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Simple Summary: Retinoblastoma is a childhood eye cancer caused almost entirely by defects
in a gene known as RB1. Other genetic changes within the tumour are also thought to affect the
progression of disease. Until recently, tumour DNA could only be analysed if the eye was removed
as part of patient treatment. However, recent research has shown that the analysis of a particular
type of DNA, known as cell-free DNA, within the eye fluid or blood of patients, can be used to detect
changes in the RB1 gene or other parts of the genome within a retinoblastoma tumour. The analysis
of cell-free DNA in the blood of pregnant women can also be used to detect whether the unborn
baby will be affected with retinoblastoma. In this review, we summarise these studies and discuss
the potential impact of cell-free DNA analysis on retinoblastoma patient management in the future.

Abstract: Retinoblastoma is a childhood eye cancer, mainly caused by mutations in the RB1 gene,
which can be somatic or constitutional. Unlike many other cancers, tumour biopsies are not per-
formed due to the risk of tumour dissemination. As a result, until recently, somatic genetic analysis
was only possible if an affected eye was removed as part of a treatment. Several recent proof of
principle studies have demonstrated that the analysis of tumour-derived cell-free DNA, either ob-
tained from ocular fluid or blood plasma, has the potential to advance the diagnosis and influence
the prognosis of retinoblastoma patients. It has been shown that a confirmed diagnosis is possible in
retinoblastoma patients undergoing conservative treatment. In vivo genetic analysis of retinoblas-
toma tumours is also now possible, allowing the potential identification of secondary genetic events
as prognostic biomarkers. In addition, noninvasive prenatal diagnosis in children at risk of inheriting
retinoblastoma has been developed. Here, we review the current literature and discuss the potential
impact of cell-free DNA analysis on both the diagnosis and treatment of retinoblastoma patients and
their families.

Keywords: retinoblastoma; cell-free DNA; liquid biopsy; noninvasive prenatal diagnosis

1. Introduction

Retinoblastoma is a childhood intraocular cancer. It can present in a unilateral form,
where the disease develops in a single eye, or bilateral, where both eyes are affected.
The age of onset is usually less than three years old, and for patients with bilateral disease,
it is often significantly earlier, before 12 months of age [1]. The incidence rate has been
calculated at 1:15–20,000 [2], with approximately 45 children diagnosed annually in the
UK [3], where the population is 66 million. While retinoblastoma is lethal if left untreated,
it is considered highly curable in countries where early detection and multiple treatment
modalities are available, resulting in disease-free survival rates over 97% [4]. In middle-
and lower-income countries this figure is significantly reduced, leading to an average
global patient survival rate of less than 30% [5].
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1.1. Genetics of Retinoblastoma

Over 99% of retinoblastomas are due to the inactivation of the RB1 tumour suppressor
gene, caused by either two somatic mutations or an initial germline mutation followed
by a subsequent somatic hit [1]. Individuals who carry a constitutional mutation are at
risk of developing bilateral disease, as well as nonocular second malignancies later in life,
including osteosarcomas and soft-tissue sarcomas [6]. Siblings of germline carriers are
also at an increased risk of inheriting the RB1 gene mutation, from either a heterozygous
or mosaic parental carrier. Therefore, identifying the genetic cause of retinoblastoma
is important for planning the management of the retinoblastoma itself and the possible
nonocular second primary cancers of affected individuals, as well as determining the
disease risk in their extended family.

Germline RB1 variants can comprise single-nucleotide variants (SNVs) and indels,
as well as copy number variation (CNVs). Somatic RB1 mutations can consist of these types
of genetic change, as well as a loss of heterozygosity (LOH) and hypermethylation of the
promoter [7,8]. To detect this spectrum of variation, current molecular diagnostic testing
analyzes both germline DNA and tumour DNA (where available) and requires a com-
bination of technologies that can include next-generation sequencing (NGS), microarray,
multiplex ligation-dependent probe amplification (MLPA), LOH detection and promoter
methylation analysis [2]. A small minority of retinoblastoma cases (<1%) have been found
to have two active copies of the RB1 gene but somatic MYCN amplification. These patients
have an aggressive form of the disease with an age of onset of less than six months [9].

While retinoblastomas are initiated by genetic alterations in RB1 or, rarely, MYCN,
additional somatic changes have been identified that are thought to further drive tumour-
genesis. These appear to be mostly limited to CNVs and include gains of 1q, 2p, 6p, 7q,
and 19p, as well as losses of 13q and 16q [10], although recurrent single-nucleotide variation
has been observed in BCOR and CREEBP [11,12]. The most commonly reported CNVs are
gains in 1q and 6p, observed in over 40% of retinoblastoma tumours [13].

1.2. The Impact of Retinoblastoma Treatment Advances On Genetic Testing

Despite an excellent prognosis for many decades, ocular salvage was limited until
the late 20th century. External beam radiotherapy or the immediate removal of an eye,
known as primary enucleation, were often the only options open to ophthalmologists
following a diagnosis of retinoblastoma [14]. Although first described in the 1950s [15],
it was not until the early 1990s that multi-agent intravenous chemotherapy was widely
adopted for the treatment of retinoblastoma. Since then, newer techniques have been
developed that aim to not only cure the disease but, also, conserve the eye and retain
vision, whilst minimising a child’s exposure to systemic chemotherapy, which is associ-
ated with potential long-term morbidity. These treatments include intra-arterial (IAC)
and intra-vitreal (IViC) chemotherapy, often combined with localised treatments such as
thermotherapy and cryotherapy [16]. If conservative treatment is unsuccessful, a secondary
enucleation may be required. Nevertheless, overall enucleation rates have significantly
reduced, from over 95% to less than 10%, in the last 15 years [14]. While this decline in
enucleation rates represents a great improvement in patient outcome, a challenging but
inevitable consequence of increased eye conservation is a lack of tumour-derived DNA for
somatic studies. Undertaking a biopsy of an intraocular retinoblastoma is rarely indicated,
as most cases can be confidently diagnosed without tissue confirmation, and there is a small
but discernable risk of tumour dissemination [16,17]. As a result, if an eye is not removed,
tumour DNA cannot be accessed, and somatic variants cannot not be identified. Due to the
fact that current molecular diagnostic testing is less than 100% sensitive [2] and the low
but identifiable risk of germline mosaicism [18], a nonhereditary status cannot be assigned
solely from a negative germline screening result. The identification of both somatic variants
and subsequent exclusion of these variants from the germline is required. Consequently,
a definitive nonheritable diagnosis is currently not possible for unilateral patients who
have had successful conservative treatment, even when no germline RB1 mutation has been
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detected. Therefore, these patients continue to need ocular screening for retinoblastoma in
their unaffected eye, typically under anaesthetic. They also require lifelong follow-up due
to the possible risk of additional nonocular second malignancies, conferred by a germline
RB1 mutation. A lack of a definitive diagnosis significantly increases the psychological
impact of the disease on families [19,20]—in particular, the uncertainty around the risk of
second primary cancers later in life. Moreover, when the underlying genetic aetiology re-
mains unknown, any offspring and siblings of these patients will undergo ocular screening
until at least the age of three, unless the risk is further reduced in the latter individuals by
linkage exclusion studies [21]. As well as creating an additional burden on the families of
retinoblastoma sufferers, a lack of definitive diagnosis has also been shown to significantly
increase healthcare costs [22].

An absence of biopsy material has also meant that in vivo somatic molecular data from
patients undergoing eye salvage treatment has not previously been available. An increasing
number of clinical trials are using tumour molecular genetic information for the accurate
prognostication and precision treatment for a wide range of cancers [23]. However, to date,
the inability to obtain such data for cases of retinoblastoma without enucleation has severely
restricted their clinical utility and, as a consequence, been a barrier to research that could
inform the prognosis or best treatment options for these patients.

1.3. Clinical Application of Cell-Free DNA Analysis

Fragmented, extracellular DNA was first detected in the human circulatory system
in 1948 [24]. Subsequent research into the origin of this cell-free DNA (cfDNA) has found
it to be a complex process involving cellular breakdown mechanisms such as apoptosis
and necrosis, as well as active release [25]. The clinical importance of cfDNA was initially
proposed after significant increases in cfDNA levels were observed in patients with au-
toimmune disease and other disorders, including cancer [26,27]. Following this, Stroun
and colleagues were able to demonstrate that a fraction of the cfDNA in cancer patients
originates from cancer cells [28], leading to the hypothesis that the analysis of cfDNA and,
more specifically, circulating tumour DNA could be an alternative to solid tumour biopsy.
With the recent advent of more sophisticated technologies to isolate and analyse cfDNA,
research into the potential of liquid biopsies has intensified [29]. The utility of which
has been proposed in multiple areas of cancer patient management, including diagnosis,
staging, and prognosis, as well as monitoring of the treatment response [30].

A further clinical application for the analysis of cfDNA was indicated when foetal-
derived cfDNA was detected in the blood of pregnant women [31]. A relatively high
foetal fraction [32], combined with a short half-life [33], has lead to the utilisation of
cfDNA analysis in noninvasive prenatal testing, including sex determination, Rhesus status,
and aneuploidy [34]. More recently, noninvasive prenatal diagnosis (NIPD) for single gene
disorders has been developed [35]. NIPD analysis can be performed on DNA extracted
from maternal blood taken as early as eight weeks gestation (Figure 1). As invasive prenatal
testing via chorionic villus sampling (CVS) or amniocentesis is only available from 11 and
16 weeks, respectively, NIPD has the advantage of an earlier diagnosis, as well as an absence
of the reported 0.5% risk of miscarriage associated with invasive prenatal tests [36,37].

The application of both liquid biopsy and noninvasive prenatal diagnosis offers a
wealth of new possibilities to retinoblastoma patients, and significant research has been
published in this area in recent years (Table 1). In this review, we summarise these findings
and outline the potential of cell-free DNA to advance both retinoblastoma diagnosis and
prognosis and, as a result, patient management.
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 Figure 1. Noninvasive prenatal diagnosis (NIPD). The blood of a pregnant woman contains both
maternal and foetal-derived cell-free DNA. Genetic analysis of the cell-free foetal DNA by NIPD can
determine whether a fetus has inherited a pathogenic variant. Variants can be detected directly, or an
indirect analysis, such as the relative haplotype dosage (RHDO) analysis, can be used.

Table 1. Studies involving the analysis of cell-free DNA in retinoblastoma patients.

Study Sample Type Sample
Numbers †

NGS
Technology Targets Analysis Findings

Diagnosis

Gerrish et al.,
2019 [38] AH 12|12|12 Targeted Capture RB1 & MYCN SNV, CNV, LOH 100% RB1 Mutation

Detection

Gerrish et al.,
2020 [39] Maternal Plasma 15|NA|15

Amplicon based
and Targeted

Capture
RB1 SNV &

RHDO

Prenatal Diagnosis 100%
Concordant with Postnatal

Diagnostic Result

Prognosis

Berry et al.,
2017 [40] AH 6|3|3 WGS NA CNV Correlation of cfDNA and

tumour DNA CNV profiles

Berry et al.,
2018 [41] AH 63|29|26 WGS NA CNV Correlation of SCNAs

with Clinical Outcome

Xu et al.,
2020 [42] AH 116|50|46 WGS NA CNV

Chr 6p amplification
associated with treatment

outcome

Polski et al.,
2020 [43] AH 54|54|50 WGS NA CNV

Correlation of Genome
Stability with Age of Onset

of RB

Polski et al.,
2020 [44] AH 78|20|20 WGS NA CNV

Correlation of Tumour
Fraction and Therapeutic

Response

Berry et al.,
2020 [45]

AH
Plasma

20|20|17
17|NA|17 WGS NA CNV

CNVs detected within AH
samples but not
within plasma

Palmieri et al.,
2020 [46] Plasma 3|NA|3 ** Targeted Capture

Oncomine (TM) Pan
Cancer Cell-Free

Assay
SNV, CNV Detection of Secondary

Somatic Events

Combined Prognosis and Diagnosis

Kothari et al.,
2020 [47] Plasma 10|NA|10 Targeted Capture MSK-IMAPCT

Panel SNV *

54% de novo RB1 Mutation
Detection

77% Targeted RB1 Mutation
Detection

Xu et al.,
2020 [48] AH 7|7|6 WGS &

Targeted Capture
NA

RB1 & MYCN

CNV,
SNV, CNV,
and LOH

Combined SCNA
Detection and

RB1 Mutation Detection

† Sample numbers given, separated by vertical bars, refer to the number of individual cell-free (cf)DNA samples from|Eyes|Patients
analysed by each study. AH: aqueous humour. NA: not applicable. RHDO: relative haplotype dosage. SNV: single-nucleotide variation.
CNV: copy number variation. LOH: loss of heterozygosity. SCNA: somatic copy number alteration. RB: retinoblastoma. NGS: next-
generation sequencing. WGS: whole-genome sequencing. * Only SNVs reported. ** Retinoblastoma patients only.
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2. Diagnosis of Retinoblastoma
2.1. Diagnosis Using Aqueous Humour

While a tumour biopsy is not feasible during conservative treatment of retinoblastoma,
a sample of the eye fluid, aqueous humour, is obtained during intra-vitreal chemotherapy
(IViC). IViC is used to treat vitreous seeding through the injection of either melphalan
or melphalan combined with topotecan into the posterior chamber. In order to equalise
the ocular pressure, approximately 100 µL of aqueous humour is removed from the eye
prior to chemotherapy injection. IViC has become a widely implemented treatment choice
following the development of this enhanced protocol [49], where extraocular dissemination
of the tumour was found to be highly unlikely [50].

While aqueous humour aspirated during IViC has often been routinely discarded as a
waste product, its clinical potential has previously been recognised. Both nucleic acids and
proteins have been detected within aqueous humour from retinoblastoma patients [51],
as well as patients with other ocular diseases [52,53]. Therefore, we and others hypothesised
that aqueous humour could be a source of circulating tumour DNA and, as a result, used
as a surrogate tumour biopsy for patients undergoing conservative treatment (Figure 2).
While only a small volume (less than 100 µL) of aqueous humour is obtained, the proximity
to the tumour, the closed nature of the eye, and the relative low turnover of fluid within the
compartment [54] suggested that the levels of tumour-derived cfDNA could be sufficient
for a genetic analysis.

In 2017, measurable levels of cell-free DNA were detected in aqueous humour samples
taken from retinoblastoma patients [40]. Moreover, the genetic profiling of this cfDNA
suggested it was derived from the tumour. Berry et al. [40] performed shallow whole-
genome sequencing (WGS) and CNV profiling on six aqueous humour samples obtained
from the eyes of retinoblastoma patients. This included two samples taken during the
primary enucleation, with the remaining samples obtained from a single patient during
three sequential IViC treatments and the subsequent secondary enucleation. Highly corre-
lated CNV profiles, indicative of a secondary somatic events, were observed between the
aqueous humour-derived cfDNA and the paired tumour DNA samples, implying that the
genetic analysis of aqueous humour could be utilised for somatic profiling where tumour
tissue is unavailable.

In 2019, we also reported on cfDNA analysis in retinoblastoma and, for the first
time, described the detection of somatic RB1 pathogenic variants in aqueous humour [38].
We analysed DNA from 10 retinoblastoma patients who underwent an eye enucleation as
part of their treatment. Routine clinical samples of tumour DNA, extracted from the tumour
biopsy post enucleation, along with genomic DNA were compared against cfDNA extracted
from an aqueous humour sample taken prior to opening the eye for histopathological
examination. Following targeted capture-based next-generation sequencing (NGS) of the
RB1 region, we were able to detect both RB1 pathogenic mutations in all 10 cfDNA samples,
18 of which were somatic and two were germline mosaic. The variants comprised 11 SNVs,
two CNVs, and seven regions of LOH that spanned the RB1 gene. Interestingly, mutant
allele frequencies suggested that the majority of cfDNA within aqueous humour is tumour-
derived. This finding was supported by the observation that cfDNA from aqueous humour
had a smaller fragment size profile than that of cfDNA derived from plasma. Several
publications have previously shown that tumour-derived cfDNA is shorter than that of
circulating nuclear DNA [55,56]. In addition to the identification of RB1 mutations within
aqueous humour obtained from enucleated eyes, we were also able to detect both RB1
pathogenic variants in aqueous humour taken from two patients undergoing IViC. As these
patients were undergoing conservative treatment, no tumour DNA was available, and the
somatic variants identified were previously unknown.
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Figure 2. Sampling cell-free DNA in aqueous humour from a retinoblastoma eye. Tumour-derived cell-free DNA is present
in the vitreous and aqueous humour. Approximately 100 µL of aqueous humour is collected using a 32-guage needle.

While these two studies show proof of principle that a genetic analysis of aqueous
humour-derived cfDNA could be used as a surrogate tumour biopsy in the future, it should
be noted that the levels of cfDNA we observed within aqueous humour taken during IViC
were markedly lower than those found in enucleated eyes (<0.1 ng/µL vs. 87 ng/µL).
This is perhaps unsurprising, given that the majority of cfDNA in aqueous humour appears
to be tumour-derived and patients undergoing IViC have significantly reduced tumour
burden compared to those patients whose eyes require primary enucleation. This finding is
supported by the work of an independent group [48] and by our own additional observation
that the cfDNA levels in aqueous humour taken from secondary enucleations are also
markedly reduced compared to eyes removed immediately upon diagnosis [38]. It is
therefore likely that, for this assay to be implemented clinically, aqueous humour samples
taken at or soon after diagnosis will be required to produce a robust clinical assay.

2.2. Diagnosis Using Plasma

While a sample of aqueous humour is obtained during IViC treatment, this type
of therapy is not performed in all patients undergoing conservative management [5].
Furthermore, as outlined above, data from ourselves and others [38,48] suggest so-called
“diagnostic taps”, aqueous humour samples taken much earlier in the treatment process,
will be required in order to fully utilise the potential of this assay. While the extraction of
aqueous humour is a minimally invasive procedure with a low risk of complication [50],
a liquid biopsy using cfDNA taken from blood has several advantages over an aqueous
humour assay, including a less-invasive sampling procedure and the provision of a larger
sample volume.

A recent publication used targeted capture-based NGS to analyse tumour DNA,
genomic DNA, and plasma-derived cfDNA from 10 unilateral retinoblastoma patients
who had advanced intraocular disease, three which went on to develop metastatic dis-
ease [47]. Plasma cfDNA was analysed using capture-based NGS targeted to the RB1 gene.
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RB1 pathogenic variants were identified in tumour and genomic DNA using MSK-IMPACT,
a NGS panel that targets over 400 genes associated with cancer, including all coding exons
of RB1 [57]. Analysis of the plasma-derived cfDNA, blind to the tumour results, identified
seven RB1 SNV mutations, which were subsequently confirmed in the tumour. Six of
these variants were identified with a frequency of 1–20%; the remaining SNV was detected
at 0.8%. In one of the 10 patients analysed, both somatic RB1 variants were identified,
providing a proof of principle that plasma-derived cfDNA could potentially be used for
diagnostic liquid biopsy. However, the seven identified mutations represented only half of
those identified in the matching tumour sample (n = 13). Furthermore, two additional RB1
mutations were detected at a frequency of 1.56% and 0.99% within the patient cohort that
were not detected in the paired tumour DNA. While the authors suggest these mutations
could be derived from a subpopulation of cells in the eye, they could not rule out the
possibility of false positives. Complementary to the work performed on aqueous humour,
Kothari et al. [47] also reported that tumour-derived cfDNA levels within the plasma
appear to decrease even after just one cycle of chemotherapy. Based on these findings,
a larger study is therefore required, including individuals in earlier stages of disease, along
with pretreatment sampling, to further investigate the possibility of a diagnostic assay for
retinoblastoma using cell-free DNA derived from plasma.

2.3. Noninvasive Prenatal Diagnosis

A child is at 50% risk of inheriting a RB1 mutation if either of their parents carries
a germline RB1 variant. Furthermore, siblings of a patient with an apparent de novo
mutation have an approximate 1% risk of also carrying the mutation due to germ cell
mosaicism [58]. Where a family history is known, early diagnosis is paramount to achieve
an optimal clinical outcome with the least treatment morbidity. Currently, the majority of
diagnostic testing is performed on postnatal cord blood. There are many logistical and
psychological disadvantages to this type of testing, including the challenges in obtaining a
cord blood and urgent result from a geographically distant patient at a time when family
bonding and psychological well-being is a priority [59–61]. Invasive prenatal testing is
available to parents, but uptake is generally low, at less than 12% [62].

The analysis of fetus-derived cfDNA through a noninvasive prenatal diagnosis (NIPD)
has recently been clinically implemented for several monogenetic disorders [63]. Using
a combination of NGS techniques, depending on the family history, we developed NIPD
for retinoblastoma [39] that offers significant advantages over both newborn and invasive
prenatal testing. Testing is available for both paternally and maternally inherited RB1
mutations, as well as suspected de novo variants, where the parents are unaffected but
a previous child carries a germline RB1 mutation. Paternal and de novo variants are de-
tected directly through amplicon-based NGS. However, the direct detection of maternally
inherited pathogenic variants is challenging due to the presence of cfDNA of maternal
original within maternal plasma. To overcome this, we used capture-based NGS, targeted
to the RB1 region, and relative haplotype dosage analysis (RHDO). In this type of analysis,
the maternal haplotypes inherited by the fetus are compared to the haplotypes inherited by
a previous child. The previous child’s RB1 gene status (heterozygous mutation carrier or
nonmutation carrier) can be assigned to one of the two maternal chromosomes. The relative
haplotype dosage of cfDNA can then be used to determine whether the fetus carries the ma-
ternal pathogenic RB1 mutation. While haplotype phasing avoids the technical challenges
of directly analysing a maternally inherited variant, the requirement of a previous child is
a significant disadvantage of RHDO. In the future, an alternative option for primigravida
maternal RB1 carriers may be the use of maternal parental (foetal grandparental) DNA for
haplotype phasing in those families with two prior affected generations [64,65]. Another
possibility is microfluidics-based link-read sequencing, which allows the direct phasing of
parental haplotypes without the need for a reference sample [66,67].
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3. Prognosis of Retinoblastoma

Several studies have previously attempted to identify putative prognostic biomarkers
for retinoblastoma in both aqueous humour [51] and blood [68]. However, the routine
detection of circulating tumour DNA and the development of liquid biopsies for other
cancers [69] has increased the possibility for the future prediction and monitoring of
treatment response in retinoblastoma patients.

3.1. Prognosis Using Aqueous Humour

In a series of publications, Berry and colleagues [40–42] examined the potential of
analysing cfDNA within aqueous humour to detect somatic copy number alterations
(SCNAs). In their proof of principle study, described in Section 2.1, highly correlated CNV
profiles were observed between the aqueous humour-derived cfDNA and paired tumour
DNA samples, implying that the genetic analysis of aqueous humour could be utilised for
the profiling of secondary somatic events in vivo [40].

In a follow-up publication [41], CNV profiling was performed on an extended cohort
of 63 aqueous humour samples from 26 retinoblastoma patients (29 eyes), the majority of
which were taken during active treatment. Sixteen eyes required enucleation, while the
other 13 eyes were saved. SCNAs were found in two-thirds of aqueous humour samples,
80% of which were SCNAs previously shown to be highly recurrent in retinoblastoma
tumours, namely gains of 1q, 2p (including focal MYCN amplification), and 6p or a loss
of 13q or 16q [10]. Moreover, when the presence of these highly recurrent retinoblastoma
SCNAs was correlated with the clinical outcome, significantly more were observed in
aqueous humour from eyes requiring enucleation (>90%) compared to eyes that were saved
(<40%). Furthermore, by analysing serial aqueous humour samples from two patients,
the authors found SCNA amplitude correlated with clinical response. A sequential decrease
in the magnitude of several SCNAs was observed during the treatment of one patient
where the eye was subsequently salvaged. In contrast, an increase or stability of SCNA
amplitude was observed in aqueous humour taken from an eye with persistent tumour
activity, which was later enucleated.

When the recurrent retinoblastoma SCNAs were analysed as individual regions, the as-
sociation appeared to be mainly driven by a gain in chromosome 6p, the presence of which
was associated with a 10-fold increase in the chance of enucleation. Moreover, the inclusion
of the presence of 6p amplification with clinical classification (either International Intraocu-
lar Retinoblastoma Classification (IIRc) or the American Joint Committee on Cancer TNM
scheme) increased the predictive value of a tumour relapse requiring enucleation over
classification alone. A concordance between the tumour and aqueous humour was found
to be >90% in all patients except in eyes where multifocal tumours were present, indicating
that the analysis of aqueous humour could provide a combined multiclonal analysis of a
retinoblastoma tumour.

These findings—in particular, the association between a gain of 6p and the likelihood
of enucleation—remained consistent in an increased cohort of 50 patients [42], strength-
ening the potential of 6p amplification as a prognostic biomarker for a lack of treatment
response. In addition, Xu et al. [42] observed that the amplitude of a 6p gain was signifi-
cantly greater in enucleated eyes compared to those that were salvaged. The group further
investigated this in 20 patients where serial aqueous humour samples were available [44].
As well as performing their original SCNA amplitude analysis, a tumour fraction was
determined using icorCNA software, which calculates the tumour fraction of a given
sample using somatic SNV or copy number changes detected with WGS [70]. Using this
approach, tumour fraction, along with SCNA amplitude, were shown to be correlated
with disease progression and regression [44]. An increase in the tumour fraction relative
to either the initial or previous aqueous humour sample was associated with disease
progression, defined as an increase in vitreous seeding and/or increased or new tumour
growth. In contrast, a stable or decreased tumour fraction was associated with a lack of
active seeding or reduced tumour size. While this suggests that the analysis of the tumour
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fraction in aqueous humour-derived cfDNA could be used to monitor the therapeutic
response, the authors note that the observed correlation is based on changes relative to
previous samples from the same patient, and no overall tumour fraction threshold for the
progression/regression in the disease state could be identified. Furthermore, a third of
retinoblastoma patients lacked any SCNA. As a result, the tumour fraction could not be
determined. The authors therefore suggest that a modified tumour fraction calculation
based on RB1 variants, which >99% patients carry, may be preferable.

Xu et al. [42] reported that the presence of a gain in chromosome 6p was also signifi-
cantly correlated with seeding classification, whereby each increase in class from none to
dust to sphere to cloud was associated with a two-fold increase in the presence of a gain
in 6p. A 6p amplification was also associated with higher-risk histopathological features
such as increased necrosis and choroidal invasion. To ascertain the minimal region gain
(MRG), the authors compared the location of all chromosome 6p SCNAs detected. While
the majority were found to span the entire 6p arm, the MRG was localised to a 19-Mbp
region, which included the oncogene DEK.

A further major finding of the Berry group was that the genomic instability of cfDNA
derived from aqueous humour is associated with the age at diagnosis [41,42]. Further in-
vestigation of this in their extended cohort of 50 patients identified a significant increase in
retinoblastoma SCNAs in patients diagnosed after 12 months compared to those less than
a year old [43]. Interestingly, unlike a previous publication [71], no significant difference in
genomic stability was observed between hereditary and nonhereditary eyes. The observa-
tion of a discordant association between the age of onset or hereditary status and genomic
instability was possible in the Berry patient cohort, as age of onset was not found to be
significantly reduced in bilateral patents compared to those with unilateral disease. While
this finding needs to be investigated further, it is supported by a comparative genomic
hybridisation (CGH) study that reported significantly more chromosomal imbalances in
unilateral retinoblastoma patients diagnosed after three years of age compared to those
diagnosed before nine months [72]. Furthermore, the haploinsufficiency of RB1 has been
found insufficient to maintain genome stability [73]. Taken together, it could be hypothe-
sised that it is, in fact, the timeframe between the first and second RB1 hits that is correlated
with genome stability, where a longer interval is associated with an increase in secondary
genetic events.

3.2. Prognosis Using Plasma

As discussed earlier in this review, the possibility of a liquid biopsy using blood
plasma may offer several advantages to the patient over using an aqueous humour sample.
Yet, it remains questionable whether the genetic analysis of plasma-derived cfDNA would
be able to match the high correlation shown between tumour DNA and cfDNA derived
from the aqueous humour [38,40–42]. In an attempt to address this, specifically in relation
to secondary somatic events, Berry et al. [45] compared SCNA profiling within plasma-
derived cfDNA and cfDNA extracted from the aqueous humour of 20 eyes. While SCNAs
were observed in 65% of the aqueous humour samples, none were observed within plasma
cfDNA, suggesting that circulating tumour DNA in plasma is at too low a level for detection
with the current technologies. It should be noted, however, that the volume of blood plasma
used to extract cfDNA was matched to that of the aqueous humour volume at 100 µL.
A significant advantage of using blood for a liquid biopsy is that a larger sample volume,
often 10 mL of blood, equating to over 4 mL of plasma, is available. While taking this
volume of blood may not be suitable for retinoblastoma patients, who are typically less
than two years old, further investigation of the potential of plasma-derived cfDNA to
detect secondary somatic events, using the maximum plasma volume available, is required.

Two studies have analysed cfDNA extracted from larger volumes of plasma in
retinoblastoma patients with advanced or metastatic disease. Alongside performing RB1
gene screening in cfDNA from 10 retinoblastoma patients with advanced disease (discussed
in Section 2.2), Kothari et al. [47] undertook a targeted analysis of 13 RB1 pathogenic SNVs
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previously identified in the paired tumour samples. Ten variants within eight patients were
detected, suggesting that, in the future, the detection of the advanced disease state may
be possible through the focused analysis of known pathogenic variants in plasma-derived
cfDNA, although sensitivity is still questionable. The identification of patients whose
disease has metastasised looks more encouraging, as the two highest RB1 mutant allele
frequencies observed in the plasma were in patients who went on to develop the metastatic
disease. A further study of plasma-derived cfDNA of metastatic cancer patients was able
to detect mutations in cancer driver genes within the blood of three retinoblastoma pa-
tients, indicating the possibility of using plasma for the analyses other secondary markers
in metastatic disease [46]. Interestingly, relatively low levels of cfDNA were found in
retinoblastoma patients compared to other cancers, such as cholangiocarcinoma, glioblas-
toma, and lung, where cfDNA loads were 200 times that seen in retinoblastoma patients,
emphasising the difficulty in performing a liquid biopsy for retinoblastoma in the blood.

4. Discussion

The advances in molecular technology have enabled a proliferation of research into
cell-free DNA in the last decade, with clinical utility and feasibility a significant focus.
Two main applications, the liquid biopsy of cancer and noninvasive prenatal diagnosis
for single-gene disorders, are of particular relevance to retinoblastoma. In this review,
we summarised the exciting new research in this area.

The biopsy of a retinoblastoma tumour is not advocated due to the risk of extra-
ocular spread. As a result, a nonhereditary diagnosis can only be confirmed if an eye
is removed and, thus, somatic tissue is obtained as part of the patient’s treatment. Fur-
thermore, the detection of secondary somatic events, which could have an influence on a
patient’s prognosis, is not possible in vivo. By analysing cell-free DNA within the aqueous
humour, the identification of somatic RB1 mutations is now possible for patients undergo-
ing conservative treatment. As well as providing a definitive diagnosis to nonhereditary
patients, the identification of both apparently somatic-causal RB1 mutations, followed
by a targeted germline analysis, could also be of benefit to unilateral presenting patients
who are germline mosaic but at a level too low to be detected by routine NGS screening
(typically <5%). In adulthood, the offspring of these individuals would be offered testing
on the identified somatic mutation, so that the potential consequence of occult mosaicism
in the gonadal tissue is not missed.

The detection of foetal-derived cell-free DNA within maternal plasma now enables
babies at risk of inheriting a RB1 mutation to be diagnosed prior to birth without the
risk of miscarriage. The likely future rise in families taking up this prenatal service will
have a great impact on the planning of patient management and, potentially, patient
outcomes [74]. Furthermore, an increase in the identification of the RB1 gene status prior to
delivery will facilitate robust studies into the potential visual and nonocular advantages of
proposed early delivery compared to the risks of such an intervention. NIPD may also be
of particular future benefit to retinoblastoma patients in middle- or low-income countries,
where access to current pre- or postnatal testing may be limited [75], and is likely to present
a significantly greater logistical challenge compared to a single maternal blood sample in
the mid-trimester.

For the first time, the analysis of secondary genetic events within retinoblastoma
tumours is possible in vivo. Shallow WGS of aqueous humour-derived cfDNA has iden-
tified several prognostic biomarker candidates, the most notable of which is a gain of
chromosome 6p, which has also been implicated in several other nonretinal cancers [76].
Moreover, a recent publication has identified a higher prevalence of SCNAs, as well as
BCOR alternations, in retinoblastoma patients with extraocular disease, further implicating
them as markers of a more aggressive disease [77]. Prospective, longitudinal studies are
now required to determine if the presence or absence of a gain in 6p or any other somatic
copy number amplifications can predict the patient response and, therefore, in combination
with other clinical characteristics, influence treatment decisions. BCOR and CREBBP should
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be included, along with RB1, in any future targeted sequencing in order to maximise the
capture of recurrent non-RB1 genetic variations within retinoblastoma patients. The vari-
ations commonly reported within these genes in retinoblastoma patients are limited to
the exonic regions [11,12,77]; therefore, the coverage of these regions should be relatively
straightforward, without a large impact on the sequencing capacity requirements.

The somatic profiles of tumours from different eyes of bilateral retinoblastoma patients
have been found to be discordant, both in terms of the second somatic RB1 pathogenic
variant and non-RB1 secondary events [12,78]. As a result, the genetic analysis of cfDNA
derived from aqueous humour could provide an additional benefit to patients with bilateral
disease, potentially allowing detailed prognostic information to be collected on each eye for
a tailored treatment programme. A further advantage of the analysis of circulating tumour
DNA could be the detection of clonal populations. Berry et al. [41] observed discordant
tumour and cfDNA genetic profiles in retinoblastoma patients with multifocal tumours,
and the idea that genetic variations in tumour-derived cfDNA reflects the clonal evolution
of the corresponding tumour tissue has been well-investigated in other cancers [79].

An even greater refinement of precision treatment may become feasible with the
identification of specific mutations and novel gene therapeutic approaches. These therapies
would be delivered into the relatively closed compartment of the eye during the relatively
short window of tumour development. Gene therapy approaches, such as enhancing the
readthrough of nonsense mutations, might prove to be an effective prophylactic or salvage
approach [80]. Nonsense mutations are the most common type of RB1 gene germline
mutation and, also, constitute a significant proportion of somatic mutations [7,8].

Several challenges still remain. The low levels of cell-free DNA within aqueous
humour in patients undergoing treatment means that a genetic analysis—particularly,
RB1 mutation screening using capture-based NGS—is difficult. Earlier sampling through
“diagnostic taps” plus improvements in library preparation and NGS technology will
hopefully help address this issue. Nonetheless, the volume of sample available will always
be a limitation with this sample type. Therefore, maximising the genetic information
generated from a single aqueous humour aliquot will be important. A recent publication
has reported a combined analysis strategy that enabled the identification of SCNAs through
shallow WGS, followed by capture-based RB1 mutation screening from the same aqueous
humour sample [48].

The minimal levels of circulating tumour DNA within the blood, likely due to the
closed compartment nature of the eye, means both a diagnosis and prognosis using plasma-
derived cfDNA remains uncertain. The detection of the metastatic disease, following
the identification of the causal RB1 mutations in tumour-derived DNA or ocular cfDNA,
appears to offer the most potential at present. At the current time, the routine detection of
both hits in the RB1 gene or non-RB1 secondary somatic mutation screening using plasma
will require improvements in molecular technology and/or postsequencing analysis. A sig-
nificant area currently of interest in the liquid biopsy research community, which may
also benefit retinoblastoma testing, is fragmentation analysis [81], which utilises the size
differences between tumour and nonmalignant cfDNA to positively select tumour-derived
cfDNA for subsequent analysis. A second option may be to explore a different sample type,
such as cerebrospinal fluid, for the detection of CNS metastases.

5. Conclusions

The analysis of cell-free DNA from retinoblastoma patients within the ocular fluid
or blood harnesses cutting edge genetic technologies and has the potential to transform
the management of retinoblastoma across the clinical spectrum, from prenatal diagnosis
to the late-malignant sequelae. While the authors accept that the publications described
in this article are still relatively early studies, the unprecedented rate of development of
new genomic and cell-free technologies, together with a desire for global collaboration in
the retinoblastoma field, will hopefully mean that these findings can readily be confirmed,
and patient benefits should rapidly be achieved. Furthermore, the dramatic fall in cost and
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increase in availability of genomic analyses, associated with the relative ease of sample
transportation, means that delivery of these benefits to low- and middle-income countries
should not be just a laudable aim but a deliverable expectation. Consequently, the full
potential of cell-free DNA analyses on retinoblastoma patient management can be realised
on a global scale.

Author Contributions: Conceptualisation, A.G. and T.C.; literature search, A.G. and T.C.; writing—
original draft preparation, A.G.; writing—review and editing, A.G., H.J., and T.C.; and funding ac-
quisition, A.G. and T.C. All authors have read and agreed to the published version of the manuscript.

Funding: A.G. and T.C. received funding from Birmingham Women’s and Children’s Hospital
Charity, grant number BCHRF521, and from the Wellcome Trust Pathfinder Award, 201073/Z/16/Z.

Data Availability Statement: No new data were created or analysed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to acknowledge our colleagues at the Birmingham
Retinoblastoma Service: Joseph Abbott, John Ainsworth, Clare Bowen, Sue Carless, Susan Cavanagh,
Isobel Colmenaro, Carol Hitchcott, Maureen McCalla, Bruce Morland, Maria O’Connor, and Manoj
Parulekar, as well as those at the West Midlands Regional Genetics Laboratory: Stephanie Allen,
Joshua Bott, Benjamin Bowns, Samuel Clokie, Samantha Court, Chipo Mashayamombe-Wolfgarten,
Michael Parks, Edward Stone, and Elizabeth Young, without which our work on retinoblastoma
diagnostics would not be possible. The authors also wish to thank Chris Kaye of Kaye and Co. for
his work on the figures included in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Knudson, A.G. Mutation and Cancer: Statistical Study of Retinoblastoma. Proc. Natl. Acad. Sci. USA 1971, 68, 820–823. [CrossRef]
2. Lohmann, D.R.; Gallie, B.L. Retinoblastoma. In GeneReviews®; Adam, M.P., Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.,

Stephens, K., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 2018.
3. NHS Conditions: Retinoblastoma. Available online: https://www.nhs.uk/conditions/retinoblastoma/ (accessed on 18 Jan-

uary 2021).
4. Fernandes, A.G.; Pollock, B.D.; Rabito, F.A. Retinoblastoma in the United States: A 40-Year Incidence and Survival Analysis.

J. Pediatr. Ophthalmol. Strabismus 2017, 55, 182–188. [CrossRef] [PubMed]
5. Shields, C.L.; Ancona-Lezama, D.A.; Dalvin, L. Modern treatment of retinoblastoma: A 2020 review. Indian J. Ophthalmol. 2020, 68,

2356–2365. [CrossRef]
6. Kamihara, J.; Bourdeaut, F.; Foulkes, W.D.; Molenaar, J.J.; Mossé, Y.P.; Nakagawara, A.; Parareda, A.; Scollon, S.R.; Schneider,

K.W.; Skalet, A.H.; et al. Retinoblastoma and Neuroblastoma Predisposition and Surveillance. Clin. Cancer Res. 2017, 23, e98–e106.
[CrossRef] [PubMed]

7. Price, E.A.; Price, K.; Kolkiewicz, K.; Hack, S.; Reddy, M.A.; Hungerford, J.L.; Kingston, J.E.; Onadim, Z. Spectrum ofRB1mutations
identified in 403 retinoblastoma patients. J. Med. Genet. 2014, 51, 208–214. [CrossRef]

8. Dommering, C.J.; Mol, B.M.; Moll, A.C.; Burton, M.; Cloos, J.; Dorsman, J.C.; Meijers-Heijboer, H.; Van Der Hout, A.H.
RB1mutation spectrum in a comprehensive nationwide cohort of retinoblastoma patients. J. Med. Genet. 2014, 51, 366–374.
[CrossRef] [PubMed]

9. Rushlow, D.E.; Mol, B.M.; Kennett, J.Y.; Yee, S.; Pajovic, S.; Thériault, B.L.; Prigoda-Lee, N.L.; Spencer, C.; Dimaras, H.;
Corson, T.W.; et al. Characterisation of retinoblastomas without RB1 mutations: Genomic, gene expression, and clinical studies.
Lancet Oncol. 2013, 14, 327–334. [CrossRef]

10. Kooi, I.E.; Mol, B.M.; Massink, M.P.G.; De Jong, M.C.; De Graaf, P.; Van Der Valk, P.; Meijers-Heijboer, H.; Kaspers, G.J.L.; Moll,
A.C.; Riele, H.T.; et al. A Meta-Analysis of Retinoblastoma Copy Numbers Refines the List of Possible Driver Genes Involved in
Tumor Progression. PLoS ONE 2016, 11, e0153323. [CrossRef]

11. Kooi, I.E.; Mol, B.M.; Massink, M.P.G.; Ameziane, N.; Meijers-Heijboer, H.; Dommering, C.J.; Van Mil, S.E.; De Vries, Y.; Van Der
Hout, A.H.; Kaspers, G.J.L.; et al. Somatic genomic alterations in retinoblastoma beyond RB1 are rare and limited to copy number
changes. Sci. Rep. 2016, 6, 25264. [CrossRef] [PubMed]

12. Francis, J.; Richards, A.; Mandelker, D.; Berger, M.; Walsh, M.; Dunkel, I.; Donoghue, M.; Abramson, D. Molecular Changes in
Retinoblastoma beyond RB1: Findings from Next-Generation Sequencing. Cancers 2021, 13, 149. [CrossRef]

13. Corson, T.W.; Gallie, B.L. One hit, two hits, three hits, more? Genomic changes in the development of retinoblastoma.
Genes Chromosom. Cancer 2007, 46, 617–634. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.68.4.820
https://www.nhs.uk/conditions/retinoblastoma/
http://doi.org/10.3928/01913913-20171116-03
http://www.ncbi.nlm.nih.gov/pubmed/29257183
http://doi.org/10.4103/ijo.IJO_721_20
http://doi.org/10.1158/1078-0432.CCR-17-0652
http://www.ncbi.nlm.nih.gov/pubmed/28674118
http://doi.org/10.1136/jmedgenet-2013-101821
http://doi.org/10.1136/jmedgenet-2014-102264
http://www.ncbi.nlm.nih.gov/pubmed/24688104
http://doi.org/10.1016/S1470-2045(13)70045-7
http://doi.org/10.1371/journal.pone.0153323
http://doi.org/10.1038/srep25264
http://www.ncbi.nlm.nih.gov/pubmed/27126562
http://doi.org/10.3390/cancers13010149
http://doi.org/10.1002/gcc.20457
http://www.ncbi.nlm.nih.gov/pubmed/17437278


Cancers 2021, 13, 1570 13 of 15

14. Abramson, D.H.; Fabius, A.W.M.; Issa, R.; Francis, J.H.; Marr, B.P.; Dunkel, I.J.; Gobin, Y.P. Advanced Unilateral Retinoblastoma:
The Impact of Ophthalmic Artery Chemosurgery on Enucleation Rate and Patient Survival at MSKCC. PLoS ONE 2015, 10,
e0145436. [CrossRef] [PubMed]

15. Kupfer, C. Retinoblastoma Treated with Intravenous Nitrogen Mustard*. Am. J. Ophthalmol. 1953, 36, 1721–1723. [CrossRef]
16. Munier, F.L.; Beck-Popovic, M.; Chantada, G.L.; Cobrinik, D.; Kivelä, T.T.; Lohmann, D.; Maeder, P.; Moll, A.C.; Carcaboso,

A.M.; Moulin, A.; et al. Conservative management of retinoblastoma: Challenging orthodoxy without compromising the state of
metastatic grace. “Alive, with good vision and no comorbidity”. Prog. Retin. Eye Res. 2019, 73, 100764. [CrossRef]

17. Karcioglu, Z.A. Fine Needle Aspiration Biopsy (Fnab) for Retinoblastoma. Retina 2002, 22, 707–710. [CrossRef]
18. Rushlow, D.; Piovesan, B.; Zhang, K.; Marchong, M.N.; Clark, R.D.; Gallie, B.L.; Prigoda-Lee, N.L. Detection of mo-

saicRB1mutations in families with retinoblastoma. Hum. Mutat. 2009, 30, 842–851. [CrossRef] [PubMed]
19. Hill, J.A.; Gedleh, A.; Lee, S.; Hougham, K.A.; Dimaras, H. Knowledge, experiences and attitudes concerning genetics among

retinoblastoma survivors and parents. Eur. J. Hum. Genet. 2018, 26, 505–517. [CrossRef] [PubMed]
20. Collins, M.L.Z.; Bregman, J.; Ford, J.S.; Shields, C.L. Depression, Anxiety, and Stress in Parents of Patients with Retinoblastoma.

Am. J. Ophthalmol. 2019, 207, 130–143. [CrossRef]
21. Greger, V.; Kerst, S.; Messmer, E.; Hopping, W.; Passarge, E.; Horsthemke, B. Application of linkage analysis to genetic counselling

in families with hereditary retinoblastoma. J. Med. Genet. 1988, 25, 217–221. [CrossRef] [PubMed]
22. Richter, S.; Vandezande, K.; Chen, N.; Zhang, K.; Sutherland, J.; Anderson, J.; Han, L.; Panton, R.; Branco, P.; Gallie, B. Sensitive

and Efficient Detection of RB1 Gene Mutations Enhances Care for Families with Retinoblastoma. Am. J. Hum. Genet. 2003, 72,
253–269. [CrossRef]

23. Tsimberidou, A.M.; Fountzilas, E.; Nikanjam, M.; Kurzrock, R. Review of precision cancer medicine: Evolution of the treatment
paradigm. Cancer Treat. Rev. 2020, 86, 102019. [CrossRef]

24. Mandel, P.; Metais, P. Nuclear Acids In Human Blood Plasma. CR Seances Soc. Biol. Fil. 1948, 142, 241–243.
25. Aucamp, J.; Bronkhorst, A.J.; Badenhorst, C.P.S.; Pretorius, P.J. The diverse origins of circulating cell-free DNA in the human

body: A critical re-evaluation of the literature. Biol. Rev. 2018, 93, 1649–1683. [CrossRef] [PubMed]
26. Tan, E.M.; Schur, P.H.; Carr, R.I.; Kunkel, H.G. Deoxybonucleic acid (DNA) and antibodies to DNA in the serum of patients with

systemic lupus erythematosus. J. Clin. Investig. 1966, 45, 1732–1740. [CrossRef] [PubMed]
27. Koffler, D.; Agnello, V.; Winchester, R.; Kunkel, H.G. The Occurrence of Single-Stranded DNA in the Serum of Patients with

Systemic Lupus Erythematosus and Other Diseases. J. Clin. Investig. 1973, 52, 198–204. [CrossRef]
28. Stroun, M.; Anker, P.; Maurice, P.; Lyautey, J.; Lederrey, C.; Beljanski, M. Neoplastic Characteristics of the DNA Found in the

Plasma of Cancer Patients. Oncology 1989, 46, 318–322. [CrossRef]
29. Otandault, A.; Anker, P.; Dache, Z.A.A.; Guillaumon, V.; Meddeb, R.; Pastor, B.; Pisareva, E.; Sanchez, C.; Tanos, R.; Tousch, G.;

et al. Recent advances in circulating nucleic acids in oncology. Ann. Oncol. 2019, 30, 374–384. [CrossRef]
30. Bronkhorst, A.J.; Ungerer, V.; Holdenrieder, S. The emerging role of cell-free DNA as a molecular marker for cancer management.

Biomol. Detect. Quantif. 2019, 17, 100087. [CrossRef] [PubMed]
31. Lo, Y.M.D.; Tein, M.S.; Lau, T.K.; Haines, C.J.; Leung, T.N.; Poon, P.M.; Wainscoat, J.S.; Johnson, P.J.; Chang, A.M.; Hjelm, N.M.

Quantitative Analysis of Fetal DNA in Maternal Plasma and Serum: Implications for Noninvasive Prenatal Diagnosis. Am. J.
Hum. Genet. 1998, 62, 768–775. [CrossRef] [PubMed]

32. Hou, Y.; Yang, J.; Qi, Y.; Guo, F.; Peng, H.; Wang, D.; Wang, Y.; Luo, X.; Li, Y.; Yin, A. Factors affecting cell-free DNA fetal fraction:
Statistical analysis of 13,661 maternal plasmas for non-invasive prenatal screening. Hum. Genom. 2019, 13, 1–8. [CrossRef]

33. Yu, S.C.; Lee, S.W.; Jiang, P.; Leung, T.Y.; Chan, K.A.; Chiu, R.W.; Lo, Y.D. High-Resolution Profiling of Fetal DNA Clearance from
Maternal Plasma by Massively Parallel Sequencing. Clin. Chem. 2013, 59, 1228–1237. [CrossRef]

34. Daley, R.; Hill, M.; Chitty, L.S. Non-invasive prenatal diagnosis: Progress and potential. Arch. Dis. Child. Fetal Neonatal. Ed. 2014,
99, F426–F430. [CrossRef] [PubMed]

35. Allen, S.; Young, E.; Bowns, B. Noninvasive prenatal diagnosis for single gene disorders. Curr. Opin. Obstet. Gynecol. 2017, 29,
73–79. [CrossRef] [PubMed]

36. CVS and Amniocentesis: Information for Parents. Available online: https://www.gov.uk/government/publications/cvs-and-
amniocentesis-diagnostic-tests-description-in-brief/nhs-fetal-anomaly-screening-programme-chorionic-villus-sampling-cvs-
and-amniocentesis-information-for-parents (accessed on 18 January 2021).

37. Akolekar, R.; Beta, J.; Picciarelli, G.; Ogilvie, C.; D’Antonio, F. Procedure-related risk of miscarriage following amniocentesis and
chorionic villus sampling: A systematic review and meta-analysis. Ultrasound Obstet. Gynecol. 2015, 45, 16–26. [CrossRef]

38. Gerrish, A.; Stone, E.; Clokie, S.; Ainsworth, J.R.; Jenkinson, H.; McCalla, M.; Hitchcott, C.; Colmenero, I.; Allen, S.;
Parulekar, M.; et al. Non-invasive diagnosis of retinoblastoma using cell-free DNA from aqueous humour. Br. J. Ophthalmol.
2019, 103, 721–724. [CrossRef]

39. Gerrish, A.; Bowns, B.; Mashayamombe-Wolfgarten, C.; Young, E.; Court, S.; Bott, J.; McCalla, M.; Ramsden, S.; Parks, M.;
Goudie, D.; et al. Non-Invasive Prenatal Diagnosis of Retinoblastoma Inheritance by Combined Targeted Sequencing Strategies.
J. Clin. Med. 2020, 9, 3517. [CrossRef]

40. Berry, J.L.; Xu, L.; Murphree, A.L.; Krishnan, S.; Stachelek, K.; Zolfaghari, E.; McGovern, K.; Kathleen, M.; Carlsson, A.;
Kuhn, P.; et al. Potential of Aqueous Humor as a Surrogate Tumor Biopsy for Retinoblastoma. JAMA Ophthalmol. 2017, 135,
1221–1230. [CrossRef]

http://doi.org/10.1371/journal.pone.0145436
http://www.ncbi.nlm.nih.gov/pubmed/26709699
http://doi.org/10.1016/0002-9394(53)90009-9
http://doi.org/10.1016/j.preteyeres.2019.05.005
http://doi.org/10.1097/00006982-200212000-00004
http://doi.org/10.1002/humu.20940
http://www.ncbi.nlm.nih.gov/pubmed/19280657
http://doi.org/10.1038/s41431-017-0027-9
http://www.ncbi.nlm.nih.gov/pubmed/29379195
http://doi.org/10.1016/j.ajo.2019.05.020
http://doi.org/10.1136/jmg.25.4.217
http://www.ncbi.nlm.nih.gov/pubmed/3163379
http://doi.org/10.1086/345651
http://doi.org/10.1016/j.ctrv.2020.102019
http://doi.org/10.1111/brv.12413
http://www.ncbi.nlm.nih.gov/pubmed/29654714
http://doi.org/10.1172/JCI105479
http://www.ncbi.nlm.nih.gov/pubmed/4959277
http://doi.org/10.1172/JCI107165
http://doi.org/10.1159/000226740
http://doi.org/10.1093/annonc/mdz031
http://doi.org/10.1016/j.bdq.2019.100087
http://www.ncbi.nlm.nih.gov/pubmed/30923679
http://doi.org/10.1086/301800
http://www.ncbi.nlm.nih.gov/pubmed/9529358
http://doi.org/10.1186/s40246-019-0244-0
http://doi.org/10.1373/clinchem.2013.203679
http://doi.org/10.1136/archdischild-2013-304828
http://www.ncbi.nlm.nih.gov/pubmed/24786470
http://doi.org/10.1097/GCO.0000000000000347
http://www.ncbi.nlm.nih.gov/pubmed/28134670
https://www.gov.uk/government/publications/cvs-and-amniocentesis-diagnostic-tests-description-in-brief/nhs-fetal-anomaly-screening-programme-chorionic-villus-sampling-cvs-and-amniocentesis-information-for-parents
https://www.gov.uk/government/publications/cvs-and-amniocentesis-diagnostic-tests-description-in-brief/nhs-fetal-anomaly-screening-programme-chorionic-villus-sampling-cvs-and-amniocentesis-information-for-parents
https://www.gov.uk/government/publications/cvs-and-amniocentesis-diagnostic-tests-description-in-brief/nhs-fetal-anomaly-screening-programme-chorionic-villus-sampling-cvs-and-amniocentesis-information-for-parents
http://doi.org/10.1002/uog.14636
http://doi.org/10.1136/bjophthalmol-2018-313005
http://doi.org/10.3390/jcm9113517
http://doi.org/10.1001/jamaophthalmol.2017.4097


Cancers 2021, 13, 1570 14 of 15

41. Berry, J.L.; Xu, L.; Kooi, I.; Murphree, A.L.; Prabakar, R.K.; Reid, M.W.; Stachelek, K.; Le, B.H.A.; Welter, L.; Reiser, B.J.;
et al. Genomic cfDNA Analysis of Aqueous Humor in Retinoblastoma Predicts Eye Salvage: The Surrogate Tumor Biopsy for
Retinoblastoma. Mol. Cancer Res. 2018, 16, 1701–1712. [CrossRef]

42. Xu, L.; Polski, A.; Prabakar, R.K.; Reid, M.W.; Chevez-Barrios, P.; Jubran, R.; Kim, J.W.; Kuhn, P.; Cobrinik, D.; Hicks, J.; et al.
Chromosome 6p Amplification in Aqueous Humor Cell-Free DNA Is a Prognostic Biomarker for Retinoblastoma Ocular Survival.
Mol. Cancer Res. 2020, 18, 1166–1175. [CrossRef] [PubMed]

43. Polski, A.; Xu, L.; Prabakar, R.K.; Gai, X.; Kim, J.W.; Shah, R.; Jubran, R.; Kuhn, P.; Cobrinik, D.; Hicks, J.; et al. Variability in
retinoblastoma genome stability is driven by age and not heritability. Genes Chromosom. Cancer 2020, 59, 584–590. [CrossRef]

44. Polski, A.; Xu, L.; Prabakar, R.K.; Kim, J.W.; Shah, R.; Jubran, R.; Kuhn, P.; Cobrinik, D.; Hicks, J.; Berry, J.L. Cell-Free DNA Tumor
Fraction in the Aqueous Humor Is Associated With Therapeutic Response in Retinoblastoma Patients. Transl. Vis. Sci. Technol.
2020, 9, 30. [CrossRef] [PubMed]

45. Berry, J.L.; Xu, L.; Polski, A.; Jubran, R.; Kuhn, P.; Kim, J.W.; Hicks, J. Aqueous Humor Is Superior to Blood as a Liquid Biopsy for
Retinoblastoma. Ophthalmology 2020, 127, 552–554. [CrossRef]

46. Palmieri, M.; Baldassarri, M.; Fava, F.; Fabbiani, A.; Gelli, E.; Tita, R.; Torre, P.; Petrioli, R.; Hadijstilianou, T.; Galimberti, D.;
et al. Two-point-NGS analysis of cancer genes in cell-free DNA of metastatic cancer patients. Cancer Med. 2020, 9, 2052–2061.
[CrossRef] [PubMed]

47. Kothari, P.; Marass, F.; Yang, J.L.; Stewart, C.M.; Stephens, D.; Patel, J.; Hasan, M.; Jing, X.; Meng, F.; Enriquez, J.; et al. Cell-free
DNA profiling in retinoblastoma patients with advanced intraocular disease: An MSKCC experience. Cancer Med. 2020, 9,
6093–6101. [CrossRef]

48. Xu, L.; Shen, L.; Polski, A.; Prabakar, R.K.; Shah, R.; Jubran, R.; Kim, J.W.; Biegel, J.; Kuhn, P.; Cobrinik, D.; et al. Simultaneous
identification of clinically relevant RB1 mutations and copy number alterations in aqueous humor of retinoblastoma eyes.
Ophthalmic Genet. 2020, 41, 526–532. [CrossRef] [PubMed]

49. Munier, F.L.; Gaillard, M.-C.; Balmer, A.; Soliman, S.; Podilsky, G.; Moulin, A.P.; Beck-Popovic, M. Intravitreal chemotherapy for
vitreous disease in retinoblastoma revisited: From prohibition to conditional indications. Br. J. Ophthalmol. 2012, 96, 1078–1083.
[CrossRef] [PubMed]

50. Francis, J.H.; Abramson, D.H.; Ji, X.; Shields, C.L.; Teixeira, L.F.; Schefler, A.C.; Cassoux, N.; Hadjistilianou, D.; Berry, J.L.; Frenkel,
S.; et al. Risk of Extraocular Extension in Eyes With Retinoblastoma Receiving Intravitreous Chemotherapy. JAMA Ophthalmol.
2017, 135, 1426–1429. [CrossRef]

51. Ghiam, B.K.; Xu, L.; Berry, J.L. Aqueous Humor Markers in Retinoblastoma, a Review. Transl. Vis. Sci. Technol. 2019, 8,
13. [CrossRef]

52. Dunmire, J.J.; Lagouros, E.; Bouhenni, R.A.; Jones, M.; Edward, D.P. MicroRNA in aqueous humor from patients with cataract.
Exp. Eye Res. 2013, 108, 68–71. [CrossRef]

53. Tanaka, Y.; Tsuda, S.; Kunikata, H.; Sato, J.; Kokubun, T.; Yasuda, M.; Nishiguchi, K.M.; Inada, T.; Nakazawa, T. Profiles of
Extracellular miRNAs in the Aqueous Humor of Glaucoma Patients Assessed with a Microarray System. Sci. Rep. 2014, 4, 5089.
[CrossRef] [PubMed]

54. Goel, M. Aqueous Humor Dynamics: A Review. Open Ophthalmol. J. 2010, 4, 52–59. [CrossRef]
55. Mouliere, F.; Rosenfeld, N. Circulating tumor-derived DNA is shorter than somatic DNA in plasma. Proc. Natl. Acad. Sci. USA

2015, 112, 3178–3179. [CrossRef] [PubMed]
56. Jiang, P.; Lo, Y.D. The Long and Short of Circulating Cell-Free DNA and the Ins and Outs of Molecular Diagnostics. Trends Genet.

2016, 32, 360–371. [CrossRef]
57. Cheng, D.T.; Mitchell, T.N.; Zehir, A.; Shah, R.H.; Benayed, R.; Syed, A.; Chandramohan, R.; Liu, Z.Y.; Won, H.H.; Scott, S.N.; et al.

Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT). J. Mol. Diagn. 2015, 17,
251–264. [CrossRef] [PubMed]

58. Dehainault, C.; Golmard, L.; Millot, G.A.; Charpin, A.; Laugé, A.; Tarabeux, J.; Aerts, I.; Cassoux, N.; Stoppa-Lyonnet, M.;
Gauthier-Villars, M.; et al. Mosaicism and prenatal diagnosis options: Insights from retinoblastoma. Eur. J. Hum. Genet. 2016, 25,
381–383. [CrossRef]

59. Dubber, S.; Reck, C.; Müller, M.; Gawlik, S. Postpartum bonding: The role of perinatal depression, anxiety and maternal–fetal
bonding during pregnancy. Arch. Women Ment. Health 2015, 18, 187–195. [CrossRef] [PubMed]

60. Ramchandani, P.; Stein, A.; Evans, J.; O’Connor, T.G. Paternal depression in the postnatal period and child development:
A prospective population study. Lancet 2005, 365, 2201–2205. [CrossRef]

61. Tietz, A.; Zietlow, A.-L.; Reck, C. Maternal bonding in mothers with postpartum anxiety disorder: The crucial role of subclinical
depressive symptoms and maternal avoidance behaviour. Arch. Women Ment. Health 2014, 17, 433–442. [CrossRef]

62. Dommering, C.J.; Henneman, L.; Van Der Hout, A.H.; Jonker, M.A.; Tops, C.M.J.; Ouweland, A.M.W.V.D.; Van Der Luijt, R.B.;
Mensenkamp, A.R.; Hogervorst, F.B.L.; Redeker, E.J.W.; et al. Uptake of prenatal diagnostic testing for retinoblastoma compared
to other hereditary cancer syndromes in the Netherlands. Fam. Cancer 2017, 16, 271–277. [CrossRef] [PubMed]

63. Allen, S.; Young, E.; Gerrish, A. Noninvasive Prenatal Diagnosis of Monogenic Disorders. In Noninvasive Prenatal Testing (NIPT);
Elsevier: Amsterdam, The Netherlands, 2018; pp. 157–177.

http://doi.org/10.1158/1541-7786.MCR-18-0369
http://doi.org/10.1158/1541-7786.MCR-19-1262
http://www.ncbi.nlm.nih.gov/pubmed/32434859
http://doi.org/10.1002/gcc.22859
http://doi.org/10.1167/tvst.9.10.30
http://www.ncbi.nlm.nih.gov/pubmed/33062393
http://doi.org/10.1016/j.ophtha.2019.10.026
http://doi.org/10.1002/cam4.2782
http://www.ncbi.nlm.nih.gov/pubmed/31991072
http://doi.org/10.1002/cam4.3144
http://doi.org/10.1080/13816810.2020.1799417
http://www.ncbi.nlm.nih.gov/pubmed/32799607
http://doi.org/10.1136/bjophthalmol-2011-301450
http://www.ncbi.nlm.nih.gov/pubmed/22694968
http://doi.org/10.1001/jamaophthalmol.2017.4600
http://doi.org/10.1167/tvst.8.2.13
http://doi.org/10.1016/j.exer.2012.10.016
http://doi.org/10.1038/srep05089
http://www.ncbi.nlm.nih.gov/pubmed/24867291
http://doi.org/10.2174/1874364101004010052
http://doi.org/10.1073/pnas.1501321112
http://www.ncbi.nlm.nih.gov/pubmed/25733911
http://doi.org/10.1016/j.tig.2016.03.009
http://doi.org/10.1016/j.jmoldx.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25801821
http://doi.org/10.1038/ejhg.2016.174
http://doi.org/10.1007/s00737-014-0445-4
http://www.ncbi.nlm.nih.gov/pubmed/25088531
http://doi.org/10.1016/S0140-6736(05)66778-5
http://doi.org/10.1007/s00737-014-0423-x
http://doi.org/10.1007/s10689-016-9943-z
http://www.ncbi.nlm.nih.gov/pubmed/27826806


Cancers 2021, 13, 1570 15 of 15

64. Meng, M.; Li, X.; Ge, H.; Chen, F.; Han, M.; Zhang, Y.; Kang, D.; Xie, W.; Gao, Z.; Pan, X.; et al. Noninvasive prenatal testing for
autosomal recessive conditions by maternal plasma sequencing in a case of congenital deafness. Genet. Med. 2014, 16, 972–976.
[CrossRef] [PubMed]

65. Che, H.; Villela, D.; Dimitriadou, E.; Melotte, C.; Brison, N.; Neofytou, M.; Bogaert, K.V.D.; Tsuiko, O.; Devriendt, K.; Legius,
E.; et al. Noninvasive prenatal diagnosis by genome-wide haplotyping of cell-free plasma DNA. Genet. Med. 2020, 22, 962–973.
[CrossRef] [PubMed]

66. Hui, W.W.; Jiang, P.; Tong, Y.K.; Lee, W.-S.; Cheng, Y.K.; New, M.I.; Kadir, R.A.; Chan, K.A.; Leung, T.Y.; Lo, Y.D.; et al. Universal
Haplotype-Based Noninvasive Prenatal Testing for Single Gene Diseases. Clin. Chem. 2017, 63, 513–524. [CrossRef] [PubMed]

67. Zheng, G.X.Y.; Lau, B.T.; Schnall-Levin, M.; Jarosz, M.; Bell, J.M.; Hindson, C.M.; Kyriazopoulou-Panagiotopoulou, S.; Masquelier,
D.A.; Merrill, L.; Terry, J.M.; et al. Haplotyping germline and cancer genomes with high-throughput linked-read sequencing.
Nat. Biotechnol. 2016, 34, 303–311. [CrossRef] [PubMed]

68. Sun, J.; Xi, H.-Y.; Shao, Q.; Liu, Q.-H. Biomarkers in retinoblastoma. Int. J. Ophthalmol. 2020, 13, 325–341. [CrossRef]
69. Chen, M.; Zhao, H. Next-generation sequencing in liquid biopsy: Cancer screening and early detection. Hum. Genom. 2019, 13,

34. [CrossRef]
70. Adalsteinsson, V.A.; Ha, G.; Freeman, S.S.; Choudhury, A.D.; Stover, D.G.; Parsons, H.A.; Gydush, G.; Reed, S.C.; Rotem,

D.; Rhoades, J.; et al. Scalable whole-exome sequencing of cell-free DNA reveals high concordance with metastatic tumors.
Nat. Commun. 2017, 8, 1–13. [CrossRef]

71. Mol, B.M.; Massink, M.P.G.; Van Der Hout, A.H.; Dommering, C.J.; Zaman, J.M.A.; Bosscha, M.I.; Kors, W.A.; Meijers-Heijboer,
H.E.; Kaspers, G.J.L.; Riele, H.T.; et al. High resolution SNP array profiling identifies variability in retinoblastoma genome
stability. Genes Chromosom. Cancer 2013, 53, 1–14. [CrossRef]

72. Herzog, S.; Lohmann, D.; Buiting, K.; Schüler, A.; Horsthemke, B.; Rehder, H.; Rieder, H. Marked differences in unilateral
isolated retinoblastomas from young and older children studied by comparative genomic hybridization. Qual. Life Res. 2001, 108,
98–104. [CrossRef]

73. Ishak, C.A.; Dick, F.A. Conditional haploinsufficiency of the retinoblastoma tumor suppressor gene. Mol. Cell. Oncol. 2014, 2,
e968069. [CrossRef]

74. Soliman, S.E.; Dimaras, H.; Khetan, V.; Gardiner, J.A.; Chan, H.S.; Héon, E.; Gallie, B.L. Prenatal versus Postnatal Screening for
Familial Retinoblastoma. Ophthalmology 2016, 123, 2610–2617. [CrossRef]

75. Fabian, I.D.; Stacey, A.W.; Foster, A.; Kivelä, T.T.; Munier, F.L.; Keren-Froim, N.; Gomel, N.; Cassoux, N.; Sagoo, M.S.; Reddy,
M.A.; et al. Travel burden and clinical presentation of retinoblastoma: Analysis of 1024 patients from 43 African countries and
518 patients from 40 European countries. Br. J. Ophthalmol. 2020, 2020, 316613. [CrossRef]

76. Santos, G.C.; Zielenska, M.; Prasad, M.A.; Squire, J. Chromosome 6p amplification and cancer progression. J. Clin. Pathol. 2007,
60, 1–7. [CrossRef]

77. Aschero, R.; Francis, J.; Ganiewich, D.; Gomez-Gonzalez, S.; Sampor, C.; Zugbi, S.; Ottaviani, D.; Lemelle, L.; Mena, M.; Winter,
U.; et al. Recurrent Somatic Chromosomal Abnormalities in Relapsed Extraocular Retinoblastoma. Cancers 2021, 13, 673.
[CrossRef] [PubMed]

78. Davies, H.; Broad, K.; Onadim, Z.; Price, E.; Zou, X.; Sheriff, I.; Karaa, E.; Scheimberg, I.; Reddy, M.; Sagoo, M.; et al. Whole-
Genome Sequencing of Retinoblastoma Reveals the Diversity of Rearrangements Disrupting RB1 and Uncovers a Treatment-
Related Mutational Signature. Cancers 2021, 13, 754. [CrossRef]

79. Siravegna, G.; Mussolin, B.; Venesio, T.; Marsoni, S.; Seoane, J.; Dive, C.; Papadopoulos, N.; Kopetz, S.; Corcoran, R.; Siu, L.; et al.
How liquid biopsies can change clinical practice in oncology. Ann. Oncol. 2019, 30, 1580–1590. [CrossRef] [PubMed]

80. Richardson, R.; Smart, M.; Tracey-White, D.; Webster, A.R.; Moosajee, M. Mechanism and evidence of nonsense suppression
therapy for genetic eye disorders. Exp. Eye Res. 2017, 155, 24–37. [CrossRef]

81. Shi, J.; Zhang, R.; Li, J.; Zhang, R. Size profile of cell-free DNA: A beacon guiding the practice and innovation of clinical testing.
Theranostics 2020, 10, 4737–4748. [CrossRef] [PubMed]

http://doi.org/10.1038/gim.2014.51
http://www.ncbi.nlm.nih.gov/pubmed/24830326
http://doi.org/10.1038/s41436-019-0748-y
http://www.ncbi.nlm.nih.gov/pubmed/32024963
http://doi.org/10.1373/clinchem.2016.268375
http://www.ncbi.nlm.nih.gov/pubmed/27932412
http://doi.org/10.1038/nbt.3432
http://www.ncbi.nlm.nih.gov/pubmed/26829319
http://doi.org/10.18240/ijo.2020.02.18
http://doi.org/10.1186/s40246-019-0220-8
http://doi.org/10.1038/s41467-017-00965-y
http://doi.org/10.1002/gcc.22111
http://doi.org/10.1007/s004390000450
http://doi.org/10.4161/23723548.2014.968069
http://doi.org/10.1016/j.ophtha.2016.08.027
http://doi.org/10.1136/bjophthalmol-2020-316613
http://doi.org/10.1136/jcp.2005.034389
http://doi.org/10.3390/cancers13040673
http://www.ncbi.nlm.nih.gov/pubmed/33567541
http://doi.org/10.3390/cancers13040754
http://doi.org/10.1093/annonc/mdz227
http://www.ncbi.nlm.nih.gov/pubmed/31373349
http://doi.org/10.1016/j.exer.2017.01.001
http://doi.org/10.7150/thno.42565
http://www.ncbi.nlm.nih.gov/pubmed/32308746

	Introduction 
	Genetics of Retinoblastoma 
	The Impact of Retinoblastoma Treatment Advances On Genetic Testing 
	Clinical Application of Cell-Free DNA Analysis 

	Diagnosis of Retinoblastoma 
	Diagnosis Using Aqueous Humour 
	Diagnosis Using Plasma 
	Noninvasive Prenatal Diagnosis 

	Prognosis of Retinoblastoma 
	Prognosis Using Aqueous Humour 
	Prognosis Using Plasma 

	Discussion 
	Conclusions 
	References

