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Abstract
Tumor heterogeneity, characterized by the presence of diverse cell populations within a tumor, is a key feature of the com-
plex nature of cancer. This diversity arises from the emergence of cells with varying genomic, epigenetic, transcriptomic, 
and phenotypic profiles over the course of the disease. Host factors and the tumor microenvironment play crucial roles in 
driving both inter-patient and intra-patient heterogeneity. These diverse cell populations can exhibit different behaviors, 
such as varying rates of proliferation, responses to treatment, and potential for metastasis. Both inter-patient heterogene-
ity and intra-patient heterogeneity pose significant challenges to cancer therapeutics and management. In retinoblastoma, 
while heterogeneity at the clinical presentation level has been recognized for some time, recent attention has shifted towards 
understanding the underlying cellular heterogeneity. This review primarily focuses on retinoblastoma heterogeneity and its 
implications for therapeutic strategies and disease management, emphasizing the need for further research and exploration 
in this complex and challenging area.
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1 Introduction

Cancer cell development is a product of the imbalance 
between the activity of oncogene and tumor suppressor 
gene function [1]. The growth of cancer cells is a dynamic 
evolutionary process resulting in the clonal expansion of 
cancer cells along with divergent tumor sub-cell popula-
tions [2]. This leads to the emergence of tumor heteroge-
neity that poses significant challenges in cancer treatment 
and affects disease prognosis, as it grants tumor cells con-
siderable advantages for survival [3]. Clinicopathological 
representation of intra-tumor heterogeneity can be character-
ized by phenotypic [4], genotypic [4], immunophenotypic 
[5], metabolic [6–8], and epigenetic variations [9]. Various 
studies on different cancers have now established that tumor 
heterogeneity is a key challenge in the management of solid 
tumors [3, 10–13].

The eye is one of the five human sensory organs responsi-
ble for converting electromagnetic/light energy to electrical 
energy that senses to form a virtual image on the innermost 
layer of the eye, the retina [14]. The retina is composed of 
two main types of photoreceptor cells: rods, which make 
up the majority of the retina and are responsible for sco-
topic vision, and cone cells, which are primarily responsible 
for color vision [15, 16]. Retinoblastoma (RB) is a solid 
pediatric tumor arising from the retina of the eye [17]. RB 
arises from either primitive retinal stem cells or cone pre-
cursor cells, the photoreceptor responsible for color vision 
[14, 18]. It is a rare but most common cause of death due 
to intra-ocular cancer in children [19]. Most high-income 
nations like the USA (~ 300 cases per year) have lower RB 
incidences than low-income nations in the Asia Pacific and 
Africa. India has been reported to be on top of the list in RB 
incidence (~ 2000 cases per year) [20]. Early diagnosis of 
RB significantly affects the survival rates of the patients. 
Developed countries with higher chances of early diagnosis 
and timely treatment and care of RB show high survival 
rates [19–22]. However, in low- and middle-income coun-
tries, due to late diagnosis, lack of proper treatment, and 
management of RB, the survival rate is below 40% [23]. The 
five-year survival rate of RB patients is highly dependent on 

the health care and management system of a country and is 
approximately 99%, 89%, and 90% for high-income, upper 
and middle-income, and lower-middle-income countries, 
respectively [24]. In India, the five-year survival rate of 
children with RB has significantly increased to over 80% 
[25]. Diagnosis at the late stages of RB limits the treatment 
modality. However, the incorporation of neoadjuvant chem-
otherapy, enucleation, external beam orbital radiotherapy, 
and adjuvant chemotherapy have improved the chances of 
life salvage in RB patients. Local extension and/or distant 
metastasis of RB is a great challenge in the management of 
the disease and greatly affects the prognosis of RB patients 
[17, 26]. Additionally, even after all types of therapy, there 
is still a 6–45% chance of developing a new tumor or 0–45% 
chance of recurrence, depending on the type, method, and 
combination of therapies used [27]. The heterogeneity 
observed in RB in genetic, epigenetic, phenotypic, and cel-
lular factors could account for the emergence of cells with 
invasive metastatic properties and the development of chem-
oresistance. This heterogeneous nature of RB tumors poses 
a great challenge in the management and prognosis of RB. 
Understanding heterogeneity (both intra and inter) in RB is 
crucial for disease management, clinical intervention, and 
patient survival. This review primarily focuses on the vari-
ous types of heterogeneity observed in RB and their implica-
tions for treatment outcomes (Fig. 1). It will highlight future 
research prospects related to retinoblastoma heterogeneity 
and the potential for identifying early diagnostic and prog-
nostic markers.

2  Molecular pathology of retinoblastoma 
and clinical presentation

RB, an intraocular tumor of infants or early childhood, is 
clinically presented by a white pupillary reflex, known as 
leukocoria (cat’s eye reflex) (70–90%). Other conditions 
like strabismus (77%) (crossed or deviating eyes), proptosis 
(90%), decreased vision (in case of bilateral presentation), 
hypopyon (2%), red eye, and pain (5%) have also known to 
be associated [25, 26]. RB is initiated by biallelic mutations 
in the RB1 gene of cone cells at the retinal layer of eye [22]. 
Incidentally, RB is the first example of Knudson’s “two-hit” 
hypothesis, which states that a tumor suppressor gene must 
acquire at least two mutations to transform a cell into a can-
cerous state. In the case of RB, the rate of acquiring these 
two mutations was determined to be approximately 2 ×  10−7 
per year [28]. Later, a restriction fragment length polymor-
phism (RFLP) study showed that deletion of chromosome 
band 13q14 is responsible for RB [29]. Loss of heterozygo-
sity of chromosome 13q14 is associated with approximately 
60–75% of RB cases [30–32].
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RB can occur in both hereditary and non-hereditary 
forms. Most of the RB cases are non-hereditary (60%), aris-
ing due to somatic mutations (sporadic mutations) in the 
RB1 gene during the development of retina, and are clini-
cally represented as unilateral. Among these non-hereditary 
tumors, 98% result from biallelic loss of the RB1 gene, while 
the remaining 2% arise from amplification of the MycN gene 
with the normal RB1 gene. Non-hereditary RB is typically 
diagnosed at a later age with a median of two years. The 
hereditary RB, which constitutes 40% of cases, clinically 
presents as bilateral (80%), unilateral (15%), and trilateral 
(5%) RBs. These hereditary RB cases are attributed to ger-
mline pathogenic mutations in the RB1 gene. All bilateral 
cases are hereditable, but most arise from de novo muta-
tions in patients with unaffected parents with no mutation 
in the RB1 gene. Hereditary RB is diagnosed at an earlier 
age (median: one year) than non-hereditary (median: two 
year) RB[33]. Further, hereditary RB tumors are transmit-
ted in an autosomal dominant fashion, and the patients with 
hereditary RB have a higher risk of secondary cancers like 
osteosarcomas, melanomas, and soft tissue sarcomas due to 
the accumulation of secondary mutations[18]. In addition, 
in the children affected by RB, cases of neuroectodermal 
brain tumor (also called trilateral RB, tRB) have also been 
reported[34]. The most common neuroectodermal tumor 
in tRb is pineoblastoma [35]. Neuroectodermal lesions 
occur in the brain due to shared embryologic origins of the 
retina and pineal gland, both derived from neuroectoderm 
[36]. Retinoblastoma arises from RB1 gene inactivation in 

photoreceptor precursors [37]. In tRB, germline RB1 muta-
tions enable a second “hit” in neuroectodermal tissues, like 
the pineal gland, which retains photoreceptive traits from 
evolutionary history [38]. Interestingly, at least in fish and 
amphibians, pinealocytes predominantly exhibit retinal cone 
photoreceptor-like characteristics [39]. The expression of 
several cone opsins in the pineal gland and retina supports 
the idea that pinealocytes retain traces of cone-like cells. 
However, conclusive evidence for distinct “cone-type” and 
“rod-type” photoreceptors remains unavailable, with newer 
evidence suggesting ciliary and rhabdomeric precursor 
ancestry for the retina and pineal gland [38].

Trilateral RB shows a genotype–phenotype correlation, 
with ~ 90% of cases tied to germline RB1 mutations, often 
null, causing severe bilateral RB and pineoblastomas [35]. 
Identical RB1 mutations in retinal and pineal tumors sup-
port a genetic basis [36], but no mutation uniquely predicts 
tRB, implying stochastic or contextual factors. Early sec-
ond hits may favor intracranial tumors [40], with mosaicism 
potentially modulating risk [41]. Advances in genomic and 
epigenetic profiling may further elucidate these associations.

Further, in RB patients, complications such as vitreous 
haze and floating opacities may occur when the internal lim-
iting membrane of the retina ruptures during tumor growth, 
leading to vitreous seeding. In advanced RB cases, the tumor 
may infiltrate neighboring structures such as the uvea, optic 
nerve, choroid, sclera, and orbit representing local extension. 
This local extension poses a risk for distant metastasis to 
sites such as central nervous system (CNS), lymph nodes, 
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Fig. 1  Schematic representation of the different types of heterogene-
ity in retinoblastoma (RB): Inter-patient heterogeneity arises from 
differences in sporadic and hereditary RB cases and is further com-
pounded by variations in high- and low-risk histopathologic features, 
which may be present even within the same ICRB grouping, thereby 
influencing treatment response and prognosis. Intra-patient hetero-
geneity reflects differences between primary and metastatic tumor 

sites, which may exhibit distinct tumorigenic characteristics. Intra-
tumor heterogeneity is shaped by the presence of cancer stem cells 
and multiple potential cells of origin for RB. These variations are 
driven by molecular heterogeneity, encompassing diverse genetic, 
epigenetic, transcriptomic, and metabolomic alterations, which col-
lectively contribute to heterogenous RB progression
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and bone marrow and in some cases to the liver, as well [42]. 
There is a degree of heterogeneity among RB patients, even 
in terms of clinical presentation and eye involvement.

3  RB1 gene structure and function

The human RB1 gene (phenotype MIM No. 180200/Gene 
MIM No. 614041) has a complex structure located on the 
largest acrocentric chromosome 13 (13q14.2). It has 27 
exons and 26 introns with a core promotor, spanning over 
approximately a region of 296.69 bp. The coding sequence 
region has intersected with introns of variable size ranging 
from 80 bp (intron 15) to more than > 60 kb (intron 17) 
[43–46]. RB1 gene encode mRNA of approximately 4.7 kb 
and 928 amino acids and is a nuclear phosphoprotein of 
110–114 kDa. RB protein (pRb) has a unique “A/B pocket 
domain” along with the N- and C- terminal domains. The 
“A/B pocket domain” carries hotspots for mutations and the 
box B domain has the most missense mutations (exon 19 
and exon 21). In the A/B pocket, the presence of “L‐X‐C‐
X‐E‐binding cleft” provides pRb high-affinity interaction 
region for other cellular proteins (e.g., E2F, p53, CAPD3, 
etc.) [47]. pRb is one of the first tumor suppressors to be 
identified [48]. The hypo-phosphorylated pRb sequesters 
E2F1 transcription factor and restricts the cell cycle at G1/S 
state while in its hyperphosphorylated state (by Cdk4/cyclins 
D and Cdk2/Cyclin E) it promotes cell proliferation [49, 50]. 
Mutations in this binding pocket cleft (“L‐X‐C‐X‐E‐binding 
cleft”) destabilize the interaction of the pRb-E2F1 complex 
and leads to uncontrolled proliferation [51].

4  Heterogeneity in retinoblastoma

During RB progression, precursor cone cells acquire vari-
ous genetic and non-genetic adaptations as their survival 
strategy. This results in a heterogeneous nature both at phe-
notypic and genotypic level [52]. In RB, the cone precursor 
cell of infants selectively acquires RB1 gene mutation due to 
proliferation and micro-environmental pressure. Subsequent 
cellular division of mutationally active cone precursor cells 
results in diversification, generating clonal variants with 
additional genotypic and non-genotypic alterations [22]. 
This generates intra-tumoral mosaicism in RB [14]. Somatic 
mosaicism has been well documented in RB [53–55]. The 
tumor heterogeneity can be broadly categorized at differ-
ent levels of cellular and genomic organization as genomic 
(chromosomal and DNA), non-genomic (transcriptional, 
epigenetics), functional (proteome, metabolic and immuno-
logical, etc.), stemness, cell and micro-environmental het-
erogeneity [56]. In the following sections, we will discuss 

the different levels of heterogeneity present in RB (Fig. 1) 
and their impact on patient management and survival.

4.1  Heterogeneity due to mutations in RB1 gene

The RB1 gene is known to harbor various mutations and 
has several mutational hotspots. According to the RBGMdb 
online database, 932 mutations were identified in RB1 gene 
[57]. The deletion of exons 13–17 of the RB1 gene has been 
observed in many tumors including RB, breast cancer, and 
osteosarcoma [43]. While RB typically exhibits high pen-
etrance (80–90%), the pathogenicity of RB1 gene mutations 
and penetrance of RB can vary significantly [58–60]. It is 
well established that individuals with the constitutional het-
erozygous RB1  (RB1−/+), as seen in familial cases, are at an 
increased risk of a second somatic insult to the RB1 gene. 
Consequently, it is not surprising that 90% of individuals 
with heterozygous  RB1−/+ develop bilateral RB [61]. How-
ever, cases of unilateral multifocal RB are also reported in 
familial instances. For example, a p.V654L missense muta-
tion in the exon 19 in the RB1 gene found in a Taiwanese 
familial RB has been shown to associated with the devel-
opment of unilateral RB with only 36% penetrance [62]. 
Furthermore, it might be possible that the unilateral cases in 
familial RB arise from the generation of a distinct clone, dif-
ferent from bilateral cases, due to the randomness of second 
somatic mutational events on the wild-type allele. Addition-
ally, the unique presence of certain mutations (including, but 
not limited to c.180_187 del, c.528 del, c.2035_2039 del, 
c.2299_2300 del, and c.1050 - 2 A > T) and higher mutation 
rate found in bilateral RB might lead to its different disease 
progression behavior compared to unilateral RB [63].

Moreover, mutations in the RB1 gene are differentially 
represented in unilateral and bilateral RB, with bilateral 
cases exhibiting high number of mutational events com-
pared to unilateral ones [59, 64, 65]. Irrespective of lateral-
ity, the type of genomic mutations in the RB1 gene among 
RB patients can vary widely, including insertion/deletion, 
missense mutations, point mutations, nonsense mutations, 
frameshift mutations, single nucleotide variations (SNVs), 
and splice variants, and potentially lead to generation of 
inter-tumoral heterogeneity seen in the patients [66]. The 
penetrance of each type of mutation might affect the dis-
ease outcome adversely and influence the tumor response 
to medications [64, 67, 68]. A study by Price EA et al. on 
RB1 gene mutation screening in 403 RB cases indicated that 
the substitution mutations were the most frequent (58.4%), 
while missense mutations were seen in only 3.5% of RB 
cases [69]. The A/B pocket domain was found to be the 
most common hotspot region in the RB1 gene, with a muta-
tion rate of 58.6% (domain A at 37.1% and domain B at 
27.1%) [69], consistent with earlier findings of 58.1% [64] 
and 40% [70]. Another study on 136 RB cases in the Turkish 
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children population revealed that the most pathogenic muta-
tions on RB1 gene were indel and small genetic rearrange-
ment mutations (78.9%), with missense mutations observed 
in only 1% of cases [59]. Although an extensive correla-
tion between different mutation types or mutational load on 
RB1 gene and the severity of the RB disease or treatment 
response has not been established, evidence suggests that 
the different types of mutations in the RB1 gene can lead 
to a varying response to the therapy. For instance, Manu-
konda et al. identified seven novel SNV mutations in RB1 
gene (six SNVs; c.653 T > G*, c.1172 C > C/A*, c.1649 
T > G*, c.296G > A*, c.19_20 insG*, c.1050 - 6_1050 - 2 
del* and one small mutation; c.784_787 del CGGAinsGAA 
CAG TTG TTC *) that were associated with tumor recurrence 
[71]. However, patients with mutations like c.25 dupA*, 
c.772_776 del, c.1981 C > T, and exon 7–17 deletion in RB1 
gene responded well to chemotherapy and showed tumor 
regression [71]. Further, it was reported that the presence of 
germline RB1 p.V654L could result in unilateral RB with 
low penetrance [62]. Many low-penetrance familial muta-
tions have been found in RB genes, potentially explaining 
the interpatient heterogeneity observed in RB progression, 
which is generally attributed to the partial function of the 
mutant RB1 [72–76]. Ongoing studies examining genetic 
variations in the RB1 gene among RB patients continue to 
reveal new mutations, underscoring the intricate and diverse 
nature of these mutations among patients worldwide [55, 
56], further contributing to genetic heterogeneity. Inter-
estingly, these novel mutations most frequently appear in 
the A/B pocket domain of the RB1 gene, suggesting this 
domain’s sensitivity to mutations that contribute to RB 
development and heterogeneity [55].

4.2  Clinical and histopathological heterogeneity 
in retinoblastoma

Cavitary RB, a low-grade subtype occurring in 2–7% of 
tumors, can also contribute to interpatient heterogeneity 
[77, 78]. This is an uncommon subtype where ophthalmo-
scopically visible cavitary spaces can be seen at presentation 
(4%) or following systemic chemotherapy (3.2%) [77]. Fur-
ther, the incidence of cavitary RB can vary according to sex, 
with males having a 1.2 times higher incidence than females, 
which may contribute to additional heterogeneity [79]. Addi-
tionally, it is more common in bilateral cases (72%) than in 
unilateral cases (28%), possibly because the multifocal struc-
ture of bilateral tumors makes them more likely to trans-
form into the cavitary variant later on [77–79]. Cavitary RB 
was initially thought to be chemoresistant, given its poor 
response to intravenous chemotherapy, but subsequently 
shown to be stable without the need for aggressive adjuvant 
therapy [78, 79]. Yet close follow-up is required in case of 

any possible tumor advancement. Cavitary RB generally has 
a favorable prognosis [80, 81].

RB demonstrates clinical heterogeneity also due to vari-
ations in its growth patterns, which may be endophytic, 
exophytic, mixed, or diffuse infiltrating. Studies from 
developing countries have reported a greater prevalence of 
endophytic tumors (45–61%) compared to exophytic tumors 
(33–40%), with many cases displaying a mixed pattern 
(21%). In contrast, studies from developed countries indicate 
a predominance of exophytic tumors (62%) over endophytic 
tumors (31%) [82–84]. These differences may stem from 
regional disparities or variation in the age of presentation in 
developed versus developing countries. Regardless of the 
frequency, this growth pattern variability, in turn, results 
in distinct clinical presentations, diagnostic challenges, and 
treatment strategies. Endophytic tumors grow inwards into 
the vitreous cavity, presenting as a yellow-white mass with 
an increased risk of vitreous seeding. In such cases, in addi-
tion to control of the main retinal tumor with standard treat-
ment strategies, intravitreal chemotherapy may be needed 
for the control of vitreous seeds [85]. In contrast, exophytic 
tumors grow outward into the subretinal space, frequently 
leading to retinal detachment and an elevated risk of choroid 
invasion. This can result in secondary glaucoma and poten-
tial extraocular tumor spread [86]. In such cases, based on 
extent of the tumor, local tumor control is achieved with 
intravenous/intra-arterial chemotherapy or plaque radiother-
apy. Enucleation is preferred in eyes with choroidal inva-
sion, while eyes with extraocular tumor extension require 
multimodal treatment. In some cases, the tumors exhibit fea-
tures of both endophytic and exophytic, i.e., a mixed growth 
pattern, again increasing clinical heterogeneity and neces-
sitating specific treatment strategies. Chemotherapy, either 
systemic or intra-arterial, in addition to appropriate adjuvant 
focal treatment, is required in eyes with mixed growth pat-
tern. Advanced tumors necessitate enucleation [87]. Diffuse 
infiltrating RB are usually rare and account for about 1–2% 
of cases worldwide. It lacks discrete mass and infiltrates 
the entire retina, causing diffuse retinal thickening without 
classic calcification. It is usually associated with pseudohy-
popyon or pseudovitritis that simulates inflammatory condi-
tions and hinders diagnosis. Most eyes with diffuse infiltrat-
ing RB require enucleation [88]. This diversity of growth 
patterns, such as endophytic, exophytic, mixed, and diffuse 
infiltrating, highlights the clinical heterogeneity of RB and 
its influence on treatment decision-making.

Heterogeneity exists in the histopathological features 
of retinoblastoma as well. Based on the histopathologi-
cal features, RB is classified into low-risk (LR-RB) and 
high-risk (HR-RB) forms. LR-RB is confined to the retina 
without high-risk histopathological features (HRHF), 
whereas HR-RB is associated with HRHF, including mas-
sive choroidal invasion (≥ 3 mm), post-laminar optic nerve 
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invasion, residual tumor at the transected optic nerve mar-
gin, anterior segment invasion (affecting the iris, ciliary 
body, or trabecular meshwork), and extrascleral extension 
or orbital involvement. However, the histopathological cri-
teria for the definition of HR-RB vary significantly due 
to diagnostic variability in different regions. Inconsistent 
histopathological definitions—such as the threshold for 
massive choroidal invasion or the grading of anaplasia—
contribute to discrepancies in risk stratification. Addition-
ally, inter-observer variability among pathologists compli-
cates standardization, as highlighted in multicenter studies 
[89]. Regional heterogeneity in HRHF prevalence further 
contribute to these differences. For instance, massive cho-
roidal invasion (≥ 3 mm), a widely recognized HR feature, 
is most prevalent in Asia (31%) compared to Europe (13%) 
and North America (19%). Similarly, post-laminar optic 
nerve invasion—a key indicator of extraocular spread—is 
significantly higher in Asia (27%) than in Australia (0%). 
Transected optic nerve margins, associated with poor 
prognosis, is most frequently observed in South America 
(11%) but are absent in Europe. Additionally, less defini-
tive HRHF, such as iris invasion (10% in Asia vs. 3% in 
South America) and trabecular meshwork invasion (6% 
in Asia vs. < 1% in South America), also shows regional 
variation [24, 90]. Racial heterogeneity in HRHF has also 
been reported. In a study of 1426 patients who underwent 
primary enucleation for RB, it was noted that massive cho-
roidal infiltration was significantly higher in Asians (30%) 
and Hispanics (26%) compared to Caucasians (15%). Simi-
larly, post-laminar optic nerve infiltration was higher in 
Asians (28%) and Hispanics (20%) compared to Cauca-
sians (11%) [91].

Clinically, LR-RB often presents with leukocoria or 
strabismus and may belong to groups A to E of the Inter-
national Classification of Retinoblastoma (ICRB) [92]. In 
contrast, eyes with HR-RB are likely to present with sec-
ondary glaucoma and iris neovascularization, and mostly 
belong to groups D and E [90]. Group D is characterized by 
tumors with diffuse subretinal or vitreous seeding, indicat-
ing intraocular dissemination, while group E includes cases 
with severe complications such as neovascular glaucoma, 
massive vitreous hemorrhage, or complete retinal detach-
ment. However, some cases within groups D and E may still 
be considered low-risk, when there is no evidence of HRHF 
[90, 93].

The presence of HRHF significantly elevates the risk of 
systemic metastasis, and prophylactic adjuvant chemother-
apy is recommended in such cases [89].The survival rates 
of patients with untreated HR-RB are lower than those with 
LR-RB, while adjuvant treatment significantly improves 
the survival. However, despite adjuvant treatment, racial 
heterogeneity has been reported with survival in patients 
with HRHF [91, 94, 95]. The cause of regional and racial 

heterogeneity in survival and histopathological features of 
eyes with RB needs further exploration.

4.3  Genomic heterogeneity in retinoblastoma 
beyond the RB1 gene

In most RB cases, RB1 gene mutation (biallelic loss or 
loss of heterozygosity) is a prerequisite for RB initiation; 
however, other somatic mutations or oncogene expression 
drive the RB oncogenesis [96]. During embryonic devel-
opment, retinal cells are subjected to micro-environmental 
stress and hypoxic conditions, which can result in retinal 
precursor cells with  RB1−/− that could undergo tumori-
genesis by accumulating other genetic alteration [97]. By 
multi-omics analysis of RB cells isolated from patients, Liu 
et al. demonstrated the presence of two molecular subtypes 
of RB. Subtype 1, the most heritable type, showed fewer 
genetic alterations and higher expression of cone cell mark-
ers with differentiated features. Subtype 2 exhibited recur-
rent genetic alterations along with MYCN amplification, 
less expression of cone cell markers with dedifferentiated 
features, and increased tumor heterogeneity [98]. Moreover, 
subtype 2, displaying a greater array of genetic alternation 
including MYCN other than RB1 inactivation were more 
prone to metastasize [98]. This reinforces the idea that for 
malignant transformation, benign retinal lesions and reti-
noma require additional mutations in tumor suppressors or 
oncogene overexpression in addition to the initiating bial-
lelic RB1 mutations [99]. The overexpression of MYCN 
oncogene provides a significant advantage in RB tumori-
genesis and can independently drive the initiation of RB. 
Notably,  RB1−/−/MYCNA tumors with lower amplification 
(2–9 copies) of MYCN were diagnosed at a later age (> 
38 months), while  RB1+/+/MYCNA with high amplification 
(over 29 copies) of MYCN was diagnosed at a very early age 
and exhibited highly aggressive features [22, 58, 100–102]. 
Cases of RB having many copies of MYCN, along with the 
loss of one copy of 13q, have also been reported [100]. It is 
hypothesized that  RB1+/+/MYCNA tumors originate from 
early retinal precursor cells, while  RB−/−/MYCNA tumors 
develop from cone photoreceptor precursor cells [103]. 
Moreover,  RB1−/− tumor cells express higher levels of cone 
photoreceptor markers such as RxRγ and TRβ2, suggesting 
their origin from cone precursor cells in retina [22]. Apart 
from MYCN, overexpression of several genes like EZH2, 
OTX2, KIF14, E2 F3, and others has been observed in RB, 
indicating their role in the progression and tumor develop-
ment. Another significant non-RB1 driver gene in RB is the 
CREBBP gene. CREB-binding protein acts as a tumor sup-
pressor and acetyltransferases and regulates gene transcrip-
tion by histone acetylation [104]. In RB, less than five per-
cent tumors represent mutations in CREBBP gene [105]. In 
addition, “driver genes” like CREBBP, MHS3, ADRID1A, 
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CDH11, and others have been identified to be involved in 
the transformation of retinal precursor cells to RB [33, 53, 
106]. Somatic copy number variations (SCNVs) in several 
genes like RAB23, DEK, NUP153, TTRAP, MYCN MLH3, 
WT1, PAX6, and GATA5 (gain in copy number) and CHFR, 
TP73, IGSF4, CREBBP, BCOR, and TSC21D1 (loss in copy 
number) are also reported to contribute to RB pathogenesis 
[107, 108]. These genetic alterations, including mutations, 
single nucleotide variants (SNVs), somatic copy number 
alterations (SCNAs), chromosomal aberrations, and events 
like chromothripsis, create a heterogenic population of cells 
during the tumorigenesis process[109–111].

In RB, the different gene alterations, along with the foun-
dational RB1 mutation, could also result in inter-eye tumor 
heterogeneity. Winter et al. documented two case reports of 
bilateral RB wherein they identified inter-eye tumor hetero-
geneity in two patients [112]. In patient 1, the two tumors 
differed in chromosome 13q, 1q, and 6p copy number altera-
tion, with a heterozygous loss of 13q in the left tumor. The 
left tumor that showed orbital recurrence also had addi-
tional gains in MYCN, 15q, and 22q11.1, along with a loss 
in 9p21. In patient 2, the pathogenic mutation BCOR was 
found only in the left eye [112]. These findings reveal the 
presence of both intra-tumoral heterogeneity and interorbital 
tumor heterogeneity. Further, heterogeneity might arise due 
to the phenomenon of recurrent mutation where multiple 
copies of the same allele may co-segregate during cell divi-
sion and produce variants in the cell population, which is 
also seen in RB [113–115]. One such recurrent mutation in 
RB is a non-RB1 gene mutation, BCOR (BCL 6 corepressor) 
mutation [116]. The gene BCOR encodes BCL6 corepressor, 
which is involved in transcriptional regulation and is highly 
expressed in the human retina [113, 117]. BCOR has been 
found to be mutated in 10% of RB patients [105].

To summarize, several non-RB1 gene alterations (E2F, 
OTX2, E2Z2, MDM4, KIF14, SOX2, Survivin, etc.) have 
been well documented in RB cases [33, 118]. These altera-
tions occur in varying percentages of RB patients, represent-
ing an additional source of genetic heterogeneity. The most 
common non-RB1 genes altered in RB with their frequen-
cies are summarized in Table 1.

4.4  Heterogeneity due to chromosomal aberrations

Chromosomal aberrations are structural (deletion, insertion, 
translocation, and reversion) or numerical changes (aneu-
ploidy or polyploidy) in chromosomes. It creates genomic 
instability and may lead to cancer progression [119]. Chro-
mosomal instability (CIN) is one of the chromosomal aber-
rations that drive cancer heterogeneity [120]. In RB, RB1 
gene inactivation also leads to chromosomal instability due 
to defects in chromosomal segregation [121]. Oliveros and 
Yunis have demonstrated the chromosomal evolution in RB 

tumors and showed chromosomal rearrangement during 
RB development [122]. They reported early and late chro-
mosomal rearrangements during the cell divisions in RB 
cells. The early chromosome arrangements consists of + lq, 
+ 6p, − 13/del(13q), − 16/del(16q), and − 17/del(17p) and 
has a frequency of 70% to 100% in tumor cells while the 
late chromosomal rearrangement was − 8, − 17/del(17p), 
− 22, + 3/+ 3q, − 4, − 19, + lq, + 7/+ 7q, − 14, and + 21 
and showed lower frequency [122]. Their data indicated the 
importance of early chromosomal rearrangements in RB 
development and indicated that low-frequency chromosomal 
rearrangements could favor the generation of tumor hetero-
geneity. In addition, a phenomenon called “chromothripsis” 
has been reported in RB and is suggested to cause CIN and 
contribute to heterogeneity. Chromothripsis is a catastrophic 
event involving multiple double strand breaks (DSBs) in the 
chromosome, which are subsequently repaired by a muta-
tion-prone repair mechanism, non-homologous end join-
ing (NHEJ) resulting in CIN [108, 123]. The massive and 
complex chromosomal rearrangement due to chromothrip-
sis enhances the breakage fusion bridge cycle (BFB) and is 
likely to cause alterations in gene functions and translocation 
of genes in the subsequent clonal cells and thus promotes 
heterogeneity [123].

4.5  Transcriptional heterogeneity 
in retinoblastoma

Inter-patient and intra-tumoral heterogeneity (ITH) is one of 
the hallmarks of each cancer type and several factors such 
as genetic, epigenetic, and microenvironmental factors drive 
it. Each cell type within a growing solid tumor is subjected 
to distinct microenvironmental stresses, potentially leading 
to the emergence of cell types or clusters that differ from 
their original parent cells. Cellular adaptability to these 
stresses is established by the alterations in the gene function 
either at the transcriptional or post transcriptional level. The 
transcriptional heterogeneity among RB patients was high-
lighted through gene expression profiling of 21 RB patients, 
revealing the existence of two distinct groups based on their 
invasiveness and cell of origin [124]. Group 1 appeared to 
originate from retinal progenitor cells with invasive pheno-
type, while group 2 seemed to derive from photoreceptor 
cone cells [124]. Another study, using 76 patients, identi-
fied two clusters with variation in photoreceptorness and 
the presences of SCNVs, but suggested these clusters might 
be continuous rather them dichotomous [125]. Neverthe-
less, along with a reanalysis of transcriptomic data from 
55 patients, these studies reinforced the evidence of tran-
scriptional heterogeneity among patients. In these analyses, 
some patients were excluded due to suspected contamina-
tion with normal retinal cells and tumor-infiltrating immune 
cells. However, these samples may also reflect heterogeneity 
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caused by different cell population within the tumor and 
should have been considered. The presence of two subclus-
ters of RB patients was further supported by Affymetrix 
analysis of 59 patients [98]. Interestingly, the degree of 
photoreceptor differentiation and the presence of SCNVs, 
as observed in previous studies, were two key features dis-
tinguishing the subtypes. Additionally, subtype 2 differed 
from subtype 1 with higher expression of stemness markers 
and neuronal/ganglion markers. Furthermore, another study 
identified an MYCN-driven cluster within subtype 2, which 
further increased the degree of inter-patient heterogeneity 
and suggested three major clustering (clusters A, B, and C) 
of RB patients [126]. Clusters B and C, even though showing 
similar transcriptional profile, differ in the molecular cir-
cuitry. Apart from heterogeneity seen among patients, earlier 
analyses indicated the presence of ITH due to a mix of dif-
ferentiated and undifferentiated cells within the same tumor 
[127]. Recent advantage in the technology with the advent 
of single-cell RNA sequencing (scRNA-seq) has enabled 
a more in-depth and complex understanding of ITH [128]. 
Using the 10 × genomics platform, Collin et al. revealed the 
presence of various clusters of cells at different cell-cycle 
stages in RB tumors, as determined by the expression of 
cell-cycle progression genes. Interestingly, by pseudo-time 
analysis, they identified a unique cluster of cone cells in their 
G2/M phase as an origin for RB [129]. Wong et al., using 
spatial transcriptomics (10X Visium) on RB samples, identi-
fied ten transcriptional distinct cluster cells with a composi-
tion of proliferating cells in different cell cycle (G2/M, and S 
phage) markers suggesting a transcriptionally heterogeneous 
population. Specifically, cluster 9 was unique among them 
with a high cone score suggesting a cone cell origin for this 
cluster [130]. Intra-tumor heterogeneity in RB tumors was 
further supported by single cell RNA sequencing of 14,739 
cells from two RB tumors with endophytic growth. Here, the 
RB tumors also appeared to consist of multiple transcrip-
tionally distinct clusters, primarily comprising two major 
cell types: cone cells and RB cells. The RB cells consisted 
of three subtypes, and the UBE2C gene was identified as 
the “pivot” gene in RB cells. Further analysis revealed that 
UBE2C amplification could drive cone progenitor cells to 
undergo a proliferative stage in RB tumors, thereby gener-
ating heterogeneity by acting as a switch between different 
cell types [131]. Similarly, Wu et al. carried out scRNA-seq 
analysis of seven RB samples to delineate and understand 
the heterogeneous nature of RB. They profiled 69,820 RB 
cells and identified 17 transcriptionally distinct clusters, pri-
marily consisting of less proliferative cone precursor (CP)-
like cells and proliferative MKI67 + CP cells. The RB tumor 
also contained small percentages of other cell types, such 
as glial cells, rod-like cells, and cone-like cells, which were 
considered normal cells as no copy number changes were 
identified in Chr1q, Chr6p, or Chr16q. This study further Ta
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highlighted the presence of a heterogeneous cell popula-
tion in RB tumors, showing cells at various stages of malig-
nant transformation. For example, MKI67 + CP cells with 
a high proliferative nature and high copy number variations 
represented the malignant cell state. Cone-like cells with 
retention of several visual-related functions, represented the 
normal cone cells, while CP-like cells with mixed pheno-
types represented intermediate stage in the malignant trans-
formation. Further, it should be noted that tumor-associated 
macrophages may contribute to a part of transcriptional 
heterogeneity by altering pathways in the associated tumor 
cells [132]. Liu et al. applied scRNA-seq to four RB sam-
ples (from two intraocular and two extraocular patients) and 
analyzed 128,454 cells. Interestingly, they found a unique 
set of cells specific to extraocular tumors, further suggesting 
inter and intra-transcriptional heterogeneity. Using expres-
sion patterns of highly variable genes they found 24 clus-
ters of 9 different cell types. Tumor-type heterogeneity was 
also observed based on the expression profiles of cell-type 
markers. Specifically, intraocular RB tumors had primarily 
cones or cone-like cells, rods or rod-like cells, and retinoma-
like cells, whereas extraocular RB tumors consisted mainly 
of microglia and rod precursor-like cells [133]. The three 
major cell types—cone precursor-like cells (CPL), MKI67 
+ photoreceptor-decreased cells (MKI67 + PhrD cells), and 
retinoma-like cells (RL-cells)—were equally represented 
in both intraocular and extraocular tumors but exhibited 
further cellular and molecular heterogeneity. Notably, the 
higher expression of SOX4 in the MKI67 + PhrD cells of 
extra-orbital tumors suggests a role for this population in 
local extension [133]. These studies consistently support a 
transcriptionally heterogeneous population in RB tumors, 
including a unique subset of cells with the potential to drive 
malignancy and recurrence.

4.6  Epigenetic heterogeneity in retinoblastoma

Epigenetic changes are non-genetic alterations in the 
genome influenced by the microenvironment. It includes 
DNA methylation, chromatin remodeling, histone modifi-
cation, and non-coding RNA-mediated gene silencing [134]. 
These modifications control cellular functions like cell divi-
sion and proliferation, migration, metabolism, and immu-
nity, by altering gene expression [135], hence responsible for 
the clonal variations and heterogeneity in cancer, including 
RB [9, 135–137]. The functional loss of the RB1 gene is a 
major culprit for RB. The RB1 gene is subject to epigenetic 
regulation [138] and, in turn, epigenetically regulates sev-
eral other driver genes [139]. Though the majority of RB 
tumors arise due to biallelic loss of the RB1 gene, however, 
in  RB+/− tumor and  RB+/+ tumor, epigenetic reprogramming 
of the RB1 gene also contributes to the tumorigenesis pro-
cess [140]. These include DNA modifications, non-coding 

RNA (ncRNA)-mediated regulation, and chromatin modu-
lations [113, 121]. Hypermethylation of promoter and exon 
1 overlapping CpG Island (CpG106) of the RB1 gene by 
DNMT family enzymes is one of the mechanisms of the RB1 
gene dysregulation. Differential overexpression of certain 
DNMTs (DNMT1, DNMT3A, and DNMT3B) in differen-
tially differentiated RB tumors has been reported [141, 142]. 
These findings indicated that heterogeneous dysregulation 
of the RB1 gene might lead to the generation of inter and 
intra-tumor heterogeneity in RB [141]. Furthermore, the RB 
1 gene is also involved in the epigenetic regulation of other 
oncogenes like spleen tyrosine kinase (SYK) or tumor sup-
pressors like BCOR, RASSF1A, and MGMT. The proto-
oncogene SYK is predominantly expressed in hematopoietic 
cells and regulates the immunomodulatory signaling [143] 
and is also essential for tumor cell survival and prolifera-
tion [116, 144, 145]. However, its role in retinal develop-
ment has not been established. Moreover, its upregulation 
in metastatic RB upon the RB1 loss indicated that this gene 
is epigenetically regulated by the RB1 gene [116]. In RB 
 (RB−/−), the SYK gene promoter is activated by increased 
histone activating modification of H3K4Me3 and K3 K9/14 
Ac and unchanged modification of repressive histone marker 
(H3K9Me), leading to more access of RNA Pol II at SYK 
promoter [116]. Another histone modifier EZH2 protein 
which acts as histone methyl transferases modifies to H3K27 
to K3 K27 me2/3 is crucial for the proliferation, differentia-
tion, and EMT of cancer cells [146]. These modifications 
inactivate the target gene in RB cells [146]. However, EZH2 
has also been shown to have a dual nature depending on its 
localized expression pattern [147]. Upregulated expression 
of EZH2 has also been observed in RB tumors with dif-
ferential expression patterns depending on the stage, dif-
ferentiation, and metastatic nature of RB tumor [148, 149]. 
The expression of EZH2 is epigenetically regulated by E2F 
family proteins, which are downstream to pRB [148, 150]. 
EZH2 also forms a complex with RB1 through recruitment 
by E2F2 and has been observed to mediate the silencing 
of repetitive DNA sequences via H3K27 me3 deposition. 
The inability of RB1 mutants to form a complex with EZH2 
leads to the dispersion of H3K27 me3 and the expression 
of repetitive elements, which can contribute to tumorigen-
esis [151]. Interestingly, EZH2 suppresses RB1 expression 
by modulating H3K27ac enrichment at the RB1 enhancer. 
Notably, EZH2 expression inversely correlates with RB1 
levels, and inhibiting EZH2 methylation activity increases 
RB1 expression, accompanied by enhanced H3K27ac 
enrichment at the RB1 enhancer [152].

BCOR mutation, a recurrent mutation seen in a few 
cases of RB (13%) [116], may alter the expression pattern 
of certain genes involved in cell proliferation and differentia-
tion by modulating methylation of H3K4 and H3K64 [115, 
153]. Truncated BCOR expression has also been reported 
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in RB [105, 116]. Similarly, the heterogeneous promo-
tor hypermethylation of several other tumor suppressor 
genes like MSH6 (50%) [107], CD44 (42%) [107], PAX5A 
(42%) [107], GATA5 (25%) [107], RASSF1A (59–82%), 
and MGMT (15–35%) has also been reported in RB cases 
(Table 2) [154–156]. Most recently, based on the level of 
CpG methylation in RB tumors, patients were grouped into 
three distinct clusters, highlighting the role of DNA methyla-
tion in contributing to underlying heterogeneity[126]. More-
over, the role of pRB in the development of epigenetically 
derived heterogeneity cannot be ignored. pRB interacts with 
HATs, HDACs, and chromatin remodelers, such as brahma 
homolog 1 (BRG1), through its pocket domain (LXCXE 
binding motif). This interaction regulates the expression of 
genes involved in cell division and proliferation, like E2F. In 
RB, the loss of pRB function leads to significant alterations 
in gene expression patterns [157]. Besides DNA methyla-
tion and histone modifications, other well-known epigenetic 
modifications such as ubiquitination and sumoylation at 
histone proteins are also observed in RB and other cancers 

[137, 158–162]. ncRNAs, RNAs that are not translated to 
proteins, are also important epigenetic modifiers control-
ling cellular and epigenome homeostasis [163, 164]. They 
can be of housekeeping (rRNA, tRNA, snRNA, snoRNA, 
etc.) or regularity nature (miRNA, siRNA, piRNA, lncRNA, 
etc.) [165]. Several lnc-RNAs like BDNF-AS and MT1JP 
[166], LINC00202 [167], CANT1 [168], and GAU1 [169] 
have been shown to be heterogeneously expressed among 
patients and can be employed as potential prognostic bio-
markers for RB [166, 170]. MicroRNAs (miRNAs) are the 
most widely studied nc-RNAs and are reported to modulate 
about 60% of protein-coding genes in the human genome 
[171]. miRNA- 98 (miR- 98) has been shown to control RB 
growth and metastasis through IGF1R/k-Ras/Raf/MEK/
ERK signaling pathway [172]. Although RB tumor usually 
has lower expression of miR- 98 as compared to normal 
retina, heterogeneity can be seen in its expression among the 
RB patients. Importantly, the RB patients with low expres-
sion of miR- 98 showed poor prognosis as compared to 
those with high expression [172]. Similarly, the expression 

Table 2  Heterogeneity in epigenetic alteration in retinoblastoma patients

Table updated from previously published data [118]

Gene Gene name Alteration (%) Kind of alterations Association of gene with RB metastasis, 
recurrence, or chemoresistance

References

APC2 APC regulator of WNT signaling 
pathway

70 Hypermethylation Mutation leads to malignant transforma-
tion and metastasis; downregulation 
might have positive chemotherapeutic 
response on RB cells

[33, 293]

CD44 CD44 molecule (Indian blood group) 42 Hypermethylation High expression is associated with 
enhanced metastasis and induces 
chemoresistance and stem cell dif-
ferentiations

[107, 294]

CDKN2 A Cyclin-dependent kinase inhibitor 2 A 55 Hypermethylation Correlated with poor differentiation and 
metastatic progression

[295]

GATA5 GATA binding protein 5 25 Hypermethylation Not determined for retinoblastoma [107]
GSTP1 Glutathione S-transferase pi 1 8 Hypermethylation Not determined for retinoblastoma [107]
MGMT O- 6-Methylguanine-DNA methyltrans-

ferase
35–58 Hypermethylation Downregulation by promoter methyla-

tion leads to metastasis
[107, 296]

MLH1 MutL homolog 1 67 Hypermethylation Not determined for retinoblastoma [297]
MSH6 MutS homolog 6 50 Hypermethylation Not determined for retinoblastoma [107]
PAX5 Paired box 5 41.6 Hypermethylation Not determined for retinoblastoma [107]
RASSF1 A Ras association domain family member 

1
59–80 Hypermethylation Silencing of RASSF1 A by promoter 

hyper-methylation might results in 
enhanced metastasis; inactivation can 
dysregulate the RAS, Hippo, Wnt, 
and other tumor-related signaling 
pathways, which potentially results in 
drug resistance

[118, 298]

SYK Spleen tyrosine kinase 93–100 Hypomethylation Not determined for retinoblastoma [116, 239]
TP53 Tumor protein p53 8 Hypermethylation Not determined for retinoblastoma [107]
VHL Von Hippel-Lindau 8 Hypermethylation Downregulation of VHL causes 

increases in sensitivity to chemother-
apy (vincristine)

[107, 299]
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of miR- 101 seems to be inversely proportional to EZH2 
expression and varies among RB patients with high EZH2 
and low miR- 101, which showed invasive phenotype [173]. 
Several miRNA studies have demonstrated the diverse role 
of miRNA in RB pathogenesis [137, 174] and have a poten-
tial role in generating the heterogeneity in RB and hence can 
be targeted for therapeutic applications [137, 163, 175–177].

4.7  Metabolic heterogeneity in retinoblastoma

The developing tumor cells acquire not only genetic altera-
tions but also selectively favor specific metabolic path-
ways that have advantages for their fitness and survival 
[178]. These adaptive metabolic adjustments in dividing 
tumor cells also selectively adopt specific metabolic pro-
cesses during the metastasis cascade events [179, 180]. In 
solid tumors, the tumor microenvironment, the altered cell 
metabolism, vascularization and oxygenation, and cellular 
communications promote the intra-tumoral metabolic het-
erogeneity and can induce cellular plasticity [181, 182]. 
There are various reports documenting intra-tumoral met-
abolic heterogeneity in different tumors [10, 53, 99–101, 
103, 113]. The functional loss of the pRB1 (RB1 protein) in 
the mutant lung cancer cell (k-Ras−/−) has been reported to 
modulate cell metabolism via uplifting glucose metabolic 
genes [183]. However, Babu et al. demonstrated that RB 
tumors with pRB1 loss lack HK1 (hexokinase 1), result-
ing in a metabolic switch to mitochondrial-mediated oxida-
tive phosphorylation (OXPHOS) for ATP generation and 
exhibit elevated fatty acid oxidation [184]. Moreover, upon 
pRB1 overexpression, there was a decrease in mitochondrial 
respiration, suggesting that RB tumors with varying func-
tional RB1 protein levels might exhibit different metabolic 
profiles. Although not directly observed in RB tumors, a 
haplo-insufficient mouse model of the RB  (RB1+/−) gene 
demonstrated that a partial deficiency of the RB1 gene could 
lead to metabolic alterations, including increased fatty acid 
oxidation and heightened insulin sensitivity [185]. Gulati 
et al. performed serum metabolomics from RB patients and 
demonstrated differential metabolite patterns in unilateral 
and bilateral RB patients. This study revealed variations in 
metabolic profiles among healthy, unilateral, and bilateral 
RB patients. Importantly, lactate, a byproduct of anaerobic 
glycolysis, was explicitly found in the serum of unilateral 
RB, while various amino acids such as proline, arginine, 
methionine, and threonine, usually derived from citric 
acid intermediates, were specifically found in the serum 
of bilateral RB. Although this was a serum-based study, it 
demonstrated metabolic heterogeneity in RB tumors, with 
distinct glycolysis and citric acid cycle regulation in unilat-
eral and bilateral RB tumor [186]. Distinct metabolic pro-
files for unilateral and bilateral RB patients were further 
supported by another study that analyzed metabolites in 

neonatal blood spots collected from RB patients. In unilat-
eral RB, they found a unique enrichment of hippuric acid 
and glutamine, indicative of the tyrosine metabolism path-
way. Conversely, in bilateral RB, there was an enrichment 
of arachidonic acid and N-acetylneuraminic acid, suggesting 
enhanced linoleic acid metabolism, amino sugar metabo-
lism, and bile acid biosynthesis [187]. Kohe et al. utilized 
high-resolution magic-angle spinning magnetic resonance 
spectroscopy (HR-MAS MRS) on enucleated RB patients 
(48 unilateral and 4 bilateral) and identified three distinct 
metabolic subgroups in RB. Levels of taurine, hypotaurine, 
phosphocholine, creatine, and lipid could discriminate dif-
ferent subgroups of RB. Group 1 had elevated lipid levels 
and low levels of taurine, hypotaurine and creatine, while 
group 3 had lower lipid levels but high levels of taurine and 
creatine. Group 2 was characterized by the highest levels of 
hypotaurine and hypocholine. These observations provide 
further evidence of metabolic heterogeneity in RB [188]. 
The retinoblastoma protein (pRB) has also been involved 
in various metabolic signaling pathways in different other 
cell types like p53 [189–191], Wnt [192–194], Ras/Mek/Erk 
[172, 195, 196], Notch [197–199], Hippo/YAP [200, 201], 
and UBE2T/STAT3 [202]. The multifaceted role of RB pro-
tein (pRB) in metabolism indicates its potential role in gen-
erating metabolic heterogeneity in RB tumors. Furthermore, 
the activation of different metabolic pathways in RB cells 
due to RB1 loss or dysfunctional RB protein might influence 
the generation of cellular plasticity in the RB tumor and, 
hence responsible for generating a metabolically heteroge-
neous RB [203]. Moreover, metabolic dynamics due to sto-
chastic influences in cancer tissue can be deciphered using 
single-cell metabolomics and would be an ideal approach 
to understand the metabolic heterogeneity in RB and other 
cancers [204, 205].

5  Role of stem cells in retinoblastoma 
heterogeneity

In most cancers, a certain subset of cells tends to exhibit 
extensive proliferation and self-renewal capacity referred to 
as cancer stem cells (CSC) or cancer stem-like cells [206]. 
RB tumors also contain a cancer stem cell population. Using 
the first knockout mouse model of RB, four different reti-
nal cell populations, namely, retinal stem cells, proliferating 
progenitor cells, newly post mitotic cells, or differentiated 
cells capable of reentering the cell-cycle, have been sug-
gested to be the cell of origin of RB [207]. However, a study 
conducted in a mouse model with double inactivation of 
RB/p107 showed that intrinsically death-resistant precur-
sors could give rise to RB tumor by overcoming differen-
tiation-induced growth arrest [208]. Subsequent studies 
demonstrated cone precursor cells as the cell of origin for 
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RB in humans [209–214]. While early studies in murine 
models suggested multiple potential cells of origin for RB, 
human studies have increasingly pointed to cone precursor 
cells as the likely origin. However, heterogeneity within 
RB tumors remains an area of active investigation. Kapatai 
et al. identified two distinct retinoblastoma subtypes—one 
expressing multiple retinal cell markers with characteristic 
chromosomal alterations and another resembling cone pho-
toreceptors with high metabolic activity and proliferation 
[124]. In contrast, Kooi et al. proposed a tumor progres-
sion model, suggesting that RB tumors originate as smaller, 
more differentiated lesions with fewer genomic alterations 
and evolve into larger, less differentiated, more proliferative, 
and genomically unstable tumors [125]. While both studies 
used human samples, the former suggests intrinsic molecular 
subtypes, whereas the latter supports a dynamic progression 
model, underscoring the complexity of RB heterogeneity. 
These findings highlight ongoing debate regarding the pre-
cise cell of origin in retinoblastoma, with evidence varying 
between murine models and human studies. The discrepan-
cies underscore species-specific differences in tumor initia-
tion, emphasizing the need for further investigation using 
advanced lineage-tracing models and human-derived sys-
tems to resolve these inconsistencies. Like other cancers, in 
RB, CSCs could lead to the generation of ITH. pRB protein 
has been shown to control the pluripotency of cells and loss 
of the RB gene has been shown to favor the iPSCs induc-
tion by controlling Sox2 and Oct4 [215]; whether loss of 
RB1 itself favors CSC-like properties is unclear. However, 
several studies suggested the presence of CSC-like cells in 
RB. Murali et al. screened RB tumor cells with putative stem 
cell markers (ABCG2, CD44, and CXCR4) and retinal cell 
markers (CD90 and CD133). They identified two distinct 
cell subpopulations; population 1 contained  CD44+ high 
and was mostly negative for CD133, CXCR4, and CD90, 
while population 2 was positive for all the markers studied, 
including CD44, CD133, CXCR4, and CD90. Population 
1 showed higher expression of retinal progenitor markers 
like Syntaxin 1 A and PROX1 than population 2, suggest-
ing a tumor hierarchy [216]. Similar to primary tumors, the 
Y79 cells, a commonly used human RB cell line, exhibited 
two distinct population based on the expression of CD133, 
although these cells did not express CD44 at all. Evidence 
for tumor hierarchy was also found here, with  CD133lo 
cells which had high expression of embryonic stem cells 
genes and progenitor genes, being able to differentiate into 
 CD133hi cells [217]. These studies also highlight and sup-
port the presence of heterogeneous cell populations and het-
erogeneity among proposed stem cell populations. Another 
indication of CSC-like cells presence in RB tumors comes 
from the frequently observed amplification or overexpres-
sion of OTX2 in primary RB tumors and cell lines [218]. 
Homeodomain transcription factor, OTX2, is important for 

the formation of photoreceptor cells. Higher expression of 
OTX2 may contribute to the gain of proliferation and stem 
cell-like properties to the RB tumor cells and can induce 
transdifferentiation of the retinal cells via Crx, Nrl, and Wnt 
signaling pathway [219]. The presence of CSC population 
in RB tumor is also supported by the study done by Sei-
gel et al. that identified the expression of various stem cell 
markers (musashi- 1 and 2, prominin1 (CD133), sialomucin 
(CD164), PAX6, nestin, neuroD1, jagged1 and 2, noggin, 
smoothened, frizzled2, numb, patched, NCAM-1, Notch4, 
reelin, paxillin, VISX1, leukemia inhibitory factor, HESX1, 
MCM2, and NET1) in both cell line (Y79 and WERI-RB1) 
and human RB tumors [220]. Further, the expression of ATP 
binding cassette ABCG2, a stem cell marker, and minichro-
mosomal maintenance 2 protein (MCM2), a neuronal stem 
cell marker by a subpopulation of RB tumors, points towards 
the presence of CSC-like cells in RB tumor [221, 222]. More 
recently, scRNA-seq study on RB tumors also demonstrated 
the presence of a subset cell population in RB tumors hav-
ing varying degrees of stemness markers expression [98]. 
All these studies supported the presence of subpopulation 
of cells in RB tumor with stem cell-like features and their 
contribution to the RB tumor heterogeneity.

6  Management of retinoblastoma 
and challenges due to RB heterogeneity

Retinoblastoma is potentially curable, and the prognosis of 
the disease is highly dependent on early diagnosis and accu-
rate therapy. However, the management of RB is complex 
and challenging due to the heterogenic nature of the tumor 
and requires a multidisciplinary approach to treatment [223]. 
Recent advancements in treatment modalities, like selec-
tive intra-arterial chemotherapy (SIAC), intravitreal chem-
otherapy, and intracameral chemotherapy, have critically 
improved the chances of globe salvage and vision preserva-
tion [14, 223, 224]. However, local extra-ocular extension 
and metastasis after chemotherapy remain a great challenge 
in the treatment of advanced RB tumors. Tumor heterogene-
ity is one of the major causes of chemoresistance and recur-
rence [225, 226]. This is primarily because not all tumor 
cells behave similarly or respond equally to chemotherapy. 
In RB, the presence of certain mutations, such as 6p gain, 
invariably correlates with a poor response to therapy [227]. 
Further presence of BCOR mutations is associated with poor 
prognosis in those patients [98]. Tumor heterogeneity either 
spatial (within or/and between the primary tumor and metas-
tasis) or temporal (heterogeneity due to polyclonal proper-
ties of tumor that evolved over a period of time) is the key 
challenge in the treatment and management of any cancer 
[2]. Despite extraordinary advances in treatment modality 
either in chemotherapy or focal therapy, new tumors develop 
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in 6–45% of patients. Additionally, the recurrence rate varies 
from 0 to 45% depending on the treatment approach such 
as systemic, intravitreal, and intra-arterial chemotherapy 
or combination of all [27]. These observations suggest that 
in RB, a subset of cells either evade treatment or do not 
respond to therapy. The presence of CSC-like cells which 
are extremely difficult to detect and hardly targetable by 
chemotherapy [136, 206, 228] could partly explain RB 
recurrence. It is well established that even a single CSC 
can lead to relapse and metastasis[229, 230]. Indeed, in a 
group of patients with stemness features, poor prognosis 
was observed [98]. Further, heterogeneous expression of 
epigenetic factors (such as EZH2, BCOR), long non-coding 
RNAs (BDNF-AS, MT1JP, and LINC00202) and miRNAs 
(miR- 98, miR- 101) among patients contributes to varying 
degree of prognosis [98, 170, 173].

Apart from genetic heterogeneity, variations in clinical 
and histopathological features across widely used RB group-
ing systems can also impact its management. RB is clinically 
classified into groups A through E, with group A represent-
ing early-stage disease and group E indicating advanced-
stage tumors. Although this classification widely used as a 
clinical framework for treatment decision-making, however, 
it does not fully encapsulate the biological complexity and 
heterogeneity of RB [89]. Tumors within the same clinical 
group can exhibit widely varying degrees of aggressiveness 
and metastatic potential, complicating risk stratification. For 
instance, approximately 17% of group D RB cases display 
high-risk pathological features upon post-enucleation histo-
logical analysis, while some group E tumors, despite their 
advanced clinical staging, demonstrate low-risk character-
istics. This discrepancy highlights the inherent limitations 
of current staging paradigms in accurately predicting tumor 
behavior and underscores the necessity for complementary 
molecular and imaging-based biomarkers to refine prognos-
tication and therapeutic decision-making [231].

Management of group A–C RB typically involves focal 
therapies such as laser photocoagulation, cryotherapy, and 
brachytherapy, which are frequently administered in con-
junction with systemic or intra-arterial chemotherapy to 
optimize tumor control while preserving visual function [95, 
232]. However, group D RB management typically involves 
systemic chemotherapy aimed at tumor reduction, with enu-
cleation considered when there is inadequate response to 
chemotherapy or when vision preservation is unlikely [233]. 
Group E RB with high-propensity for high-risk features is 
managed with enucleation, often followed by adjuvant chem-
otherapy in those with HRHF to prevent systemic metasta-
sis. In contrast, eyes without HRHF following enucleation 
display a 99% 2-year event-free survival without chemo-
therapy, indicating minimal risk of metastasis [95, 224]. A 
fundamental clinical challenge arises from the inability to 

identify HRHFs before enucleation. Since these pathological 
determinants are crucial for assessing metastatic risk, their 
post-surgical identification complicates prognostic evalua-
tion and treatment planning [89]. Such HRHFs in RB have 
been correlated with molecular markers linked to chemore-
sistance, impacting treatment efficacy and prognosis. For 
instance, a retrospective study found that there was an ele-
vated p53 expression, a recognized poor prognostic indica-
tor, in 35% of cases with choroidal invasion, an established 
HRHF. Although not statistically significant, it highlighted 
the interplay between histopathologic aggression and molec-
ular dysregulation [234]. Similarly, chromosome 6p amplifi-
cation has been associated with aggressive histopathologic 
features in RB, with 30.4% of enucleated eyes exhibiting 
high-risk characteristics, suggesting its potential role as a 
biomarker for tumor aggression and chemoresistance [227]. 
Likewise, increased  p16INK4a expression has been observed 
in undifferentiated tumors and Homer-Wright rosettes, indi-
cating a role in tumor plasticity and treatment resistance 
[235], while elevated miR- 181a levels have been associ-
ated with epithelial-to-mesenchymal transition (EMT) and 
chemotherapy resistance [236]. Identifying these molecular 
markers alongside histopathologic assessment could refine 
risk stratification, guide personalized treatment strategies, 
and improve prognostic accuracy in RB management.

However, the classification of RB into high-risk and low-
risk categories remains predominantly dependent on post-
enucleation histopathological assessment. This reliance on 
enucleated specimens presents a significant limitation for 
patients undergoing eye-preserving therapies, as the absence 
of tumor tissue precludes precise risk stratification and indi-
vidualized therapeutic planning. Emerging liquid biopsy 
techniques offer promising solutions to this challenge. This 
underscores a critical need for pre-enucleation molecular 
and imaging biomarkers to facilitate early risk stratification, 
accurately delineate tumor behavior, and refine therapeutic 
decision-making in RB. Non-invasive biomarkers capable of 
assessing metastatic potential and treatment response before 
enucleation could significantly enhance prognostic evalua-
tion, enabling more precise risk-adapted treatment strategies 
and ultimately improving clinical outcomes.

The analysis of cell-free DNA (cfDNA) obtained from 
aqueous humor (AH) or blood represents a minimally inva-
sive strategy for tumor genomic characterization in RB 
[237–239]. These approaches have enabled the detection 
of genetic and epigenetic alterations resembling those in 
respective RB tumor tissue, supporting their potential as 
surrogate tumor biopsies in RB [238, 239]. In particular, 
highly recurrent SCNAs such as gain of 1q, 2p, 6p, loss 
of 13q, 16q, and focal MYCN amplification could be 
detected in AH-derived cfDNA [238]. Furthermore, Berry 
and her team, through a five-year follow-up study utilizing 
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AH-derived cfDNA analysis, identified chromosome 6p gain 
and focal MycN gain as poor prognostic markers in RB. 
They also proposed AH cfDNA tumor fraction as a determi-
nant of treatment response, advocating for the suitability of 
AH as a companion diagnostic for RB [240]. In the coming 
years, AH may be incorporated as a routine diagnostic tool, 
at least in developed countries.

Additionally, radiogenomics—an integrative approach 
combining imaging data with genomic profiling—has dem-
onstrated potential in refining risk stratification and guiding 
personalized treatment strategies. Recent studies indicate 
that specific imaging features may correlate with underlying 
genetic alterations, further enhancing the predictive accuracy 
of non-invasive diagnostics [241].

Further integration of basic research findings into clini-
cal practices may improve the management of the disease. 
Apart from other SCNVs, BCOR has been found to be 
mutated in a subset of RB cases and has been correlated 
with poor prognosis. This mutation can be detected in 
cfDNA isolated from the aqueous humor (AH) of RB 
patients [113]. BCOR is frequently mutated in various 
malignancies, including acute myeloid leukemia (AML), 
clear cell sarcoma of the kidney (CCSK), high-grade endo-
metrial stromal sarcomas, and myelodysplastic syndrome, 
where its alterations are linked to aggressive tumor phe-
notypes and therapy resistance [242–245]. Given BCOR’s 
association with poor prognosis and recurrence in RB, its 
detection in AH-derived cfDNA may serve as a founda-
tion for novel prognostic markers and targeted therapeutic 
strategies in RB [102, 116]. Interestingly, the DNA meth-
yltransferase inhibitor decitabine has shown 57% complete 
remission in BCOR-mutant myelodysplastic syndrome and 
demonstrated efficacy in RB cell lines [245, 246]. Explor-
ing its combination with chemotherapy for BCOR-mutant 
RB, identified via AH cfDNA biopsy, could offer valuable 
therapeutic insights.

Additionally, basic research has indicated that onco-
lytic virotherapy may be a promising strategy for RB 
treatment, leveraging genetically engineered adenoviruses 
to selectively target and lyse malignant cells. A particu-
larly compelling approach utilizes the E2F1 promoter to 
drive virus replication [247]. In RB, inactivation of the 
RB1 gene results in pRb dysfunction, leading to aberrant 
E2F1 activity. By exploiting this tumor-specific deregu-
lation, adenoviruses engineered to replicate under E2F1 
promoter control can selectively proliferate in RB cells 
while sparing normal cells with intact pRb function [247, 
248]. This targeted viral replication induces oncolysis 
and potentiates anti-tumor immune responses, position-
ing oncolytic adenoviruses as a novel therapeutic avenue 
with the potential to enhance RB treatment efficacy while 
minimizing off-target effects.

7  Current research challenges in exploring 
retinoblastoma tumor heterogeneity

Despite significant advancements in elucidating the com-
plexity of RB tumor heterogeneity, several persistent 
challenges continue to hinder progress in this field. These 
obstacles span biological, technical, and clinical domains, 
affecting both fundamental research efforts and their trans-
lational applications.

As mentioned previously, limited access to tumor tissue 
presents a critical barrier to advancing RB heterogeneity 
research, as enucleation is typically reserved for advanced-
stage disease [249]. Moreover, in cases of secondary enu-
cleation, tumor calcification presents a significant obstacle 
to assessing heterogeneity, potentially obscuring crucial 
insights into the mechanisms underlying chemoresistance. 
Calcifications are a hallmark of RB, often complicating 
histopathological evaluations by obscuring detailed tissue 
architecture, thereby making it challenging to accurately 
assess intra-tumoral heterogeneity [250]. Liquid biopsy 
methodologies utilizing aqueous humor or blood-derived 
cfDNA provide a promising alternative for tumor charac-
terization. However, these approaches remain constrained 
by technical challenges, including the limited yield of 
tumor-derived cfDNA, the potential for non-tumor DNA 
contamination, and the need for improved sensitivity and 
specificity in detecting intra-tumoral variations [251].

The dynamic clonal evolution of RB tumors presents 
another major challenge, particularly in the context of 
therapeutic resistance [252]. Subclonal populations within 
the tumor can accumulate genetic and epigenetic altera-
tions that facilitate evasion of chemotherapeutic agents, 
thereby diminishing treatment efficacy [253]. Despite 
growing interest in the mechanisms driving these adap-
tive changes, a comprehensive understanding remains 
elusive, limiting the development of targeted strategies to 
mitigate resistance and improve clinical outcomes [252, 
254]. Single-cell techniques, including single-cell RNA 
sequencing (scRNA-seq), single-cell DNA sequencing 
(scDNA-seq), single-cell proteomics, and single-cell epi-
genetics, have been widely used to examine intra-tumor 
heterogeneity. These approaches are advantageous in dis-
secting cellular composition and molecular characteristics, 
providing deeper insights into cellular heterogeneity [254, 
255].Additionally, scTrio-seq, a single-cell triple-omics 
sequencing technique that simultaneously analyzes CNVs, 
DNA methylation, and transcriptome [256], could further 
enhance our understanding of the heterogeneity and com-
plexity of RB.

The availability of robust preclinical models also 
remains a significant hurdle. While retinoblastoma cell 
lines such as RB116, Y79, and WERI-Rb1, genetically 
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engineered mouse models (GEMMs), and patient-derived 
organoids have yielded valuable insights into RB patho-
biology, they fail to fully recapitulate the heterogeneity 
observed in human tumors. Disparities in tumor microen-
vironmental factors, immune interactions, and evolution-
ary trajectories between these models and actual patient 
tumors present substantial barriers to translating preclini-
cal findings into effective clinical interventions [257].

Further progress in RB heterogeneity research necessi-
tates the integration of multi-omics datasets encompassing 
genomics, transcriptomics, epigenomics, and proteomics. 
However, the sheer complexity of analyzing and interpret-
ing such vast datasets, particularly given the limited avail-
ability of tumor biopsy material, presents a formidable 
challenge. Standardized computational frameworks for 
harmonizing these diverse data modalities are still under 
development, posing obstacles to deriving clinically mean-
ingful insights.

Ultimately, the overarching objective of investigating 
RB tumor heterogeneity is to facilitate precision oncology 
approaches. However, translating these findings into clini-
cal practice remains fraught with difficulties, largely due to 
the lack of validated biomarkers for risk stratification and 
treatment response monitoring. Ethical considerations sur-
rounding experimental biopsies in pediatric patients further 

complicate efforts to implement personalized therapeutic 
strategies tailored to tumor heterogeneity.

Addressing these multifaceted challenges requires a con-
certed interdisciplinary effort, leveraging advancements in 
liquid biopsy technologies, patient-derived organoid models, 
single-cell sequencing, single-cell multi-omics, and compu-
tational bioinformatics. Overcoming these barriers will be 
pivotal in refining risk stratification, predicting therapeutic 
responses, and developing novel targeted interventions that 
account for the heterogeneous nature of RB tumors.

8  Conclusion and future directions

Cancer cell heterogeneity presents a significant challenge in 
the management of any cancer. The presence of inter- and 
intra-tumor heterogeneity has been recognized in RB. Stud-
ies employing omics techniques, such as high throughput 
RNA-seq analysis, WES, and WGS, have revealed genomic 
and transcriptomic heterogeneity. scRNA-seq based studies 
have been instrumental in identifying the presence of dis-
tinct cell populations based on the cell cycle status and the 
expression profiles, suggesting a heterogeneous population 
within a tumor. Further, studies using cell surface markers 
analysis, functional studies and scRNA-seq analysis have 
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Fig. 2  Chronological overview of pivotal discoveries that expanded 
our knowledge of tumor heterogeneity in retinoblastoma (RB): Key 
milestones encompass genetic, epigenetic, and transcriptomic altera-
tions, the identification of MYCN-amplified RB subsets, and the 

involvement of cancer stem-like cells. Advancements in molecular 
profiling, single-cell transcriptomics, and liquid biopsy methodolo-
gies underscore the evolving landscape of RB heterogeneity
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supported the presence of CSC-like subpopulation in RB 
tumors. Figure 2 illustrates the chronological progression 
of studies exploring tumor heterogeneity in retinoblastoma 
Most insights into tumor inter- and intra-heterogeneity 
are derived from analyzing tumor tissue after enucleation. 
However, since it is not feasible to acquire this informa-
tion in real-time during RB management due to the lack of 
opportunities for tumor biopsy, translating these findings 
into actionable research remains challenging. A promising 
alternative to traditional biopsies is the minimally invasive 
approach of liquid biopsy [258]. Liquid biopsy allows for 
the detection of diverse analytes, including metabolites, 
proteins, RNA, circulating tumor cells (CTCs), cell-free 
circulating nucleic acids—particularly circulating tumor 
DNA (ctDNA)—tumor-derived extracellular vesicles 
(tdEVs), tumor-educated platelets (TEPs), and autoanti-
bodies. These components make liquid biopsy a valuable 
tool for biomarker evaluation and the exploration of tumor 
heterogeneity in cancer patients [259]. Importantly, liquid 
biopsy enables longitudinal monitoring of genomic and 
molecular changes, providing real-time insights throughout 
the course of treatment [239, 258, 260, 261]. In RB, liq-
uid biopsies derived from blood, aqueous humor (AH), and 
vitreous humor (VH) have shown significant potential as 
sources of biomarkers [258–260, 262, 263]. Metabolomic 
analysis of VH successfully distinguished advanced RB 
patients from non-advanced and control groups, highlighting 
its applicability in understanding inter-patient heterogene-
ity [264]. Similarly, serum metabolomic analysis from RB 
patients demonstrated its utility in distinguishing between 
unilateral and bilateral cases, as well as between invasive 
and non-invasive disease [186, 265]. Such insights could 
guide critical decisions, such as enucleation versus globe-
salvage strategies. While such samples may not completely 
fill the lacunae regarding our knowledge of intra tumor het-
erogeneity, especially in multifocal tumors; liquid biopsy 
can partially address inter-patient tumor heterogeneity by 
predicting tumor subtypes and assessing disease severity 
prior to enucleation.

To further enhance RB management, it is essential to 
detect patient-specific genetic and epigenetic modifications, 
which can help design more targeted and effective treatment 
strategies. Modifications such as SNVs, CNVs, and specific 
promoter methylation contribute significantly to RB tumor 
heterogeneity and are associated with metastasis risk and 
therapy resistance (discussed in Sects. 4.3 and 4.6) [113]. 
In RB, genomic analysis of cfDNA extracted from AH liq-
uid biopsy samples have consistently revealed SCNV and 
SNVs profiles that mirror those of primary tumors [260, 
266]. Notably, genetic alterations detected in AH-derived 
cfDNA/ctDNA have demonstrated strong correlations with 
treatment responses, underscoring their potential as predic-
tive biomarkers for therapeutic outcomes [240]. Further 

exploration of these approaches is warranted to better under-
stand their applicability in reflecting inter-tumor heterogene-
ity and to advance personalized RB management strategies.

Analyzing transcriptomic heterogeneity in tumor tis-
sue through liquid biopsy remains challenging, but recent 
advancements have demonstrated the potential of transcrip-
tomic profiling of biofluid derived extracellular vesicles 
(EVs). EVs are lipid bilayer vesicles secreted by all cells, 
including tumor cells, and they carry the contents of their 
parent cells. In colorectal cancer, transcriptomic profiling 
of plasma-derived EVs has enabled accurate annotation of 
the cancer-specific transcriptome and molecular subtypes, 
providing valuable insights into the tumor’s transcriptomic 
landscape [267]. Therefore, analyzing RNA content within 
EVs offers a promising tool for exploring transcriptomic 
alterations and identifying biomarkers that reflect tumor 
molecular heterogeneity. In RB, serum-derived EVs have 
also been studied to investigate tumor-specific RNA and 
treatment-resistant pathways, comparing samples from com-
plete remission with those from resistant cases [268, 269]. 
However, further analysis is required to determine whether 
EVs RNA evaluation can be used for subtyping Rb tumors.

In addition, artificial intelligence (AI) and machine 
learning (ML) have emerged as pivotal tools in the study of 
intraocular tumors, particularly in the diagnosis and prog-
nostication of RB, and should be tested to accurately identify 
clinical heterogeneity. The use of AI and ML could also 
be helpful in addressing diagnostic variability. AI-driven 
fundus imaging, employing deep learning models such as 
convolutional neural networks (CNNs), has demonstrated 
remarkable accuracy in detecting RB-specific features, 
including leukocoria, tumor masses, and vascular irregu-
larities, despite the complexities introduced by tumor het-
erogeneity [270]. Multiple studies have substantiated AI’s 
diagnostic efficacy, with Lima et al. reporting a pooled sensi-
tivity of 98.2% and specificity of 98.5% across diverse tumor 
subtypes [271]. Additional studies by Kaliki et al., Vempu-
luru et al., and Aldughayfiq et al. have further validated AI’s 
robustness in RB classification by utilizing Local Interpret-
able Model-agnostic Explanations (LIME) and SHAPley 
Additive exPlanations (SHAP) to highlight heterogeneous 
features like tumor margins and calcification, demonstrating 
high sensitivity and specificity across varied populations and 
tumor subtypes [272–274].

Despite these advancements, significant challenges per-
sist, particularly in leveraging AI for prognostication. While 
Vempuluru et al. demonstrated high accuracy in classifying 
RB tumors into ICRB groups to suggest severity (e.g., group 
E as advanced), predicting metastatic potential and treatment 
response remains inherently complex due to the underly-
ing biological heterogeneity of RB [273]. Moreover, the 
dynamic nature of tumor progression, including events such 
as vitreous seeding, limits the predictive power of current 
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AI-based models, necessitating longitudinal data integration 
to enhance prognostic accuracy [271, 273]. Furthermore, 
the scarcity of high-quality, standardized imaging datasets 
and interpatient variability in tumor phenotypes constrain 
the generalizability of AI-driven models. Addressing these 
limitations will require a multimodal diagnostic approach, 
integrating AI with magnetic resonance imaging (MRI), 
genomic profiling, and liquid biopsy-based biomarkers to 
refine risk stratification and improve therapeutic decision-
making. Such advancements have the potential to bridge 
the gap between computational analytics and personalized 
medicine, ultimately advancing the precision and efficacy 
of RB management.

Gene therapies also represent a promising frontier in RB 
treatment, with suicide gene therapy, oncolytic adenoviruses, 
and adeno-associated virus (AAV)-mediated approaches 
demonstrating considerable therapeutic potential. How-
ever, the inherent heterogeneity of RB tumors character-
ized by distinct genetic alterations within subpopulations 
can contribute to tumor recurrence and metastasis and poses 
a significant challenge to treatment efficacy and resistance 
mechanisms [4, 96].

One of the widely investigated approaches, HSV-TK/
ganciclovir suicide gene therapy has shown promise in 
selectively inducing tumor cell apoptosis while preserving 
healthy tissues by phosphorylation of the prodrug ganci-
clovir into its active form, which then incorporates into the 
DNA of the dividing tumor cells, leading to DNA chain 
termination and subsequent cell death. Preclinical studies 
confirm tumor suppression, though complete eradication 
remains elusive, with autophagy inhibition implicated as a 
key mechanism of action [275, 276]. Similarly, oncolytic 
virotherapy utilizing VCN-01 exploits dysregulated RB1 
signaling to enable selective viral replication within tumor 
cells. Preclinical studies in mice and juvenile rabbits and 
early-phase clinical trials have demonstrated its efficacy 
against chemoresistant RB while maintaining a favorable 
safety profile with minimal systemic viral exposure and 
immune activation in treated patients [247].

Recombinant AAV2 (rAAV2)-mediated RB1 gene res-
toration has also emerged as a viable strategy, significantly 
inhibiting tumor growth in preclinical models [277]. How-
ever, the persistence of additional oncogenic mutations 
underscores the need for broader therapeutic interventions. 
Given that RB1 restoration alone may be insufficient, future 
research should focus on multigenic gene editing and com-
binatorial therapeutic approaches that integrate gene therapy 
with chemotherapy and immunotherapy to more effectively 
address RB tumor heterogeneity and enhance overall treat-
ment outcomes [33].

Despite significant advancements, key questions regard-
ing the molecular determinants of intra-tumoral heteroge-
neity in RB remain unanswered, particularly in the context 

of tumor evolution and therapeutic resistance [278]. Future 
research should prioritize single cell sequencing and spatial 
transcriptomics [279] to delineate tumor microenvironmen-
tal interactions and clonal dynamics that contribute to differ-
ential treatment responses. Furthermore, the integration of 
high-resolution multi-omics approaches with radiogenomic 
and computational modeling [280] could refine biomarker 
discovery, enhance risk stratification, and facilitate the 
development of precision therapeutic interventions tailored 
to heterogeneous RB subtypes. However, further validation 
through large-scale studies is necessary to standardize these 
methodologies and ensure their clinical applicability.

A key challenge remains targeting the heterogeneous 
tumor population. Research focused on identifying nodes 
specific to tumor-type-specific clusters and developing 
node-specific treatment could be beneficial. Inter-patient 
and inter-eye genomic heterogeneity has been observed 
and shown to affect their response to treatment as well as 
the extent of malignancy. RB tumors with certain genomic 
alternation persist all the available treatments, leading to 
recurrence. This underscores the importance of developing 
new therapies targeting specific gene alterations alongside 
chemotherapy, similar to approaches in other tumors. Tar-
geted therapy for CSCs and specific tumor subpopulations 
may offer a more effective way of treating RB patients.

Given that RB tumor heterogeneity profoundly influences 
treatment response, including the development of chemore-
sistance, a deeper understanding of its molecular and epige-
netic landscape is essential. Leveraging liquid biopsy-based 
studies alongside advancements in AI-driven analytics and 
gene therapy holds immense potential for unraveling this 
heterogeneity and translating these insights into clinical 
practice. Such an approach could help identify patients for 
treatment stratification, improve therapeutic response, and 
enhance diagnostic and prognostic precision, ultimately opti-
mizing outcomes for RB patients.

9  Limitations of the study

The authors acknowledge that this review is inherently 
constrained by the scope and quality of available literature. 
Furthermore, the evolving nature of research in this field 
necessitates continuous reassessment as new data emerges.
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