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Abstract: Despite improvements in the treatment of uveal melanoma (UM), pre-
vention and therapy of systemic metastasis remain unsolved. Current prognostic
indicators, either alone or in combination, may predict the pattern of progression
and outcome. However, metastasis-related death has been recorded in patients
initially diagnosed with early-stage cancer and in other patients many years after
initial tumor removal. The mechanisms leading to the extravasation, dissemina-
tion, and colonization of organs by UM cells are still unknown but crucial for
future therapies. The detection and characterization of circulating melanoma cells
(CMCs) can aid in the diagnosis, prognosis, and disease monitoring of UM
patients. Furthermore, CMCs provide additional information that cannot be
acquired by studying the primary tumor alone. “Liquid biopsy” therefore has sub-
stantial potential to serve as an additional tool in the care of UM patients. CMCs
can be characterized for the presence of key prognostic factors, such as mono-
somy-3, and used as a prognostic tool particularly in patients undergoing eye-
preserving therapy and where no tumor biopsy is collected. The isolated cells can
be further studied in vitro to better understand the mechanisms of dissemination
and proliferation in the liver. The detection of circulating tumor cells has reached
a prominent role in the treatment monitoring of various cancers. Analysis of the
CMC in UM patients may assume a similar, leading role in the near future for the
early identification of patients at high risk of metastatic disease.
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INTRODUCTION

Circulating tumor cells (CTCs) are rare, genetically and phenotypically heteroge-
neous cells found in the peripheral blood of cancer patients. Their presence cor-
relates with an unfavorable prognosis and a reduced progression-free interval, and
various studies have shown that the monitoring of CTC allows for the evaluation
of treatment efficacy in different tumors (1-4). It is assumed that the CTCs are
predecessors of a metastatic settlement and thus the main element of the meta-
static process itself. For a number of tumors, their detection, often referred to as
“liquid biopsy,” is already integrated into the daily clinical routine within the
framework of tumor staging, follow-up, monitoring, and therapy selection (5-7).
This diagnostic tool therefore offers the opportunity to incorporate individualized
medicine into everyday clinical practice using a minimally invasive procedure (8).
This overview presents the currently available data regarding the potentials and
limitations of the different techniques used for the detection of circulating mela-
noma cells (CMCs) in choroidal tumors.

TUMOR CELL DISSEMINATION AND SYSTEMIC CIRCULATION
IN UVEAL MELANOMA

Uveal melanoma (UM) is the most common intraocular tumor in adults. Despite
advances in diagnostics and local tumor control, up to 50% of patients develop
metastases irrespective of the type of treatment. When the primary tumor is diag-
nosed, metastases are found in less than 2% of the cases. In contrast, metastatic
disease mostly develops within 5 to 10 years and up to 40 years after the success-
ful control of the primary tumor and after the enucleation of the tumor-bearing
eye (9, 10). It is therefore assumed that the dissemination of the tumor cells occurs
long before the primary tumor has been diagnosed. Tumor doubling time calcula-
tions further support this view by suggesting that the metastatic dissemination
precedes initial diagnosis and treatment (11). When metastatic disease arises,
therapies are limited and the mean survival time is less than 12 months (10). It is
therefore essential to reduce the risk of tumor cell dissemination by detecting the
cancer at its earliest stage.

Malignant melanoma of the uvea disseminates purely hematogenously, unless
it perforates the sclera and infiltrates the conjunctival lymphatics. It is not known
at which stage the uveal nevi cells transform into melanoma cells, when they are
able to disseminate, or which characteristics are necessary to acquire this ability.
However, much attention has been paid to “intratumoral vessels and vascular-like
structures” that have been later shown to reflect fibrovascular septa rather than
microvasculature (12, 13). The presence of these extravascular matrix patterns,
which is termed “vasculogenic mimicry,” is associated with death from metastatic
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melanoma (14, 15) and the microvascular density itself is prognostically relevant
(14, 16). In some cases, tumor cells were found in intra-tumoral blood vessels and
identified as a factor for unfavorable outcome (17).

Nevertheless, it is not known why metastatic disease affects predominantly
(>90%) the liver, why the cells fall in a dormant status, or which signals
finally induce a colonialization of the organ, resulting in the development of clini-
cally detectable metastases (18). Neither the examination of the primary cancer
and/or of its metastases nor the in vitro and in vivo studies have been able to eluci-
date these crucial steps so far. Currently, it is assumed that the tumor cells undergo
a gradual transition with a stepwise increase in malignancy. The isolation and
characterization of CMCs have the potential to provide further information to
these aspects. Various techniques have been used for the detection of CMC.

TECHNIQUES TO DETECT CTC AND CMC

CTCs were observed for the first time in the blood sample of a man with meta-
static cancer in 1869 by Thomas Ashworth, who postulated that “cells identical
with those of the cancer itself being seen in the blood may tend to throw some
light upon the mode of origin of multiple tumors existing in the same person”
(19). However, it took more than 100 years before the importance of CTC was
recognized in modern cancer research. This was made possible with the evolve-
ment of a sensitive magnetic separation technology employing ferrofluids (col-
loidal magnetic nanoparticles) (20).

Since then, further improvements have been made in order to enrich and dis-
tinguish the rare CTC from normal cells in the peripheral blood. Capture and
enrichment are performed based on the specific morphological and phenotypical
characteristics of the tumor cells, such as their size, density, and specific protein
expression. However, CTC can also be detected indirectly by amplifying the tran-
scripts of tumor-related proteins by reverse transcriptase polymerase chain reac-
tion (RT-PCR).

This latter technique was indeed the first approach used for the indirect
detection of CMC in the lysates of venous blood cells from UM patients, who had
no clinical evidence of systemic metastasis (21). Amplification of the transcripts
for melanoma-associated proteins, such as tyrosinase and MelanA/Martl, by
RT-PCR was then adopted by several other groups. However, the results dis-
closed a high variability for the detection rate, with values ranging between 0 and
97% (21-25). This is probably based on the fact that the amplification of pseu-
dogenes and illegitimate transcripts can lead to false-positive results and an over-
estimation of the CMC number. Furthermore, naturally occurring degradation,
release of transcripts, and molecular changes of the disseminated cells may have
a substantial impact on the results (25, 26). Finally, this technique does not allow
any statement about the characteristics of the CMC, as no cells are available to be
examined. This method is therefore not suitable for a direct detection of the CMC
themselves, but rather yields an indirect evidence on the basis of a surrogate
marker.

In contrast, the detection of intact tumor cells provides substantial advantages.
The cells can be isolated with different techniques depending on tumor cell size,
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density, and expression of surface antigens. One method is based on filtering
blood samples through a membrane (8 pm pore size) by means of a controlled
vacuum aspiration. The cells that are retained on the membrane can then be iden-
tified by immunostaining (27). However, tumor cells that are smaller than the
pore size used would be lost, leading to a low sensitivity of this capture assay.
Since tumor cells have a similar density to the mononuclear blood cells, density-
based methods also have the disadvantage of poor sensitivity as well as the pos-
sible loss of tumor cells and lack of tumor specificity.

More specific approaches are based on the immunomagnetic recognition and
extraction with tumor-specific antibodies. For example, the commercially avail-
able, FDA-approved CELLSEARCH® CTC Control Kit enables the detection of
CTC based on their epithelial surface antigens. This system employs ferrofluid-
coupled antibodies directed against characteristic surface molecules of the epi-
thelial cells to be examined. The labeled cells are then separated from the blood
cells in a magnetic field. The corresponding immunohistochemical markers are
used for further discrimination and identification (28). The method combines a
negative selection to exclude other mononuclear cells. However, false-positive
results may arise from the identification of normal cells expressing the same anti-
gen, and false-negative results may result from CTC depleted of the epithelial
antigens. Our experience with a similar commercially available system using an
epithelial marker led to a very high rate of false-positive results in the blood
samples from healthy volunteers.

Two different groups used the CellTracks Circulating Melanoma Cell Kit on the
CELLSEARCH® System to isolate CMC with antibodies directed against CD146
(Mel-CAM) from UM patients (29, 30). The isolated cells were then immunos-
tained with antibodies directed against the melanoma-associated antigen (HMW-
MAA). Both groups examined patients who had already developed metastatic
disease. Bidard et al. analyzed the venous blood samples of 40 patients and
could detect CMC in 30% (n = 12) of the patients (29). Using the same system,
Terai et al. found CMC in 52% of the venous specimens (number of cells:
median 1, range: 0-8 cells) and in 100% of the arterial blood samples (number of
cells: median 5, fluctuation width: 1-168) (30). The latter group has postulated
that the tumor cells may become apoptotic and fragmented while circulating in
the peripheral blood. This theory, however, remains to be investigated. In fact, it
contradicts the general assumption that tumor cells probably enter the systemic
circulation or leave the organ of origin through the venous pathway, and any cell
that circulates would have access to both the venous and the arterial arm unless it
seeds within an organ or tissue.

Other methods to detect CTC include fiber-optic array scanning, microfluidics,
and a photoacoustic flow cytometry. Fiber-optic array scanning technology (FAST)
applies laser-printing techniques. Laser-printing optics are used to excite 300,000
cells per second, and emission is collected in an extremely wide field of view,
enabling a 500-fold speed-up over automated digital microscopy with compara-
ble sensitivity and superior specificity (31).

The microfluid-based positive enrichment technologies are based on micro-
fabrication that refer to the ability to create structures at or below the cellular
length scale. Microfluidic devices allow precise control of fluid flow, which is
important because the efficiency of cell capture depends highly on cell-antibody
contacts that can be controlled through fluid flow velocity and direction (32).
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Photoacoustic methods are based on nonradiative conversion of absorbed light
energy into heat accompanied by acoustic waves. Specifically, absorption of laser
radiation by a single cell leads to a temperature increase in endogenous and exog-
enous structures. The temperature distribution is transformed into a refraction
distribution that can be detected (33, 34). However, these techniques have not
been used yet for the detection of CMC in UM patients (31-34).

Our efforts on the isolation and characterization of CMC started more than a
decade ago. Because of its obvious advantages, such as the possibility of in vitro
expansion (35), we concentrated on the immunomagnetic enrichment of intact
melanoma cells from the peripheral blood. Our first experience was in collabora-
tion with a group using the system established primarily for cutaneous melanoma.
CMCs were isolated from the venous blood by a monoclonal antibody (clone
9.2.27) directed against the melanoma-associated chondroitin sulfate proteogly-
can (MCSP). This antigen does not have a uniform expression profile in UM cell
lines, but the protein can be detected in up to 95% of UM samples (36). Using this
method, we found CMC (median: 2.5 cells/50 ml blood) in 19% (n = 10 of 52) of
the UM patients without clinically detectable metastases (37). The presence of
tumor cells in peripheral blood was associated with ciliary body invasion (odds
ratio [OR], 20.0; 95% CI, 3.0-131.7), advanced local tumor stage (OR, 6.7,
95% CI, 1.8-25.4), and anterior tumor localization (OR, 4.0; 95% CI, 1.2-12.7),
which are all established prognostic factors for UM progression. However, the
detection frequency was considerably below the expected rate of metastatic dis-
ease. Therefore, the usage of a single antibody does not seem to have sufficient
sensitivity.

In order to increase the sensitivity of the immunomagnetic cell enrichment, we
evolved the technique using two antibodies (NKl/beteb and NKI/C3) directed
against the melanoma-associated glycoprotein as described before (35). In pre-
clinical experiments, we were able to demonstrate a detection sensitivity of 2 UM
cells/10 ml of blood. In a prospective study, the detection frequency was 93.5%
(in 29 out of 31 patients with UM), with a median CMC density of 3.5 cells/10 ml
of blood (range: 0-12.8 cells). Furthermore, no CMCs were detected in a control
group of 10 age-matched healthy volunteers, suggesting a high specificity of this
assay. Melanoma cells (high NKI/C3 or MCSP expression, no CD45 expression)
could be clearly distinguished from the neighboring leukocytes (high CD45
expression) by double immunostaining against the leukocyte antigen CD45 and
the melanoma markers NKI/C3 or MCSP. In addition, the morphology of the
nucleus provided further discerning features (38).

The high release rate of melanoma cells into the circulatory system suggests
that metastasis develops early in the course of UM. Since the CMC could be
detected in almost all UM patients (25, 30, 38), it can also be assumed that the
metastatic disease, which arises in approximately 50% of UM cases, is not solely
dependent on the dissemination of tumor cells into the circulation but also on the
ability of the CMC to survive and proliferate primarily in the liver (39, 40). One
of the most important risk factors associated with an increased risk of metastasis
is the loss of a copy of chromosome-3 (monosomy-3) in the primary UM cells. In
addition, monosomy-3-positive cells could be detected in the liver metastases of
UM at over-proportionally high rates (41-45). We therefore developed a special
fluorescence in situ hybridization (FISH) assay combined with immunocyto-
chemistry to determine the copy number of chromosome-3 in intact CMC, which
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specifically expressed melanoma marker proteins (Figure 1). Using this novel
Immuno-FISH method, we could detect monosomy-3 in the CMC of nearly 58%
of the UM patients who were positive for these cells. In addition, all patients who
subsequently developed metastases had monosomy-3-positive CMC at the first
diagnosis (46). Our findings therefore suggest that monosomy-3 is not the cause
of tumor cell release into the systemic circulation but likely plays a crucial role in
the colonialization of the liver.

We could also observe a high degree of concordance between the monosomy-3
status of the CMC and the primary tumor in the samples (n = 10) from 11 UM
patients (46). The detection of monosomy-3 in the CMC can therefore be used as
a noninvasive and repeatable approach to gain insight into the molecular charac-
teristics of the primary tumor, compared with the biopsy of the primary tumor.

PRESENT POTENTIAL OF CMC DETECTION

Currently, the detection of CTC is not performed routinely in the management
of UM patients. Only a few centers have analyzed and shown the presence of
CMC in UM patients. The results so far suggest that the release of melanoma
cells into the circulatory system occurs early and probably in all cases, although
the metastatic disease is expected to occur only in half of the patients. As shown
by us in the past (47) and by others recently (48), the presence of CMC also
does not show a change following invasive procedures and provides little help
in the prognostication of patients with clinically evident metastatic disease.

Monosomy-3

MCSP
Chromosome-3
Nucleus

Figure 1 Detection of chromosome-3 in the CMC specifically labeled for a melanoma marker
protein. CMCs were isolated from the blood sample of a patient (female, 48 years), who
was diagnosed with primary UM without metastases. The cytospin of isolated cells was
processed directly for the Immuno-FISH assay to label chromosome-3 (with the
centromeric probe CEP3, red) in the tumor cells specifically expressing the MCSP (green).
The nuclei were counterstained in blue with DAPI. Cells expressing a single or a double
signal for CEP3 were classified as having monosomy-3 (left panel). In contrast, CEP3 signals
separated by a distance of more than twice the diameter of a single spot were considered
as disomy-3 (right panel). Arrow indicates an immunobead on a CMC with disomy-3,
which could be clearly distinguished from the adjacent, MCSP-negative leukocyte. All
images were acquired at an original magnification of 400x. This patient developed liver
metastases within 2 years following the CMC analysis and enucleation.
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Determining the mere presence of CMC is therefore not useful in making any
prognostic statements (39).

However, the analysis of CMC can be an additional strong tool that deserves
further attention for the management of patients with conspicuous nevi.
Currently, the major factors that define the decision-making process in the treat-
ment of these patients include the clinical criteria and regular controls to rule out
further growth. A biopsy may also be considered if the lesion appears highly
suspicious (49). However, arriving at the decision of such an invasive and poten-
tially complicated procedure can be challenging, depending on the localization
and size of the lesion, the function of the affected and the partner eye, the age,
and the psyche of the patient (50-52). In addition, any manipulation carries the
risk of local and iatrogenic systemic dissemination of the tumor cells, and the
histopathological analysis does not always enable a conclusive finding depending
on the quality and quantity of the investigated sample. In such cases, a positive
CMC result may aid in decision-making for confirmatory biopsy (Figure 2). In
addition, this “liquid biopsy” can be repeated as often as necessary as opposed to
the conventional one.

Our Immuno-FISH assay for the detection of monosomy-3 in the CMC pro-
vides a valuable prognostic tool without the need for disrupting the integrity of
the primary tumor (46), particularly when an eye-preserving therapy is indi-
cated. Currently, when the clinical evidence is not sufficient to distinguish a
nevus from a small UM, we use a conventional biopsy to confirm the CMC
findings before further treatment is planned. With accumulating evidence,
however, the conventional biopsy may be completely replaced by “liquid
biopsy” in the future.

Figure 2 Intraoperative fundus photography of a patient with a pigmented choroidal lesion.
The thickness of the lesion was <2 mm, no subretinal fluid was detected in SD-OCT, and
no orange pigment obvious or detectable with autofluorescence and no growth has been
reported so far. The patient was positive for CMCs. Since therapy would have affected
central vision, biopsy was performed. Frameshot at the beginning of pars plana
vitrectomy (left panel). Frameshot after biopsy was performed close to the vascular
arcade (right panel).
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FUTURE POTENTIAL

The currently available findings indicate that analyzing not the mere presence but
the monosomy-3 status of CMC possesses a great prognostic potential for gaining
important information on the risk of metastasis and the further course of the
disease. This approach can also possibly aid in the evaluation of treatment efficacy
and selection of particular therapy methods in the future. However, 5-20% of UM
patients can develop metastases despite the absence of monosomy-3 in the pri-
mary tumor. In such cases, the deletion of individual genes on chromosome-3 or
an isodisomy, which is present in approximately 6% of the UMs, can be regarded
as additional factors influencing the risk of metastasis (53). A further aberration
associated with a reduced survival time is the presence of an additional copy of
the chromosome-8q in the primary UM (9, 54-56). A more comprehensive
genetic analysis of CMC can therefore aid in enhancing the prognostic relevance
of these cells.

A further increase in sensitivity could be achieved by the additional determina-
tion of mutations in the genes encoding the G-alpha proteins GNAQ or GNA11.
Bidard et al. has developed assays to detect the most recurrent, UM-specific
GNAQ and GNA11 point mutations in circulating tumor DNA (29). The group of
Metz et al. could also determine the GNAQ or GNA11 mutations in the cell-free
DNA derived from the venous blood of UM patients. However, mutations in the
region of Q209 could be detected in only 9 out of 22 metastatic patients (40.9%)
with the latter approach (57).

Further studies must therefore be undertaken to determine whether the pres-
ence of these mutations, which are also found in 55% of blue nevi (57), can be
useful in diagnosis and aid in therapeutic planning with medications that are
directed against the signaling cascades downstream of the G-alpha proteins, such
as the mitogen-activated protein kinase (58).

To date, it is also not clear whether melanocytic nonmalignant cells can enter
the bloodstream. There is a single case report on the detection of circulating mela-
nocytic cells following the surgical excision of a benign, congenital cutaneous
nevus. Since no cells were found before surgery, it was assumed that the release of
these cells was caused by surgery (59).

CONCLUSION

The detection and genotypic characterization of CMC has a substantial potential
to enable a better understanding of UM. Isolated CMC can be used in experimental
studies to elucidate how these cells gain access into the bloodstream, acquire the
ability to settle, become dormant, and eventually proliferate to form clinically
evident metastases. These findings would in turn contribute to the development
of targeted and possibly preventive therapies to improve the survival rate of
patients with this devastating disease.

Conflict of interest: The authors declare no potential conflict of interest with
respect to research, authorship, and/or publication of this article.



Tura A et al.

Copyright and permission statement: To the best of our knowledge, the materi-
als included in this chapter do not violate copyright laws. All original sources have
been appropriately acknowledged and/or referenced. Where relevant, appropriate
permissions have been obtained from the original copyright holder(s).

REFERENCES

1. Cristofanilli M, Budd GT, Ellis MJ, Stoppeck A, Matera J, Miller MC, et al. Circulating tumor cells,
disease progression, and survival in metastatic breast cancer. N Engl ] Med. 2004 Aug;351(8):781-91.
http://dx.doi.org/10.1056/NEJM0a040766

2. Cohen §J, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY, et al. Relationship of cir-
culating tumor cells to tumor response, progression-free survival, and overall survival in patients
with metastatic colorectal cancer. J Clin Oncol. 2008 Jul;26(19):3213-21. http://dx.doi.org/10.1200/
JCO.2007.15.8923

3. De Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H, et al. Circulating tumor cells
predict survival benefit from treatment in metastatic castration-resistant prostate cancer. Clin Cancer
Res. 2008 Oct;14(19):6302-9. http://dx.doi.org/10.1158/1078-0432.CCR-08-0872

4. Rack B, Schindlbeck C, Juckstock J, Andergassen U, Hepp P, Zwingers T, et al. Circulating tumor
cells predict survival in early average-to-high risk breast cancer patients. J Natl Cancer Inst. 2014
May;106(5):1-11. http://dx.doi.org/10.1093/jnci/dju066

5. Mocellin S, Keilholz U, Rossi CR, Nitti D. Circulating tumor cells: The “leukemic phase” of solid
cancers. Trends Mol Med. 2006 Mar;12(3):130-9. http://dx.doi.org/10.1016/j.molmed.2006.01.006

6. Attard G, de Bono JS. Utilizing circulating tumor cells: Challenges and pitfalls. Curr Opin Genet Dev.
2011 Feb;21(1):50-8. http://dx.doi.org/10.1016/j.gde.2010.10.010

7. Mader S, Pantel K. Liquid biopsy: Current status and future perspectives. Oncol Res Treat. 2017;40
(7-8):404-8. http://dx.doi.org/10.1159/000478018

8. Gallerani G, Fabbri E Circulating tumor cells in the adenocarcinoma of the esophagus. Int J Mol Sci.
2016 Aug;17(8):1266. http://dx.doi.org/10.3390/ijms17081266

9. Woodman SE. Metastatic uveal melanoma: Biology and emerging treatments. Cancer J. 2012 Mar—
Apr;18(2):148-52. http://dx.doi.org/10.1097/PPO.0b013e31824bd256

10. Kivela T, Eskelin S, Kujala E. Metastatic uveal melanoma. Int Ophthalmol Clin. 2006;46(1):133-49.
http://dx.doi.org/10.1097/01.ii0.0000195861.71558.13

11. Singh AD. Uveal melanoma: Implications of tumor doubling time. Ophthalmology. 2001
May;108(5):829-31. http://dx.doi.org/10.1016/S0161-6420(00)00607-2

12. Foss AJ, Alexander RA, Hungerford JL, Harris AL, Cree IA, Lightman S. Reassessment of the PAS
patterns in uveal melanoma. Br J Ophthalmol. 1997 Mar;81(3):240-6. http://dx.doi.org/10.1136/
bjo.81.3.240

13. Folberg R, Hendrix MJ, Maniotis AJ. Vasculogenic mimicry and tumor angiogenesis. Am J Pathol.
2000 Feb;156(2):361-81. http://dx.doi.org/10.1016/S0002-9440(10)64739-6

14. Folberg R, Rummelt V, Parys-Van Ginderdeuren R, Hwang T, Woolson RE Pe'er ], et al. The prog-
nostic value of tumor blood vessel morphology in primary uveal melanoma. Ophthalmology.
1993;100(9):1389-98. http://dx.doi.org/10.1016/S0161-6420(93)31470-3

15. Folberg R, Arbieva Z, Moses ], Hayee A, Sandal T, Kadkol S, et al. Tumor cell plasticity in uveal
melanoma: Microenvironment directed dampening of the invasive and metastatic genotype and phe-
notype accompanies the generation of vasculogenic mimicry patterns. Am J Pathol. 2006 Oct;169(4):
1376-89. http://dx.doi.org/10.2353/ajpath.2006.060223

16. Makitie T, Summanen P, Tarkkanen A, Kivela T. Microvascular density in predicting survival of patients
with choroidal and ciliary body melanoma. Invest Ophthalmol Vis Sci. 1999 Oct;40(11):2471-80.

17. Ly LV, Odish OF, Wolff-Rouendaal D, Missotten GS, Luyten GF, Jager MJ. Intravascular presence of
tumor cells as prognostic parameter in uveal melanoma: A 35-year survey. Invest Ophthalmol Vis Sci.
2010 Feb;51(2):658-65. http://dx.doi.org/10.1167/iovs.09-3824


http://dx.doi.org/10.1056/NEJMoa040766
http://dx.doi.org/10.1200/JCO.2007.15.8923
http://dx.doi.org/10.1200/JCO.2007.15.8923
http://dx.doi.org/10.1158/1078-0432.CCR-08-0872
http://dx.doi.org/10.1093/jnci/dju066
http://dx.doi.org/10.1016/j.molmed.2006.01.006
http://dx.doi.org/10.1016/j.gde.2010.10.010
https://www.ncbi.nlm.nih.gov/pubmed/28693023
http://dx.doi.org/10.1159/000478018
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gallerani%2520G%255BAuthor%255D&cauthor=true&cauthor_uid=27527155
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fabbri%2520F%255BAuthor%255D&cauthor=true&cauthor_uid=27527155
http://www.ncbi.nlm.nih.gov/pubmed/27527155
http://dx.doi.org/10.3390/ijms17081266
http://dx.doi.org/10.1097/PPO.0b013e31824bd256
http://dx.doi.org/10.1097/01.iio.0000195861.71558.13
http://dx.doi.org/10.1016/S0161-6420(00)00607-2
http://dx.doi.org/10.1136/bjo.81.3.240
http://dx.doi.org/10.1136/bjo.81.3.240
http://dx.doi.org/10.1016/S0002-9440(10)64739-6
http://dx.doi.org/10.1016/S0161-6420(93)31470-3
http://dx.doi.org/10.2353/ajpath.2006.060223
http://dx.doi.org/10.1167/iovs.09-3824

m Liquid Biopsy for Uveal Melanoma

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

Blanco PL, Lim LA, Miyamoto C, Burnier MN. Uveal melanoma dormancy: An acceptable clinical end-
point? Melanoma Res. 2012 Oct;22(5):334—40. http://dx.doi.org/10.1097/CMR.0b013e328357bea8
Ashworth, TR. A case of cancer in which cells similar to those in the tumours were seen in the blood
after death. Austral Med J. 1869;14:146-7.

Aharoni A. Introduction to the theory of ferromagnetism. Oxford: Clarendon Press; 1996.

Tobal K, Sherman LS, Foss AJ, Lightman SL. Detection of melanocytes from uveal melanoma in periph-
eral blood using the polymerase chain reaction. Invest Ophthalmol Vis Sci. 1993 Aug;34(9):2622-5.
Foss AJ, Guille MJ, Occleston NL, Hykin PG, Hungerford JL, Lightman S, et al. The detection of mela-
noma cells in peripheral blood by reverse transcription. Br J Cancer. 1995 Jul; 72(1):155-9. http://
dx.doi.org/10.1038/bjc.1995.293

Schuster R, Bechrakis NE, Stroux A, Busse A, Schmittel A, Scheibenbogen C, et al. Circulating tumor
cells as prognostic factor for distant metastases and survival in patients with primary uveal melanoma.
Clin Cancer Res. 2007 Feb;13(4):1171-8. http://dx.doi.org/10.1158/1078-0432.CCR-06-2329
Boldin, I, Langmann G, Richtig E, Schwantzer G, Ardjomand N, Wegscheider B, et al. Five-year
results of prognostic value of tyrosinase in peripheral blood of uveal melanoma patients. Melanoma
Res. 2005 Dec;15(6):503—7. http://dx.doi.org/10.1097/00008390-200512000-00004

Callejo SA, Antecka E, Blanco PL, Edelstein C, Burnier MN Jr. Identification of circulating malignant
cells and its correlation with prognostic factors and treatment in uveal melanoma. A prospective lon-
gitudinal study. Eye (Lond). 2007 Jun;21(6):752-9. http://dx.doi.org/10.1038/sj.eye.6702322
Marshall JC, Nantel A, Blanco P, Ash J, Cruess SR, Burnier MN Jr. Transcriptional profiling of
human uveal melanoma from cell lines to intraocular tumors to metastasis. Clin Exp Metastasis.
2007;24(5):353-62. http://dx.doi.org/10.1007/s10585-007-9072-z

Mazzini C, Pinzani P, Salvianti F, Scatena C, Paglierani M, Ucci E Circulating tumor cells detection and
counting in uveal melanomas by a filtration-based method. Cancers. 2014 Feb;6(1):323-32. http://
dx.doi.org/10.3390/cancers6010323

de Wit S, van Dalum G, Terstappen L'W. Detection of circulating tumor cells. Scientifica (Cairo).
2014;2014:819362. http://dx.doi.org/ 10.1155/2014/819362

Bidard FC, Madic J, Mariani P, Piperno-Neumann S, Rampanou A, Servois V, et al. Detection rate and
prognostic value of circulating tumor cells and circulating tumor DNA in metastatic uveal melanoma.
Int J Cancer. 2014 Mar;134(5):1207-13. http://dx.doi.org/10.1002/ijc.28436

Terai M, Mu Z, Eschelman DJ, Gonsalves CE Kageyama K, Chervoneva I, et al. Arterial blood,
rather than venous blood, is a better source for circulating melanoma cells. EBioMedicine. 2015
Sep;2(11):1821-6. http://dx.doi.org/10.1016/j.ebiom.2015.09.019

Krivacic RT, Ladanyi A, Curry DN, Hsieh HB, Kuhn P, Bergsrud DE, et al. A rare-cell detector for cancer.
Proc Natl Acad Sci U S A. 2004 Jul;101(29):10501-4. http://dx.doi.org/10.1073/pnas.0404036101
Dong Y, Skelley AM, Merdek KD, Sprott KM, Jiang C, Pierceall WE, et al. Microfluidics and circulating
tumor cells. ] Mol Diagn. 2013 Mar;15(2):149-57. http://dx.doi.org/10.1016/j.jmoldx.2012.09.004
Menyaev YA, Nedosekin DA, Sarimollaoglu M, Juratli MA, Galanzha EI, Tuchin VV, et al. Optical
clearing in photoacoustic flow cytometry. Biomed Opt Express. 2013 Nov;4(12):3030-41. http://
dx.doi.org/10.1364/BOE.4.003030

Sarimollaoglu M, Nedosekin DA, Menyaev YA, Juratli MA, Zharov VP. Nonlinear photoacoustic signal
amplification from single targets in absorption background. Photoacoustics. 2014 Mar; 2(1):1-11.
http://dx.doi.org/10.1016/j.pacs.2013.11.002

Cools-Fatigue JJ, McCauley CS, Marshall JC, Di Cesare S, Gregoire F, Antecka E, et al. Immunomagnetic
isolation and in vitro expansion of human uveal melanoma cell lines. Mol Vis. 2008 Jan;14:50-5.
LiY, Madigan MC, Lai K, Conway RM, Billson FA, Crouch R, et al. Human uveal melanoma expresses
NG2 immunoreactivity. Br J Ophthalmol. 2003 May;87(5):629-32. http://dx.doi.org/10.1136/
bj0.87.5.629

Ulmer A, Beutel J, Susskind D, Hilgers RD, Ziemssen E Liitke M, et al. Visualization of circulating
melanoma cells in peripheral blood of patients with primary uveal melanoma. Clin Cancer Res. 2008
Jul;14(14):4469-74. http://dx.doi.org/10.1158/1078-0432.CCR-08-0012


http://dx.doi.org/10.1097/CMR.0b013e328357bea8
http://dx.doi.org/10.1038/bjc.1995.293
http://dx.doi.org/10.1038/bjc.1995.293
http://dx.doi.org/10.1158/1078-0432.CCR-06-2329
http://dx.doi.org/10.1097/00008390-200512000-00004
http://dx.doi.org/10.1038/sj.eye.6702322
http://dx.doi.org/10.1007/s10585-007-9072-z
http://dx.doi.org/10.3390/cancers6010323
http://dx.doi.org/10.3390/cancers6010323
http://dx.doi.org/10.1002/ijc.28436
http://dx.doi.org/10.1016/j.ebiom.2015.09.019
http://dx.doi.org/10.1073/pnas.0404036101
http://dx.doi.org/10.1016/j.jmoldx.2012.09.004
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4740300/#bb0125
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4740300/#bb0125
http://dx.doi.org/10.1364/BOE.4.003030
http://dx.doi.org/10.1364/BOE.4.003030
http://dx.doi.org/10.1016/j.pacs.2013.11.002
http://dx.doi.org/10.1136/bjo.87.5.629
http://dx.doi.org/10.1136/bjo.87.5.629
http://dx.doi.org/10.1158/1078-0432.CCR-08-0012

38.

39.

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tura A et al.

Tura A, Liike J, Merz H, Reinsberg M, Liitke M, Jager MJ, et al. Identification of circulating melanoma
cells in uveal melanoma patients by dual-marker immunoenrichment. Invest Ophthalmol Vis Sci.
2014 Jun;55(7):4395-404. http://dx.doi.org/10.1167/iovs.14-14512

Torres V, Triozzi P, Eng C, Tubbs R, Schoenfiled L, Crabb JW, et al. Circulating tumor cells in uveal
melanoma. Future Oncol. 2011 Jan;7(1):101-9. http://dx.doi.org/10.2217/fon.10.143

Singh AD, Bergman L, Seregard S. Uveal melanoma: Epidemiological aspects. Ophthalmol Clin North
Am. 2005 Mar;18(1):75-84. http://dx.doi.org/10.1016/j.0hc.2004.07.002

Prescher G, Bornfeld N, Hirche H, Horsthemke B, Jockel KH, Becher R. Prognostic implications of
monosomy 3 in uveal melanoma. Lancet. 1996 May;347(9010):1222-5. http://dx.doi.org/10.1016/
S0140-6736(96)90736-9

Tschentscher F, Husing J, Holter T, Kruse E, Dresen IG, Jockel KH, et al. Tumor classification based on
gene expression profiling shows that uveal melanomas with and without monosomy 3 represent two
distinct entities. Cancer Res. 2003 May;63(10):2578-84.

Damato B, Eleuteri A, Taktak AE Coupland SE. Estimating prognosis for survival after treatment
of choroidal melanoma. Prog Retin Eye Res. 2011 Sep;30(5):285-95. http://dx.doi.org/10.1016/j.
preteyeres.2011.05.003

Abdel-Rahman MH, Cebulla CM, Verma V, Christopher BN, Carson WE 3rd, Olencki T, et al.
Monosomy 3 status of uveal melanoma metastases is associated with rapidly progressive tumors and
short survival. Exp Eye Res. 2012 Jul;100:26-31. http://dx.doi.org/10.1016/j.exer.2012.04.010
Thomas S, Piitter C, Weber S, Bornfeld N, Lohmann DR, Zeschnigk M. Prognostic significance
of chromosome 3 alterations determined by microsatellite analysis in uveal melanoma: A
long-term follow-up study. Br J Cancer. 2012 Mar;106(6):1171-6. http://dx.doi.org/10.1038/
bjc.2012.54

Tura A, Merz H, Reinsberg M, Luike M, Jager MJ, Grisanti S, et al. Analysis of monosomy-3 in immuno-
magnetically-isolated circulating melanoma cells in uveal melanoma patients. Pigment Cell Melanoma
Res. 2016 Sep;29(5):583-9. http://dx.doi.org/10.1111/pemr.12507

Suesskind D, Ulmer A, Schiebel U, Fierlbeck G, Spitzer B, Spitzer MS, et al. Circulating melanoma
cells in peripheral blood of patients with uveal melanoma before and after different therapies and
association with prognostic parameters: A pilot study. Acta Ophthalmol. 2011 Feb;89(1):17-24.
http://dx.doi.org/10.1111/).1755-3768.2009.01617 .x

Charitoudis G, Schuster R, Joussen AM, Keilholz U, Bechrakis NE. Detection of tumour cells in the
bloodstream of patients with uveal melanoma: Influence of surgical manipulation on the dissemina-
tion of tumour cells in the bloodstream. Br J Ophthalmol. 2016 Apr;100(4):468-72. http://dx.doi.
org/10.1136/bjophthalmol-2015-306955

Blum ES, Yang J, Komatsubara KM, Carvajal RD. Clinical management of uveal and conjunctival
melanoma. Oncology. 2016 Jan;30(1):29-32.

Midena E, Parrozzani R. Biopsies in uveal melanoma. Dev Ophthalmol. 2012;49:81-95. http://dx.doi.
org/10.1159/000328263

Eide N, Walaas L. Fine-needle aspiration biopsy and other biopsies in suspected intraocu-
lar malignant disease: A review. Acta Ophthalmol. 2009 Sep;87(6):588-601. http://dx.doi.
org/10.1111/5.1755-3768.2009.01637 .x

Grixti A, Angi M, Damato BE, Jmor F, Konstantinidis L, Groenwald C, et al. Vitreoretinal surgery for
complications of choroidal tumor biopsy. Ophthalmology. 2014 Dec;121(12):2482-8. http://dx.doi.
org/10.1016/j.0phtha.2014.06.029

Lake SL, Coupland SE, Taktak AF, Damato BE. Whole-genome microarray detects deletions and loss
of heterozygosity of chromosome 3 occurring exclusively in metastasizing uveal melanoma. Invest
Ophthalmol Vis Sci. 2012 Oct;51(10):4884-91. http://dx.doi.org/10.1167/iovs.09-5083

Sisley K, Rennie IG, Parsons MA, Jacques R, Hammond DW, Bell SM, et al. Abnormalities of chromo-
somes 3 and 8 in posterior uveal melanoma correlate with prognosis. Genes Chromosomes Cancer.
1997 May;19(1):22-8. hup://dx.doi.org/10.1002/(SIC1)1098-2264(199705)19:1%3C22::AID-GCC4
%3E3.0.CO;2-2


http://www.ncbi.nlm.nih.gov/pubmed/24970258
http://www.ncbi.nlm.nih.gov/pubmed/24970258
http://dx.doi.org/10.1167/iovs.14-14512
http://dx.doi.org/10.2217/fon.10.143
http://dx.doi.org/10.1016/j.ohc.2004.07.002
http://dx.doi.org/10.1016/S0140-6736(96)90736-9
http://dx.doi.org/10.1016/S0140-6736(96)90736-9
http://dx.doi.org/10.1016/j.preteyeres.2011.05.003
http://dx.doi.org/10.1016/j.preteyeres.2011.05.003
http://dx.doi.org/10.1016/j.exer.2012.04.010
http://dx.doi.org/10.1038/bjc.2012.54
http://dx.doi.org/10.1038/bjc.2012.54
http://dx.doi.org/10.1111/pcmr.12507
http://dx.doi.org/10.1111/j.1755-3768.2009.01617.x
https://www.ncbi.nlm.nih.gov/pubmed/26283704
https://www.ncbi.nlm.nih.gov/pubmed/26283704
https://www.ncbi.nlm.nih.gov/pubmed/26283704
http://dx.doi.org/10.1136/bjophthalmol-2015-306955
http://dx.doi.org/10.1136/bjophthalmol-2015-306955
http://dx.doi.org/10.1159/000328263
http://dx.doi.org/10.1159/000328263
http://dx.doi.org/10.1111/j.1755-3768.2009.01637.x
http://dx.doi.org/10.1111/j.1755-3768.2009.01637.x
http://dx.doi.org/10.1016/j.ophtha.2014.06.029
http://dx.doi.org/10.1016/j.ophtha.2014.06.029
http://dx.doi.org/10.1167/iovs.09-5083
http://dx.doi.org/10.1002/(SICI)1098-2264(199705)19:1%3C22::AID-GCC4%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1098-2264(199705)19:1%3C22::AID-GCC4%3E3.0.CO;2-2

m Liquid Biopsy for Uveal Melanoma

55.

56.

57.

58.

59.

Versluis M, de Lange MJ, van Pelt SI, Ruivenkamp CA, Kroes WG, Cao J, et al. Digital PCR validates
8q dosage as prognostic tool in uveal melanoma. PLos One. 2015 Mar;10(3):e011637. http://dx.doi.
org/10.1371/journal.pone.0116371

McLean IW, Saraiva VS, Burnier MN Jr. Pathological and prognostic features of uveal melanomas. Can
J Ophthalmol. 2004 Jun;39(4):343-50. http://dx.doi.org/10.1016/S0008-4182(04)80004-8

Metz CH, Scheulen M, Bornfeld N, Lohmann D, Zeschnigk M. Ultradeep sequencing detects GNAQ
and GNA11 mutations in cell-free DNA from plasma of patients with uveal melanoma. Cancer Med.
2013 Apr;2(2):208-15. http://dx.doi.org/10.1002/cam4.61

Van Raamsdonk CD, Griewank KG, Crosby MB, Garrido MC, Vemula S, Wiesner T, et al. Mutations
in GNA11 in uveal melanoma. N Engl ] Med. 2010 Dec;363(23):2191-9. http://dx.doi.org/10.1056/
NEJMo0al000584

De Giorgi V, Pinzani P, Salvianti F Grazzini M, Orlando C, Lotti T, et al. Circulating benign nevus
cells detected by ISET technique: warning for melanoma molecular diagnosis. Arch Dermatol. 2010
Oct;146(10):1120-4. http://dx.doi.org/10.1001/archdermatol.2010.264


http://dx.doi.org/10.1371/journal.pone.0116371
http://dx.doi.org/10.1371/journal.pone.0116371
http://dx.doi.org/10.1016/S0008-4182(04)80004-8
http://dx.doi.org/10.1002/cam4.61
http://dx.doi.org/10.1056/NEJMoa1000584
http://dx.doi.org/10.1056/NEJMoa1000584

