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Uveal melanoma (UM) is the most common primary intraocular malignancy affecting adults. Despite successful local treatment of
the primary tumour, metastatic disease develops in up to 50% of patients. Metastatic UM carries a particularly poor prognosis, with
no effective therapeutic option available to date. Genetic studies of UM have demonstrated that cytogenetic features, including
gene expression, somatic copy number alterations and specific gene mutations can allow more accurate assessment of metastatic
risk. Pre-emptive therapies to avert metastasis are being tested in clinical trials in patients with high-risk UM. However, current
prognostic methods require an intraocular tumour biopsy, which is a highly invasive procedure carrying a risk of vision-threatening
complications and is limited by sampling variability. Recently, a new diagnostic concept known as “liquid biopsy” has emerged,
heralding a substantial potential for minimally invasive genetic characterisation of tumours. Here, we examine the current evidence
supporting the potential of blood circulating tumour cells (CTCs), circulating tumour DNA (ctDNA), microRNA (miRNA) and
exosomes as biomarkers for UM. In particular, we discuss the potential of these biomarkers to aid clinical decision making

throughout the management of UM patients.
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INTRODUCTION AND BACKGROUND

Uveal melanoma (UM) is the most common, and deadliest, form of
primary intraocular malignancy affecting adults. Uveal melanomas
can arise in any part of the uveal tract, including the iris, ciliary
body, and choroid (Fig. 1), but most UM develops in the choroid
(~90%) [1]. Initial detection of UM commonly occurs through
regular visits to optometrists or ophthalmologists, based on
clinical features and irrespective of the presence of typical
symptoms such as increased floaters, blurred vision, flashes, or
loss of peripheral vision, during routine clinical examinations [2].
Formal diagnosis of UM, however, occurs through clinical
examination by an ophthalmologist with experience in ocular
tumours (ocular oncologist). Features such as subretinal fluid,
orange pigment and documented growth, combined with
imaging techniques such as fluorescein angiography and ocular
echography are needed to accurately diagnose patients [3].

Early diagnosis is crucial in the treatment and outcome of UM.
For example, patients with delayed diagnosis due to misdiagnosis
as a naevus or macular degeneration, or failure to detect the
tumour during ophthalmoscopy, are more likely to be treated with
enucleation rather than more conservative options, such as local
resection or plaque radiotherapy [4]. Furthermore, allowing the
tumour to grow, even by as little as one millimetre, has been
shown to increase the risk of developing metastases by 6-51%,
based on its current size [5]. Thus, early detection and treatment
interventions are critical for optimal management and improved
outcome of this disease.

Here, we summarise the current literature on the clinical
management of UM based on histological and genetic features.
We discuss the current limitations and highlight how blood-based
liquid biopsies could be used in the diagnosis, prognostication,
and earlier treatment of UM.

CURRENT TREATMENT PARADIGM

Management of UM varies depending on tumour location and
size, visual acuity on presentation, local medical expertise and
infrastructure available for treatment modalities like proton
beam irradiation, and, ultimately, on patient wishes [6]. Iris
melanoma is usually treated with radiation, preferably proton
beam irradiation, followed by brachytherapy. Although less
common, surgical resection is also used [1]. In contrast,
treatment for ciliary body and choroidal melanoma varies
significantly depending on several ocular and patient factors.
Most patients with posterior UM are currently treated with
plaque radiation therapy, stereotactic radiosurgery or enuclea-
tion. Other available treatment options include proton beam
radiotherapy, transpupillary thermotherapy, laser photocoagula-
tion, and rarely, local surgical resection [7, 8]. Overall, the
tendency is to treat large, rapidly growing lesions more urgently
and aggressively. However, based on evidence suggesting that
small primary UM tumours are capable of rapid growth and
metastatic spread [5], there is a trend away from observation of
small tumours, favouring earlier intervention [9].
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Fig. 1

Local treatment of the primary UM has improved dramatically in
the last 30 years, with increased use of conservative treatments
and therapies aimed at preserving the eye [8]. However, survival
rates of patients who develop metastatic disease remains dismal,
with the 5 year survival rate, from 1973 to 2008, remaining under
10% [10]. This is similar to a recent update reported by Aronow
et al. [11] where the 5-year relative survival rate was 80.9% from
1973 to 2013; and our recent report showing no significant
change on the 5-year survival rate from 1982 to 2011 in Australia
with an average of 81% [12]. This underscores that improvements
in the management and control of that the localised disease have
had little to no impact on the development of incurable
metastases.

Following a diagnosis of UM, patients are screened for
metastatic disease, usually with imaging of the liver by
ultrasound, magnetic resonance imaging (MRI) and other liver
function tests. Positron emission tomography-computed tomo-
graphy (PET-CT) is also used in some practices [13]. At the time
of diagnosis, less than 4% of UM patients have radiologically
detectable metastatic disease [14]. However, approximately
50% of patients develop metastatic disease after 2.4-4.4 years
[15-18] following diagnosis of the primary tumour. Haemato-
genous dissemination of UM cells commonly leads metastases
towards the liver (93%), followed by lung (24%) and bones
(16%) [19] and only rarely to the brain, skin, or other body sites.
Metastatic UM is fatal in most cases, with death occurring in
80% of patients within 1 year, and 92% within 2 years of
diagnosis of metastases [20]. Therefore, following local treat-
ment of the primary tumour, metastatic screening is generally
recommended but is performed at the discretion of the treating
ophthalmologist or oncologist, taking into consideration the
results of prognostic testing performed and the wishes of the
patient.

Demographic, clinical, and histological features of the primary
UM have been found to correlate with patient outcome
after adjustment for baseline death rates in the general
populations [16]. Poor prognostic features include older age at
presentation, being male, larger tumour basal diameter
and thickness, ciliary body location, diffuse tumour configura-
tion, association with ocular/oculodermal melanocytosis, extrao-
cular tumour extension, and more advanced tumour staging
using the American Joint Committee on Cancer classification
(AJCC) [21]. In addition, certain histopathological features
of the tumour also carry prognostic value, including evidence
of epithelioid cell types, high mitotic activity, increased
human leucocyte antigen (HLA) expression, tumour infiltration
by proangiogenic M2-macrophages (TAMs) and lymphocytes
(TILs), higher expression of insulin-like growth factor-1
receptor (IGF1R), microvascular loops and networks, and
extracellular matrix patterns [22]. While classically clinical and
histopathological features were used to predict patient prog-
nosis, genetics has more recently come to the forefront of UM
prognostication.

Ciliary body Iris

Uveal Melanoma Locations. Macroscopic images of uveal melanoma in the choroid (a), ciliary body (b), and iris (c).

GENETIC PROGNOSTIC BIOMARKERS: CHROMOSOMAL
ABNORMALITIES, GENE EXPRESSION PROFILING AND DRIVER
MUTATIONS

Accurate characterisation of the metastatic risk of individual
patients is now possible through genetic profiling of UM tumours,
which allows identification of changes relevant for prognosis such
as somatic copy number alterations (SCNAs), gene expression
profiling, or specific gene mutations [23].

Gene expression profiles

Studies have revealed that mRNA-based gene expression profiling
can differentiate two distinct molecular forms of UM cells. Class 1
UMs have a low risk of metastasis, with gene expression similar to
normal uveal melanocytes, whilst class 2 UMs harbour high-risk of
metastases, with a more primitive stem-like gene expression
profile [24]. As a result, a test utilising 15 differentially expressed
mMRNA, including 12 class discriminating genes, was developed
and is commonly used clinically in North America under the name
DecisionDx-UM [25]. While the genes selected for the test are
associated with loss of chromosome 3 and gain of chromosome
8q, the overall gene expression differences observed between
class 1 and 2 are only partially explained by chromosomal
alterations [26]. The gene expression profiling test, DecisionDx-
UM, has been prospectively validated by two independent
multicentre studies, stratifying patients into low-risk class 1 or
high-risk class 2 groups. Onken et al. showed from 446 cases
analysed, metastases were detected in 3 class 1 cases (1.1%) and
44 class 2 cases (25.9%), over a median of 17.4 months of follow
up [27]. Plasseraud et al., showed that class 1 patients had a 100%
3-year metastasis-free survival, whereas class 2 patients had a 63%
3-year metastasis-free survival, with a median time to metastases
of 1.4 years [25]. More recently, it was shown that the expression
of the preferentially expressed antigen in melanoma (PRAME)
gene can aid the identification of a proportion of class 1 tumours
that give rise to metastatic disease (class 1b) [28]. PRAME is a
protein that functions as an inhibitor of retinoic acid signalling,
which prevents cell proliferation, differentiation, and apoptosis
[29]. Inclusion of PRAME gene expression further improved the
prognostic predictive power of the DecisionDx-UM test [28]. Thus
it should be noted that the study by Plasseraud et al. did not
incorporate PRAME expression into their classification, with two
class 1 patients developing metastases at 3.24 and 4.37 years
following diagnosis [25].

Somatic alterations: copy number variations and somatic
mutations

As early as 1990, chromosomal abnormalities were noted in UM cells
[30], with loss of one copy of chromosome 3 (monosomy 3) found in
approximately 50% of tumours [31]. Monosomy 3 has been reported
in 67-84% of metastatic UM [32, 33] and approximately 21% in non-
metastasising UM [32]. Furthermore, gain of chromosome 8 affects
approximately 40% of UM, and commonly co-occurs with loss of
chromosome 3 and metastasis [34], which may or may not co-occur
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with the loss of 8p, loss of 6g and loss of 1p [35]. In particular, the
combination of monosomy 3 and gain of 8q has been shown to
confer an extremely poor prognosis [23, 36]. Conversely, other
chromosomal alterations are associated with an improved prog-
nosis, including gain of chromosome 6p [37], which is virtually
mutually exclusive with loss of chromosome 3 [38]. Based on these
SCNAs, a commercially available multiplex ligation probe amplifica-
tion (MLPA) kit to detect changes to chromosome 1p, 3, 6, and 8 was
developed and validated to predict patient prognosis [39]. More
recently, a study including 658 primary UM patients, the largest
retrospective cohort to date, further demonstrated that SCNA-based
classification predicts the risk of melanoma-related metastasis [36],
and is more accurate at predicting metastases than AJCC staging
[40]. New algorithms such as the Liverpool Uveal Melanoma
Prognosticator Online (LUMPO) [41] and Prediction of Risk of
Metastasis in Uveal Melanoma (PRiMeUM) [42] combine clinical,
histological, and somatic copy number alterations to further refine
patient prognostication.

Furthermore, it is known that certain somatic mutations are
highly recurrent in UM independently of prognosis, while others
co-occur with specific SCNAs and prognostic classes [23].
Somatic mutations to the G Protein Subunit al1 (GNAT7) and G
Protein Subunit aq (GNAQ) in codons Q209 and R183 have been
known to occur in >90% of UMs [23, 43]. In addition, mutations
to the phospholipase C beta 4 (PLCB4) in the codon D630 [44];
and cysteinyl leukotriene receptor 2 (CYSLTR2) in the codon L129
[45] were found in GNAQ/GNAT11 wild-type UMs. The above
mutations are largely mutually exclusive and found within the
same cellular pathway [45]. Therefore, they are thought to
constitute the means for UM cells to achieve constitutive
activation of the mitogen activated protein kinase pathway
(MAPK) and the phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K)/protein kinase B (AKT) pathway.

Although mutations to GNAT1, GNAQ, PLC34, and CYSLTR2 do
not correlate with prognosis, somatic mutations to the de-
ubiquitinating enzyme BRCA1 associated protein 1 (BAP1), splicing
factor 3B subunit 1 (SF3B7), and eukaryotic translation initiation
factor 1A X-linked (EIF1AX) are associated with prognosis.
Inactivating somatic mutations to BAP1 are found in 44-66%
primary UM [23, 43] and in around 84% of UM metastases, and are
associated with poor prognosis [23, 46]. Inactivation of BAP1 has
been shown to induce a metastatic phenotype in vitro and is
associated with low oxidative phosphorylation and reliance on
fatty acid oxidation [47]. Furthermore, the location of BAPT on
chromosome 3p may explain the association between loss of
chromosome 3 and inactivation of BAPT on the remaining
chromosome 3. In contrast, mutations to SF3B7 have been shown
to correlate with intermediate prognosis and disomy of chromo-
some 3. Similarly, mutations to EIFTAX are also associated with
disomy of chromosome 3 and shown to be correlated with a good
prognosis [48].

A comprehensive integrative analysis by The Cancer Genome
Atlas Program revealed a strong association of somatic alterations
and gene expression profiles, which define four molecularly distinct
clinically relevant subtypes of UM. These SCNA clusters were further
validated by Vichitvejpaisal et al. in 2019 in 658 eyes at the Wills Eye
Hospital. This study referred to these as clusters A-D rather than
1-4 as used in the TCGA study [36]. Cluster 1 tumours are
characterised by EIFTAX mutations, gain of chromosome 6p or
neutral SCNA profiles; and are associated with good prognosis, with
only 4% of patients developing metastases after 5 years from
diagnosis [36]. Cluster 2 tumours carry SF3B1 mutations and gain of
chromosome 6p, loss of chromosome 6q and gain of chromosome
8q, and are associated with a 5-year metastatic risk of 20%. Lastly,
cluster 3 and 4 tumours are associated with poor prognosis and
carry BAP1 mutations and loss of chromosome 1p, loss of
chromosome 3, loss of chromosome 6q, loss of chromosome 8p
and gain of chromosome 8q. (Fig. 2) [23, 36]. The risk of developing
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Fig. 2 Genetic pathways of uveal melanoma progression. Non-
prognostic mutations to GNAT1, GNAQ, PLCB4, and CYSLTR2 may
drive the transformation from normal uveal melanocyte to early UM.
Further genetic abnormalities dichotomise uveal melanoma into
several prognostic groups. Patients with mutations to EIF1AX
generally have the best prognosis and have no SCNA or G6p.
Patients with mutations to SF3B7 have an intermediate prognosis
and have G6p and/or abnormalities to chromosome 8. Lastly,
patients with mutations to BAPT have loss of chromosome 3 and
gain of 8q, with larger gains in 8q equating to a shorter time to
metastases. Each class of tumour may release CTCs at different rates
and quantities, and may cause the formation of metastases.

metastases by 5 years, increased from 33% to 63% depending on
the level of 8q gains, and therefore, further subdivided as cluster 3
and cluster 4, respectively [36].

As a result of the overwhelming evidence, the new guidelines
set out by the National Comprehensive Cancer Network (NCCN)
incorporated the aforementioned clinical, histopathological and
genetic features to provide clinicians with an up to date treatment
and care guidelines [6]. Patient prognostication by gene expres-
sion profiling and/or SCNA, is critical to inform systemic imaging
frequency based on the highest risk factor present. Surveillance
imaging frequency varies from yearly to three-monthly radiologi-
cal scans, for low and high-risk groups, respectively. As no
systemic therapies that can improve overall survival are currently
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available, once metastases are detected, the primary directive is to
enrol patients into clinical trials or liver-directed therapies.

TUMOUR SAMPLING AND IMPLICATIONS OF PROGNOSTIC
TESTING

Fine-needle aspiration biopsy (FNAB), usually performed at the
time of plaque brachytherapy, is the most frequently used
technique for biopsy of UM for molecular analysis. However,
incisional biopsy, with or without vitrectomy surgery, is also
performed routinely in some centres. The biopsy technique
chosen depends upon the size, configuration, and most impor-
tantly the location of the tumour. For iris tumours, entry into the
anterior chamber can be accomplished using a 26- to 30-gauge
needle under direct visualisation with an operating microscope
[49]. The needle is inserted bevel up and is swept gently over the
surface of the tumour, while approximately 0.5 mL of aqueous
fluid containing the specimen cells is aspirated. Posterior-segment
tumours can be biopsied via a transscleral or a transvitreal
approach. The transscleral approach, in which the biopsy needle is
passed through the sclera and into the tumour, is the most
commonly employed, and is suitable for biopsy of UM located
within the ciliary body or the anterior choroid [50]. Alternatively,
an incisional approach can be used, in which a partial thickness
scleral flap is fashioned, and the choroid exposed by a full-
thickness scleral incision, allowing biopsy forceps to capture a
much larger specimen than can be obtained using FNAB
techniques. Tumours located posterior to the equator can be
approached via a transretinal technique through the vitreous
cavity, either by FNAB via the pars plana, or via vitrectomy surgery.

Excisional biopsy, using the technique of lamellar sclerou-
vectomy, is performed infrequently, since most UM are
unsuitable due to size, configuration or location. This technique
can achieve complete local tumour control and excellent
visual outcomes. However, the surgery is technically challen-
ging, requires prolonged hypotensive anaesthesia, and carries a
significant risk of complications including vitreous haemorrhage
[51], rhegmatogenous retinal detachment, and local recurrence
(25-35%, 10 years) [52].

Whilst FNAB can provide useful diagnostic and prognostic
information, all biopsy techniques carry the risk of complications,
including haemorrhage and infection, which may be sight-
threatening. Furthermore, insufficient material for diagnostic
purposes has been reported in ~8-20% of FNAB cases [50, 53]. A
large prospective interventional case series (n = 150) indicated
that transvitreal or transcorneal routes have higher rates of
failure compared to the transscleral route, presumably due to
lower tissue yield. Moreover, negative results were significantly
correlated with small tumour sizes (basal diameter <5.0 mm;
apical height <2.5mm) [50]. This likely reflects the clinical
difficulty of obtaining sufficient biopsy material from smaller
tumours. Current evidence suggests that early treatment of UM
leads to improved patient survival [5]. However, prognostic
testing may be more difficult to perform in these smaller
tumours due to lower specimen yield. Additional factors that
may reduce accurate prognostication include tumour hetero-
geneity and sampling errors [54].

Local seeding of tumour cells along the biopsy track has been
raised as a possible risk of UM biopsy, and appears to be rare,
however local recurrence of melanoma following FNAB has been
reported [55]. In a study of 170 FNABs, there were no reported
cases of local treatment failure, endophthalmitis or orbital
dissemination. Metastatic disease developed in 14 patients and
retinal detachment occurred in 3 cases, but none of these were
directly associated with FNAB [56].

There is a demonstrable need for alternative methods of
prognostic testing for patients with UM. Recently, we described
accurate identification of SCNAs in primary FFPE UM tumour

samples using whole genome amplification and low-pass whole
genome sequencing [57]. This method could support current
clinical practice to help overcome failure rates due to sub-optimal
tissue yields from FNAB.

Prognostic testing of UM carries psychological consequences
for patients. With rare exceptions, systemic therapy does not
reduce mortality or prolong survival in patients with metastatic
UM. Nevertheless, studies have shown that the majority of
patients wish to know prognostic information about risk of
metastasis, even though no accepted and effective treatments
exist for disseminated disease. The most important reason for UM
prognostication is to provide patients with information that would
be helpful in making life-changing decisions [58]. A recent study
evaluating the psychological needs of patients discovered that of
261 UM patients, 79.5% needed psychological intervention [59].

BLOOD BIOMARKERS

A growing number of publications, including our own, have
documented that tumour derived material can be detected in the
circulating blood, serving as “liquid biopsies” (Fig. 3a). Liquid
biopsies provide a minimally invasive alternative for diagnosis,
prognosis, and monitoring of cancer. In particular, circulating
biomarkers such as circulating tumour cells (CTCs), circulating
tumour DNA (ctDNA), and Circulating Micro RNA (cmiRNA) have
been explored for the management of UM through the
application of new technologies (Fig. 3b, c) in combination with
clinical studies.

Circulating tumour cell enumeration

CTCs are tumour cells that have disseminated into the vascular or
lymphatic system of cancer patients, believed to facilitate the
formation of metastases. Histopathological analysis of 643 eyes
enucleated from patients with UM demonstrated that intravas-
cular ingrowth of tumours occurred frequently with other well-
studied histopathological features of poor prognosis (epithelioid
cell type, intrascleral growth and large tumour size) [60]. It is
generally accepted that the eye has no well-developed lymphatic
drainage [61]. This may suggest that a haematogenous route of
dissemination through the release of CTCs might be common in
UM and may be a critical step in the process of metastasis.

Studies across multiple malignancies have demonstrated that
CTCs may be used to predict prognosis, response to therapy and
disease recurrence [62]. For example, in castrate-resistant prostate
cancer patients highlighted the clinical utility of AR-V7 variant
identification on CTCs to inform and improve treatment outcomes,
relative to decisions based on current standard of care [63]. A
recent meta-analysis of 21 studies showed that CTC enumeration
as a prognostic marker in non-metastatic breast cancer patients
[64]. Moreover, detection of CTCs before neoadjuvant chemother-
apy was significantly associated with reduced overall, distant
disease-free and locoregional relapse-free survival [64]. In addi-
tion, a pooled analysis of 18 cohorts supported the use of CTC
enumeration for staging of metastatic breast cancer [65].

A recent large study in cutaneous melanoma revealed that
detection of =1 CTC in stage Il patients was a significant predictor
of decreased 6-month and 54-month relapse-free survival [66].
Such a test could be used to identify patients who may benefit
from adjuvant therapies. Moreover, we have demonstrated the
heterogeneous nature of cutaneous melanoma CTCs [67], that CTC
subpopulations respond dynamically to therapy [68] and that the
presence of specific CTC phenotypes is predictive of response and
progression-free survival [68]. All the above underscores the
potential of CTCs as a cancer biomarker.

Detection of CTCs in UM was originally accomplished using
cytochemistry and standard microscopy techniques [69, 70].
Initially, the wide-spread use of reverse transcriptase-polymerase
chain reaction (RT-PCR) was used to detect UM specific mRNA
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Fig. 3 Liquid biopsy. a CTCs, ctDNA, and cmiRNA are minor components of the blood, mixed with the normal erythrocytes, leucocytes, and
cell-free nucleic acids. A minimally invasive venous blood collection has the potential to provide genetic information of all tumours within the
body. b Plasma derived circulating nucleic acids (DNA, RNA, miRNA) are generally extracted using commercially available kits. Following
extraction, ctDNA or cmiRNA can be detected by real time-qPCR, digital PCR or NGS, to detect the presence of disease, to detect mutations or
SCNAs for diagnostic, prognostic, or genetic changes in response to therapy. ¢ Circulating tumour cells are isolated from the blood by
antibody directed methods such as immunomagnetic beads, or through their physical properties such as size and deformability. Once
isolated, CTCs can be indirectly quantified using RT-PCR, or directly quantified using immunocytochemistry. Fluorescence in-situ hybridisation
(FISH) can be used to detect SCNAs or changes to mRNA or miRNA expression. Single cell sequencing of CTCs can provide mutational and/or

chromosomal copy number information.

transcripts. These studies targeted tyrosinase, melanoma antigen
recognised by T-cells 1 (MARTT) and glycoprotein 100 (gp100), and
more recently, markers of epithelial to mesenchymal transition
(Supplementary Table 1) [71-81]. In general, RT-PCR based gene
expression has been associated with worse outcomes in primary
UM [71, 73-75, 77, 78], but the number of patients with detectable
CTCs has been low with a couple of studies not detecting CTCs in
primary UM [72, 81]. Lastly, there are limited studies assessing
metastatic UM CTCs, but generally CTCs are readily detectable
[71, 74, 79], and their presence has been shown to be associated
with shorter PFS and OS [79].

Although RT-PCR is a relatively straightforward technique to
indirectly infer the existence of CTCs, it does not provide
conclusive evidence of the presence of CTCs. Furthermore, RT-
PCRs do not provide phenotypic or genotypic information of the
CTCs, nor can it differentiate between CTCs and circulating RNA.
As an alternative, direct capture and enumeration of CTCs have
been evaluated as prognostic biomarkers in UM patients.
Immunomagnetic isolation, using covalently conjugated antibo-
dies directed against common UM surface antigens bound to
ferric fluids or beads, is the most common method utilised today
for CTC enrichment. Reports on the direct quantification and
characterisation of CTCs by immunomagnetic capture and size-
based isolation are listed in Table 1.

Commonly, the melanoma associated chondroitin sulphate
proteoglycan (MCSP, also known as chondroitin sulphate proteo-
glycan 4—CSPG4, high molecular weight-melanoma associated
antigen—HMW-MAA or neural glial antigen 2—NG2) has been
used as target for capture of UM CTCs. Using this approach, CTCs
were detected from 40 to 50 mL of peripheral blood in 1.6-19% of
patients with primary UM [82-84], and their detection in one study
correlated with known clinical features of poor prognosis [84]. In a
follow up study from Ulmer et al. 2008, Suesskind et al. 2011 used
immunomagnetic isolation of with MCSP alone but not find any
correlation between the quantity of CTCs and the metastatic
propensity of the tumour over a median follow up time of
16 months [83]. In our recent study, we used MCSP to isolate CTCs
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in 69% of primary UM patients prior to treatment from only 8 mL
of blood. We found that the presence of CTCs was not associated
with tumour size or prognostic class [85]. Similar findings have
been reported by Tura et al. [86], potentially indicating that the
haematogenous dissemination of tumour cells is not a determi-
nant of metastasis in UM. Rather, cellular programs that underpin
the molecular classes drive metastases by enhancing metastatic
colonisation, primarily to the liver. In addition to MCSP,
immunomagnetic isolation using melanoma cell adhesion mole-
cule (MCAM) has been utilised in the isolation of CTCs in UM
patients using the CellSearch system [87-90]. In primary cases,
capture rate has ranged from 30 to 50% [87, 88] with some
evidence that enumeration of CTCs in early stage UM predict
increased metastatic risk and increased mortality [87]. The above
results suggest that targeting only one surface antigen is not
enough to capture CTCs in most UM patients. To overcome this
limitation, CD63 and gp100 were used in combination for
immunomagnetic enrichment, and CTCs were detected in 94%
of 31 UM patients from 50mL of peripheral blood [86].
Furthermore, we have also utilised a multimarker CTC isolation
approach, targeting ABCB5, gp100, MCAM, and MCSP and found
that CTCs were detectable in 86% of 43 primary UM patients from
8 mL of blood correlating with shorter PFS and OS [91]. Indeed it
appears as though currently the combination of CD63 and gp100
or for the isolation of CTCs in primary UM is the most suitable
capture technique, given that all studies from this group have
achieved >90% detection rate [86, 92-94] with median cell counts
>1.66 per 10mL of blood. Lastly, in addition to RT-PCR and
immunomagnetic isolation, primary UM CTCs have been isolated
using filtration with a detection rate of 31-54% patients with
localised disease [78, 95]. Using the ISET filtration system, it was
shown that more than 10 CTCs per 10 mL of blood were an
indicator of poorer prognosis over a 24 month period [95].

Even though most CTC isolation studies have focused on
primary disease, some studies also have investigated metastatic
UM. Initially, Bidard et al. 2014 described the use of the CellSearch
system to detect CTCs in metastatic UM where CTCs were
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detected in 30% patients and CTC count was strongly associated
with the presence of miliary hepatic metastases, the total volume
of disease, progression-free survival, and overall survival [89].
CellSearch was also used to compare CTC counts between arterial
and venous blood from metastatic UM patients. CTCs were
detectable in 100% of arterial blood compared to 53% in paired
venous blood, with higher median cell counts and absolute ranges
[90]. More recently, Anand et al. 2019 found CTCs in 42% of
metastatic patients compared to only 30% at the primary localised
stage [87].

Despite the variety of CTC detection methodologies, there is
conflicting evidence on whether the enumeration of CTCs is
prognostically relevant in metastatic UM [89]. The combined data
indicates that CTCs are present in the blood of UM patients with
primary disease. Given the opposing results of some studies,
further investigation is needed to understand if a subtype of CTCs,
isolated by some specific methods, is associated with high-risk UM
and, therefore, prognostically relevant. Interestingly, circulating
melanocytes or “CTCs” have not shown to be detectable in
patients with ocular naevi [88, 95], which may identify cases at risk
of malignant transformation. Thus, this may present an opportu-
nity for minimally invasive diagnosis, but given the limited reports
further validation is required.

Many different factors may affect the recovery and detection of
CTCs (Table 1, Supplementary Table 1) outside of the specific
detection system. For example, the use of fixative tubes such as
Streck or CellSave have a marked improvement on CTC recovery
when analysis is delayed [96], but in general EDTA is suitable if
processing occurs quickly after blood draw. In UM, studies that
have utilised the CellSearch have opted for the companion
CellSave tubes, whereas others have used EDTA or heparin. In vitro
analysis of spiked “CTC mimic” in EDTA tubes showed significant
reduction of recovered cells after 1h [97]. However, storage
temperature was not noted in this study which may also be a
crucial factor as it is in ctDNA. Other important factors include the
input sample type, such as from whole blood (ISET/CellSearch),
white blood cells after red blood cell lysis, or peripheral blood
mononuclear cells, which may all potentially confound isolation
and analysis due to different background levels and types of
leucocytes and this has been quite varied historically in UM.

Circulating tumour cells genetic analysis

Beyond enumeration, CTCs can be used as accessible samples to
analyse the genetic profile of the tumours in an individual.
Previous work has indicated that CTCs can be used to detect
tumour-specific mutations and SCNAs. For example, in small-cell
lung cancer, SCNAs found in CTCs that could with reasonable
certainty predict whether a tumour would respond to chemother-
apy [98]. Similarly, in a pan-cancer study incorporating colon, lung,
gastric, and prostate cancer, tumour-specific mutations could be
sporadically detected in CTCs as well as focal SCNAs in the MYC
and PTEN genes in all CTCs which were only detected in minor
fractions of tumour cells within the primary tumour, possibly
indicating selection for metastases [99].

An early report showed the analysis of SCNAs from single UM
CTCs using array comparative genomic hybridisation (aCGH). In
this study, the authors found that the aCGH profiles of the MCSP
positive UM CTCs had aberrations indicative of UM, such as
monosomy of chromosome 3. However, these cells were not
compared to the tumour of origin [100]. Another study utilised
fluorescence in-situ hybridisation (FISH) targeting chromosome 3
and found that monosomy 3 could be detected in CTCs in 53% of
patients. Somatic copy number alterations to chromosome 3 in
CTCs and tumours were found to be highly concordant, with 91%
of the matched tumours and CTCs harbouring the same
chromosome 3 status [93]. Similarly, we showed that whole
genome amplification (WGA) combined with low pass whole
genome sequencing (LP-WGS) can be used to profile SCNA on UM

CTCs. The CTCs harboured profiles highly concordant with the
primary tissue [85]. Our results are supported by evidence that UM
genetic mutations and chromosomal aberrations found in the
primary tumour are also present in the patient-matched
metastases [101], as UM is regarded as genetically stable disease
[102]. The results of these studies support a model for detection of
SCNAs associated with UM prognosis through the analysis of CTCs.
However, this method needs rigorous clinical validation before it
can be used as an alternative prognostic test.

Circulating tumour DNA

Another blood based biomarker, increasingly attracting attention,
is circulating tumour DNA (ctDNA) (Fig. 3a—c) [103]. ctDNA forms
as a result of apoptosis or necrosis of tumour cells, or actively
secreted from tumour cells thus reflecting the evolving genetic
alterations of all solid tumours present at any one time within a
patient [104]. Clinically, ctDNA analysis can provide critical clinical
information. For example, in stage Il colon cancer, previous
research has shown that ctDNA detection after resection provides
evidence that residual disease remains, that this identifies patients
at a high-risk of relapse, and could be used to guide the use of
adjuvant chemotherapy [105]. Not only can the quantification of
plasma ctDNA provide clinicians with treatment guidance, but also
the presence of druggable driver mutations in tumours. In non-
small cell lung cancer, a common marker of resistance to EGFR
tyrosine kinase inhibitors is the EGFR T790M mutation. Detection
of this mutation in the plasma ctDNA by the FDA approved “cobas
EGFR Mutation Test v2" can be used to guide treatment selection,
allowing for treatment with Osimertinib [106]. More recently, the
approval of Guardant360 CDx by the FDA as the first liquid biopsy
test that uses next-generation sequencing marks a new era for
mutation testing in oncology [107].

For cutaneous melanoma, ctDNA have been shown to correlate
with tumour size, accurately represent tumour mutations, detect
recurrence [108, 109] and treatment failure prior to radiological
imaging [110-112]. In addition, ctDNA detection can be used to
identify stage Il melanoma patients at high-risk of relapse
[113, 114]. In UM, more than 95% of patients harbour mutually
exclusive recurrent mutations affecting GNA17 (Q209, R183), GNAQ
(Q209, R183), PLCS4 (D630), or CYSLTR2 (L129) [23, 43]. Although
these mutations are not prognostic, they allow for the detection of
ctDNA in most patients, using a targeted approach. However,
there is limited literature on the use of ctDNA detection. Reports
on the detection and quantification of ctDNA in UM patients are
listed in Table 2.

In primary UM, a recent study ctDNA was detected in 100% of
primary UM, and 50% of ocular naevi, with ctDNA levels
correlating with malignancy [115] using droplet digital PCR
(ddPCR) to detect mutation in GNAQ, GNAT1, PLC34, and CYSLTR2.
In contrast, in our previous study ctDNA was only detectable in
26% of patients with primary UM prior to localised therapy [85]
using ddPCR, and did not correlate with clinical or histological
markers of disease. However, there was a slight trend toward
detection with increased tumour size. Other recent studies
confirmed this finding, showing ctDNA detection in only 2% (3/
135) [116] using ultra-deep amplicon sequencing, or 9% (3/32)
using ddPCR [81] targeting known mutations in primary UM cases.
Thus, the detectability of ctDNA in primary UM is still controversial
and requires further investigation.

Currently, studies monitoring ctDNA in UM patients after
resolution of the primary lesion are conflicting. Some have shown
that ctDNA detection preceded the clinical diagnosis of metastasis
by 2-10 months [85, 116, 117]. In one of our case studies, ctDNA
detected metastases in a patient with low-grade lymphoprolifera-
tive disease and pulmonary embolism, which caused interference
of UM detection through PET-CT [85]. Conversely, one study
utilising Guardant360 CDx showed ctDNA was less sensitive than
MRI [118] at detecting metastatic disease. However, extensive
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prospective studies with standardised radiological comparators
are required to validate the clinical utility of ctDNA for monitoring
of high-risk UM patients for early evidence of metastases. A key
consideration for the use of ctDNA for early detection of disease
relapse is the minimum tumour size/burden and ctDNA shedding
by higher tumour turnover. We have shown in cutaneous
melanoma that ctDNA only becomes consistently detectable at
a metabolic tumour burden of >10 total lesion glycolysis units or
metabolic tumour volume of >4 mm?3, both values calculated from
'®F_labelled fluorodeoxyglucose PET-CT scans [109]. Nevertheless,
assay sensitivity may be improved through the optimisation of
pre-analytical, analytical and bioinformatic practices [119]. In our
experience, another key component of ctDNA detectability is the
location of disease. For example, in cutaneous melanoma we
found that patients with intracranial metastases harbour no
detectable ctDNA [120]. In contrast, we observed that lesions
arising in the liver were generally readily detectable through
ctDNA, even at small tumour volumes. Given that liver is the initial
metastatic site in almost all UM cases, ctDNA would be expected
to detect metastatic disease in UM with high sensitivity.

Lastly in metastatic UM, studies utilising ultra-deep sequencing
(without unique molecular identifiers (UMI) barcoding), detected
ctDNA in approximately 41% and 80% of patients with metastatic
UM [116, 121]. Other studies, used pyrophosphorolysis-activated
polymerisation to detect ctDNA in 82-95% of patients with
metastatic disease [89, 122-124], or ddPCR detecting ctDNA in
55-100% [81, 85, 125]. The level of ctDNA in metastatic UM has
been shown to correlate with tumour volume [89, 122, 124],
miliary hepatic metastases, quantity of CTCs, progression-free
survival, and overall survival [89]. Furthermore, ctDNA has shown
to be a superior marker of survival prediction compared to CTCs
[89] in metastatic UM.

Another promising clinical use of ctDNA in metastatic UM is the
monitoring of patient response during therapy [123, 125, 126].
Currently, the most comprehensive study monitoring ctDNA in UM
patients throughout a therapeutic intervention showed that
baseline ctDNA correlates with lactate dehydrogenase levels and
the sum of the product of bi-dimensional diameters at baseline
[125]. Furthermore, ctDNA rise preceded radiological progression
of disease with a 4-10-week lead time [125]. Although there are
currently no effective treatments for the long-term survival of UM,
as future treatments become available ctDNA could be a vital
clinical marker of treatment failure and enable the early switch of
treatments. In addition, its inclusion in clinical trials could provide
early evidence of response expediting drug development.

There are many important considerations when assessing
ctDNA (Table 2). Firstly, increasing the plasma/serum or several
mutational targets would increase the sensitivity of ctDNA
detection [127]. In general, most studies in UM outside of those
using next-generation sequencing (NGS) panels, such as Park et al.
2021 or Francis et al. 2021, assess only the known driver mutations
using targeted approaches such as ddPCR or bi-PAP rather than
also encompassing other recurrently mutated genes such as BAP1,
SF3B1 or EIF1AX. Another important pre-analytical consideration is
the choice in blood tube. Firstly, plasma is generally regarded as
the preferred medium as research has shown that serum contains
larger DNA fragments, likely due to apoptosis of haematopoietic
cells during clotting; unique ctDNA molecules and variant allele
frequencies are lower in serum; and rarer mutant ctDNA copies are
undetectable in serum when compared to plasma [128]. While
plasma is generally opted for, there are many different tube types
that affect the detection of ctDNA. Historically, EDTA has been the
preferred solution [129], especially over heparin which is known to
inhibit Tag polymerase. Newer developments have incorporated
EDTA and some form of fixative to extend the window in which
plasma is still viable for ctDNA analysis. Previous research has
shown that apoptosis of leucocytes in EDTA tubes is apparent by
24 hours at room temperature and two days at 4 °C [130]. Whereas
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in fixative tubes, such as Streck cfDNA BCTs, even after seven days
at room temperature there is no evidence of gDNA contamination
from lysed leucocytes [130]. Lastly, double-centrifugation, choice
of extraction kit, and elution volumes have a measurable impact
on the detection of ctDNA. The gold standard for ctDNA has
generally been regarded as the Qiagen Circulating Nucleic Acid
Kit, which has been consistently shown to recover the most cell-
free DNA [131, 132]. It is apparent that in UM studies have mostly
opted for EDTA blood tubes and Qiagen extraction kits, however,
elution volumes have been variable. There is some evidence to
suggest that increasing elution volumes improves the overall DNA
yield from Qiagen columns [133].

Circulating Micro RNA

Another circulating nucleic acid that could serve as a blood
biomarker is miRNA (Fig. 3a-c). MicroRNAs are a family of small
non-coding RNA that can regulate gene expression post-
transcriptionally. Compelling evidence has demonstrated that
dysregulated miRNA expression is an intrinsic feature of human
cancers. The first report of miRNA dysregulation in cancer came
from B-cell lymphoma, where the authors found that deletions to
13914 in B-cell lymphoma caused down-regulation of miRNAs-15
and 16 [134]. These two miRNAs were later found to affect cell
proliferation [135]. Since then, many studies have demonstrated
that the expression of miRNAs is dysregulated in different tumours
[136]. Cancer cells with abnormal miRNA expression evolve the
capability to sustain proliferative signalling, evade growth
suppressors, resist cell death, activate invasion and metastasis,
and induce angiogenesis [136]. Studies in many different cancer
types and stages have shown that cmiRNA might be useful in
either a diagnostic or prognostic capability in breast (miR-21),
colorectal (miR-21), non-small cell lung (miR-21), or prostate (miR-
375) cancer, and melanoma (miR-221) [137].

Worley et al. found upregulation of miRNA- let-7b, 143, 1993,
199a*, 193b, and 652 in primary UM tissue, which could
discriminate patients with class 2 from class 1 with 100%
sensitivity and specificity [138]. Recent advances in the genetic
profiling of primary UM tumours revealed four distinct prognostic
classifications [23]. Within these molecular subsets, four main
miRNA expression clusters were found. These miRNA expression
clusters were associated with monosomy 3 and DNA methylation
[23]. As the levels of miRNA expression appear to correlate with
prognostic classes within the primary tumour, plasma/serum
levels of miRNA might also reveal prognostic information. Reports
of cmiRNA found differentially expressed in UM patients described
in Table 3. However, only one study, so far, has reported on the
prognosis value of plasma miRNAs in primary UM, indicating that
elevated plasma levels of miRNA-96b, miR-199a-5p and miR-233
were detected in patients with monosomy 3 [139].

A study by Stark et al. [140], indicated that miR-211 levels were
significantly elevated in serum of metastatic UM patients. In
contrast, a previous study reported that plasma miR-146a,
together with miR-20a, 125b, 155 and 223 were elevated when
metastasis manifested [141]. Further studies are needed to
validate these findings, as serum/plasma miRNA analysis may
provide a simple strategy for monitoring recurrence in UM
patients.

Although ophthalmologists can generally classify pigmented
choroidal lesions into a naevi or a UM through various imaging
modalities, some pathologies are difficult to differentiate and,
hence, remain classified as indeterminate choroidal melanocytic
lesions. In addition, the high prevalence of choroidal naevi (~5% of
adults) poses a clinical burden, despite the low risk of
transformation (<1%), with patients requiring yearly monitoring
[142]. Multiple studies have described the potential of plasma/
serum miRNA as a discriminator between healthy controls and
patients with primary or metastatic disease. Differential expression
of circulating miR-20a, 125b, 146a, 155, 181a, and 223 has been
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previously detected in patients with primary disease compared to
healthy controls [141]. In addition, two independent studies have
also identified upregulation of miRNA-146a in the serum of
patients with UM relative to healthy controls [143, 144]. Recently,
we reported that serum miR-146a, as well as miR-16, miR-145, miR-
204, miR-211 and miR-363-3p, could differentiate patients with a
benign uveal naevus from patient with primary UM with 93%
sensitivity and 100% sensitivity [140]. However, the number of
participants was low and requires further validation. In general,
blood-based analysis of cmiRNA in UM is lacking and to date, the
only miRNA consistently reported to increase with the develop-
ment and progression of UM is miR-146a.

There are a few considerations for their analysis and interpreta-
tion of cmiRNA (Table 3), and currently one of the largest
challenges in the field is their reproducibility. Similar to ctDNA, the
choice of bio-fluid can impact the interpretation of results. Most
c¢miRNA studies have utilised serum, and serum may cause miRNA
to be released from blood cells during the coagulation process
[145]. Whereas platelet contamination may be an issue in plasma
samples but can be removed via further centrifugation steps [146].
Therefore, it is important to keep in mind sample type when
comparing across sample types. Again similarly to ctDNA as
described above, the choice of extraction kit is important and
again Qiagen miRNA mini kits appear to the most promising
option currently for consistency and yield [147]. Many studies
have utilised large scale miRNA microarrays for discovery, and
previous research has shown that while intra-platform repeat-
ability is high, inter-platform concordance is poor [148], and it
appears that small RNA-seq is arguably the best overall method
[149] but has not been utilised in UM to date. Lastly, data
normalisation has been an area of debate whether to use the
global mean expression or synthetic spike in controls such as c.
elegans cel-miR-39, and results been methods should be carefully
compared.

Studies assessing cmiRNA in UM currently lack method
standardisation, even more so than those in CTCs and ctDNA.
The results are difficult to compare and the reproducibility of
individual cmiRNA seem unclear. Future studies validating current
findings are needed to fully elucidate cmiRNA's ability to provide
diagnostic or prognostic information. Overall there is a lack of
substantive evidence on the clinical validity of cmiRNA as a
biomarker for UM. However, the existing reports suggest that
some c¢cmiRNAs may serve as an indicator of early malignant
transformation of ocular naevi into primary UM.

Exosomes

Both serum and plasma contain small extracellular vesicles known
to contain DNA, RNA, miRNA and proteins [150]. To our knowl-
edge, only three published papers and one published abstract
investigate exosomes as a primary focus in more than 1-2 patients
in UM from the blood. For example, in Ragusa et al. 2015
comparison of serum cmiRNA to vitreous humour and vitreous
humour exosomes in primary UM and revealed that of 27
differentially expressed exosomes in the vitreous exosomes, 6
miRNAs matched both the vitreous humour and vitreous humour
exosomes. Of these, miR-146a appeared to be the most elevated
among the three sample types [143]. Eldh et al. isolated exosomes
from liver perfusate of metastatic UM patients undergoing
isolated hepatic perfusion [151]. The authors found upregulation
of several miRNAs of which only miR-125b and 25 have been
previously reported as differentially expressed in metastatic or
poor prognosis UMs [139, 141]. Next, Frenkel et al. found that the
mean size of exosomes were larger in those that developed
metastases over those who were on observation [152]. Lastly,
Wréblewska et al., 2021 using the Bio-Plex 37-plex human
inflammation immunoassay assessed the protein profile of serum
exosomes in primary and metastatic UM. The authors found that
metastatic UM had significant enrichment of inflammatory
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markers, such as interferon y, when compared to primary UM,
and thus may potentially be suitable for detecting metastatic UM
[153]. Other studies have combined uveal or ocular melanoma
[154, 155], thus no strong conclusions about UM can be drawn.
However, it does appear that potentially capturing UM exosomes
via MCSP immunomagnetic beads may be more informative [155]
rather than overall profiling. Currently, due to the lack of studies,
there is little evidence of the clinical utility of exosomes in UM and
future studies are needed to investigate them more thoroughly as
markers.

FUTURE DIRECTIONS AND CONCLUSIONS

Over the last few decades, we have gained a better understanding
of the biology of UM. However, significant improvements in the
clinical outcome of this disease are still lagging. Like with all
cancers, early detection and early treatment could greatly improve
survival outcomes. In this regard, minimally invasive blood tests
have a great potential to improve early diagnosis of primary UM,
disease prognostication and detection of metastatic lesions,
enabling timely and less radical therapeutic interventions (Fig. 4).

Based on our current knowledge, different types of liquid
biopsies can serve different purposes. For example, serum miRNA
may be useful for the identification and differentiation of benign
melanocytic lesions from primary UM. This approach would help
alleviate patient’s concerns after diagnosis, and more importantly,
it would allow for earlier interventions, if UM is the confirmed
condition. Treatment of small UM lesions has several advantages,
such as allowing for sight preserving therapy and reducing the risk
of metastases [5].

Following diagnosis of UM, CTCs could be used as a minimally
invasive prognostic test to establish the risk of metastasis.
Currently, the use of tumour biopsies for prognosis purposes
varies significantly between practices around the world, generally
affected by fears of poor sight altering outcomes. Using a
minimally invasive prognostic test, such as CTCs, would improve
clinical outcomes by allowing more efficient monitoring of high-
risk UM patients, potentially enabling earlier surgical or ther-
apeutic interventions. Furthermore, CTC testing could serve as a
marker to select patients for adjuvant clinical trials. Currently,
various targeted therapies and immunotherapies for UM are
undergoing clinical trials (http://www.clinicaltrials.gov). While
these trials herald a new and promising era with more effective
treatments, it remains crucial to improve the early identification of
high-risk patients.

Lastly, ctDNA testing could serve as regular monitoring
modality for the early detection of metastatic disease. This test
could be performed routinely, to function as a complementary test
or as an alternative to expensive and invasive radiological scans.
Earlier detection of metastases will enable more timely treatments
or surgical interventions, both critical to improve patients’
outcomes.

CtDNA could also serve as a suitable method of minimally
invasive treatment monitoring for metastatic UM and could be
used to inform clinicians of changes to tumour burden and,
potentially, early evaluation of response in future clinical trials. In
particular, ctDNA sequencing may help to identify a proportion of
patients likely to respond to immune checkpoint blockade. For
example, although UM carries low number of mutations, iris
melanomas have been shown to carry high tumour mutational
burden which may be predictive of response to immunotherapies
[43]. In addition, evidence suggests that patients with MBD4
mutations respond to immune checkpoint blockade [126], likely
due to the increased tumour mutational burden produced by the
defect which causes wide-scale deamination of 5-methylcytosine
(CpG to TpG).

In the future, liquid biopsies may be able to answer even more
complex questions regarding UM progression. For example, recent
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Fig. 4 Suggested applications of liquid biopsy for the management of uveal melanoma. Plasma cmiRNA profiling could be used to
distinguish a suspicious naevus from a small UM lesion. Upon diagnosis of UM, analysis of CTCs can provide information on prognostically
relevant SCNAs. After treatment of the primary tumour, regular monitoring of plasma ctDNA could serve as an early indicator metastatic
disease. Plasma ctDNA can be also used for monitoring of response to treatment and disease progression in patients with metastatic disease.

studies have started to unravel the complexities of the tumour
microenvironment, at a single-cell level, in primary and metastatic
UM. This may one day lead to the discovery of new targets for
therapy [156]. Such studies are possible thanks to novel single-cell
RNA sequencing technologies, which could also help with the
profiling of CTCs, to evaluate transcriptional changes that enable
their dissemination throughout the body and the successful
metastatic colonisation of the liver. On the other hand, ctDNA
could be used to monitor genetic and epigenetic changes [157]
during UM tumour development as they adapt and become
resistant to treatment, as has been shown for other cancers.
Altogether, the current evidence strongly suggests that liquid
biopsies are a promising tool in UM to obtain detailed and
valuable tumour information that can improve disease manage-
ment through a personalised treatment selection, but these
markers still require further investigation due to the lack of
standardisation of methodologies and pre-analytical factors. Due
to the rarity of the disease, large-scale multi-centre trials are
needed to fully validate liquid biopsies in UM.

REFERENCES

1. Dogrusoz M, Jager MJ, Damato B. Uveal melanoma treatment and prog-
nostication. Asia Pac J Ophthalmol (Philos). 2017;6:186-96.

2. Damato B. Detection of uveal melanoma by optometrists in the United King-
dom. Ophthalmic Physiol Opt. 2001;21:268-71.

3. Chattopadhyay C, Kim DW, Gombos DS, Oba J, Qin Y, Williams MD, et al. Uveal
melanoma: From diagnosis to treatment and the science in between. Cancer.
2016;122:2299-312.

4. Ah-Fat FG, Damato BE. Delays in the diagnosis of uveal melanoma and effect on
treatment. Eye (Lond). 1998;12:781-2. Pt 5

5. Shields CL, Furuta M, Thangappan A, Nagori S, Mashayekhi A, Lally DR, et al.
Metastasis of uveal melanoma millimeter-by-millimeter in 8033 consecutive
eyes. Arch Ophthalmol. 2009;127:989-98.

6. NCCN. NCCN Clinical Practice Guidelines in Oncology: Uveal Melanoma V
2.2020. 2020; https://www.nccn.org/professionals/physician_gls/pdf/uveal.pdf.

7. Shields CL, Kels JG, Shields JA. Melanoma of the eye: revealing hidden secrets,
one at a time. Clin Dermatol. 2015;33:183-96.

8. Yang J, Manson DK, Marr BP, Carvajal RD. Treatment of uveal melanoma: where
are we now? Ther Adv Med Oncol. 2018;10:1758834018757175.

9. Shields CL, Cater J, Shields JA, Singh AD, Santos MC, Carvalho C. Combination of
clinical factors predictive of growth of small choroidal melanocytic tumors. Arch
Ophthalmol. 2000;118:360-4.

10. Singh AD, Turell ME, Topham AK. Uveal melanoma: trends in incidence, treat-
ment, and survival. Ophthalmology 2011;118:1881-5.

11. Aronow ME, Topham AK, Singh AD. Uveal Melanoma: 5-Year Update on Inci-
dence, Treatment, and Survival (SEER 1973-2013). Ocul Oncol Pathol.
2018;4:145-51.

12. Beasley AB, Preen DB, McLenachan S, Gray ES, Chen FK. Incidence and mortality
of uveal melanoma in Australia (1982 to 2014). Br J Ophthalmol. 2021; https://
doi.org/10.1136/bjophthalmol-2021-319700.

13. Balasubramanya R, Selvarajan SK, Cox M, Joshi G, Deshmukh S, Mitchell DG, et al.
Imaging of ocular melanoma metastasis. Br J Radio. 2016;89:20160092-20160092.

14. Finger PT, Kurli M, Reddy S, Tena LB, Pavlick AC. Whole body PET/CT for initial
staging of choroidal melanoma. Br J Ophthalmol. 2005;89:1270-4.

15. Gragoudas ES, Egan KM, Seddon JM, Glynn RJ, Walsh SM, Finn SM, et al. Survival of
patients with metastases from uveal melanoma. Ophthalmology 1991;98:383-9.
discussion 390.

16. Chew AL, Spilsbury K, Isaacs TW. Survival from uveal melanoma in Western
Australia 1981-2005. Clin Exp Ophthalmol. 2015;43:422-8.

17. Rietschel P, Panageas KS, Hanlon C, Patel A, Abramson DH, Chapman PB. Vari-
ates of survival in metastatic uveal melanoma. J Clin Oncol. 2005;23:8076-80.

18. Diener-West M, Reynolds SM, Agugliaro DJ, Caldwell R, Cumming K, Earle JD,
et al. Screening for metastasis from choroidal melanoma: The Collaborative
Ocular Melanoma Study Group Report 23. J Clin Oncol. 2004;22:2438-44.

19. COMS-15. Assessment of metastatic disease status at death in 435 patients with
large choroidal melanoma in the Collaborative Ocular Melanoma Study (COMS):
COMS report no. 15. Arch Ophthalmol. 2001;119:670-6.

20. COMS-26. Development of metastatic disease after enrollment in the COMS
trials for treatment of choroidal melanoma: Collaborative Ocular Melanoma
Study Group Report No. 26. Arch Ophthalmol. 2005;123:1639-43.

21. Shields CL, Kaliki S, Furuta M, Fulco E, Alarcon C, Shields JA. American Joint
Committee on Cancer classification of posterior uveal melanoma (tumor size
category) predicts prognosis in 7731 patients. Ophthalmology 2013;120:2066-71.

22. Kaliki S, Shields CL, Shields JA. Uveal melanoma: Estimating prognosis. Indian J
Ophthalmol. 2015;63:93-102.

23. Robertson AG, Shih J, Yau C, Gibb EA, Oba J, Mungall KL, et al. Integrative
analysis identifies four molecular and clinical subsets in uveal melanoma. Cancer
Cell. 2017;32:204-20.e215.

24. Harbour JW, Chen R. The DecisionDx-UM gene expression profile test provides risk
stratification and individualized patient care in uveal melanoma. PLoS Currents.
2013;5:ecurrents.eogt.af8ba80fc776c778f771ce778f775dc485d774a618.

British Journal of Cancer (2022) 126:1511-1528


https://www.nccn.org/professionals/physician_gls/pdf/uveal.pdf
https://doi.org/10.1136/bjophthalmol-2021-319700
https://doi.org/10.1136/bjophthalmol-2021-319700

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Plasseraud KM, Cook RW, Tsai T, Shildkrot Y, Middlebrook B, Maetzold D, et al.
Clinical performance and management outcomes with the DecisionDx-UM
gene expression profile test in a prospective multicenter study. J Oncol.
2016;2016:5325762.

van Gils W, Lodder EM, Mensink HW, Kilic E, Naus NC, Bruggenwirth HT, et al.
Gene expression profiling in uveal melanoma: two regions on 3p related to
prognosis. Invest Ophthalmol Vis Sci. 2008;49:4254-62.

Onken MD, Worley LA, Char DH, Augsburger JJ, Correa ZM, Nudleman E, et al.
Collaborative ocular oncology group report number 1: prospective validation
of a multi-gene prognostic assay in uveal melanoma. Ophthalmology.
2012;119:1596-603.

Field MG, Decatur CL, Kurtenbach S, Gezgin G, van der Velden PA, Jager MJ,
et al. PRAME as an independent biomarker for metastasis in uveal melanoma.
Clin Cancer Res. 2016;22:1234-42.

Epping MT, Wang L, Edel MJ, Carlee L, Hernandez M, Bernards R. The human
tumor antigen PRAME is a dominant repressor of retinoic acid receptor sig-
naling. Cell. 2005;122:835-47.

Sisley K, Rennie IG, Cottam DW, Potter AM, Potter CW, Rees RC. Cytogenetic
findings in six posterior uveal melanomas: involvement of chromosomes 3, 6,
and 8. Genes Chromosomes Cancer. 1990;2:205-9.

Scholes AG, Damato BE, Nunn J, Hiscott P, Grierson |, Field JK. Monosomy 3 in
uveal melanoma: correlation with clinical and histologic predictors of survival.
Investigative Ophthalmol Vis Sci. 2003;44:1008-11.

Aalto Y, Eriksson L, Seregard S, Larsson O, Knuutila S. Concomitant loss of
chromosome 3 and whole arm losses and gains of chromosome 1, 6, or 8 in
metastasizing primary uveal melanoma. Investigative Ophthalmol Vis Sci.
2001;42:313-7.

Karlsson J, Nilsson LM, Mitra S, Alsén S, Shelke GV, Sah VR, et al. Molecular profiling
of driver events in metastatic uveal melanoma. Nat Commun. 2020;11:1894.
Hoglund M, Gisselsson D, Hansen GB, White VA, Sall T, Mitelman F, et al. Dissecting
karyotypic patterns in malignant melanomas: temporal clustering of losses and
gains in melanoma karyotypic evolution. Int J Cancer. 2004;108:57-65.

Kilic E, Naus NC, van Gils W, Klaver CC, van Til ME, Verbiest MM, et al. Con-
current loss of chromosome arm 1p and chromosome 3 predicts a decreased
disease-free survival in uveal melanoma patients. Investigative Ophthalmol
Vis Sci. 2005;46:2253-7.

Vichitvejpaisal P, Dalvin LA, Mazloumi M, Ewens KG, Ganguly A, Shields CL.
Genetic analysis of uveal melanoma in 658 patients using the cancer genome
atlas classification of uveal melanoma as A, B, C, and D. Ophthalmology.
2019;126:1445-53.

Damato B, Dopierala J, Klaasen A, van Dijk M, Sibbring J, Coupland SE. Multiplex
ligation-dependent probe amplification of uveal melanoma: correlation with
metastatic death. Investigative Ophthalmol Vis Sci. 2009;50:3048-55.

Ehlers JP, Worley L, Onken MD, Harbour JW. Integrative genomic analysis of
aneuploidy in uveal melanoma. Clin Cancer Res. 2008;14:115-22.

Damato B, Dopierala JA, Coupland SE. Genotypic profiling of 452 choroidal
melanomas with multiplex ligation-dependent probe amplification. Clin Cancer
Res. 2010;16:6083-92.

Mazloumi M, Vichitvejpaisal P, Dalvin LA, Yaghy A, Ewens KG, Ganguly A, et al.
Accuracy of The Cancer Genome Atlas Classification vs American Joint Com-
mittee on Cancer Classification for Prediction of Metastasis in Patients With
Uveal Melanoma. JAMA Ophthalmol. 2020;138:260-7.

Eleuteri A, Taktak AFG, Coupland SE, Heimann H, Kalirai H, Damato B. Prog-
nostication of metastatic death in uveal melanoma patients: A Markov multi-
state model. Comput Biol Med. 2018;102:151-6.

Vaquero-Garcia J, Lalonde E, Ewens KG, Ebrahimzadeh J, Richard-Yutz J, Shields
CL, et al. PRiMeUM: a model for predicting risk of metastasis in uveal melanoma.
Invest Ophthalmol Vis Sci. 2017;58:4096-105.

Johansson PA, Brooks K, Newell F, Palmer JM, Wilmott JS, Pritchard AL, et al.
Whole genome landscapes of uveal melanoma show an ultraviolet radiation
signature in iris tumours. Nat Commun. 2020;11:2408.

Johansson P, Aoude LG, Wadt K, Glasson WJ, Warrier SK, Hewitt AW, et al. Deep
sequencing of uveal melanoma identifies a recurrent mutation in PLCB4.
Oncotarget. 2016;7:4624-31.

Moore AR, Ceraudo E, Sher JJ, Guan Y, Shoushtari AN, Chang MT, et al. Recurrent
activating mutations of G-protein-coupled receptor CYSLTR2 in uveal mela-
noma. Nat Genet. 2016;48:675-80.

Harbour JW, Onken MD, Roberson ED, Duan S, Cao L, Worley LA, et al. Frequent
mutation of BAP1 in metastasizing uveal melanomas. Science. 2010;330:1410-3.
Han A, Purwin TJ, Bechtel N, Liao C, Chua V, Seifert E, et al. BAP1 mutant uveal
melanoma is stratified by metabolic phenotypes with distinct vulnerability to
metabolic inhibitors. Oncogene. 2021;40:618-32.

Yavuzyigitoglu S, Drabarek W, Smit KN, van Poppelen N, Koopmans AE, Vaar-
water J, et al. Correlation of Gene Mutation Status with Copy Number Profile in
Uveal Melanoma. Ophthalmology. 2017;124:573-5.

British Journal of Cancer (2022) 126:1511-1528

AB.

Beasley et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Singh AD, Pelayes DE, Brainard JA, Biscotti CV. History, indications, techniques
and limitations. Monogr Clin Cytol. 2012;21:1-9.

Singh AD, Medina CA, Singh N, Aronow ME, Biscotti CV, Triozzi PL. Fine-needle
aspiration biopsy of uveal melanoma: outcomes and complications. Br J Oph-
thalmol. 2016;100:456-62.

Shields JA, Shields CL, Shah P, Sivalingam V. Partial lamellar sclerouvectomy for
ciliary body and choroidal tumors. Ophthalmology 1991;98:971-83.

Damato B. The role of eyewall resection in uveal melanoma management. Int
Ophthalmol Clin. 2006;46:81-93.

Sellam A, Desjardins L, Barnhill R, Plancher C, Asselain B, Savignoni A, et al. Fine
Needle Aspiration Biopsy in Uveal Melanoma: Technique, Complications, and
Outcomes. Am J Ophthalmol. 2016;162:28-34.e21.

Dopierala J, Damato BE, Lake SL, Taktak AF, Coupland SE. Genetic heterogeneity
in uveal melanoma assessed by multiplex ligation-dependent probe amplifi-
cation. Invest Ophthalmol Vis Sci. 2010;51:4898-905.

Ndulue JK, Mashayekhi A, Shields CL. Ciliary body seeding after pars plana
transvitreal fine-needle aspiration biopsy of choroidal melanoma. J Ophthalmic
Vis Res. 2020;15:252-5.

McCannel TA, Chang MY, Burgess BL. Multi-year follow-up of fine-needle
aspiration biopsy in choroidal melanoma. Ophthalmology. 2012;119:606-10.
Beasley AB, Bentel J, Allcock RIN, Vermeulen T, Calapre L, Isaacs T, et al. Low-
pass whole-genome sequencing as a method of determining copy number
variations in uveal melanoma tissue samples. J Mol Diagn. 2020;22:429-34.
Beran TM, McCannel TA, Stanton AL, Straatsma BR, Burgess BL. Reactions to and
desire for prognostic testing in choroidal melanoma patients. J Genet Couns.
2009;18:265-74.

Hope-Stone L, Ablett J, Salmon P. Reflections on a Health Psychology service for
patients with uveal melanoma: the challenge of psychological screening and
intervention when distress is ‘normal’. J Clin Psychol Med Settings. 2019;26:421-9.
Ly LV, Odish OF, Wolff-Rouendaal D, Missotten GS, Luyten GP, Jager MJ. Intra-
vascular presence of tumor cells as prognostic parameter in uveal melanoma: a
35-year survey. Investigative Ophthalmol Vis Sci. 2010;51:658-65.

Bron AJ, Tripathi RC, Tripathi BJ Wolff's Anatomy of the Eye and Orbit, 8th ed.
Taylor & Francis Ltd: London, United Kingdom, 1998.

Lianidou E, Pantel K. Liquid biopsies. Genes Chromosom. Cancer 2019;58:219-32.
Graf RP, Hullings M, Barnett ES, Carbone E, Dittamore R, Scher HI. Clinical utility
of the nuclear-localized AR-V7 biomarker in circulating tumor cells in improving
physician treatment choice in castration-resistant prostate cancer. Eur Urol.
2020;77:170-7.

Bidard FC, Michiels S, Riethdorf S, Mueller V, Esserman LJ, Lucci A, et al. Circu-
lating Tumor Cells in Breast Cancer Patients Treated by Neoadjuvant Che-
motherapy: A Meta-analysis. J Natl Cancer Inst. 2018;110:560-7.

Cristofanilli M, Pierga J-Y, Reuben J, Rademaker A, Davis AA, Peeters DJ, et al.
The clinical use of circulating tumor cells (CTCs) enumeration for staging of
metastatic breast cancer (MBC): International expert consensus paper. Crit Rev
Oncol/Hematol. 2019;134:39-45.

Lucci A, Hall CS, Patel SP, Narendran B, Bauldry JB, Royal RE, et al. Circulating
Tumor Cells and Early Relapse in Node-positive Melanoma. Clin Cancer Res.
2020;26:1886-95.

Aya-Bonilla CA, Morici M, Hong X, McEvoy AC, Sullivan RJ, Freeman J, et al.
Detection and prognostic role of heterogeneous populations of melanoma
circulating tumour cells. Br J Cancer. 2020;122:1059-67.

Gray ES, Reid AL, Bowyer S, Calapre L, Siew K, Pearce R et al. Circulating mel-
anoma cell subpopulations: their heterogeneity and differential responses to
treatment. J Invest Dermatol. 2015;135:2040-48.

Horodenski J. [Studies on the presence of free cells of malignant melanoma of
the uvea in peripheral blood]. Klin Ocz. 1969;39:407-12.

Horodenski J, Prus-Sawicka K. [Further studies on the presence of free cells of
malignant uveal melanoma in the peripheral blood]. Klin Ocz. 1972;42:699-703.
Tobal K, Sherman LS, Foss AJ, Lightman SL. Detection of melanocytes from uveal
melanoma in peripheral blood using the polymerase chain reaction. Invest
Ophthalmol Vis Sci. 1993;34:2622-5.

Foss AJ, Guille MJ, Occleston NL, Hykin PG, Hungerford JL, Lightman S. The
detection of melanoma cells in peripheral blood by reverse transcription-
polymerase chain reaction. Br J Cancer. 1995;72:155-9.

El-Shabrawi Y, Langmann G, Hutter H, Kenner L, Hoefler G. Comparison of
current methods and PCR for the diagnosis of metastatic disease in uveal
malignant melanoma. Ophthalmologica. 1998;212:80.

Keilholz U, Goldin-Lang P, Bechrakis NE, Max N, Letsch A, Schmittel A, et al.
Quantitative detection of circulating tumor cells in cutaneous and ocular mel-
anoma and quality assessment by real-time reverse transcriptase-polymerase
chain reaction. Clin Cancer Res. 2004;10:1605-12.

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;15:503-7.



A.B. Beasley et al.

1526

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

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 longitudinal study. Eye.
2007;21:752-9.

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;13:1171-8.
Pinzani P, Mazzini C, Salvianti F, Massi D, Grifoni R, Paoletti C, et al. Tyrosinase
mRNA levels in the blood of uveal melanoma patients: correlation with the
number of circulating tumor cells and tumor progression. Melanoma Res.
2010;20:303-10.

Schuster R, Bechrakis NE, Stroux A, Busse A, Schmittel A, Thiel E, et al. Prognostic
relevance of circulating tumor cells in metastatic uveal melanoma. Oncology.
2011;80:57-62.

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 dissemination of tumour cells in the bloodstream.
Br J Ophthalmol. 2016;100:468-72.

Soltysova A, Sedlackova T, Dvorska D, Jasek K, Chokhachi Baradaran P, Hor-
vathova Kajabova V et al. Monosomy 3 Influences Epithelial-Mesenchymal
Transition Gene Expression in Uveal Melanoma Patients; Consequences for
Liquid Biopsy. Int J Mol Sci. 2020;21;9651.

Eide N, Faye RS, Hoifodt HK, Overgaard R, Jebsen P, Kvalheim G, et al. Immu-
nomagnetic detection of micrometastatic cells in bone marrow in uveal mela-
noma patients. Acta Ophthalmologica. 2009;87:830-6.

Suesskind D, Ulmer A, Schiebel U, Fierlbeck G, Spitzer B, Spitzer MS, et al. Cir-
culating melanoma cells in peripheral blood of patients with uveal melanoma
before and after different therapies and association with prognostic parameters:
a pilot study. Acta Ophthalmologica. 2011;89:17-24.

Ulmer A, Beutel J, Susskind D, Hilgers RD, Ziemssen F, Luke M, et al. Visualization
of circulating melanoma cells in peripheral blood of patients with primary uveal
melanoma. Clin Cancer Res. 2008;14:4469-74.

Beasley A, Isaacs T, Khattak MA, Freeman JB, Allcock R, Chen FK et al. Clinical
application of circulating tumor cells and circulating tumor DNA in uveal mel-
anoma. JCO Precis Oncol. 2018;2:P0.17.00279.

Tura A, Luke J, Merz H, Reinsberg M, Luke M, Jager MJ, et al. Identification of
circulating melanoma cells in uveal melanoma patients by dual-marker immu-
noenrichment. Investigative Ophthalmol Vis Sci. 2014;55:4395-404.

Anand K, Roszik J, Gombos D, Upshaw J, Sarli V, Meas S et al. Pilot study of
circulating tumor cells in early-stage and metastatic uveal melanoma. Cancers
(Basel). 2019;11:856.

Bande MF, Santiago M, Muinelo-Romay L, Blanco MJ, Mera P, Capeans C, et al.
Detection of circulating melanoma cells in choroidal melanocytic lesions. BMC
Res Notes. 2015;8:452.

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;134:1207-13.
Terai M, Mu Z, Eschelman DJ, Gonsalves CF, Kageyama K, Chervoneva |, et al.
Arterial blood, rather than venous blood, is a better source for circulating
melanoma cells. EBioMedicine. 2015;2:1821-6.

Beasley AB, Isaacs TW, Vermeulen T, Freeman J, DeSousa J-L, Bhikoo R, et al.
Analysis of circulating tumour cells in early-stage uveal melanoma: evaluation of
tumour marker expression to increase capture. Cancers. 2021;13:5990.
MaaBen T, Vardanyan S, Brosig A, Merz H, Ranjbar M, Kakkassery V et al.
Monosomy-3 alters the expression profile of the glucose transporters GLUT1-3
in uveal melanoma. Int J Mol Sci. 2020;21:9345.

Tura A, Merz H, Reinsberg M, Luke M, Jager MJ, Grisanti S et al. Analysis of
monosomy-3 in immunomagnetically-isolated circulating melanoma cells in
uveal melanoma patients. Pigment Cell Melanoma Res. 2016;29:583-9.

Tura A, Thieme C, Brosig A, Merz H, Ranjbar M, Vardanyan S, et al. Lower Levels
of Adiponectin and Its Receptor Adiporl in the Uveal Melanomas With
Monosomy-3. Invest Ophthalmol Vis Sci. 2020;61:12.

Mazzini C, Pinzani P, Salvianti F, Scatena C, Paglierani M, Ucci F, et al. Circulating
tumor cells detection and counting in uveal melanomas by a filtration-based
method. Cancers. 2014;6:323-32.

Rodriguez-Lee M, Kolatkar A, McCormick M, Dago AD, Kendall J, Carlsson NA,
et al. Effect of blood collection tube type and time to processing on the enu-
meration and high-content characterization of circulating tumor cells using the
high-definition single-cell assay. Arch Pathol Lab Med. 2018;142:198-207.

Ring A, Mineyev N, Zhu W, Park E, Lomas C, Punj V, et al. EpCAM based capture
detects and recovers circulating tumor cells from all subtypes of breast cancer
except claudin-low. Oncotarget. 2015;6:44623-34.

Carter L, Rothwell DG, Mesquita B, Smowton C, Leong HS, Fernandez-Gutierrez
F, et al. Molecular analysis of circulating tumor cells identifies distinct copy-

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1M1

112,

113.

114,

115.

116.

117.

118.

119.

120.

number profiles in patients with chemosensitive and chemorefractory small-cell
lung cancer. Nat Med. 2017;23:114-9.

Gao Y, Ni X, Guo H, Su Z, Ba Y, Tong Z, et al. Single-cell sequencing deciphers a
convergent evolution of copy number alterations from primary to circulating
tumor cells. Genome Res. 2017;27:1312-22.

Ulmer A, Schmidt-Kittler O, Fischer J, Ellwanger U, Rassner G, Riethmuller G, et al.
Immunomagnetic enrichment, genomic characterization, and prognostic
impact of circulating melanoma cells. Clin Cancer Res. 2004;10:531-7.
McCarthy C, Kalirai H, Lake SL, Dodson A, Damato BE, Coupland SE. Insights into
genetic alterations of liver metastases from uveal melanoma. Pigment Cell
Melanoma Res. 2016;29:60-67.

Shain AH, Bagger MM, Yu R, Chang D, Liu S, Vemula S, et al. The genetic
evolution of metastatic uveal melanoma. Nat Genet. 2019;51:1123-30.
Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y, Agrawal N, et al. Detection
of circulating tumor DNA in early- and late-stage human malignancies. Sci Transl|
Med. 2014;6:224ra224.

Aucamp J, Bronkhorst AJ, Badenhorst CPS, Pretorius PJ. The diverse origins of
circulating cell-free DNA in the human body: a critical re-evaluation of the
literature. Biol Rev Camb Philos Soc. 2018;93:1649-83.

Tie J, Wang Y, Tomasetti C, Li L, Springer S, Kinde 1, et al
Circulating tumor DNA analysis detects minimal residual disease and predicts
recurrence in patients with stage Il colon cancer. Sci Transl Med. 2016;
8:346ra392-346ra392.

Passiglia F, Rizzo S, Di Maio M, Galvano A, Badalamenti G, Listi A, et al. The
diagnostic accuracy of circulating tumor DNA for the detection of EGFR-
T790M mutation in NSCLC: a systematic review and meta-analysis. Sci Rep.
2018;8:13379.

Administration FD FDA Approves First Liquid Biopsy Next-Generation Sequen-
cing Companion Diagnostic Test. 2020; https://www.fda.gov/news-events/press-
announcements/fda-approves-first-liquid-biopsy-next-generation-sequencing-
companion-diagnostic-test.

McEvoy AC, Pereira MR, Reid A, Pearce R, Cowell L, Al-Ogaili Z, et al. Monitoring
melanoma recurrence with circulating tumor DNA: a proof of concept from
three case studies. Oncotarget. 2019;10:113-22.

McEvoy AC, Warburton L, Al-Ogaili Z, Celliers L, Calapre L, Pereira MR, et al.
Correlation between circulating tumour DNA and metabolic tumour burden in
metastatic melanoma patients. BMC Cancer. 2018;18:726.

Gray ES, Rizos H, Reid AL, Boyd SC, Pereira MR, Lo J, et al. Circulating tumor DNA
to monitor treatment response and detect acquired resistance in patients with
metastatic melanoma. Oncotarget 2015;6:42008-18.

Wong SQ, Raleigh JM, Callahan J, Vergara IA, Ftouni S, Hatzimihalis A et al.
Circulating tumor DNA analysis and functional imaging provide complementary
approaches for comprehensive disease monitoring in metastatic melanoma.
JCO Precis. Oncol. 2017; https://ascopubs.org/doi/pdf/10.1200/P0O.16.00009.
Haselmann V, Gebhardt C, Brechtel |, Duda A, Czerwinski C, Sucker A, et al.
Liquid profiling of circulating tumor DNA in plasma of melanoma patients for
companion diagnostics and monitoring of BRAF inhibitor therapy. Clin Chem.
2018;64:830-42.

Tan L, Sandhu S, Lee RJ, Li J, Callahan J, Ftouni S, et al. Prediction and mon-
itoring of relapse in stage Il melanoma using circulating tumor DNA. Ann Oncol.
2019;30:804-14.

Lee JH, Saw RP, Thompson JF, Lo S, Spillane AJ, Shannon KF, et al. Pre-operative
ctDNA predicts survival in high-risk stage Ill cutaneous melanoma patients. Ann
Oncol. 2019;30:815-22.

Bustamante P, Tsering T, Coblentz J, Mastromonaco C, Abdouh M, Fonseca C,
et al. Circulating tumor DNA tracking through driver mutations as a
liquid biopsy-based biomarker for uveal melanoma. J Exp Clin Cancer Res.
2021;40:196.

Le Guin CHD, Bornfeld N, Bechrakis NE, Jabbarli L, Richly H, Lohmann DR et al.
Early detection of metastatic uveal melanoma by the analysis of tumor-specific
mutations in cell-free plasma DNA. Cancer Med. 2021;10:5974-5982.

Francis JH, Canestraro J, Brannon AR, Barker CA, Berger M, Shoushtari AN et al.
Association of plasma circulating tumor DNA with diagnosis of metastatic uveal
melanoma. JAMA Ophthalmol. 2021;139:1244-45.

Weight RM, Sato S, Orloff MM, Mastrangelo MJ, Sato T. Circulating
cell free DNA to predict recurrence in uveal melanoma. J Clin Oncol. 2016;
34:9569-9569.

Wan JCM, Heider K, Gale D, Murphy S, Fisher E, Mouliere F, et al. ctDNA mon-
itoring using patient-specific sequencing and integration of variant reads. Sci
Transl Med. 2020;12:eaaz8084.

Lee JH, Menzies AM, Carlino MS, McEvoy AC, Sandhu S, Weppler AM et al.
Longitudinal monitoring of ctDNA in patients with melanoma and brain
metastases treated with immune checkpoint inhibitors. Clin Cancer Res. 2020;
26:4064-71.

British Journal of Cancer (2022) 126:1511-1528


https://www.fda.gov/news-events/press-announcements/fda-approves-first-liquid-biopsy-next-generation-sequencing-companion-diagnostic-test
https://www.fda.gov/news-events/press-announcements/fda-approves-first-liquid-biopsy-next-generation-sequencing-companion-diagnostic-test
https://www.fda.gov/news-events/press-announcements/fda-approves-first-liquid-biopsy-next-generation-sequencing-companion-diagnostic-test
https://ascopubs.org/doi/pdf/10.1200/PO.16.00009

121. Metz CHD, 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. Medicine. 2013;2:208-15.

122. Madic J, Piperno-Neumann S, Servois V, Rampanou A, Milder M, Trouiller B, et al.
Pyrophosphorolysis-activated polymerization detects circulating tumor DNA in
metastatic uveal melanoma. Clin Cancer Res. 2012;18:3934-41.

123. Cabel L, Riva F, Servois V, Livartowski A, Daniel C, Rampanou A et al. Circulating
tumor DNA changes for early monitoring of anti-PD1 immunotherapy: a proof-
of-concept study. Ann Oncol. 2017;28:1996-2001.

124. Piperno-Neumann S, Madic J, Mariani P, Rampanou A, Servois V, Bidard F et al.
Circulating tumor DNA (ctDNA) in metastatic uveal melanoma (MUM): correla-
tion with outcome in 87 patients (pts) from Institut Curie. Acta Ophthalmolo-
gica. 2013;91:5017-32.

125. Park JJ, Diefenbach RJ, Byrne N, Long GV, Scolyer RA, Gray ES et al. Circulating
tumor DNA reflects uveal melanoma responses to protein kinase C inhibition.
Cancers (Basel). 2021;13:1740.

126. Rodrigues M, Mobuchon L, Houy A, Fiévet A, Gardrat S, Barnhill RL, et al. Outlier
response to anti-PD1 in uveal melanoma reveals germline MBD4 mutations in
hypermutated tumors. Nat Commun. 2018;9:1866.

127. Johansson G, Andersson D, Filges S, Li J, Muth A, Godfrey TE, et al. Considera-
tions and quality controls when analyzing cell-free tumor DNA. Biomol Detect
Quantif. 2019;17:100078.

128. Pittella-Silva F, Chin YM, Chan HT, Nagayama S, Miyauchi E, Low SK, et al.
Plasma or serum: which is preferable for mutation detection in liquid biopsy?
Clin Chem. 2020;66:946-57.

129. Lam NY, Rainer TH, Chiu RW, Lo YM. EDTA is a better anticoagulant than heparin
or citrate for delayed blood processing for plasma DNA analysis. Clin Chem.
2004;50:256-7.

130. Nikolaev S, Lemmens L, Koessler T, Blouin JL, Nouspikel T. Circulating tumoral
DNA: preanalytical validation and quality control in a diagnostic laboratory. Anal
Biochem. 2018;542:34-39.

131. Bronkhorst AJ, Ungerer V, Holdenrieder S. Comparison of methods for the
isolation of cell-free DNA from cell culture supernatant. Tumour Biol. 2020;42:
1010428320916314.

132. Markus H, Contente-Cuomo T, Farooq M, Liang WS, Borad MJ, Sivakumar S,
et al. Evaluation of pre-analytical factors affecting plasma DNA analysis. Sci
Rep. 2018;8:7375.

133. Xue X, Teare MD, Holen |, Zhu YM, Woll PJ. Optimizing the yield
and utility of circulating cell-free DNA from plasma and serum. Clin Chim Acta.
2009;404:100-4.

134. Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, et al. Frequent
deletions and down-regulation of micro- RNA genes miR15 and miR16
at 13q14 in chronic lymphocytic leukemia. Proc Natl Acad Sci USA.
2002;99:15524-9.

135. Klein U, Lia M, Crespo M, Siegel R, Shen Q, Mo T, et al. The DLEU2/miR-15a/16-1
cluster controls B cell proliferation and its deletion leads to chronic lymphocytic
leukemia. Cancer Cell. 2010;17:28-40.

136. Peng Y, Croce CM. The role of MicroRNAs in human cancer. Signal Transduct
Target Ther. 2016;1:15004.

137. Anfossi S, Babayan A, Pantel K, Calin GA. Clinical utility of circulating non-coding
RNAs—an update. Nat Rev Clin Oncol. 2018;15:541-63.

138. Worley LA, Long MD, Onken MD, Harbour JW. Micro-RNAs associated with
metastasis in uveal melanoma identified by multiplexed microarray profiling.
Melanoma Res. 2008;18:184-90.

139. Triozzi PL, Achberger S, Aldrich W, Crabb JW, Saunthararajah Y, Singh AD.
Association of tumor and plasma microRNA expression with tumor monosomy-
3 in patients with uveal melanoma. Clin Epigenetics. 2016;8:80.

140. Stark MS, Gray ES, Isaacs T, Chen FK, Millward M, McEvoy A, et al. A panel of
circulating microRNAs detects uveal melanoma with high precision. Transl Vis
Sci Technol. 2019;8:12.

141. Achberger S, Aldrich W, Tubbs R, Crabb JW, Singh AD, Triozzi PL. Circulating
immune cell and microRNA in patients with uveal melanoma developing
metastatic disease. Mol Immunol. 2014;58:182-6.

142. Chien JL, Sioufi K, Surakiatchanukul T, Shields JA, Shields CL. Choroidal nevus: a
review of prevalence, features, genetics, risks, and outcomes. Curr Opin Oph-
thalmol. 2017;28:228-37.

143. Ragusa M, Barbagallo C, Statello L, Caltabiano R, Russo A, Puzzo L, et al. miRNA
profiling in vitreous humor, vitreal exosomes and serum from uveal melanoma
patients: pathological and diagnostic implications. Cancer Biol Ther. 2015;
16:1387-96.

144. Russo A, Caltabiano R, Longo A, Avitabile T, Franco LM, Bonfiglio V, et al.
Increased Levels of miRNA-146a in serum and histologic samples of patients
with uveal melanoma. Front Pharm. 2016;7:424.

British Journal of Cancer (2022) 126:1511-1528

A.B. Beasley et al.

145. Wang K, Yuan Y, Cho JH, McClarty S, Baxter D, Galas DJ. Comparing the MicroRNA
spectrum between serum and plasma. PLoS ONE. 2012;7:e41561.

146. Cheng HH, Yi HS, Kim Y, Kroh EM, Chien JW, Eaton KD, et al. Plasma processing
conditions substantially influence circulating microRNA biomarker levels. PLoS
ONE. 2013;8:€64795-e64795.

147. Wright K, de Silva K, Purdie AC, Plain KM. Comparison of methods for miRNA
isolation and quantification from ovine plasma. Sci Rep. 2020;10:825-825.

148. Sato F, Tsuchiya S, Terasawa K, Tsujimoto G. Intra-platform repeatability and
inter-platform comparability of microRNA microarray technology. PLoS ONE.
2009;4:e5540-e5540.

149. Godoy PM, Barczak AJ, DeHoff P, Srinivasan S, Etheridge A, Galas D, et al.
Comparison of reproducibility, accuracy, sensitivity, and specificity of miRNA
quantification platforms. Cell Rep. 2019;29:4212-22. e4215

150. Méller A, Lobb RJ. The evolving translational potential of small extracellular
vesicles in cancer. Nat Rev Cancer. 2020;20:697-709.

151. Eldh M, Olofsson Bagge R, Lasser C, Svanvik J, Sjostrand M, Mattsson J, et al.
MicroRNA in exosomes isolated directly from the liver circulation in patients
with metastatic uveal melanoma. BMC Cancer. 2014;14:962.

152. Frenkel S, Luski S, Gaur P, Pe'er J, Tabak S, Beit-Yannai E. Serum exosome
analysis as a predictive biomarker for metastatic uveal melanoma. Investigative
Ophthalmol Vis Sci. 2018;59:3186-3186.

153. Wrdblewska JP, Lach MS, Kulcenty K, Galus t, Suchorska WM, Rosel D et al. The
analysis of inflammation-related proteins in a cargo of exosomes derived from
the serum of uveal melanoma patients reveals potential biomarkers of disease
progression. Cancers (Basel). 2021;13:3334.

154. Abdouh M, Gao Z-H, Arena V, Arena M, Burnier MN, Arena GO. Oncosuppressor-
Mutated Cells as a Liquid Biopsy Test for Cancer-Screening. Sci Rep. 2019;9:
2384-2384.

155. Sharma P, Ludwig S, Muller L, Hong CS, Kirkwood JM, Ferrone S, et al.
Immunoaffinity-based isolation of melanoma cell-derived exosomes from plasma
of patients with melanoma. J Extracell Vesicles. 2018;7:1435138-1435138.

156. Durante MA, Rodriguez DA, Kurtenbach S, Kuznetsov JN, Sanchez M,
Decatur CL, et al. Single-cell analysis reveals new evolutionary complexity in
uveal melanoma. Nat Commun. 2020;11:496-496.

157. Cresswell GD, Nichol D, Spiteri |, Tari H, Zapata L, Heide T, et al. Mapping the
breast cancer metastatic cascade onto ctDNA using genetic and epigenetic
clonal tracking. Nat Commun. 2020;11:1446.

ACKNOWLEDGEMENTS

The authors would like to thank Chris Barry and the Lions Eye Institute for the Iris
melanoma photograph, and Karl Gruber for the editing and reviewing the
manuscript. ABB is supported by an ECU Post Graduate Scholarship and a Cancer
Council of Western Australia PhD Top-up Scholarship. FKC is supported by the
Australian National Health and Medical Research Council Career Development
Fellowship (MRF1142962). ESG is supported by a fellowship from the Cancer Council
of Western Australia and a grant from the Ophthalmic Research Institute of Australia.

AUTHOR CONTRIBUTIONS

All authors contributed to the conceptualisation of the work, ABB drafted the
manuscript; and TWI, FKC and ESG substantively revised it. All authors have approved
the submitted version and have agreed to be accountable for their own
contributions.

FUNDING INFORMATION

ABB is supported by an ECU Post Graduate Scholarship and a Cancer Council of
Western Australia PhD Top-up Scholarship. FKC is supported by the Australian
National Health and Medical Research Council Career Development Fellowship
(MRF1142962). ESG is supported by a fellowship from the Cancer Council
of Western Australia and a grant from the Ophthalmic Research Institute of
Australia. Open Access funding enabled and organized by CAUL and its Member
Institutions.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Not applicable.

CONSENT TO PUBLISH
Not applicable.



A.B. Beasley et al.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-022-01723-8.

Correspondence and requests for materials should be addressed to Elin S. Gray.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Open AccessThis article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

British Journal of Cancer (2022) 126:1511-1528


https://doi.org/10.1038/s41416-022-01723-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/.
http://creativecommons.org/licenses/by/4.0/.

	Future perspectives of uveal melanoma blood based biomarkers
	Introduction and Background
	Current treatment paradigm
	Genetic prognostic biomarkers: chromosomal abnormalities, gene expression profiling and driver mutations
	Gene expression profiles
	Somatic alterations: copy number variations and somatic mutations

	Tumour sampling and implications of prognostic testing
	Blood biomarkers
	Circulating tumour cell enumeration
	Circulating tumour cells genetic analysis
	Circulating tumour DNA
	Circulating Micro RNA
	Exosomes

	Future directions and conclusions
	Acknowledgements
	Author contributions
	Funding information
	Ethics approval and consent to participate
	Consent to publish
	ACKNOWLEDGMENTS
	Competing interests
	ADDITIONAL INFORMATION




