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Retinoblastoma (RB) is a rare malignant tumor that arises in the developing retina in
one or both eyes of children. Pathogenic variants of the RB1 tumor suppressor gene
drive the majority of germline and sporadic RB tumors. Considering the risk of tumor
spread, the biopsy of RB tumor tissue is contraindicated. Advancement of chemotherapy
has led to preservation of more eye globes. However, this has reduced access to tumor
material from enucleation specimens. Recently, liquid biopsy of aqueous humor (AH)
has advanced the RB tumor- or eye-specific genetic analysis. In particular, nucleic acid
analysis of AH demonstrates the genomic copy number profiles and RB1 pathogenic
variants akin to that of enucleated RB eye tissue. This advance reduces the previous
limitation that genetic assessment of the primary tumor could be done only after enucle-
ation of the eye. Additionally, nucleic acid evaluation of AH allows the exploration of
the genomic landscape of RB tumors at diagnosis and during and after treatment. This
review explores how AH sampling and AH nucleic acid analysis in RB patients assist in
diagnosis, prognosis, and comprehending the pathophysiology of RB, which will ulti-
mately benefit individualized treatment decisions to carefully manage this ocular cancer
in children.
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Each year, an estimated 8000 new cases1–4 of retinoblas-
toma (RB) are diagnosed worldwide. Identifying early

signs of RB like leukocoria,4 signaled by an absent red reflex
in childhood, and offering rapid intervention can help confer
an improved prognosis. Late signs of the disease include
manifestations of orbital extension,5 such as proptosis and
iris neovascularization. Tumors have a poorer prognosis
when identified at this stage. Although RB is ostensibly a
clinical diagnosis, patients should also undergo confirmatory
indirect ophthalmoscopy with dilation, a full fundoscopic
examination under general anesthesia to determine tumor
burden, and magnetic resonance imaging to assess for optic
nerve or intracranial invasion4 or trilateral disease involving
the pineal gland.6 Enucleation remains the first-line ther-
apy worldwide, often curing the disease,4 and histopatho-
logical analysis of the enucleated eye helps identify high-
risk features such as optic nerve or choroidal invasion,
or to obtain further information for possible intervention

with more aggressive therapeutic modalities, including intra-
venous chemotherapy7

RB usually initiates with loss of both alleles of the
RB1 gene, although a subset of patients are characterized
by MYCN amplification in the absence of RB1 pathogenic
variants/mutations.8 These driver events, termed mutations
1 and 2 (M1 and M2) are followed by further genetic pertur-
bations (M3…Mn).9 These include chromosomal somatic
copy number alterations (SCNAs), like gains of 6p, 2p
(including the MYCN locus), and 1q and/or deletions at
13q and 16q.10 These SCNAs have gained attention as
they inactivate tumor suppressors and activate oncogenes
important for RB progression.10 Additional epigenetic modi-
fications, like aberrant DNA methylation (hypermethyla-
tion of tumor suppressor genes via transcriptional acti-
vation of DNA methyltransferase 1 [DNMT1]), microRNA
dysregulation, and histone deacetylation (induced by
histone deacetylases that cause transcriptional activation
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FIGURE. Overview of aqueous humor (AH) liquid biopsy and genetic screening in retinoblastoma (RB) patients. (A) Collection of AH
from the anterior aqueous chamber of an eye with RB (illustrating the features of tumor growth and vitreous seeding [yellow spots]) through
corneal paracentesis allows extraction of cell-free DNA (cfDNA) containing circulating tumor DNA (ctDNA) of RB tumor origin. (B) Genomic
analysis (amplification and sequencing) of cfDNA identifies RB1 pathogenic variants and copy number alterations. (C) Somatic copy number
alteration (SCNA) analysis reveals recurrent chromosomal gains (red: 1q, 2p and 6p) and losses (blue: 16q) along with other SCNAs that are
not highly recurrent. (D) The outcome of genetic analyses may aid diagnosis of RB via RB1 genomic alterations and other changes including
MYCN amplification, prognosis of RB by SCNA biomarker detection, and in making personalized treatment decisions for RB patients. Panel
C reproduced from Kim ME, Polski A, Xu L, et al. Comprehensive somatic copy number analysis using aqueous humor liquid biopsy for
retinoblastoma. Cancers. 2021;13:3340. © 2021 by the authors. Available under the Creative Commons Attribution (CC BY) license.

of pro-growth genes),11–13 further contribute to tumor
growth.

Because the RB1 pathogenic variant is heritable in 40%
of patients, it is necessary to assess the germline status of
a patient’s pathogenic variant via genetic testing of periph-
eral blood to offer (if needed) surveillance for further
RB tumors in childhood, and life-long surveillance for
osteosarcoma, melanoma, and other RB1-associated malig-
nancies.14–16 Screening of possibly affected family members
is also needed. Patients with a germline RB1 pathogenic vari-
ant (M1 in all cells) usually develop multifocal, bilateral (or
even trilateral) disease, while patients with sporadic disease
(both M1 and M2 occurring in a single susceptible cone
precursor cell)17 have a unilateral, unifocal tumor. Current
therapeutic interventions include focal laser- or cryotherapy,
systemic intravenous chemotherapy, intraophthalmic artery
chemotherapy, and intravitreal chemotherapy (IViC)7 for
individualized treatments. IViC allows for successful treat-
ment of traditionally challenging vitreous seeding of tumor
cells.18,19

The rise of globe-sparing therapies has decreased the
number of enucleated RB tumors available for histopatho-
logical, biochemical and genetic profiling,20 thereby encour-
aging advances in liquid biopsy21 practices that are inspired
by the possibility of harvesting genomic and proteomic
information from aqueous humor (AH) sampling.22 Because
fluid is introduced to the eye during IViC therapy, AH is
usually removed to help normalize intraocular pressure.
Note, however, that AH sampling at time of diagnosis or

treatment is not feasible for all RB eyes given the chal-
lenge of chamber shallowing from large-sized tumors and
increased pressure in some advanced eyes.23 A number of
proteins and metabolites have been assessed as AH biomark-
ers in RB detection. However, nucleic acids are the key
molecules wherein chromosomal variations occur, which are
known to drive RB, and can be readily analyzed with high
sensitivity tools. Hence, this review focuses on the role of
how analyzing nucleic acids obtained from AH sampling
could inform the diagnosis, prognosis, and treatment
of RB.

Many tumor types can be evaluated through direct tumor
sampling. However, this has been historically contraindi-
cated in RB because of the risk of extraocular or vitre-
ous seeding occurring as a consequence of disrupting the
integrity of the globe by introducing a needle.18,24 In fact,
not only has direct tumor sampling been contraindicated in
RB because it might cause extraocular extension, but even
IViC of patients with RB undergoing treatment was also
previously avoided. This practice was challenged with the
development of safe IViC treatment protocols with injec-
tion preceded by paracentesis (although IViC can still be
contraindicated in eyes with retinal detachment).19,25 As AH
sampling grows in interest, there are three questions that
can help evaluate its importance: Can AH sampling aid in
diagnosis of RB? Can AH sampling aid in prognosis of RB?
Can AH sampling aid in treatment decisions for RB? (Fig.).
We discuss these questions along with future prospects for
AH analysis in this cancer.
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CAN AH SAMPLING AID IN DIAGNOSIS OF RB?

Although blood sampling has served as a source of circulat-
ing tumor DNA and tumor cells,26 the blood to ocular barri-
ers makes this sampling less favorable in RB compared to
other cancers as it identifies only minimal tumor fraction
(TFx) in the blood, thus limiting the identification of prog-
nostic biomarkers of RB. To circumvent this concern, AH
liquid biopsy has been found as an ocular-specific substi-
tute since it is a robust source of cell-free DNA (cfDNA).22,23

A summary of AH nucleic acid sampling studies to date is
provided in the Table. A case study by Berry et al.22 laid
the groundwork for evaluation of nucleic acids by estab-
lishing that there is a sufficient amount of tumor DNA for
sampling and evaluation included in the cfDNA within the
AH (100 μL) extracted via corneal paracentesis. A follow-up
study27 evaluated AH sampling because the patients’ eyes
were either undergoing treatment or enucleation. This eval-
uation pioneered the identification of recurring SCNAs in
AH, which were seen at a higher rate (92%) in enucle-
ated eyes compared to salvaged eyes (38%). This study also
revealed an accurate match of chromosomal gains and losses
between the tumor and AH in 11 of 13 eyes.27 However, it
can be claimed that the AH DNA profile matched the tumor
in all 13 eyes when considering that some of these tumors
likely exhibited a heterogenous mixture of tumor-derived
DNA from each tumor clone. This group later showed 93%
and 97% concordance in the genomic profiles acquired from
cfDNA of AH and matching RB tissues for two eyes that were
enucleated.28

Further studies have proven the diagnostic capabilities
of nucleic acids within AH. The AH-derived DNA analysis
of RB eyes and matched blood samples of patients demon-
strated the presence of tumor derived SCNAs present only
in AH, and relatively higher yield of cfDNA in AH than in
blood samples. SCNA profiles of 11/20 patients were consis-
tent with those common in RB while 0/20 of the blood
samples exhibited SCNA profile consistency to RB, highlight-
ing the superiority of AH aiding diagnosis over the conven-
tional peripheral blood sample testing. Seven of those 20
AH samples were extracted at time of diagnosis with the
other 13 at time of treatment, indicating the ease of tumor
genome (mutational) analysis during the course of RB.29 A
study by a separate group evaluated RB1 pathogenic variants
in three enucleated eyes of RB (n = 3 patients) and corre-
sponding AH and blood samples from the same patients.30

Sequence analysis performed in RB tumor and AH of these
three eyes revealed deletion of RB1 promotor to exon 23,
and identification of two heterozygous nonsense variants of
RB1 in two patients, denoting the lack of a germline RB1
pathogenic variant in these patients. The third patient exhib-
ited heterozygous substitution on the first allele and loss
of heterozygosity on the second allele, implicating the exis-
tence of a germline RB1 pathogenic variant. Of these three
patients, the RB tumor and AH were concordant for all three
patients; however, the blood sampling only matched in one
of the three individuals (patient three), consistent with a
germline variant.

Building on this, whole genome sequencing of AH
samples allowed for 100% recognition of pathogenic vari-
ants for all RB patients (n = 7 eyes of six RB patients)
in one study31 and in nine of 10 paired AH-tumor
samples in another study.32 In this latter work, even
AH of patients undergoing active IViC could be used to
detect a single nucleotide variant (SNV) in RB1 and a

region of loss of heterozygosity in two patients, despite
an overall reduction in cfDNA in eyes undergoing therapy,
thereby indicating that the majority of cfDNA in the AH is
tumor-derived.

Perhaps one of the largest benefits of AH as compared
to blood DNA analysis is the ability of AH to aid in detec-
tion of low-level germline RB1 mosaicism, which may be
overlooked in the standard peripheral blood testing of RB
diagnosis.31,33 A workflow using AH nucleic acids to aid in
diagnosis allows for identification of both RB1 pathogenic
variants in patients with both heritable and non-heritable
disease. Comparing this workflow to blood evaluation shows
the power of AH sampling, as blood evaluation can currently
only identify germline RB1 variants.28

The AH liquid biopsy has become a powerful tool for
identifying cfDNA, analysis of which detects SCNAs, as well
as pathogenic variants in the RB1 gene. SCNA identification
in blood samples poses considerable challenges because of
low TFx and an inability to correlate the SCNAs in each
eye’s tumor(s). AH based analysis can detect SCNAs that
are specific for each eye to aid in prognostication (see next
section), particularly valuable in the 40% of patients with
bilateral disease.28,34 That said, a recent study35 demon-
strated the identification of somatic RB1 pathogenic variants
in plasma of patients with an advanced intraocular tumor;
however, there have been no further reports extending this
finding. Also, Sirivolu et al.36 documented the existence of a
6p gain SCNA in the TFx of both AH and blood samples of
a single RB patient, perhaps suggestive of high levels of TFx
in the blood when RB tumors are very large. Nonetheless,
the use of AH nucleic acid analysis remains more sensitive
than blood for detecting RB SCNAs.29

A common limitation is that not every RB eye will have
detectable SCNAs. However, a possible solution is evident
in promising studies evaluating methylation analysis of AH-
derived DNA. To that end, a proof-of-concept study showed
a substantial detection of methylated transcription factor
AP2-alpha gene (TFAP2A) in cfDNA of AH and RB tissues,
higher than in AH and retinal tissues from individuals with-
out RB as detected by methylation specific PCR; intrigu-
ingly, the levels of methylated TFAP2A in AH were consis-
tent with those of RB tissues.37 TFAP2A is a signaling
nexus in tumor progression that promotes tumor stemness
and triggers epithelial mesenchymal transition (EMT) and
metastasis via augmenting the expression of various onco-
genes.38 Plus, epigenetic DNA methylation profiling inves-
tigated via targeted bisulfite sequencing uncovered DNA
hypermethylation signatures of various promoters in the
AH cfDNA including RB1, AXIN2, FGFR1 (fibroblast growth
factor receptor 1), GSTA4 (glutathione S-transferase alpha
4), IL1R2 (interleukin 1 receptor 2), STK19 (serine/threonine
kinase 19), and TFF1 (trefoil factor 1), and DNA hypomethy-
lation of the MYCN and SYK promotors in corrobora-
tion with RB tumor methylation signatures.39 The mecha-
nisms leading to these aberrant methylation patterns remain
unknown.

Another important limitation is that to date, AH sampling
has not been reported for narrowing a differential diagnosis
for which RB is included on the differential analysis (in those
rare patients where diagnosis is ambiguous). However, AH
sampling has been successfully used for unusual presenta-
tions such as diffuse infiltrating RB40 and anterior disease.41

Further such use in unclear cases will be the key final step in
establishing the diagnostic potential of this technology for
RB.
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TABLE. Chronological Listing of Retinoblastoma Genomic Studies Using AH Liquid Biopsy

Analysis of AH Main Outcome of the Study
Number of

AH/Tumor/Blood Samples Number of Eyes/Patients Reference

Isolation of cfDNA from the
AH of RB patients and
evaluation of nucleic acids
by shallow whole genome
sequencing along with
SCNA profiling

An adequate concentration of
nucleic acids (DNA, RNA
and microRNA) was seen in
the AH samples, and
chromosomal SCNAs were
consistent with tumor DNA

n = 6 AH samples; 4 samples
collected prior to
intravitreal melphalan
treatment and 2 from later
enucleation

3 RB eyes 22

SCNA detection in the RB
tumor-derived cfDNA of the
AH using whole genome
sequencing (shallow)

Chromosome 6p gain was
detected in the AH of
enucleated eyes (77%, n =
13 eyes) and salvaged eyes
(25%, n = 16 eyes)

n = 63 AH samples 29 eyes of 26 RB patients 27

SNV detection in the AH
cfDNA of RB patients who
underwent enucleation and
those undergoing IViC

SNVs and exonic (E6)
deletion of RB1 and loss of
heterozygosity regions
were detected in AH cfDNA
with similarity to tumor
DNA in the enucleated
eyes. SNVs were detected
in one patient and loss of
heterozygosity in another
patient undergoing IViC

n = 12 AH samples; 10
extracted post enucleation
and 2 during IViC

12 RB eyes; 10 enucleated
eyes and 2 eyes of
patients undergoing
IViC

32

Evaluation of germline RB1
genomic profile/stability in
the AH of RB patients

Higher number of total and
recurrent RB SCNAs
correlated with the age of
RB patients rather than
with patients’ hereditary
status and clinical grouping
of RB tumor

n = 115 AH samples 54 eyes of 50 RB patients;
23 hereditary RB and 27
non-hereditary RB
patients

47

RB1 variant and SCNA
detection in RB AH

SCNA were detected in 4 out
of 7 AH and 4 tumor
samples and focal
amplification of MYCN (1
sample) and RB1 deletion
(1 sample); similar RB1
variant identification as that
of RB tumor and blood (M1
– two germline RB1 SNVs
and copy number variants,
and M2 – four RB1 SNVs)

n = 7 AH samples and 4
matched tumor samples

7 eyes of 6 RB patients 31

Therapy oriented longitudinal
assessment of TFx and
SCNA of AH cfDNA

Marked changes (increase or
decrease) in the TFx and
SCNA amplitude
corresponded to
progression or regression
of RB in response to IViC

n = 78 AH samples (patients
underwent 3 or more AH
liquid biopsies)

20 eyes of 20 RB patients 53

SCNA identification in the AH
cfDNA of RB patients
(salvaged and enucleated
eyes) via shallow whole
genome sequencing

Commonly recurrent SCNAs
such as 1q, 2p, and 6p
chromosomal gains and
13q and 16q losses, with
predominant occurrence of
6p gain, seen in the
enucleated eyes over
salvaged eyes

n = 116 AH samples 50 eyes of 46 RB patients 44

RB1 gene profiling by
hybridization and
sequencing

Biallelic deletion of entire
RB1 gene confirmed RB
diagnosis in a hypertensive
uveitis patient

n = 1 AH sample 1 RB patient 41

Comparative analysis of
cfDNA extracted from
blood and AH samples to
assess SCNA by shallow
whole genome sequencing

Consistent SCNA profiles of
RB were found in 11 out of
20 AH cfDNA samples
while none of the cfDNA of
blood samples revealed RB
SCNAs

n = 20 AH and matched
blood samples

17 RB patients 58
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TABLE. Continued

Analysis of AH Main Outcome of the Study
Number of

AH/Tumor/Blood Samples Number of Eyes/Patients Reference

Whole genome analysis of
cfDNA isolated from RB AH
to validate SCNAs of RB

Highly and non-highly
recurrent SCNAs of RB
were identified, and
differing prevalence of 20q
gain and 8p loss between
primary and secondary
enucleations, plus
heightened chromosomal
instability

n = 68 AH samples 68 eyes of 64 RB patients 42

Exploration of inter-eye
genomic profiles using AH
cfDNA of a bilateral patient

1q gain, 13q and 16q loss
with reduced AH TFx seen
in the right eye which had
three intravitreal melphalan
treatments while the left
eye displayed 6p gain and
13q loss with an elevation
of TFx

n = 5 AH (3 right eye and 2
left eye) samples

1 RB patient 43

Genome-wide SCNA
detection in AH samples by
sequencing and
resequencing to detect RB1
and MYCN

RB-specific genomic
information including
SCNAs of RB seen in 5 out
of 7 AH samples, and SNVs
of RB1 gene in 5 out of 7
AH samples

n = 7 AH samples extracted
at time of diagnosis

6 RB patients 28

Genome-wide methylation
screening

Increased level of methylated
TFAP2A seen in AH of RB
patients vs. AH of non-RB
patients, consistent with the
levels noted in RB tissues

n = 15 AH from RB and 5 AH
samples from non-RB
patients

15 RB and 5 non-RB
patients

37

A single analysis of AH
cfDNA via next-generation
sequencing with the
combinational use of
unique molecular
identifiers

Highly sensitive detection of a
panel of RB-relevant genes
including RB1, MYCN,
MED4, and TP53 variants,
SNVs, and microsatellites

n = 11 AH samples 11 RB patients 62

Genomic analysis of RB AH
sample

Two somatic RB1 variants
identified, c.1589_1590del
and c.2330dupC in the AH
of an advanced unilateral
RB patient

n = 1 AH sample 1 RB eye that underwent
primary enucleation

36

DNA methylation profile
investigation in the cfDNA
of paired AH and RB
tumors

Detected DNA methylation
signatures in the RB AH
with a pronounced
similarity to RB tumors, in
addition to distinct
prognostic markers of DNA
methylation in salvaged
eyes and eyes that had
therapy failure and were
eventually enucleated

n = up to 10 AH samples and
matched RB tumors

12 RB patients 39

Measurement of
mitochondrial to nuclear
DNA ratio in RB AH, and
copy number analysis of
nuclear and mitochondrial
genes

Substantially decreased
mitochondrial to nuclear
DNA ratio seen, with
elevation in the copy
number of GAPDH and
B4GALNT1 (conserved
nuclear genes) in RB AH
over controls while no
change in the copy number
of MT-ATP6 (mitochondrial
gene) between RB and
controls

n = 42 RB AH samples, and
11 non-RB AH samples

25 RB patients, and 11
control (non-RB)
patients who had no
other cancer

49
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TABLE. Continued

Analysis of AH Main Outcome of the Study
Number of

AH/Tumor/Blood Samples Number of Eyes/Patients Reference

Comparable detection of
germline RB1 pathogenic
variant in RB AH

Identified RB1 promotor
deletion on exon 3 (patient
1), and dual RB1 nonsense
pathogenic variants with
heterozygosity (patient 2),
and point mutation on
allele 1 with loss of
heterozygosity on allele 2
(patient 3) in AH,
consistent with RB tumor

n = 3 AH and matched tumor
samples

n = 3 eyes of 3 RB
patients

30

Nucleic acid and protein
quantification of RB AH
samples

AH samples at diagnosis
produced a richer yield of
nucleic acids such as
ssDNA, dsDNA, microRNA,
and protein than samples
collected during treatment.
Samples from Groups D
and E eyes had elevated
concentrations relative to
Groups B and C. Samples
from Group A eyes showed
undetectable analytes

n = 128 RB AH samples, and
n = 14 control AH samples

62 eyes of 55 RB patients,
and 14 non-RB, control
eyes

59

AH cfDNA isolation and
shallow whole genome
sequencing to assess
various SCNAs

2p and 7q gains and 19q loss
along with additional
recurrent signatures
including 1q and 6p gains,
16q loss, and non-recurrent
17q gain and 19q loss were
detected

n = 58 AH samples; 41
samples extracted post
enucleation and 17 before
IViC

58 RB patients 46

Simultaneous genomic profile
analysis of SCNAs and
SNVs in both AH and tumor
samples of RB by targeted
sequencing approach

Detected SCNAs in 100% AH
samples with 90% of them
identified as recurrent
SCNAs of RB. Plus,
demonstration of the
presence of RB-SCNAs in
81.8% tumor samples.
Parallel identification of
nine SNVs including those
of RB1, MYCN, BCOR and
CREBBP; 89% of these
SNVs were shared among
the AH and tumor samples

n = 11 AH and matched
tumor samples

11 RB patients 61

AH cfDNA analysis of
unilateral, diffuse
infiltrating retinoblastoma
patients using a targeted
next-generation sequencing
approach

Uncovered somatic alterations
of the RB1 gene in both
alleles which were absent
in the germline DNA
assessed in peripheral
blood and buccal mucosa

n = 2 AH samples 2 RB patients 40

AH, aqueous humor; cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; IViC, intravitreal chemotherapy; RB, retinoblastoma; SCNA,
somatic copy number alteration; SNV, single-nucleotide variant; TFx, tumor fraction.

Note that some patients are reported across multiple studies.

CAN AH SAMPLING AID IN PROGNOSIS OF RB?

Although not yet conclusive, there is evidence that AH
sampling can reflect the status of the tumor and the tumor
burden. Evaluation of eyes that had undergone enucleation
showed that the presence of two key factors could poten-
tially provide prognostic value. One of them is a specific RB
SCNA, gain of 6p. This gain was more common in eyes that
were enucleated compared to eyes that were salvaged, with
the median amplitude of 1.47 (enucleated eyes) versus 1.07

(salvaged eyes).27 Furthermore, patients with 6p gain and
patients with any other SCNA showed 2.14 and 1.17 times,
respectively, higher chances of enucleation than salvage of
the eye27 and 6p gain also directly correlated with class of
the vitreous seeds, categorized based on their morpholo-
gies as class 1 (dust), class 2 (sphere), and class 3 (cloud).42

Intriguingly, in an inter-eye genomic analysis of a patient
with bilateral RB, the left eye, which had marked 6p gain
in the AH cfDNA (amplitude 1.8), was subjected to enucle-
ation after IViC with melphalan treatment failure, while the
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right eye, which had no 6p SCNA in the AH cfDNA, was
salvaged following three courses of IViC with melphalan.43

Subsequent follow-up reinforced these findings: in 50 eyes
of 46 patients, 6p gain in the AH was seen in 17 of 23 enucle-
ated eyes and only 8 of 27 salvaged eyes. This translated
to an almost 10-fold increased odds of enucleation for eyes
with 6p gain.44 Interestingly, 6p gain also associated with
high-risk histopathologic features in enucleated eyes.45

A second possible prognostic factor is MYCN ampli-
fication. Eyes with MYCN amplification-driven RB may
feature larger, more aggressive tumors more likely to invade
the optic nerve than the heritable RB1−/− counterpart
(although MYCN lower-copy gain or even amplification is
also commonly seen in RB1 mutant tumors as well since the
MYCN locus lies in the minimal common region of 2p gain).8

Therefore the ability to detect MYCN amplification along
with 6p gain could help to provide an accurate prognosis.
These two possible prognostic indicators, 6p gain andMYCN
amplification, are both available by sampling AH. Initially
these measurements of SCNA (6p gain) and MYCN ampli-
fication were all noted in enucleated eyes, which created
the question of whether these prognostic abilities were only
theoretical. However, subsequent studies that measured 6p
gain and MYCN amplification at time of diagnosis removed
this concern.

In a retrospective study, four out of 68 RB eyes presented
with MYCN amplification with or without 6p gain and other
SCNAs including 1q gain and losses of 16p and 16q; all
were enucleated (these MYCN amplified tumors did not
present with histology consistent with MYCN-driven RB).42

This study also revealed increased genomic instability in
secondary versus primary enucleation samples, and uncom-
mon SCNAs, 20q gain and 8p loss, only in secondary enucle-
ation samples. Also, in a prospective study, two eyes (out of
seven) were secondarily enucleated because of therapy fail-
ure, and these had either MYCN amplification or 6p gain.28

Another recent study of 58 AH samples taken at enucleation
or time of IViC flagged 19q loss as common in advanced-
stage patient samples and associating with high-risk patho-
logic features, and 2p (presumably including the MYCN
locus, but this was not specified) and 7q gain as each asso-
ciated with enucleation.46 This intriguing evidence further
strengthens the claim that AH nucleic acid analysis is capable
of detecting 6p gain, MYCN amplification, and other SCNAs
that could be prognostic.

Other than the key factors discussed above, other diverse
findings add prognostic values to RB AH analysis. AH SCNAs
in RB patients increased with the age of the tumor/patients’
age at diagnosis but did not vary with heritable status47; it
is not surprising that SCNAs might increase over time as
tumor progresses. The identification of DNA methylation
signatures associated with prognosis in the AH cfDNA of
salvaged and enucleated eyes with RB, as described above,
also underscores the capability of AH analysis in tracing
potential prognostic markers of DNA methylation during
therapy.39 A longitudinal study of 25 RB patients quantita-
tively measured conserved nucleic acid sequences of nuclear
and mitochondrial genes in the AH during IViC, wherein
markedly increased copy counts of nuclear genes GAPDH
and B4GALNT1 (a ganglioside synthase previously identified
as a putative biomarker of GD2-positive phenotype in triple
negative breast cancer [TNBC] vs. non-TNBC samples48) and
unaltered copy counts of MT-ATP6 (mitochondrial gene)
were seen in AH from RB patients with progressive disease
relative to progression-free patients and controls.49 Finally,

the secretory protein associated with RB metastasis, TFF1,
has been detected in the AH, where it is also correlated
with increased metastasis risk.50 Although not a nucleic acid,
this novel biomarker bears mentioning given its prognostic
potential.51,52 These approaches of AH analysis might add
prognostic values when routine fundoscopy observation is
challenging due to obstructed views.

CAN AH SAMPLING AID IN TREATMENT

DECISIONS FOR RB?

AH sampling has promising potential to aid in diagnosis
and prognosis of patients suffering from RB. However, AH
sampling could also aid clinicians in key steps to guide treat-
ment plans. As noted above,22 AH DNA could indicate the
importance of enucleation in situations where there is pres-
ence of 6p gain or MYCN amplification. One of the earliest
studies investigating cfDNA within AH proved its ability to
predict eye salvage,27 whereas a longitudinal study (n = 20
eyes of 20 patients) that featured serial AH sampling (at least
three) showed that TFx increase or decrease correlated with
disease progression or regression respectively. Specifically
during IViC, elevated TFx (at least/over 15%) in comparison
to baseline and higher SCNA fraction were correlated with
higher chances of disease progression, with the converse
associated with regression.53 Dramatically, a 15% increase
in TFx conferred a 90-fold increased odds of progression,
implying the concurrence of longitudinal changes in the TFx
and SCNA to the therapeutic response. Consistent with these
examples of AH sampling aiding treatment decisions, cfDNA
content was reduced in eyes undergoing IViC compared with
naïve eyes in another study.32 Similarly, in the genome copy
study mentioned above, GAPDH copy counts decreased
in patients responding to chemotherapy, while one non-
responder retained high GAPDH.49 AH sampling and AH
nucleic acid evaluation might therefore be used to assess
the status of the tumor during the course of RB manage-
ment. Since evidence of using AH nucleic acids for treat-
ment response is not yet so well developed, other AH
biomolecules may also offer value. For instance, we recently
showed that AH vascular endothelial growth factor A (VEGF-
A) levels could be a biomarker of RB vitreous seed treat-
ment response in a rabbit xenograft model and in eyes
of human patients undergoing IViC with melphalan.54 This
finding revives the question of whether anti-VEGF agents
may have therapeutic relevance in RB.55,56

POTENTIAL PROMISE, CHALLENGES, AND FUTURE

DIRECTIONS

How might AH sampling fit into a clinical practice guideline?
AH will likely have a future role for the inclusion of molecu-
lar biomarkers in the assessment of therapeutic response.57

AH sampling could be used at time of diagnosis to assist in
establishing diagnosis, particularly to understand the cause
of RB (RB1 germline variant vs. RB1 sporadic variant vs.
MYCN amplification) and its prognosis. This may be followed
by repeated and periodic AH sampling during IViC treat-
ment, because routine chemotherapies often require multi-
ple visits. Such sampling could provide insight into tumor
progression or remission; moreover, shifts in the pattern of
SCNAs during treatment can potentially be monitored, which
could support assessment of prognostic outcomes.
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However, eyes with advanced tumors that should be
enucleated at diagnosis would not undergo AH sampling,
due to the unnecessary risk this adds, without added bene-
fit as primary tumor material for genetic analysis is available
from the enucleated eyes. At the other end of the severity
spectrum, we do not yet know how useful AH biopsies from
eyes with small tumors are, as these tumors are not treated
with IViC and they may not yield enough cfDNA for analysis.
This limitation also raises the broader question of whether
AH sampling should be done as a standalone procedure on
eyes that are not undergoing IViC. A careful risk-benefit anal-
ysis of this will depend on the outcomes of future prospec-
tive studies, and patient (parent/guardian) preferences will
have to be assessed as well.

We anticipate that prognostication will become more
accurate as more studies are done, including detection of
genetic alterations beyond RB1 inactivation, such as focal
MYCN amplification and amplification of other oncogenes
(for instance transcription factor MDM4 and kinase RAF1)
in larger patient pools.58 Further studies investigating SNVs
that are only found in a subset of RB tumors, such as those
in transcription factors BCOR or CREBBP will enhance clin-
icians’ ability to provide personalized, accurate genetically-
informed prognosis not only for each patient and but also
for each eye.28 Again, if AH sampling becomes incorporated
into standard care and as more studies examine its role, we
anticipate that TFx may help guide clinicians’ treatment deci-
sions since TFx has been validated as a clinically relevant
biomarker of RB therapeutic response.53

One challenge to AH sampling is limitations on mate-
rial: how much information can be gathered from a single
AH sample? One 100 μL AH sample currently suffices for
detection of SCNA via sequencing, identification of RB1
variant profiles, and measurement of TFx.31 Fortunately,
recent advancements have provided evidence that 1 μL of
AH allows measurements of various circulating analytes
such as microRNA, double- and single-stranded DNA, and
protein in samples collected at diagnosis, during, and post
treatments59; this evidence eases the concern on material
limitation, although small tumors (Group A eyes in the
International Intraocular RB Classification60) in this study
proved unreliable for yielding usable analytes. Another limi-
tation is the need for more than one AH cfDNA analy-
sis to assess SCNA and SNVs individually, which are time
consuming and could cause diagnostic delay. To address
this concern, a recent study presented a targeted sequenc-
ing approach over whole genome sequencing, enabling the
analysis of AH cfDNA in demonstrating contemporaneous
screening of both SCNA and SNVs from a single sample.61

Another combined analysis of AH cfDNA performed via
next-generation sequencing coupled with the use of unique
molecular identifiers (molecular barcodes) offered identifi-
cation of RB1, MYCN, MED4 (part of the mediator transcrip-
tional regulatory complex), and TP53 variants, SNVs, and
microsatellites with high sensitivity.62 Such screening meth-
ods will not only help improve quicker diagnosis but also
will aid in treatment decisions to potentially enhance better
outcomes of RB management.

Additionally, the sensitivity and accuracy of AH derived
analyses may inform management of RB in the future,
aiding treatment decisions for RB patients given the infor-
mation of patient/eye specific genomic landscape,28 if and
when treatments targeted to specific genomic alterations are
developed. Understanding RB-specific SCNAs will not only
offer identification of prognostic biomarkers, but also ulti-

mately gene/SCNA-specific therapeutic interventions. These
could include potential therapies targeting the transcrip-
tion factors E2F3 or DEK, as these genes lie in the mini-
mal region of gain on 6p44 and are oncogene candidates in
RB.63,64 We anticipate that these and other pathways asso-
ciated with RB tumorigenesis, such as oncogene candidates
in commonly-gained 1q (KIF14,MDM4) and tumor suppres-
sor gene candidates in commonly-lost 16q (CDH11),10

may be identified as possible therapeutic targets. AH
sampling will help us understand the multifactorial nature
of the disease and thereby offer target-specific treatment
modalities.

Aside from genetic markers in RB AH, an array of proteins
and small-molecule metabolites are also dysregulated in RB
AH. A thorough discussion of these is beyond the scope of
this review, but readers are directed to the review by Ghiam
et al.,65 which covers known protein and metabolite markers
including lactate dehydrogenase (LDH) and enolase/neuron-
specific enolase (NSE) at elevated levels, survivin with a 62%
sensitivity and 100% specificity to detect tumor, TGF-β1 with
100% sensitivity and 90% specificity, higher levels of uric
acid and xanthine, and total protein content in AH. Adding
to this, a recent proteomic analysis of RB AH biopsied at
various stages explored a panel of 96 specific proteins.
Many were upregulated in different stages including active
vitreous and aqueous seeding and active and inactive RB
with no seeding. They included apolipoproteins APOA4
and APOA1, ITIH4 (Inter-Alpha-Trypsin Inhibitor Heavy
Chain 4), SERPINA6 and many others, which play essen-
tial roles in regulating multiple physiological functions.66

Furthermore, a metabolomics analysis of RB AH revealed
a panel of metabolic biomarkers including acetoacetic acid,
aspartic acid, lactic acid, levulinic acid, norepinephrine, 1-
pyrroline-5-carboxylic acid, and valine. These metabolites
except levulinic acid and valine were found to be signifi-
cantly overexpressed with progression of RB.67 The under-
lying mechanisms for the involvement of these proteins and
metabolites in RB pathogenesis and progression require
further investigation in order to explore potential avenues
for RB treatment. The next frontier is likely multiomic anal-
ysis: a state-of-the-art non-RB AH multiomics study recently
identified hundreds of protein markers and their cellular
origins through proteomics and single-cell transcriptomics
together with an artificial intelligence (AI)–based approach.
Such modern approaches have the potential to advance
cellular and molecular level diagnosis and prognosis in RB
screening and treatment responses.68

Although the rate of ocular salvage and improved visual
outcomes of RB eyes have improved in recent years, AH
genomic analyses hold promise to further maximize these
and also guide treatment decisions to improve survival glob-
ally as sequencing technologies spread to low- and middle-
income countries.69,70 For now, analyses are done mainly on
a research basis. Once further established and validated, cost
effectiveness for patients and/or payers will also factor into
widespread clinical deployment. Future prospects include
the possibility of AH sampling in uveal melanoma71,72 and
potentially other ocular tumors. In the RB context, further
assessment of non-coding RNAs in the AH holds promise,
as does moving beyond nucleic acids to find novel protein
biomarkers identified by proteomics66 or small-molecule
metabolites67 as mentioned above. Long-term, RB outcomes
may improve by allowing AH sampling to aid in confirm-
ing diagnoses, delineating prognoses, and enabling person-
alized therapeutics.
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