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� Abstract
Tumor cells in blood of patients with metastatic carcinomas have been associated with
poor survival prospects. Further characterization of these cells may provide further
insights into the metastatic process. Circulating Tumor Cells (CTC) were enumerated
in 7.5 mL of blood with the CellSearchTM system. After enumeration of Cytokeratin1,
CD452, nucleated cells, the cells are fixed in the cartridge while maintaining their ori-
ginal position. Cartridges were hybridized with FISH probes against the centromeric
regions of chromosome 1, 7, 8, and 17. Next fluorescence images of the FISH probes of
the previous identified CTC were acquired. Leukocytes surrounding the CTC were used
as internal controls. The number of copies of chromosome 1, 7, 8, and 17 could be
determined in 118 CTC containing blood samples from 59 metastatic prostate cancer
patients. The samples contained a total of 21,751 CTC (mean 184, median 16, SD 650).
Chromosome counts were obtained in 61% of the relocated CTC. On an average, these
CTC contained 2.8 copies of chromosome 1, 2.7 copies of chromosome 7, 3.1 copies of
chromosome 8, and 2.3 copies of chromosome 17. CTC in which no chromosome
count was obtained most likely underwent apoptosis indicated by the expression of
M30. In 6/59 patients only diploid CTC were detected these samples, however, only
contained 1–5 CTC. Heterogeneity in the chromosomal abnormalities was observed
between CTC of different patients as well as among CTC of the same patient. Cytoge-
netic composition of CTC can be reliably assessed after they have been identified by the
CellSearchTM system. The majority of CTC in hormone refractory prostate cancer are
aneuploid confirming that they indeed are cancer cells. An extensive heterogeneity in
the copy number of each of the chromosomes was observed. ' 2009 International Society

for Advancement of Cytometry
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THE need for biomarkers to guide treatment of patients with metastatic carcinomas

is increasing with the growing number of available treatment options. Tumor cells

shed into the blood during metastasis have the promise to become generic biomar-

kers for a variety of carcinomas. In multicenter prospective studies, the presence of

circulating tumor cells (CTC) have been associated with poor progression-free and

overall survival in metastatic breast (MBC), colorectal (MCRC), and prostate cancer

(MPC) (1–6). In these studies, a standardized method for the enumeration and char-

acterization of CTC was utilized (7–9). The presence of specific antigens or the

amplification of specific genes in these CTC may help in selecting specific therapies

or families of therapies (10–15). In this study, we introduce a method that permits

FISH analysis on the CTC that have previously be identified by immunofluorescent

staining in a standardized and automated fashion. The method was demonstrated by

assessment of chromosome 1, 7, 8, and 17 copy numbers on CTC from samples from

metastatic castration resistant prostate cancer patients enrolled in a recently
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completed multicenter study that demonstrated the relation

between presence of CTC and poor outcome (6).

MATERIALS AND METHODS

Patient Samples

A prospective multicenter clinical trial that evaluated the

utility of counting CTC for predicting response to therapy,

progression-free survival, and overall survival in metastatic

castration-resistant prostate cancer patients was conducted

(6). A total of 65 clinical centers throughout the United States

and Europe participated in this study after formal institutional

review board approval. All patients were required to provide

written informed consent. Blood was collected before starting

a new treatment and at monthly intervals prior to the next

cycle of therapy. CTC were enumerated in 7.5 mL of blood

using the CellSearchTM system (Veridex Raritan, NJ) and sam-

ple cartridges were stored for later FISH analysis as described

later. In this study, a total of 178 cartridges containing CTC

of 70 patients from blood samples taken after initiation of

therapy were used.

Enumeration of Circulating Tumor Cells

The CellTracks Autoprep (Veridex, Raritan, NJ) was used

to immunomagnetically enrich epithelial cells from 7.5 mL of

blood using ferrofluids coated with epithelial cell specific

EpCAM antibodies and stain the CTC enriched samples with

phycoerythrin conjugated antibodies directed against cytoker-

atins 8, 18, and 19, an allophycocyanin conjugated antibody to

CD45 and the nuclear dye DAPI (7–9). After enrichment and

staining the volume is reduced to 300 lL and this volume,

containing all isolated CTC, is transferred to a cartridge that is

present inside the MagNestTM Cell Presentation Device. Next,

the cartridge is analyzed on the CellTracks Analyzer II, a four-

color semiautomated fluorescence microscope (Veridex,

Raritan, NJ). Image frames covering the entire surface of the

cartridge for each of the four fluorescence filter cubes are cap-

tured. From the captured images, a gallery of objects meeting

predetermined criteria is presented in a Web-enabled browser

for interpretation by a trained operator who makes the final

cell identification of the CTC. The criteria for an object to be

defined as a CTC include round to oval morphology, a visible

nucleus (DAPI positive), positive staining for cytokeratin and

negative staining for CD45 (7–9). Results of cell enumeration

are expressed as the number of cells per 7.5 mL of blood. The

performance of the assay system is described in detail else-

where (9,16).

Preservation of CTC for FISH Analysis

CTC that have been analyzed on the CellTracks Analyzer

are contained in 300 lL buffer inside a cartridge and held in

position against the analysis surface by magnetic forces

(17,18). To preserve the location of the CTC for future interro-

gation the buffer inside the cartridge has to be aspirated from

the cartridge without cell movement. The cartridge contained

within the MagNestTM Cell Presentation Device is placed

upright with the glass on which the cells reside vertically. Man-

ual aspiration of the buffer and introduction of the fixative

resulted in variable loss or movement of CTC making the need

for an automated buffer aspiration and cell fixation necessary.

A device was constructed using a CavroXE1000 digital syringe

pump for fluid transport and transfer probes that were

fabricated from 13AWG Inconel (Cavro, Sunnyvale, CA). This

non-magnetic material was required to avoid movement of

the probe under the influence of the magnetic field used to

contain the cells in the sample cartridge in position. Aspira-

tion and fixation steps were optimized and in the final pro-

tocol 250 lL methanol:acetic acid (3:1) is carefully injected

at the bottom of the cartridge. The difference in density

causes the methanol/acetic acid to swirl up along the glass to

the top of the cartridge. After 2 min, 250 lL is removed from

the cartridge followed by another injection of 250 lL metha-

nol:acetic acid. After another 2 min the whole volume is aspi-

rated followed by immediate drying using a forced air flow.

Fixed and dried cartridges can be processed for FISH immedi-

ately or stored at 2208C for later use. Stability studies showed

that the cartridges could be stored for at least 2 years before

hybridization.

Hybridization of CTC

FISH probes specific for the centromeric regions of chro-

mosome 1, 7, 8, and 17 labeled with PlatinumBright-647,

-550, -505, and -415, respectively, were used in this study

(Kreatech, Amsterdam, The Netherlands). Cells of the tumor

cell line SKBR-3 and MCF7 were used to optimize the volume

and concentrations of the probes. The optimized probe mix-

ture constisted of 50 lL of hybridization buffer (50% Form-

amide / 13 SSC / 10%Dextran Sulfate) containing FISH

probes against 1, 7, 8, and 17 at 2 ng/lL each. Probe mixture

was added such that it covers the whole glass surface on which

the cells are fixed. The cartridges were placed on a 808C hot-

plate for 2 min, with the glass facing towards the hotplate, and

next hybridized at 428C for 16 h (Boekel Scientific, Feaster-

ville, PA). After hybridization the cartridge is washed with PBS

containing 40,6-diamidino-2-phenylindole (DAPI) as a nuclear

counter stain.

Fluorescent Microscope for CTC FISH Analysis

The CellTracks Analyzer II is equipped with a 103 objec-

tive (NA of 0.45). For FISH analysis the analyzer was modified

and equipped with a 403 objective (NA of 0.63) (Nikon

Instruments Europe, the Netherlands) to improve the resolu-

tion and light collection of the fluorescent FISH signals and

was equipped with filter cubes that permitted the acquisition

of the fluorescence signals from DAPI and PlatinumBright-

647, -550, -505, and -415. The Linux based operating system

was modified such that it could: (1) read stored data and the

location of the previously identified CTC, (2) relocate the pre-

vious identified CTC after the FISH procedure by correlating

the location of the cells in the stored data with the new loca-

tion acquired on the fluorescent DAPI signal acquired with the

403 objective, (3) acquire a Z-stack of five fluorescence

images of the FISH signals of CTC of interest, (4) present the

acquired images to the reader for FISH analysis, (5) generate a
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report of the result. CD451 leukocytes, that are co-isolated

during the magnetic isolation of the CTC and present in the

cartridge, serve as internal controls for the FISH procedure

and for the local signal quality for each CTC.

RESULTS

Preservation of CTC for FISH Analysis

The protocol to aspirate the fluid from the cartridges and

fix the cells in position was verified by assessment of the num-

ber of nucleated cells on the analysis surface that either moved

or disappeared from the original location. For CTC identifica-

tion the 103 objective is used, and 175 images need to be

acquired to cover the whole glass surface. Panel A of Figure 1

displays one of the 175 frames for the DAPI signal. One DAPI

stained nucleus is enlarged to illustrate the resolution that is

used for the identification of CTCs. Panel B of Figure 1 dis-

plays the DAPI fluorescence image acquired with the modified

instrument using a 403 objective of the area indicated by the

green box in Panel A after hybridization. The field of view is 1/

16 of the 103 image. The nucleus of the same cell is enlarged

and illustrates the higher resolution obtained with the higher

NA objective. Furthermore it can be observed that the major-

ity of the cells remain intact and stay in position. During the

fixation and FISH procedure all immunofluorescence signals

used to identify the CTC disappear which permit the use of

fluorescence labels for FISH that overlap the spectra of the flu-

orescence labels used for immunofluorescence detection. Small

differences in the protocol used for aspiration can have large

impact on the percentage of cells that can be retrieved and an-

alyzed. In this study two fixation protocols were used which

differed in: (1) the aspiration speed of the methanol:acetic

acid in the final step of the fixation, (2) the air flow through

the cartridge during drying of the cartridge after removal of

the fixation reagents. Of the 2,932 CTC analyzed with one

protocol, 2,707 (91%) could be relocated after FISH whereas

with the other protocol 1,721 of the 3,204 CTC (53%) could

be relocated. In total 4,482 of the 6,130 CTC (76%) were relo-

cated for FISH analysis. The difference in protocol did not

have an effect on the quality of the FISH signals nor did it

influence the analysis.

FISH Analysis of CTC and Leukocytes

After the FISH hybridization is completed, the cartridge

is placed into the modified analyzer with the 403 objective.

Fluorescence images acquired for CTC identification before

FISH are imported onto the modified analyzer. To match the

location of the cells before and after FISH the modified ana-

lyzer acquires DAPI images of the cartridge using the 403
objective and correlates these images with the DAPI images

acquired using the 103 in the first scan of the cartridge. Next

the system revisits all events that have been identified as CTC

in the first scan. A Z-stack of five images with a spacing of

2 lm for each of the four FISH probes is acquired. The Z-stack

images are collapsed into one image and presented to the

reader. Figure 2 shows an example of DAPI, CD45-APC, and

CK-PE images of nine CTC from the original identification

and the corresponding DAPI, Chromosome 1, 7, 8, 17 images.

Few of the images showed two copies of the chromosomes and

each of the nine CTC showed at least an aberrancy of one of

the chromosomes. Leukocytes surrounding the CTC serve as

internal control for the FISH. The numbers of leukocytes in

the cartridge vary from samples to sample. If leukocytes are

present within the frame of the CTC, 1–2 leukocytes are

selected as a control. In case no leukocytes are present in close

proximity a larger area around the CTC is scanned. If still no

controls can be selected, the quality of the FISH is judged on

the leukocytes that are present at other locations. Figure 3

displays nine leukocytes that were selected as controls. The

majority of the leukocytes show two copies of chromosome 1,

7, 8, and 17 in contrast with the larger heterogeneity observed

in the copy numbers of chromosome 1, 7, 8, and 17 in the

CTC.

One-hundred seventy eight cartridges containing CTC

from 70 prostate cancer patients were analyzed for FISH anal-

ysis. To limit the analysis time, a maximum of 125 CTC were

analyzed per cartridge. From the 23,341 CTC present in these

cartridges 6,136 (26%) were analyzed and 4,428 (72%) could

be relocated. From the 4,428 relocated CTC, 2,708 (61%) did

not provide FISH signals in contrast to the surrounding leuko-

cytes that showed good quality FISH signals. The morphologic

appearance of CTC that did not provide FISH signals sug-

gested that these cells might be disintegrating and or under-

going apoptosis. The percentage of relocated CTC per car-

tridge that did not provide adequate FISH signals ranged from

0 to 100% (mean 59%, median 62%, SD 35%). In 48 of the

Figure 1. Fluorescence image of DAPI stained nuclei. (A) Fluores-

cence image acquired with a 310, NA 0.45 objective. The high-
lighted cell in the center of the image is displayed enlarged on the

right side. (B) Image acquired by a 340, NA 0.63 of the area high-
lighted green in panel A. The field of view is 1/16th of the 310
area. The center cell, marked by the red box is the same cell as the

enlarged cell in panel A and is displayed enlarged to the right.
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178 cartridges, 100% of the CTC did not provide evaluable

FISH signals and in 12 of the 178 cartridges no CTC good be

relocated because of different reasons, resulting in 118 evalu-

able cartridges from 59 patients.

Apoptosis of CTC and FISH Analysis

To demonstrate the relation between CTC undergoing

apoptosis and lack of FISH signals EpCAM enriched CTC

from 7.5 mL of blood from patients with metastatic disease

were stained with M30, an antibody recognizing caspase-

cleaved cytokeratin 18, in addition to DAPI, Cytokeratin, and

CD45. M30 was labeled with PE, Cytokeratin with FITC, and

CD45 with APC. For 24 CTC positive cartridges, the cartridges

were preserved and hybridized with probes identifying the

centromeres of chromosome 1, 7, and 17. Panel A in Figure 4,

shows an example of a CTC identified DAPI1, Cytokeratin1,

M302, CD452, as well as the corresponding DAPI, chromo-

some 1, 7, and 17 images of the same CTC after hybridization

and relocation. Figure 4, Panel B shows a DAPI1,

Cytokeratin1, M301, CD452 CTC from a patient but

although the DAPI signal revealed that the CTC was relocated

no adequate FISH signals were observed. A total of 765 CTC

from the 24 samples (mean 52, median 7, SD 111) were ana-

lyzed and evaluable FISH signals were obtained for 567/590

(96%) of the M30 negative CTC but only 101/175 (58%) of

the M30 positive CTC. Only CTC that were surrounded with

leukocytes that contained at least one copy of each of the

chromosomes were included in this analysis.

Aneuploidy of CTC in Hormone Refractory

Prostate Cancer

Copies of chromosomes 1, 7, 8, and 17 could be deter-

mined in 1,720 CTC of 118 samples from 59 patients. In total,

537 leukocytes were analyzed as internal controls. Figure 5,

Figure 2. Fluorescence images of CTC. The four columns on the left are obtained with the 310 objective. Column ‘‘Overlay’’ displays the
overlay of the columns ‘‘DNA’’ and ‘‘CK.’’ The six columns on the right display the images of the same cells after FISH labeling using the

340 objective. Columns show the DAPI, Chromosome 1, 7, 8, and 17 signals and an overlay of DAPI with each of the four chromosomal

fluorescence signals.
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Panel A displays a histogram of the copy number of chromo-

some 1 in 1,720 CTC (red bars) and 537 leukocytes surround-

ing the CTC (green bars). Panel B, C and D display the copy

numbers of chromosome 7, 8, and 17 plus the surrounding

leukocytes respectively. On average the leukocytes shows two

copies in 86% of the cases, in 10% less than two, and in 4%

more than two copies. The distribution of the number of

chromosome copies found in CTC is different for each chro-

mosome. The copy number of chromosome 8 (panel C) is

deviating most from normal, 8% had less than two, 38% had

two copies and 54% had more than two copies. All chromo-

somes with more than seven copies were reported as seven

copies. In 10/118 (9%) samples from six patients CTC were

diploid. The number of CTC in these samples was low and

ranged from 1 to 5 CTC. To arrive at a numerical value for the

deviation of the chromosome copy number from normal, we

defined the chromosomal composition by: ((fraction of cells

with one copy * 1) 1 (fraction of cells with two copies * 2) 1
. . .1 ( fraction of cells with six copies * 6) 1 (fraction of cells

with � seven copies * 7)) 2 2. For normal cells the numerical

value for the deviation is thus equal to 0. In reality, two copies

will not be found in all the cells and in the 537 leukocytes that

were used as controls a deviation from the normal chromo-

somal copy number of 20.07 was found for chromosome 1,

20.02 for chromosome 7, 20.06 for chromosome 8 and

20.10 for chromosome 17. A significant larger deviation was

found in CTC. For chromosome 1, the deviation ranged from

22 to 5 with an average of 0.57 (median 0.23, SD 1.04). For

chromosome 7, the deviation ranged from 22 to 5 with an

average of 0.66 (median 0.50, SD 1.06). For chromosome 8,

the deviation ranged from 22 to 4.61 with an average of 0.85

(median 0.75, SD 1.26) and for chromosome 17, the deviation

ranged from 22 to 3.33 with an average of 0.44 (median 0.09,

SD 0.82). Figure 6 shows a graphical representation of the

deviation of chromosome 1, 7, 8, and 17 copy number for the

118 samples from the 59 patients. In addition, the deviation of

the chromosome copy number for leukocytes is provided.

DISCUSSION

Although case report studies have suggested that the pre-

sence of tumor cells in blood is associated with poor outcome

their low frequency has hampered exploration of their clinical

utility (19–27). The recent introduction of a standardized

assay has permitted the execution of prospective multicenter

Figure 3. Fluorescence signals of leukocytes that surrounded the

CTC. Column 1 displays the DAPI fluorescence signal of the nu-

cleus. Fluorescence signals of chromosome 1, 7, 8, and 17 and an

overlay of DAPI with each of the four chromosomal fluorescence

signals.

Figure 4. Two CTC before and after FISH. (A) Upper row of

images show the different fluorescence images of a M30-negative

CTC. Lower row shows the corresponding DAPI of the FISH sig-

nals of the corresponding CTC after FISH. (B) the same set of

images but now for a M30-positive CTC.
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clinical trials in MBC, MCR, and MPC. These studies showed

that the presence of CTC indeed was associated with poor

prognosis and their perseverance or occurrence after the first

cycles of therapy strongly suggested that those patients were

on a futile therapy (1–6). The number of therapies available to

treat patients with recurrent cancer is rapidly increasing. The

challenge the oncologist is facing is to determine which ther-

apy offers the most benefit with the fewest side effects. The

shift towards targeted therapies has magnified the situation.

Selecting the patient most likely to respond to a target directed

drug requires a more in-depth characterization of the patient.

Unfortunately, use of archival primary tumor tissues to deter-

mine target status may not represent the disease at the time of

a recurrence. Because of genetic instability, a percentage of

tumors continue to mutate giving rise to variants that are not

expressed and/or resistant to a given therapeutic regimen (28–

35). Assessment of therapeutic targets on CTC constitutes may

overcome this issue. The technological challenge of assessment

of multiple analytes on CTC is that in most cases only few cells

are available and repeated sampling or sampling of a larger

blood volume are not realistic possibilities. In this study, we

explored the possibility to perform FISH after the original

identification of CTC. In the CellSearch assay, CTC are held

by magnetic forces to an analysis surface, and in this study, we

demonstrated that we were able to relocate more than 90% of

the cells after hybridization. However, 61% of the CTC did not

provide FISH signals that could be counted in contrast to the

leukocytes that surrounded the CTC. The morphological

appearance of the CTC that did not provide FISH signals sug-

gested that these cells were disintegrating to various degrees.

To prove a relation between CTC undergoing apoptosis and

lack of FISH signals, we conducted a series of experiments in

which CTC were characterized by the expression of caspase-

cleaved cytokeratin 18 followed by FISH analysis. Although

96% of the CTC that did not undergo apoptosis provided

FISH signals, only 58% of the CTC undergoing apoptosis did.

It’s not surprising that CTC shed into the circulation from pri-

mary or metastatic sites are undergoing apoptosis and the

phenomenon has been reported earlier (36–38). Drawback of

this finding is that assessment of the genetic makeup of the

tumor becomes less informative as fewer CTC are available

and therapeutic targets can thus be assessed in fewer patients.

Recent reports using alternative technologies suggest the pre-

sence of a significant larger number of CTC in carcinoma

Figure 5. Four panels display the histogram of the copy number of chromosome 1, 7, 8, and 17 of 1,793 CTC (red bars) and 537 leukocytes

surrounding the CTC (green bars).
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patients this however may well be contributed to the defini-

tion of what constitutes a CTC (39–46). Still, one would like

to assess the presence or absence of therapeutic targets in as

large a patient group as possible urging the need for technol-

ogy that increase the yield of CTC.

The choice of the probes for the centromers of chromo-

some 1, 7, 8, and 17 was not to examine prostate cancer, but

merely served to demonstrate the reliability of the method.

This combination of four probes was also the most aberrant

across carcinomas in cytogenetic databases. With this set of

probes we confirmed earlier studies that CTC are indeed

cancerous (14,47). Surprisingly an extreme heterogeneity was

observed with respect to the aberrancy of the copy number of

chromosome 1, 7, 8, and 17 between patients, but also

between CTC in the individual prostate cancer patients. In the

few samples with only diploid CTC less than five, CTC were

detected. To quantify the deviation from normal, a numerical

value was derived and determined for each sample. The value

zero represents diploid cells and values obtained for leukocytes

indeed were close to zero in contrast large deviations were

observed for CTC. The largest deviation from normal was

observed for chromosome 8 whereas the smallest deviation

was observed for chromosome 1, Figure 6.

In this study, we used DAPI and the fluorochromes Plati-

numBright-647, -550, -505, and -415 limiting the number of

probes that can be simultaneously assessed to four. The num-

ber of treatment targets already exceeds four urging the future

expansion to more probes. This may be achieved by increasing

the combination of fluorochromes and or explore the feasibil-

ity of repeated FISH analysis on the same CTC.
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Höffken K. Monitoring the response of circulating epithelial tumor cells to adjuvant
chemotherapy in breast cancer allows detection of patients at risk of early relapse.
J Clin Oncol 2008;10:26:1208–1215.

42. Schindlbeck C, Stellwagen J, Jeschke U, Karsten U, Rack B, Janni W, Jückstock J,
Tulusan A, Sommer H, Friese K. Immunomagnetic enrichment of disseminated
tumor cells in bone marrow and blood of breast cancer patients by the Thomsen-
Friedenreich-Antigen. Clin Exp Metastasis. 2008;25:233–240.

43. Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, Ulkus L, Smith MR, Kwak
EL, Digumarthy S, Muzikansky A, Ryan P, Balis UJ, Tompkins RG, Haber DA, Toner
M. Isolation of rare circulating tumour cells in cancer patients by microchip technol-
ogy 2007;450:1235–1239.

44. Roeser T, Ritzi M, Drese KS, Laureyn W, Liu C, O’Sullivan CK, Ozalp VC, Fermer C,
Nilsson O, Hauch S, Albert W, Borgen E, Nygre AO. Lab-on-chip for the isolation
and characterization of circulating tumor cells. Conf Proc IEEE Eng Med Biol Soc
2007;6447–6449.

45. Zheng S, Lin H, Liu JQ, Balic M, Datar R, Cote RJ, Tai YC. Membrane microfilter
device for selective capture, electrolysis and genomic analysis of human circulating
tumor cells. J Chromatogr A 2007;1162:154–161.

46. Tveito S, Maelandsmo GM, Hoifodt HK, Rasmussen H, Fodstad O. Specific isolation
of disseminated cancer cells: a new method permitting sensitive detection of target
molecules of diagnostic and therapeutic value. Clin Exp Metastasis 2007;24:317–327.

47. Fehm T, Sagalowsky A, Clifford E, Beitsch P, Saboorian H, Euhus D, Meng S, Morri-
son L, Tucker T, Lane N, Ghadimi BM, Heselmeyer-Haddad K, Ried T, Rao C, Uhr J.
Cytogenetic evidence that circulating epithelial cells in patients with carcinoma are
malignant. Clin Cancer Res 2002;8:2073–2084.

ORIGINAL ARTICLE

Cytometry Part A � 75A: 520�527, 2009 527


