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Abstract

Retinoblastoma is a malignant childhood neoplasm where MYCN amplification defines a subset of tumors with worse progno-
sis. FISH (fluorescence in situ hybridization) represents a fast and reliable method to measure gene copy numbers in various
tumors but has not yet been systematically evaluated in retinoblastoma. In this study, we define criteria for FISH detection
of MYCN amplification in a systematic unbiased approach by using a well characterized series of 44 clinical retinoblastoma
samples. We (i) determined potential measurements and parameters by a comprehensive literature review, (ii) analyzed a
retrospective cohort of samples with known MYCN amplification, (iii) determined statistically measurements and cut-offs,
which allow reliable detection of amplified tumors, and (iv) applied these criteria to a prospective cohort. We demonstrate
that average gene copy number (AVGCN) of MYCN/cell, MYCN/CEN2 ratio, and MYCN-CEN2 difference reveal the lowest
statistical variance in amplified samples, if at least 50 cells were counted. The combination of these three parameters and cut-
offs, namely AVGCN > 10, MYCN/CEN? ratio > 3, and MYCN-CEN2 difference > 8, allowed a reliable distinction between
amplified and non-amplified cases. The prevalence of MYCN-amplified cases was 4/33 (12.1%) among prospective clinical
samples indicating a higher percentage of positive tumors than previously reported. Our data provide the first evidence for
well-grounded MYCN FISH criteria in retinoblastoma.
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Retinoblastoma (RB) is a rare childhood malignancy, yet it
is considered the most common eye cancer worldwide. The
incidence of RB amounts approximately 7.2 per 100,000
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live births in Europe [1]. Early diagnosis and rapid treatment
of RB are of paramount importance for clinical outcome
and overall survival. In recent years, modern multimodal
therapies have dramatically improved overall survival rates
of more than 95% and eye salvage rates of 70% in high-
income countries, whereas the mortality rate is still high
in low-income countries [2, 3]. Advanced stage of disease,
especially extraocular tumor growth and metastasis, is a
poor prognostic factor. A variety of classification systems
exist, e.g., ICRB (Classification of Intraocular Retinoblas-
toma) to classify intraocular tumor growth, as well as IRSS
(International Retinoblastoma Staging System) for extraocu-
lar retinoblastoma growth after enucleation [4]. These sys-
tems allow risk stratification and treatment options, which
are based on the stage of the disease. Besides enucleation,
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various eye-preserving strategies have been established,
including intravenous, intra-ophthalmic arterial, intra-
vitreal, periocular, and systemic chemotherapy, different
types of radiotherapy, such as external-beam radiotherapy
and brachytherapy, and local consolidation therapies [2-5].
However, treatment-related toxicity and vision-threatening
complications may have severe consequences, especially
taking into account the young age of patients. Thus, secure
and durable prognostic biomarkers are needed to avoid both
under- and overtreatment.

Genetically, the majority of retinoblastomas arise from
biallelic inactivating mutations [6] of the tumor suppressor
gene RBI in a cone cell precursor of the developing retina
[7-9]. Constitutional heterozygosity for a loss-of-function
type variant of the RB1 gene causes heritable predisposition
to RB and is found in 40-45% of patients. Mutational inacti-
vation of the other allele in a somatic cell initiates develop-
ment of a tumor focus. Tumor development in patients with
non-heritable retinoblastoma is caused by two somatic muta-
tions, and most often, only a single tumor focus is present
[8, 10-12]. Approximately 3% of non-hereditary, unilateral
RB do not harbor RB1 inactivation. However, half of these
cases (approximately 1.5%) show somatic amplification of
the MYCN gene in the tumor [7, 10, 12]. Recent studies on
gene expression and methylation profiling have divided RB
into two subtypes, which also differ in clinical behavior and
presumably in prognosis [9, 11]. Subtype 1 includes few
genetic alterations other than the initiating RB/ inactivation
and an expression of markers reflecting a cone-differentiated
state. Contrarily, subtype 2 tumors express markers of less
differentiated cone and are estimated to arise in an earlier
stage of retinal development, harbor frequent genetic altera-
tions including MYCN amplification, show distinct inter- and
intratumoral heterogeneity, and behave more aggressively
with higher risk for metastasis [8, 9, 11]. Accordingly,
patients with MYCN-amplified tumors are younger at time of
first diagnosis [10, 13, 14], a fact suggesting that more inten-
sive and tailored treatment is required [9, 11]. Rushlow et al.
have shown larger and advanced tumors at time of diagnosis
and an average age of onset of 4.5 months in patients with
MYCN amplification compared to 24 months in non-ampli-
fied cases [10]. Also, MYCN-amplified retinoblastomas often
harbor an undifferentiated histological phenotype, especially
enlarged nuclei with prominent nucleoli, necrosis, little cal-
cification, and high Ki67 proliferation rate. It is noteworthy
that only tissue of advanced tumors requiring enucleation of
the affected eye is examined histologically, since biopsies of
intraocular tumors are obsolete [9, 15, 16].

The MYCN proto-oncogene, a member of the MYC
oncogene family, plays an important role in proliferation,
apoptosis, metabolism, and differentiation of progenitor
cells belonging to different organ systems, especially during
neuronal development and differentiation [17-21]. MYCN as
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a transcription factor has anti-apoptotic effects and is a key
player in shortening the cell cycle by promoting transition
from the G1 phase to the S phase and by downregulation of
cyclin-dependent kinases inhibitors, simultaneously enforc-
ing ribosomal biogenesis and mRNA translation. Thus,
deregulation of the MYCN signaling pathway can lead to an
imbalance between uncontrolled proliferation and reduced
apoptosis in tumorigenesis [12, 19, 22]. Moreover, MYCN
is related to tumor drug resistance as it is associated with
higher expression of multiple resistance protein 1 (MRP1),
resulting in low intracellular drug concentration of chemo-
therapies and potential treatment failure [21]. Therefore,
MYCN represents a potentially valuable direct or indirect
therapeutic target currently under experimental investigation
[19, 23]. For example, the inhibition of MYCN expression
at the transcriptional or translational level could strengthen
antitumor efficacy [21]. Ryl et al. have shown that MYCN
knockdown in RB cell models can lead to growth arrest of
tumor cells [9].

Besides RB, MYCN amplification plays an important role
in a variety of other childhood malignancies, such as pleuro-
pulmonary blastoma and Wilms tumor [22, 24], and also in
cancers emerging in adulthood, e.g., prostate and lung can-
cer, gastric adenocarcinoma, and leukemia [19, 20, 25-27].
MYCN amplification can be detected in other neuroblastic
tumors, such as neuroblastomas, astrocytomas, spinal epend-
ymomas, and medulloblastomas, associated with aggressive
clinical behavior and consequently worse prognosis [18,
20, 28-30]. Thus, evaluation of MYCN amplification has
become clinically more relevant as a predictor of poor prog-
nosis. For example, it is routinely assessed in medulloblasto-
mas by fluorescence in situ hybridization (FISH), a method
currently recognized as the gold standard procedure [17, 31].

FISH is generally a well-established, efficient, and reli-
able molecular technique for detecting gene amplifications.
FISH has been widely adopted in clinical diagnostics due
to its rapid turnaround, cost-effectiveness, and high sensi-
tivity in identifying gene amplifications, which can serve
as relevant prognostic and predictive biomarkers in vari-
ous human malignancies. Despite its widespread use, the
interpretation of FISH results is influenced by tumor type,
clinical context, and the specific biomarker being assessed
[32—-40]. In clinical routine diagnostics, FISH is commonly
employed to detect gene amplifications, which may serve as
biomarkers for cancer prognosis or treatment response. For
example, ERBB2 amplification is a recognized biomarker in
breast and gastric cancer, and FISH is the preferred method
for its assessment [38—40]. However, the interpretation of
amplification status requires careful standardization of cri-
teria, which should be tailored to the gene of interest and the
tumor subtype under investigation [33, 34, 36, 37].

To establish robust and reproducible FISH criteria,
a comprehensive analysis of well-characterized tumor
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cohorts is essential. This approach allows for an unbiased
characterization of the distribution of amplification lev-
els, enabling the definition of clear, empirically derived
thresholds for amplification positivity [33].

In the case of retinoblastomas, specific and reliable
criteria for assessing MYCN amplification using FISH
have yet to be defined. This study aims to fill this gap by
developing and validating FISH-based criteria for MYCN
amplification in retinoblastomas. Using a well-character-
ized retrospective cohort, we have identified key param-
eters and established threshold values, which differentiate
amplified from non-amplified cases. These criteria were
then applied to a prospective validation cohort, providing
preliminary data on the prevalence of MYCN amplifica-
tion in retinoblastoma and contributing to the refinement
of diagnostic and prognostic strategies for this rare pedi-
atric malignancy.

Materials and methods
Samples

The overall study cohort consisted of 44 cases of retino-
blastomas treated by enucleation. The retrospective group
comprised 11 cases from patients where increased copy
numbers of the MYCN gene locus in DNA from fresh
frozen tumor samples had been detected by real-time
gPCR (ACT values ranging from 4.76 to 39.28). Addi-
tionally, RB1 status has been analyzed in all tumors. All
retrospective cases showed mono- or biallelic RBI muta-
tion. In 8 of 11 tumors, biallelic inactivation of the RBI
gene (RBI -/-) was present, whereas the remaining three
showed inactivation of only one allele of RBI (RBI +/-).
None of the 11 cases showed proficient RBI status, actu-
ally a RBI wildtype (RBI +/+). The prospective cohort
consisted of 33 RB cases, which have been routinely
assessed as part of our referral service at the Reference
Pathology Center for Pediatric Eye Tumors between
July 2023 and end of June 2024. RBI status was avail-
able in 19/33 cases from the prospective group with bial-
lelic RB1 loss in 15/15 non-amplified and 3/4 amplified
cases. Some patients from both cohorts had undergone
neoadjuvant therapies. All enucleation specimens were
routinely processed, formalin-fixed, and paraffin-embed-
ded. H&E staining and immunohistochemistry includ-
ing CRX and Ki67 have been carried out as previously
described [41]. The use of patients’ material has been
approved by the local ethics committees (Essen: 13—-5405-
BO [12/04/2023]; Kassel: 2024-3926-evBO [FF61/2014],
Ethik-Kommission bei der Landesédrztekammer Hessen).

Systematic review of literature

In order to determine potential criteria and thresholds, we
performed a systematic literature search on previous publi-
cations on MYCN amplification using the PubMed database
(https://pubmed.ncbi.nlm.nih.gov/). First, “retinoblastoma
MYCN amplification” and “retinoblastoma MYCN amplifi-
cation FISH” were applied as keywords. Second, to expand
the search on tumor entities beyond RB, the terms “MYCN
amplification FISH” were used. Clinical trials examining
human tumor tissue for MYCN gain/amplification by FISH
were included (Table 1). Besides FISH, other molecu-
lar pathological methods were also investigated in a part
of these studies. We especially focused on studies, which
additionally conducted PCR, especially qPCR, to measure
MYCN amplification. As a requirement for a publication to
be included in our research, the amount of cells counted and
the FISH criteria used to define cases as positive for MYCN
amplification had to be described. Moreover, the prevalence
of MYCN amplification in each study for the respective
tumor entity was recorded.

FISH

FFPE samples were processed using the ZytoLight FISH-
Tissue Implementation Kit and the ZytoLight® SPEC
MYCN/2q11 Dual Color Probe (Zytovision-Z-2028-5/-20,
ZytoVision GmbH, Bremerhaven, Germany). The FISH
protocol was performed according to previously established
methods [49], with pepsin digestion used for proteolysis
according to the manufacturer’s recommendation. Dur-
ing FISH evaluation, the entire tumor area was examined
to identify regions with amplification hot spots. In cases
where MYCN signals displayed a homogeneous distribu-
tion, random areas were selected for analysis. A total of
100 tumor cell nuclei were evaluated, with 20 contiguous
nuclei counted from five distinct areas, including both hot
spots and randomly selected regions (resulting in 8800 indi-
vidual cell counts for both, MYCN and CEN2). For each
nucleus, the number of green MYCN and orange CEN2 sig-
nals was recorded. A Leica DM6B fluorescence microscope,
equipped with appropriate filters and 63 x and 100 X oil
immersion objectives, was used for evaluation (Leica, Wet-
zlar, Germany). All FISH samples have been evaluated by
experienced FISH readers (CB, HUS, ST).

Statistical analysis

Data collection and analysis was performed using IBM SPSS
Statistics software, Version 29.0.2.0. The number of sig-
nals for MYCN and CEN2 in 20, 50, and 100 tumor cells
was documented for each case (264 data points from 44
cases). Based on this, median, mean, range (maximum and
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Table 1 Summary of methods and criteria, which have been described in the literature for detecting MYCN amplification in retinoblastoma (RB)
and other tumor entities

Tumor entity Prevalence of MYCN amplifica- Methods Criteria for FISH positivity Source
tion
Retinoblastoma (RB) 33.3% (1/3; grading of amplifi-  FISH AVCGN of MYCN; grading of [41]
cation: “moderate”) southern blot and PCR amplification
-“high”: AVGCN > 50 (not
countable)

-“moderate”: AVGCN 11-50
-“weak”: AVGCN 3-10
-“not amplified”: AVGCN 0-2

2/2 cases FISH >10% of tumor cells GCN of [15]
MYCN> 8 and ratio> 4
Spinal ependymoma 100% (13/13; 10 WHO grade 111, FISH 200 cells counted [20]
3 WHO grade 1) CNVs, RNA sequencing, Affy- > 10% of tumor cells GCN of
metrix arrays MYCN> 8 and ratio >4

or> 10% of tumor cells with
strong clusters

100% (8/8; all WHO grade III)  FISH 60 cells counted [42]
NGS (incl. PCR) > 10% of tumor cells GCN of
MYCN>6
9.1% (2/22) FISH 100 cells counted [43]
ratio> 1.25
GCN of MYCN> 10 in>80%
of cells
Glioblastoma 8.6% (3/35) FISH 100 cells counted [44]

sanger sequencing (PCR), CNV cluster formation or ratio >?2
analysis, targeted DNA+RNA  in>5% of tumor cells

sequencing
Neuroblastoma 30.8% (24/78) FISH 200 cells counted [45]
-Middle East 44.1% AVGCN of MYCN > 10 and
-North America 20.5% ratio>3
32% (8/25; only “moderate” and FISH AVCGN of MYCN; grading of [41]
“high”) southern blot and PCR as amplification
control -“high”: AVGCN > 50 (not
countable)
-“moderate”: AVGCN 11-50
-“weak”: AVGCN 3-10
-“not amplified”: AVGCN 0-2
25.8% (11/43) FISH 60 cells counted [46]
(10/11 with ratio > 6) average ratio>2
32.2% (37/115) FISH average ratio>4 [47]
qPCR (plasma MYCN/NAGK
ratio)
13.5% (24/178) FISH 200 cells counted [48]
Ganglioneuroblastoma Amplification 3% (1/32), “gain” -“amplification”: difference
14% (25/32) AVGCN MYCN—AVGCN
. . . i CEP2>10
Ganglioneuroma Aaﬁ)lhoﬁ)catlon 0%, “gain” 40% ~“gain’: difference AVGCN

MYCN—AVGCN CEP2 1-9
-“not amplified”: 2 MYCN and 2
CEP2 signals/cell
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Table 1 (continued)

Tumor entity Prevalence of MYCN amplifica-

tion

Methods

Criteria for FISH positivity

Source

Medulloblastoma 18.2% (4/22)

6.5% (17/260)

FISH
qPCR

FISH
PCR

200 cells counted
> 10% of tumor cells ratio >2 or
strong clusters

100 cells counted by two inves-
tigators

[18]

[30]

10% (7/70; “amplification”)
5.7% (4/70 MYC-amplification;
1 subclonal)

34.9% (6/64)

Neuroendocrine prostate cancer Primary hormone naive: 46.7%
(7/15)
treatment-related: 43.5% (20/46)
metastases: 71.4% (10/14)

FISH

FISH
mRNA nCounter assay

FISH

> 10% of tumor cells with
strong clusters
or GCN of MYCN>8

200 cells counted [31]
-“subclonal amplifica-

tion”: > 10% of tumor cells

with GCN of MYCN > 10
-“amplification”: > 50% of tumor

cells with GCN of MYCN > 10
-“not amplified”: GCN of

MYCN<4

100 cells counted [23]
average ratio>?2
or uncountable cluster formation
or>10% of tumor cells with

GCN of MYCN>8

50 cells counted [27]
AVGCN of MYCN >4 and
ratio> 2

GCN, gene copy number; AVGCN, average gene copy number; CNV, copy number variation; NAGK, N-acetylglucosamine kinase

minimum), standard deviation, and variance regarding the
parameters described below were calculated. Additionally,
results were summarized in line and dot charts.

Results
Results of literature research

We conducted a systematic evaluation of previously pub-
lished FISH criteria to detect MYCN amplification in RB
and other tumor entities (detailed in Table 1). In total, 15
studies were included, which were published between 1995
and 2022. Only two publications were found with a primary
focus on RB. Various approaches, including a great variety
of calculated indices and cut-offs, were described. In sum-
mary, eight parameters were identified as potential measures
of MYCN amplification in RB: average gene copy number
(AVGCN) of MYCN signals/tumor cell, percent of tumor
cells with a gene copy number (GCN) > 8, percent of tumor
cells with GCN > 10, percent of tumor cells with cluster
formation (defined as GCN of at least 15 per nucleus), aver-
age of target/reference ratio (MYCN signals/CEN2 signals),
percent of tumor cells with target/reference ratio > 2, percent

of tumor cells with target/reference ratio >4, and difference
between target (MYCN) and reference (CEN2) gene. The
number of counted nuclei was between 50 and 200 in pub-
lished studies.

Definition of FISH parameters based on analyses
of the retrospective group

We applied the eight potential FISH parameters described
above to the retrospective group of RB samples with known
amplification to explore the distribution of measures and
to discover parameters and thresholds, which allow doubt-
less identification of MYCN amplification. Additionally, the
overall percentage of amplified areas, i.e., the proportion of
tumor area, which is occupied by tumor cells with obvious
cluster formation in relation to the total tumor area, was
estimated.

We noticed that average target/reference ratio (MYCN/
CEN2 ratio), target-reference difference (MYCN-CEN2; i.e.
difference between average MYCN gene copy number and
average CEN?2 signals per cell), and AVGCN of MYCN per
cell—in descending order—revealed the lowest standard
deviation and variance (Table 2). Based on this finding, we
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50 100

100 20

50

100 20

50

50 100

50 100 20

20

Cells

283.79  189.37 72.44
602.2

8.51
18.35
18.74

13.86 11.76 7 8 79 16.85 13.76
39.32 3434 29.19

25.7 (1.6-27.3) 14.44
69.1 (0.7-69.8) 65.8(1.4-67.2) 56.4(1.5-57.9) 31.23 31.76 27.84 26.5 234 23.8 2454 2341

57.8 (1.4-59.2) 47.4 (1.6-49)

Target/reference ratio

547.86 336.59

550.67 351.03
1179.2  852.09

1052.8 811.27

MYCN-CEN2 difference

AVGCN

596.52
1546.36
1286.36
1211.36

282 379 2442 2347

52
70
70
80
62

69.8 (2.7-72.5) 66.7 (3.9-70.6) 57.3(3.9-61.2) 3443 3496 30.96 32.1

52
60
60
82
66

7791 59

100 (0-100) 78.18 78

100 (0-100)

100 (0-100)

% of cells GCN> 8
% of cells GCN> 10

35.87 32.45 28.48

34.81

63.18 62 58.45 75

100 (0-100) 99 (0-99)

100 (0-100)

1052.8 778.09

3245 27.89

57.09 75

61.82 62
80 (20-100) 74.09 73.36 7545 85

100 (0-100) 99 (0-99)

100 (0-100)

% of cells with MYCN clusters

543.26 616.27
1033.7 887.69

964.091
1496.36

24.83

31.05 2331

58 (42-100)

85 (15-100)

% of cells with target/reference ratio>2

38.68 32.15 29.79

100 (0-100) 63.18 60.64 66.09 65

100 (0-100)

100 (0-100)

% of cells with target/reference ratio>4

Eight parameters obtained from systematic literature research were analyzed in eleven RB samples with known MYCN amplification. Range (minimum-maximum), mean, median, standard
deviation, and variance regarding 20, 50, and 100 cells for all eight parameters are displayed. Target/reference ratio (MYCN signals/CEN?2 signals), difference of MYCN-CEN2 gene copy num-

ber, and MYCN average gene copy number per cell (AVGCN) showed the lowest standard deviation and variance among all tested parameters. GCN, gene copy number. Raw data are displayed

in supplementary Table SI2

recognized these three parameters as the most reliable to
detect MYCN amplification. The percentage of amplified
areas ranged between 40 and 90% (Supplemental material
SI2).

To define the minimum number of tumor cells, which
need to be evaluated, all parameters were determined after
20, 50, and 100 counted cells (Table 2, supplemental mate-
rial SI 2; Fig. 1). Due to intratumoral heterogeneity, values
of parameters varied depending on how many cells were
counted. For the preferred parameters, ten out of eleven
samples (91%) could be identified as amplified if at least 50
tumor cells were analyzed and the following cut-offs were
used: AVGCN > 10, MYCN/CEN?2 ratio >3, and MYCN-
CEN?2 difference > 8. Counting only 20 tumor cells resulted
in a lower detection rate.

Only one out of eleven RB samples, which were pre-
tested to be MYCN-amplified by qPCR (ACT value: 17.69),
was consistently negative for all parameters.

Application of FISH findings to a prospective RB
group

Then, we analyzed an unselected series of an additional
33 clinical cases subsequently in the prospective group.
We determined the following three parameters and cut-offs
for 50 and 100 cells: MYCN/CEN?2 ratio >3, AVGCN > 10,
and MYCN-CEN?2 difference (MYCN-CEN2) > 8§ (Figs. 2 and
4 and supplemental information SI 3 and SI 4).

Four out of 33 cases were positive based on these three
parameters/cut-offs. For these four cases, median AVGCN
was 25.1 (range 17.9-41.9), median target/reference ratio
was 13.4 (range 8.1-27.2), and median difference (MYCN-
CEN2) was 23.2 (range 15.7-40.4). Consequently, the four
cases were classified as MYCN-amplified. The remaining
29 cases were clearly below the set cut-offs and, therefore,
were classified as negative for MYCN amplification. Median
AVGCN was 2.3 (range 1.7-3.6), median target/reference
ratio was 1.1 (range 0.9-1.4), and median difference (MYCN-
CEN2) was 0.3 (range —0.2—1.0) in these negative samples
(supplemental information SI 3). Application of the three
parameters mentioned above led to a prevalence of MYCN
amplification in the prospective cohort of 12.1% (4/33).

Heterogeneity of FISH findings and correlation
with morphology in amplified cases

Analysis of MYCN-amplified samples by FISH revealed
that cluster formation can appear multifariously (Fig. 3).
For example, clusters may impose diffusely tight and
dust-like. Contrarily, clusters can be smaller and well
defined with still increased counts of MYCN signals com-
pared to CEN2 signals as reference. We observed poly-
somic samples where the count of both MYCN signals and



Virchows Archiv

Fig. 1 Distribution of FISH parameters in the retrospective group of
MYCN-amplified RB samples. Value ranges for 20, 50, and 100 tumor
cells counted in the retrospective group of all eight parameters were
examined. Each colored line represents one of eleven cases. Based
on proposed cut-offs, i.e., AVGCN > 10, MYCN/CEN2 ratio >3, and
MYCN-CEN2 difference > 8 (i.e. difference between average MYCN
gene copy number and average CEN2 signals per cell), 10 samples
could be identified as amplified if at least 50 tumor cells were ana-
lyzed. For a count of 20 cells, only nine of eleven cases revealed an
AVGCN (MYCN) > 10, an average target/reference ratio >3, and a dif-
ference between target and reference (MYCN-CEN2)>8. One case
did not exceed cut-offs for 20, 50, and 100 cells (all tested param-

Fig.2 Application of cut-offs to
the retrospective and prospec-
tive group. Combined distribu-
tion of the three parameters
chosen for all cases from the
retrospective and prospective
group referring to 50 counted
cells. The cut-offs applied

for ratio (>3) and AVGCN
(>10) are each highlighted by
a grey line. Four cases of the
prospective and ten cases of
the retrospective group each
exceed all three cut-offs. One
sample was close to cut-offs
for ratio and AVGCN. In this
sample, MYCN-CEN?2 differ-
ence was > 8, which provided
additional supporting evidence
to classify this tumor as MYCN-
amplified

eters). Referring to a count of 20 cells, nine cases had cluster forma-
tion (min. to max 45-100%), gene copy number>8% (75-100%),
gene copy number > 10% (45-100%), and a ratio >4 for a count of 20
cells (45-100%). For a count of 50 and 100 cells, ten cases showed
cluster formation (20-98% for 50 cells and 32-99% for 100 cells), a
gene copy number > 8% (20-100% for 50 cells and 57-100% for 100
cells), and a gene copy number>10% (20-100% for 50 cells and
36-99% for 100 cells) (see also supplementary information SI 2).
Nine cases reached a ratio >4 for 50 and 100 cells, and eleven cases
showed a ratio > 2 after counting 20 cells (15-100% of cells), 50 cells
(42-100% of cells), and 100 cells (49-100% of cells). AVGCN, aver-
age gene copy number; GCN, gene copy number
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Fig.3 Tumor morphology and FISH patterns. a—¢ H&E staining and
FISH of non-amplified RB samples. a Abrupt transition between dif-
ferentiated and undifferentiated morphology, namely small round and
blue tumor cells with solid growth pattern and high cell density ver-
sus formation of Flexner-Winterstein rosettes (* indicates center of a
rosette). b Eusomy (maximum of two green and two red signals per
nucleus) and rosette formation. ¢ Remarkable polysomy (>2 green
and orange signals per nucleus). d—f Different appearance of MYCN
amplification in FISH. d Strong and diffuse cluster formation (green
signals) with a dust-like appearance (fine and dense) so that the exact
gene copy number of MYCN per cell can only be estimated (much
more than 50 MYCN signals/cell). e Uniform and strong clear clus-

CEN2 signals is increased. Moreover, MYCN amplifica-
tion can be distributed heterogeneously with tight single-
cell clusters next to tumor cells without any cluster for-
mation. We noticed that tumor morphology, especially
regarding differentiation of RB, was non-aligned with
MYCN amplification status, as differentiated rosette-
forming tumor areas did not show different FISH patterns
than undifferentiated solid parts from the same tumor.
Also, tumor areas with heterogeneously distributed clus-
ter formations in FISH were found, which morphologi-
cally appeared as uniform undifferentiated tumors. There-
fore, there was no correlation between tumor morphology
and FISH findings.

@ Springer

ter formation of MYCN signals. f AVGCN around 10/nucleus; as
CEN2 signal count is low (<2/nucleus), the finding rather excludes
polysomy as an explanation. g—i Intratumoral heterogeneity of MYCN
amplification and mismatch with uniform undifferentiated HE mor-
phology. g Undifferentiated morphology marked by high cell density,
disordered solid growth pattern, and enlarged, hyperchromatic nuclei.
h Heterogenously amplified tumor material with tight and dust-like
cluster formation immediately adjacent to tumor cells with regular
amount of green MYCN signals. i H&E staining of sample shown in
h with uniform undifferentiated morphology, monomorphic small
round and blue tumor cells and diffusely enlarged nuclei. Original
magnifications: X400 (H&E), x 630 (FISH)

Discussion

Standardized, clinically applicable FISH criteria are essen-
tial for detecting MYCN amplification, an emerging prog-
nostic biomarker in retinoblastoma (RB). However, uni-
form definitions are lacking, and relevant studies remain
limited. In this study, we first analyzed various published
FISH criteria in a retrospective MYCN-amplified cohort
(n=11), including AVGCN of MYCN, target/reference sig-
nal ratios, cluster formation, and signal counts per nucleus.
Most parameters reliably detected MYCN amplification,
except for target/reference ratios > 2 or > 4, which proved
either too unspecific or insufficiently sensitive.



Virchows Archiv

Fig.4 Algorithm to evaluate MYCN amplification in RB. A four-step
algorithm (right) summarizes the procedure how to evaluate, count,
and calculate parameters of MYCN FISH in retinoblastomas. High
average MYCN gene copy number per cell (AVGCN) and MYCN/
CEN?2 ratio define MYCN-amplified RB samples; MYCN-CEN2 dif-

We selected the three most robust criteria—
AVGCN > 10, target/reference ratio > 3, and MYCN-CEN2
difference > 8—and applied them to a prospective cohort
(n=33). These consistently distinguished positive from
negative cases, identifying four MYCN-amplified tumors.
Our findings align with thresholds proposed by Misra et al.
[41] and Santiago et al. [45] in RB and neuroblastoma,
respectively. The MYCN-CEN?2 difference criterion, previ-
ously used only in neuroblastoma by Wang et al. [48], also
proved reliable.

Among the three parameters, AVGCN was the most dis-
criminative. The ratio alone can be confounded by polysomy;
however, when combined with AVGCN and difference, it
enhanced diagnostic confidence. We recommend starting

ference (i.e. difference between average MYCN gene copy number
and average CEN2 signals per cell) provides additional supporting
evidence of amplification. Bar charts (left) demonstrate that MYCN-
amplified cases are significantly above the thresholds

with AVGCN and ratio and applying the MYCN-CEN2 dif-
ference > 8 in ambiguous cases (Fig. 4).

The optimal number of nuclei for FISH analysis remains
debated. Literature reports vary from 50 to 200 cells. We
found 50 nuclei sufficient, provided tumor sections are pre-
screened for cluster “hot spots” and evaluation includes at
least two distinct areas. Intratumoral heterogeneity, as seen
in one retrospective case, can lead to false negatives if sam-
pling is insufficient.

Notably, one qPCR-positive retrospective case was FISH-
negative, likely due to sampling discrepancies or heteroge-
neity. This underscores the need for cautious interpretation
when discordant results arise. In general, Ct-values (QPCR)
and numbers of MYCN gene copies (FISH) correlated
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qualitatively to differentiate amplified from non-amplified
cases; however, no linear correlation was observed.

While MYCN amplification is generally rare (reportedly
in the range of 1-2% [7, 10, 12]), our prospective cohort
showed a 12.1% prevalence, possibly due to analyzing enu-
cleated, advanced-stage tumors. Given the limited data cur-
rently available on the prevalence of MYCN amplification
in the literature, further investigation in this area is clearly
warranted. To enable meaningful comparison across studies
and ensure diagnostic accuracy, the establishment of stand-
ardized criteria for the reliable detection of MYCN amplifica-
tion is essential. Since MYCN-amplified RB often presents
more aggressively, targeted post-treatment surveillance in
these cases is needed.

Our retrospective group also showed frequent co-occur-
rence of MYCN amplification and RBI mutations—con-
trary to earlier reports suggesting mutual exclusivity. All 11
MYCN-amplified tumors had RBI mutations, mostly bial-
lelic, echoing findings from Ewens et al. [5S0] and Roohollahi
etal. [12]. RBI data from 19 cases of the prospective cohort
were available, and biallelic RBI loss was determined in
15/15 non-amplified and 3/4 amplified cases.

Limitations of this study include the relatively small
sample size of both the prospective cohort (n=33) and the
retrospective cohort (n=11). However, these numbers must
be considered in the context of retinoblastoma being an
ultra-rare pediatric malignancy, with an incidence of approx-
imately 0.4 per 100,000 annually. Moreover, due to the wide-
spread adoption of eye-preserving treatment strategies—now
applied in over 70% of cases [1, 3]—histological evaluation
is restricted to the minority of patients who undergo enuclea-
tion. This significantly limits access to tumor tissue suit-
able for molecular analyses. Our study included all available
high-quality, matched fresh frozen and paraffin-embedded
samples from our reference center. To our knowledge, no
comparable dataset currently exists in Europe.

While we acknowledge the limited cohort size as a con-
straint, we emphasize the rarity and scientific value of this
well-characterized material. Our findings provide a founda-
tion for further research and suggest that MYCN FISH may
be sufficient for clinical screening. Future studies should
aim to validate this approach in larger, routinely collected
diagnostic cohorts.

We believe our study offers a robust and specific assay
that can contribute to the harmonization of MYCN testing
in retinoblastoma and facilitate systematic investigation of
this biomarker across centers.

Our data provide compelling evidence that MYCN FISH
is a technically robust and reliable methodology, as all
samples in our cohort (100%) were successfully evaluable
without the need for repeat testing. Notably, the samples
were obtained from multiple institutions, encompassing a
range of local protocols for fixation and tissue processing.

@ Springer

This underscores the broad applicability and resilience of
the FISH technique across varying pre-analytical conditions.

However, certain fundamental technical requirements
must be met to ensure optimal performance. Careful evalu-
ation of internal controls is essential, particularly the signal
distribution in non-neoplastic cells and the integrity of the
centromeric control probe (CEN2). The presence of viable
tumor tissue is critical; areas of necrosis and dystrophic
calcification should be avoided, as these can compromise
signal quality. In addition, decalcification procedures may
adversely affect hybridization efficiency and should be
minimized or carefully controlled. Proper grossing, section
thickness, and adequate fixation are also key factors influ-
encing assay success. When these pre-analytical and ana-
lytical considerations are addressed, FISH demonstrates an
exceptionally low failure rate and high diagnostic reliability,
as evidenced by the consistent success observed across our
multi-institutional cohort.

FISH and Next-Generation Sequencing (NGS) are both
widely used techniques for detecting gene amplification,
each with distinct advantages and limitations. FISH enables
the direct visualization of gene amplifications at the single-
cell level within preserved tissue architecture, providing val-
uable spatial context and allowing detection of intratumoral
heterogeneity. It is highly specific due to the use of fluores-
cently labeled probes targeting the gene of interest and per-
forms reliably on formalin-fixed, paraffin-embedded (FFPE)
tissue, which is standard in clinical pathology. Furthermore,
FISH offers relatively fast turnaround times, is cost-effective
for single-gene analysis, and is already clinically validated
for multiple oncogenes, such as HER?2.

In contrast, NGS provides high-throughput, genome-wide
analysis, allowing for the simultaneous detection of amplifi-
cations, mutations, deletions, and other genomic alterations.
It offers digital, quantitative assessment of copy number vari-
ations and is highly scalable, making it suitable for broader
genomic profiling. However, NGS has several limitations: it
requires high-quality DNA, which is often difficult to obtain
from FFPE tissues; it lacks spatial resolution, meaning it cannot
distinguish between tumor and non-tumor cells within a sam-
ple; and it involves complex and time-consuming data analysis,
requiring robust bioinformatics infrastructure and expertise.

While NGS is a powerful tool for comprehensive
genomic profiling, FISH holds clear advantages when the
goal is focused, high-confidence detection of gene ampli-
fication—especially in rare cancers or small cohorts where
tissue availability and preservation are critical concerns. Its
robustness on FFPE samples, retention of histological con-
text, and established clinical utility make FISH particularly
well suited for routine diagnostics and retrospective studies.

This is the first study to systematically evaluate and
validate FISH criteria for MYCN amplification in RB using
a qPCR-confirmed control group. Our results support
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implementation of standardized FISH protocols in clinical
diagnostics. Although MYCN amplification is linked to poor
prognosis, therapeutic implications remain undefined. As in
medulloblastoma, where FISH is the gold standard, these
criteria may also prove useful in other tumor types, warrant-
ing further investigation.

In summary, our proposed FISH criteria offer a reliable
and practical approach for identifying MYCN-amplified RB,
supporting personalized aftercare strategies in affected chil-
dren post-enucleation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00428-025-04219-x.
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