex PCR (mPCR) 

When using cobas® RT-PCR, no mutations were detected in CTC in 

17 patients from group 1, even though 6 of them were KRASMUT in 

the primary tumor. When using CLART® CMA mPCR, all but 1 of 

the 9 patients analysed from group 1 where KRASWT in CTC, 

despite all being KRASMUT in the primary tumor.  

All the 14 patients from group 2 analysed with cobas® turned out 

to be KRASWT, even though all of them had received prior therapy 

with anti-EGFR agents. No CTC DNA from patients in group 2 was 

left for KRAS mutational analysis using mPCR (Table 5).  

iii. KRAS status in CTC using Competitive Allele-Specific Taqman PCR 

(castPCR™) 

KRAS status was analysed by castPCR™ in 8 patients from group 1 

and in 3 patients from group 2. Compared to the primary tumor, 

KRAS changed its status in CTC in 3 and 2 patients, respectively.  
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Seven of these patients were found to carry KRAS mutations in 

CTC, in 6 of them with a dCT < 21, being, therefore, considered 

undoubtedly true mutations. The p.G13D and p.G12A mutations 

were the most common, while p.G12S and p.G12V were also 

detected. Moreover, in one patient, castPCR™ unveiled two 

different KRAS mutations, both with a dCt below 21 (p.G12A 

[10.7], p.G13D [dCt 12]). However, no coincidence was found 

between the type of mutation in the primary tumor and that in 

CTC in any of the patients. This discordance is probably explained 

by the low sensitivity of RT-PCR compared to castPCR™ and may 

reflect the intratumor heterogeneity. (Table 5). 

 

 

 

Group 1 

(CT-

naïve) 

CTC count 
Primary 

tumor 
KRAS CTC 

Patient 

No. 
CellSearch® IsoFlux™ 

KRAS 

RT-PCR 

cobas® 

RT-PCR 

CLART® 

mPCR 
castPCR™ 

1 4 36 WTa WT - - 

2 2 0 WTa - - - 

3 78 203 WTa 

WT

 
- 

pG12A         

[dCt 17.3] 

DNA concentration: 68.5 ng/µl 

4 2 395 WTa WT - - 

5 0 6 pG12Sa 
WT WT WT 

DNA concentration: 97.9 ng/µl 

6 0 9 pG12Da WT WT 
pG13D  

[dCt 18] 

Table 5. CTC count and KRAS status in the primary tumor and in CTC in 
patients from groups 1 and 2. 
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7 0 2 (no sample) - - - 

8 1 1 pG12Da - WT - 

9 2 60 MUTb  WT - 
pG13D  

[dCt 12] 

10 0 0 WTa WT - - 

11 1 4 pG12Va 
WT - 

 pG13D 

[dCt 33] 

DNA concentration: 63.8 ng/µl 

12 5 48 pG12Ca WT - - 

13 1 23 pG12Da WT - - 

14 2 0 WTa - - - 

15 4 48 WTa - WT - 

16 0 23 WTa WT - - 

17 2 0 WTa - - - 

18 3 419 MUTb WT MUT - 

19 1 2 MUTb WT - - 

20 2 1 WTa - - - 

21 0 4 MUTb WT - - 

22 0 4 MUTb - WT WT 

23 0 11 MUTb WT WT - 

24 1 0 MUTb - WT 
pG12V 

[dCt 9] 

25 2 0 WTb - - - 

26 10 408 WTb WT - - 

27 2 10 WTb WT - - 

28 2 5 WTb WT - WT 

29 1 0 MUTb - - - 

30 4 312 MUTb - - - 

31 32 56 MUTb - - - 

32 1 62 WTa WT - - 

33 1 1 WTa - - - 

34 0 39 WTa - - - 

No. of 

CTC 
1 (0-78) 8 (0-419)   
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(median 

& range) 

No. 

mutated 

(%) 

 16/33 (49%) 
0/19 

(0%) 

1/8 

(12.5%) 

5/8 

(62.5%) 

Group 2 
(KRASWT 
with PD) 

CTC count 
Primary 
Tumor 

KRAS CTC 

Patient 

No. 
CellSearch® IsoFlux™ RT-PCR 

Cobas® 

RT-PCR 
mPCR castPCR™ 

1 0 65 WTa WT - - 

2 0 WTa - - 

3 1 WTb - - 

4 0 WTb WT - - 

5 1 WTa WT - - 

6 2 WTa - - 

7 4 WTa - - 

8 1 193 WTa WT - - 

9 1 296 WTa 
WT - 

pG12A  [dCt 

19.4] 

DNA concentration: 41.5 ng/µl 

10 1 WTb WT - - 

11 4 WTb WT - - 

12 12 WTb WT - - 

13 7 WTb - - 

14 1 WTb - - 

15 1 WTb - - 

16 0 WTb - - 

17 6 WTb - - 

18 0 WTb WT - - 

19 0 WTb WT - - 

20 2  WTa 
WT - 

pG12A [dCt 

10.7] 

pG13D [dCt 

12] 

DNA concentration: 98 ng/µl 
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21 17 WTb WT - WT 

22 1 - WTb - - 

No. of 

CTC 

(median 

& range) 

1 (0-17) N/A   

No. 

mutated 

(%) 

 0/22 (0%) 0/12 (0%) N/A 2/3 (67%) 

 

 
Four patients from group 1 and 2 patients from group 2 were found to be KRAS mutated in CTC 
using castPCR™. Mutations with a dCT < 21 are considered undoubtedly true mutations. In 
another patient from group 1, a mutation in CTC was detected but with a dCt above 21 (dCt=33) 
making this result inconclusive. Group 1: patients chemo-naïve for advanced disease at CTC 
collection; Group 2: KRAS wild-type patients with PD (progressive disease) at CTC collection. 
castPCR™: Competitive Allele-Specific Taqman PCR, CTC: circulating tumor cells, mPCR: CLART® 
CMA multiplex PCR, MUT: mutated, RT-PCR: real-time PCR (a: performed with TheraScreen®; b: 
performed with cobas®), UK: unknown, WT: wild-type. DNA concentration for KRAS mutational 
analyses on CTC is shown for cases were this information was available. For more details, please 
refer to the text. 
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3. Discussion 

We show that IsoFlux™ is a highly efficient technology for enumerating CTC.  In a 

cohort of chemo-naïve patients with advCRC unselected for KRAS status (group 1), 

IsoFlux™ detected a median of 8 CTC, while CellSearch® isolated only 1 CTC. The 

median number of CTC isolated with CellSearch® was significantly higher with ≥ 3 

metastatic locations and showed a trend towards statistical significance with IsoFlux™. 

Moreover, in the presence of lung metastases, IsoFlux™ did detect significantly more 

CTC than CellSearch®.  Although we did not find a good correlation between the two 

systems, this was notably improved when there were lung metastases and when lung 

and hepatic metastases coexisted. Altoghether, these results suggest that both 

systems perform better with higher tumor burdens. We also tested the agreement 

between both CTC detection systems by means of a Bland-Altman plot, and show that 

at higher CTC counts the difference in detection eficiency with IsoFlux™ becomes 

wider compared to CellSearch® (Figure 1).  

CTC ≥ 3 is established as the best cutoff for predicting survival with CellSearch® in 

advCRC [7,8], and we found a similar result in group 1 of our study (Figure 2 and Table 

3). However, there is no established cutoff for IsoFlux™ in advCRC or in other 

malignancies [14-19]. In our sample (group 1) we found ≥ 11 CTC as the best cutoff 

point for predicting survival with IsoFlux™, with patients below 11 CTC living 

significantly longer than those with ≥ 11 CTC (Figure 2). Furthermore, Harrell’s C-

statistic suggested that IsoFlux™ ≥ 11 CTC was at least as good as a predictor of 

survival as CellSearch® ≥ 3 CTC. However, prospective studies with a larger sample 
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size should be conducted to confirm CTC ≥ 11 as the best prognostic cutoff for 

IsoFlux™ in advCRC.  

We performed an exploratory analysis in patients from group 2, and found that the 

number of CTC detected with CellSearch did not change depending on prior 

treatment or not with anti-EGFR or anti-VEGF agents. The latter dissagrees with 

previous “in vitro” studies with a human CRC cell line, where treatment with 

bevacizumab increased the expression of the EpCAM 42 kDA isoform decreasing that 

of the constitutive 40 kDA isoform, and this correlated with a reduced CTC recovery 

rate with CellSearch. In our study we only used IsoFlux for CTC enumeration in 

three patients from group 2, very few to derive conclusions on how treatment 

pressure may affect the isolation efficiency with this system. This is particularly 

important, since anti-EpCAM capture antibodies used by CellSearch and IsoFlux 

may have structural differences that make the latter less susceptible to treatment-

induced changes in EpCAM isoforms expression [25]. In fact, again through spiking 

experiments, Bard et al [14], showed that IsoFlux™ detected significantly more CTC 

than CellSearch® when EpCAM expression was low. Although no data are yet available 

in CRC, IsoFlux can use other capture antibodies, such as anti-EGFR antibodies, alone 

or in combination with anti-EpCAM antibodies, to maximize isolation efficiency [26]. To 

our knowledge, it is currently unknown whether the capture efficiency of these 

antibodies used by IsoFlux™ can be altered by anti-EGFR or anti-VEGF agents.  

The median number of CTC detected with CellSearch -1 CTC- was well below the 

established limit of detection (LOD) for castPCR™, usually set at ≥ 4 CTC, for 

performing genetic analyses [14]. IsoFlux™, however, was able to isolate a median of 8 

CTC and where CellSearch® detected ≥ 3 CTC, IsoFlux™ always detected ≥ 30 CTC. 
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Indeed, IsoFlux detected ≥ 4 CTC in 65% of our patients, while CellSearch® did so in 

20.5% of the cases, a relative difference similar to what has been previously reported 

by the manufacturer in a small cohort of patients with prostate cancer [14]. Therefore, 

IsoFlux guarantees, in a majority of patients, a number of CTC well above the 

established LOD for castPCR™-based mutational studies. Likewise, other authors 

established a similar LOD (≥ 5 CTC) when studying the androgen receptor variant 7 

(ARV7) with droplet digital PCR (ddPCR) in CTC isolated with IsoFlux™ in prostate 

cancer [17]. 

In order to test if the higher efficiency in isolation achieved with IsoFlux actually 

allowed to perform genetic studies, we employed three different PCR-based methods 

for KRAS mutational analysis: cobas® RT-PCR, CLART® CMA multiplex PCR (mPCR) and 

castPCR™. These methods, are claimed to have 5%, ≥1%, and 0.5% sensitivity, 

respectively, for the detection of mutations in KRAS [27-30]. cobas® RT-PCR did not 

find any KRAS mutation in CTC among 31 patients tested from the two groups (17 from 

group 1 and 14 from group 2). CLART® CMA mPCR was tested in CTC samples from 9 

KRASMUT patients from group 1, finding only 1 patient KRASMUT in CTC.  Due to the high 

discordance between the primary tumor KRAS status and that on CTC, these results do 

not seem reliable. Results using cobas® on CTC are not explained by low CTC numbers, 

since most had CTC counts well above the established LOD (≥ 4 CTC) and many had, 

indeed, very high CTC counts. However, most of the few patients tested with CLART® 

CMA mPCR had very low CTC counts to definitively conclude that mPCR is inaccurate 

for performing genetic analyses on CTC, and a larger sample, preferably of CRC 

patients with high CTC counts is needed to derive conclusions (Table 4).  
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Through previous experiences –data not shown-, and concordant with other authors’ 

reports, our laboratory established the KRAS mutation detection cutoff value (dCt 

KRAS) using castPCR™ at 21, such that mutations with a dCt < 21 were considered 

undoubtedly true mutations [14,30]. According to this, castPCR™ detected mutations 

in CTC in 4 out of 8 patients from group 1 –a fifh patient was found to be mutated in 

CTC but with a dCt=33-, finding that KRAS had changed its status in 3 of them. In the 3 

patients tested from group 2 (all KRASWT in the primary tumor), castPCR™ detected 

KRAS mutations in CTC in 2 of them. Our results using castPCR™ agree with those 

reported by the IsoFlux manufacturer using this technology and are actually more 

robust, as they were performed in a larger number of only-stage IV CRC patients, while 

the manufacturer has only reported the results of castPCR™ on CTC in four patients 

with CRC in stages II and IV [14]. Not suprisingly, in all the patients where the mutation 

dCt in CTC was < 21, either the number of CTC (296 CTC in one patient and 203 CTC in 

another) or the total amount of DNA (98 ng/µl in the patient with two KRAS mutations 

in CTC) were especially high (see Table 5), suggesting, as otherwise expected, a better 

performance of castPCR™ in samples rich in tumoral DNA. 

However, no coincidence was found between the type of mutation in the primary 

tumor and that in CTC. Of note, in one chemo-naïve KRASWT patient from group 1, with 

a very high tumor burden and where IsoFlux™ counted 203 CTC, castPCR™ detected 

the mutation p.G12A [dCt 17.3], probably reflecting an underepresented 

subpopulation from the primary tumor not detected by TheraScreen®. In other 

patient from group 1 –were only 4 CTC were detected- castPCR™ found the p.G13D 

mutation, although with a dCt=33. In this patient primary tumor, TheraScreen® found 

the p.G12V mutation.  A slight cross-reactivity has been described between the probes 
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for p.G12S, p.G12D and p.G13D assays but not for the p.G12V mutation, thus making 

cross-reactivity an improbable explanation (Table 5) [30].  

Two of the patients from group 2 found to be KRASMUT in CTC -both of them KRASWT by 

TheraScreen® in the primary tumor- had been previously treated with chemotherapy 

plus targeted agents. One of them had indeed received 20 cycles of FOLFIRI-Cetuximab 

immediately prior to CTC collection at the time of progression. The mutation found in 

CTC was p.G12A [dCt=19.4], possibly suggesting a change in KRAS status due to 

treatment selection pressure (Table 5). Indeed, Misale et al [31], showed that 

resistance to cetuximab could either emerge from the selection of pre-existing KRAS 

mutant clones or as a result of new, treatment-induced mutations. Likewise, Díaz et al 

[32] found that metastases of CRC patients treated with the anti-EGFR panitumumab 

usually harbored resistant clones that expanded rapidly following treatment initiation. 

The other patient from group 2 found to be KRASMUT in CTC, had received 5 cycles of 

FOLFOX-Bevacizumab as first-line treatment, just before the collection of CTC at the 

time of progression. Interestingly, in this patient, castPCR™ unveiled two different 

KRAS mutations, both with a dCt below 21 (p.G12A [10.7], p.G13D [dCt 12]) (Table 5). 

This patient showed a very high tumor burden, with peritoneal carcinomatosis and 

hepatic, pulmonary and lymph-node metastases, possibly reflecting a biologically 

aggressive and heteregenous tumour with different cell clones, not all of them 

detectable by the standard KRAS mutation tests. Prior treatment with cytotoxic 

chemotherapy, even though it did not include an anti-EGFR agent, may also have 

contributed to the mutated KRAS status in CTC, in agreement with previous studies 

showing that systemic therapy can enhance tumor diversity and confer a more 

agressive tumor phenotype [33,34]. Likewise, prior treatment with bevacizumab in the 
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first-line setting could have selected already existing KRAS mutant clones detectable 

though CTC at the time of progression. Indeed, selection of KRAS mutant clones after 

exposure to bevacizumab should be the object of in-depth investigations since it may 

have clinical implications regarding the most appropriate treatment sequence in 

patients with wild-type RAS advCRC [35,36].  

These cases illustrate the advantage of “liquid” over traditional biopsies for 

acknowledging relevant celullar clones with potential for hematogenous dissemination 

and eventual metastasis. The mutational information obtained from CTC when 

castPCR™ is coupled to an efficient isolation system, allows to better interpret the 

dynamic heterogeneity of cancer and may eventually serve to take therapeutic 

decisions. Indeed, the intratumor heterogeneity (ITH) explains the tumor sampling bias 

that can occur when performing solid biopsies, as they will not inform of cell 

subpopulations outside the area of biopsy and, when using low-sensitivity methods for 

mutational analysis, small but biologically important cell subclones may go 

unrecognized [1]. 

Our study is limited by the small sample size and the fact that CTC were collected at a 

single time point. Therefore we could not monitor CTC enumeration and molecular 

dynamics in a serial manner. It would be of interest to couple the IsoFlux system to 

other highly sensitive technologies like NGS, ddPCR and BEAMing (Bead Emulsion 

Amplification and Magnetics) -the latter claimed to have a 0.01-0.001% sensitivity- for 

conducting mutational studies on CTC in CRC. To our knowdledge, BEAMing has only 

been used in the detection of mutated ctDNA and never on CTC, and neither NGS nor 

ddPCR have ever been used coupled to IsoFluxin CRC [24]. Future studies should test 

the performance of IsoFlux combined with these technologies and, ideally, compare 
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the performance of CTC as a predictive tool with that of ctDNA. Finally, these 

technologies should be used to conduct mutational analyses in solid tumor biopsies in 

order to unveil their genetic heterogeneity and ideally couple the results to the 

information provided by liquid biopsies. 

 

4. Materials and methods 

a. Study design 

This was a prospective-retrospective study, conducted in 3 hospitals in 

Spain. Group 1 consisted of chemo-naïve patients with advanced CRC, in 

which blood for CTC was extracted before starting chemotherapy. 

Patients assigned to group 2 had KRASWT advanced CRC progressing to 

chemotherapy for advanced disease.  Blood for CTC was extracted at 

the time of radiologic progression prior to starting a new line of 

treatment. CTC enumeration was performed with both CellSearch® and 

IsoFlux™ in patients from group 1 and only with CellSearch® in patients 

from group 2. CTC recovery for KRAS mutational analysis was performed 

in both groups using IsoFlux™. The study was approved by the review 

boards of all participating institutions. All patients signed an informed 

consent before being enrolled in the study.  

b. Patients 

Patients were included between November 2013 and October 2015. 

They had to be ≥ 18 years of age with histologically confirmed stage IV 

colorectal adenocarcinoma. Exclusion criteria included having suffered 
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another malignancy in the previous 5 years or not fulfilling the inclusion 

criteria to be assigned to any of the two groups.   

c. Study objectives 

The primary objetive was to compare the efficiency in the enumeration 

of CTC of CellSearch® and IsoFlux™ in patients from group 1 and to 

stablish the best CTC cut-off point for predicting survival with each 

detection system. Secondary objectives were: a) to find differences in 

CTC counts based on clinical features in each group, b) to study clinical 

characteristics based on the selected CTC cutoffs in group 1, c) to 

describe the proportion of patients tested with IsoFlux™ who achieved 

≥ 4 CTC/7.5 ml of blood (the established limit of detection (LOD) for 

genetic studies using castPCR™) in patients from group 1 and d) to test 

three different PCR-based methods for KRAS mutational analysis in CTC 

isolated with IsoFlux™ (cobas®, CLART®, and castPCR™) in both 

groups.   

d. Study procedures 

Peripheral blood samples were collected in triplicate from each patient, 

from group 1 before starting chemotherapy, and in duplicate before 

starting a new chemotherapy line in patients from group 2. The sample 

processing was centralized at the CTC Laboratory of the Hospital Clínico 

San Carlos.  

i. CTC isolation and enumeration  

For CTC isolation and enumeration with the CellSearch® 

system (Janssen Diagnostics, LLC) peripheral blood samples 
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were collected in 10 mL CellSave tubes (Janssen Diagnostics, 

LLC). For isolation and enumeration of CTC with IsoFlux™ 

(Fluxion Biosciences Inc, South San Francisco, CA) peripheral 

blood samples were collected in 10 ml EDTA tubes (BD 

Vacutainer). In both systems, an immunomagnetic isolation of 

CTC was done by means of magnetic beads coated with anti-

EpCAM antibodies. For identification and enumeration of CTC 

with CellSearch® the Celltracks Autroprep system (Jansenn 

Diagnostics, LLC) was used, which automatically enriches the 

sample of CTC, labeling them with fluorescent antibodies 

directed to cytokeratins (CK8, 18 and 19), 4’, 6-diamino-2-

fenilindol (DAPI) an anti-CD45 antibody. After sample 

incubation, the Celltracks Analyzer II System (Janssen 

Diagnostics, LLC), automatically scans the entire surface of the 

cartridge, acquires images and displays them in a gallery 

format for final classification. Two different experts classify, 

then, an event as a tumor cell when its morphological features 

are consistent with that of a tumor cell and it exhibits the 

phenotype EpCAM+, CK+, DAPI+ and CD45-. For IsoFlux™ 

enumeration, a 10-mL peripheral blood sample was used for 

the CTC enrichment. A mixture of the cellular portion of blood 

plus inmunomagnetic beads coated with anti Ep-CAM is loaded 

onto a microfluidic cartridge and processed with the IsoFlux 

instrument. Obtained CTC are then fixed and stained with 
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fluorescent reagents. These include anti-CK-fluorescein 

isothiocyanate (FITC) specific for cytokeratine, anti CD45 

specific for leucocytes, and Hoechst 33342, which stains the 

cell nucleus. The sample was examined under a fluorescence 

microscope by two experts. Cells were scored as CTC if they 

were CK+, CD45-, nucleated, and morphologically intact. 

Imaging was performed using a fluorescence microscope 

kindly provided by Izasa Scientific (WerfenLife, L'Hospitalet de 

Llobregat, Barcelona, Spain).   

ii. KRAS mutational analysis on primary tumor and on CTC 

Formalin-fixed paraffin-embedded (FFPE) tumor samples were 

used for the study of KRAS in the primary tumor. A 10 mL 

peripheral blood sample collected in an EDTA tube (BD 

Vacutainer) was used for the CTC recovery with IsoFlux™. 

Whole–genome amplification was performed directly on 

recovered CTC after cell lysis (REPLI-g UltraFast Mini Kit; 

Qiagen, Germany). Amplified g-DNA was purified and eluted in 

50 μL of AE buffer (QIAmp DNA Micro Kit; Qiagen, Germany) in 

order to perform KRAS mutational analysis with three different 

PCR-based methods.  

a) cobas® and TheraScreen real-time PCRs 

cobas® KRAS Mutation test for use with cobas® 4800 

System (Roche Molecular systems Inc.), is a FDA-approved 

for tissue samples real-time PCR that detects seven somatic 
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mutations in codons 12 and 13 of the KRAS gene (G12A, 

G12D, G12R, G12C, G12S, G12V, G13D). We used it for KRAS 

mutational analysis in DNA from CTC and from FFPE tumor 

samples, as previously described [29]. TheraScreen K-RAS 

Mutation Kit (QIAGEN Manchester Ltd.) combines ARMS® 

(amplification refractory mutation system) and Scorpions® 

technologies for allele specific amplification. It detects the 

same 7 KRAS mutations mentioned above and is approved by 

the FDA, also for tissue samples, as a companion diagnostic 

test for use of cetuximab in KRASWT CRC. Compared to 

cobas®, TheraScreen assay informs not only of KRAS 

mutational status (mutant versus wild-type), but also of the 

specific mutation present. We used TheraScreen assay for 

KRAS mutational analysis FFPE tumor samples, as previously 

described [30].  

b) CLART® CMA multiplex PCR 

CLART® CMA multiplex PCR (mPCR) was used for the 

detection and identification of point mutations in codons 12 

and 13 of KRAS (G12A, G12D, G12R, G12C, G12S, G12V, 

G13D, Q61H(A>T), Q61L), using the CLART CMA KRAS-

BRAF-PI3K kit (GENOMICA S.A.U, Madrid, Spain). The low 

density microarray-based CLART technology and the 

clinical array reader autoclart (GENOMICA S.A.U, Madrid, 

Spain) were used for the visualization of mutations [31]. 
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c) Competitive Allele-Specific Taqman PCR (castPCR™) 

An analysis of DNA purified from CTC was performed by 

means of the TaqMan Mutation Detection Assays 

(ThermoFisher Scientific Inc. Waltham, MA USA). These 

assays allow to detect somatic mutations while being 

boosted by the Competitive Allele Specific Technology 

(castPCR™), as previously described [32]. This technology is 

highly specific and sensitive, being able to detect scarce 

quantities of mutant DNA –down to 0.5% of mutant DNA- in 

a sample containing huge amounts of wild-type DNA. Down 

to 4 copies of target DNA in a background of 10.000 wild-

type cells have been detected elsewere [14]. The Applied 

Biosystems 7900HT Fast Real-Time PCR System (Life 

Technologies Corporation, Foster City, CA) was used to 

detect mutations in codons 12 and 13 of KRAS, as previously 

described [32].  

 

 

e. Statistical analysis 

A descriptive analysis was done summarizing quantitative variables by their 

frequency distribution and qualitative variables by their mean and standard 

deviation (± SD) or their median and range. The χ2 test was used to 

compare qualitative variables and the Mann-Whitney U test for non-

normally distributed quantitative variables. Spearman’s Rho test was used 
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for correlation studies and Receiver Operator Characteristics (ROC) analysis 

was performed to assess the utility of the two CTC detection systems 

(CellSearch and Isoflux™) in predicting survival. The area under the curve 

(AUC) and its 95% confidence intervals (95% CI) were calculated. Based on 

the coordinates of the curve, a cut-off point was selected using the 

Youden’s index.  

Overall survival (OS), was defined as the time from CTC collection until the 

date of death or last follow-up. OS was summarized using the Kaplan-Meier 

method and Cox proportional hazards regression model was used to 

determine the significance of each enumeration system with their selected 

cut-offs in the prediction of death. The discrimination of the model was 

tested by calculating Harrell’s C-statistic after fitting the Cox proportional 

hazards model. The C-statistic (c) is the probability of concordance between 

observed and predicted survival based on pairs of individuals, with c=0.5 for 

random predictions and c=1 for a perfectly discriminating model. Statistical 

significance was established at a P value < 0.05. The statistical package 

Stata for Windows version 12.0 (StataCorp LP, College Station, TX) was 

used for all statistical calculations.  
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Conclusions 

IsoFlux™ is more efficient than CellSearch® in the isolation of CTC in patients with 

advCRC, achieving, in a majority of cases the established minimum of CTC for PCR-

based genetic analyses. We propose CTC ≥ 11 as the reference cutoff point for 

predicting survival with IsoFlux™ in advCRC. Finally, we show that castPCR™ seems a 

reliable method for performing KRAS mutational studies on DNA from CTC. Together, 

these results indicate that CTC isolated with IsoFlux™ may be a useful prognostic 

marker as well as a powerful predictive tool in advCRC.  
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