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Abstract: Fluorescence In Situ Hybridization (FISH) is a widely used cytogenetic imaging technique that enables
precise visualization of chromosomal abnormalities across a range of clinical contexts. This paper presents a
comprehensive visual taxonomy of FISH probe types—deletion/duplication probes (Del/Dup), break-apart
probes (BAP), dual-color fusion probes (DC/DF), and centromeric enumeration probes (CEP)—and
contextualizes their diagnostic applications across hematologic malignancies, solid tumors, and genetic
disorders. By systematically organizing representative FISH imaging patterns and linking them to disease-
specific interpretations, this work offers a content-centric reference framework for clinicians, educators, and
researchers. The structured atlas not only enhances understanding of probe logic and signal interpretation but
also supports the development of digital content systems and clinical decision support tools that integrate
cytogenetic imaging with diagnostic workflows.
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1. Introduction

Fluorescence In Situ Hybridization (FISH) is a cytogenetic imaging technique that enables the visualization
of specific DNA sequences on chromosomes using fluorescently labeled probes. Since its development in the
1980s, FISH has become an indispensable tool in clinical diagnostics, particularly for identifying chromosomal
abnormalities associated with hematologic malignancies, solid tumors, and genetic disorders [1, 2]. Its ability to
detect gene rearrangements, deletions, amplifications, and numerical chromosomal changes in both metaphase
and interphase cells has made it a cornerstone of molecular pathology [3]. With the increasing digitization of
cytogenetic workflows, FISH has also emerged as a valuable source of structured imaging data that can be
analyzed computationally and integrated into bioinformatics pipelines.

The diagnostic utility of FISH is largely determined by the diversity and specificity of its probe designs.
Common probe types include deletion/duplication probes (Del/Dup), break-apart probes (BAP), dual-color fusion
probes (DC/DF), and centromeric enumeration probes (CEP). Each probe type is tailored to detect distinct
genomic events, and their interpretation relies heavily on signal patterns, color combinations, and spatial
distribution within the nucleus [4, 5]. Figure 1 provides a conceptual overview of FISH technology and its
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diagnostic applications across disease categories. Despite the widespread use of FISH, there remains a lack of
unified visual references that systematically organize probe types, signal configurations and their diagnostic
manifestations across disease categories.

Fluorescence In Situ Hybridization (FISH)
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Figure 1. Conceptual overview of Fluorescence In Situ Hybridization (FISH) and its diagnostic landscape. The
diagram illustrates the core components of FISH technology - including probe types, signal patterns, and disease
applications—and outlines how digitized FISH images can be transformed into structured features for bioinformatics
analysis. This includes computational extraction of signal characteristics, integration with genomic datasets, and use
in Al-assisted diagnostic pipelines. The figure also motivates the need for a content-centric atlas that standardizes
FISH imaging patterns for both clinical interpretation and computational modeling.

The purpose of this study is to address this gap by developing a structured, content-centric atlas that consolidates
FISH probe types, canonical signal patterns, and representative diagnostic scenarios across major disease domains. The
proposed atlas is designed not only as a visual reference for clinicians and trainees but also as a standardized framework
that supports computational analysis, dataset annotation, and integration into bioinformatics and Al-driven diagnostic
pipelines. This dual clinical-computational orientation is a defining characteristic of the study, distinguishing it from
traditional cytogenetic atlases that focus solely on visual interpretation.

Drawing from published case studies, clinical guidelines, and curated image datasets, we classify and
contextualize FISH probe applications in hematologic malignancies (e.g., acute leukemia, chronic myeloid
leukemia), solid tumors (e.g., lung, breast, glioma, melanoma), and genetic syndromes (e.g., trisomies, sex
chromosome anomalies). The atlas emphasizes interpretation logic, diagnostic thresholds, and probe-specific
signal behaviors, providing a coherent taxonomy that links probe architecture to expected visual outcomes.

Beyond its clinical relevance, this work contributes to interdisciplinary domains such as bioinformatics,
medical education, and digital content engineering. By organizing FISH content into a visual taxonomy, we aim
to support the development of Al-assisted diagnostic tools, enhance educational platforms, and facilitate
integration into clinical decision support systems. The atlas serves as both a reference and a foundation for future
innovations in cytogenetic imaging and content-driven diagnostics.

2. Methodology

This study adopts a content-centric approach to organize and interpret Fluorescence In Situ Hybridization
(FISH) imaging patterns across major disease domains. The methodology involves systematic categorization of
probe types, diagnostic contexts, and representative imaging examples drawn from peer-reviewed literature and
curated clinical datasets.

To ensure clarity and reproducibility, FISH probes in this study were classified using a multi-criteria
framework that reflects both their molecular design and diagnostic function. Classification was based on:

(1) Probe architecture, including whether the probe targets a single locus, flanks a genomic region, or spans
two partner genes;

(2) Genomic target characteristics, such as copy-number loci, centromeric repeats, or known fusion breakpoints;

(3) Mechanistic detection strategy, distinguishing probes that detect deletions/duplications, rearrangements,
or gene fusions; and
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(4) Clinical application domain, including whether the probe is used for aneuploidy screening, fusion
detection, or actionable oncogenic alterations.

These criteria align with established cytogenetic practice and allow consistent mapping of probe design to
expected signal patterns, interpretation rules, and disease-specific diagnostic thresholds. The resulting four probe
classes—Del/Dup, BAP, DC/DF, and CEP—represent the major functional categories used in contemporary
clinical FISH assays.

2.1 Probe Type Classification
FISH probes were categorized into four primary types based on their structural design and diagnostic function:

1. Del/Dup (Deletion/Duplication Probes): Target specific loci to detect copy number variations. These probes
are paired with internal controls on the same chromosome to confirm loss or gain of signal intensity.

2. BAP (Break-Apart Probes): Designed to flank a gene of interest, these probes detect gene rearrangements or
translocations by identifying spatial separation of fluorescent signals.

3. DC/DF (Dual-Color/Dual-Fusion Probes): Used to detect gene fusions by visualizing co-localization of two
distinct fluorescent signals, typically red and green, resulting in a yellow fusion signal [6].

4. CEP (Centromeric Enumeration Probes): Target centromeric regions to assess chromosomal number
abnormalities, especially in interphase nuclei [7].

Each probe type was mapped to its corresponding signal interpretation logic, including normal vs abnormal
configurations, color combinations, and spatial distribution within the nucleus. This classification scheme was
selected because it captures the essential mechanistic differences that determine how each probe type generates
interpretable fluorescence patterns, thereby enabling systematic comparison across diseases and probe designs.

2.2 Disease Domain Mapping
FISH imaging examples were organized into three major diagnostic domains:

1. Hematologic Malignancies: Including acute promyelocytic leukemia (PML-RARA), Philadelphia
chromosome-positive ALL (BCR-ABL1), and CBFB-MYH11 rearrangements in AML [1-3].

2. Solid Tumors: Covering HER2 amplification in breast cancer [5], ALK and ROS1 rearrangements in lung
cancer [8], FGFRI amplification [9], CCNE1l and cyclin D1 amplifications in ovarian cancer, and
EWSR1/SS18 rearrangements in sarcomas [6].

3. Genetic Syndromes: Encompassing trisomy 21 (Down syndrome) [10], trisomy 13/18, sex chromosome
anomalies (e.g., XXY'Y, Turner syndrome), and ring chromosome 13 abnormalities.

Each category includes representative FISH images and diagnostic thresholds, with visual examples sourced
from published literature and clinical image repositories.

2.3 Source Integration

Image examples and diagnostic criteria were compiled from peer-reviewed case reports, cytogenetic atlases,
and journal articles. These sources were selected based on clarity of FISH signal presentation, diversity of probe
usage, and relevance to clinical practice. For example, dual-color fusion probes were used to visualize COL1A1-
PDGFB fusions in dermatofibrosarcoma protuberans [6], centromeric enumeration probes were applied in
prenatal screening for trisomy 21 mosaicism [7], and break-apart probes were used to detect ROS1 rearrangements
in lung cancer [8]. FGFR1 amplifications were assessed using copy number thresholds [9], while melanocytic
lesion diagnostics incorporated signal imbalance criteria [10].

3. Visual Taxonomy of FISH Probes

Fluorescence In Situ Hybridization (FISH) interpretation rests on recognizing probe design, expected signal
geometry, and disease-specific deviations from canonical patterns. This section synthesizes probe mechanics with
practical interpretation rules, providing a visual taxonomy that links probe architecture to diagnostic readouts and
common pitfalls.
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3.1 Probe Classification

The four probe classes reflect distinct molecular strategies for detecting genomic abnormalities:
locus-specific copy-number assessment (Del/Dup), breakpoint-oriented rearrangement detection (BAP),
partner-specific fusion confirmation (DC/DF), and whole-chromosome enumeration (CEP). This functional
separation ensures that signal interpretation rules, thresholds, and diagnostic pitfalls can be described in a
standardized and reproducible manner.

Deletion/duplication (Del/Dup) probes target a specific locus and are typically paired with an
on-chromosome control probe to distinguish true copy-number changes from technical loss or sectioning artifacts.
In a normal cell both target and control signals are present on a homologous chromosome; loss of the target signal
relative to the control indicates deletion, while multiple clustered target signals indicate amplification or high-level
gain [11]. Del/Dup probes are applied where focal gene dosage alters prognosis or therapy, for example CCNE1
amplification in ovarian carcinoma [12].

Break-apart (BAP) probes flank a gene of interest with two differently colored probes; the diagnostic cue is
physical separation of the two fluorochromes in nuclei where the gene has been disrupted or translocated. BAP
probes are favored when fusion partners are heterogeneous or unknown, and are widely used for ALK and ROS1
assessments in lung cancer and for detecting cryptic rearrangements in oncology [13, 14].

Dual-color/dual-fusion (DC/DF) probes use two locus-specific probes set to co-localize when a specific gene
fusion is present; fused red+green signals produce a yellow (overlap) signal in positive nuclei. DC/DF probes
provide high specificity for recurrent fusions with defined partners (e.g., COLI1AI-PDGFB in
dermatofibrosarcoma protuberans) and are particularly useful when a single, clinically actionable fusion is
expected [11], [15].

Centromeric enumeration probes (CEP) target centromeric repeat sequences to report chromosome copy
number in interphase nuclei. CEP probes are the standard for rapid aneuploidy screens (e.g., prenatal trisomy
panels) and for assessing tumor polyploidy or polysomy where whole-chromosome gains or losses are relevant to
diagnosis and prognosis [16], [10].

Figure 2 shows a schematic diagram of the four probe types showing chromosomal probe placement,
canonical normal signals, and examples of abnormal patterns for each probe class.
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Figure 2. Four types of probes to detect abnormal genes (a) and schematic representation of different FISH probe
designs with canonical normal and abnormal signal configurations (b)-(f). Image courtesy of Oxford Gene
Technology (OGT) [17]

3.2 Interpretation Logic

Normal versus abnormal signal patterns must be interpreted through defined counting rules, color conventions,
and ratio cutoffs. For Del/Dup probes the fundamental rule is concordance between target and control on the unaffected
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homolog; deviation in signal count or presence of signal clusters indicates loss or gain respectively, and results are
verified across a minimum cell count to avoid false calls from truncation artifacts [11, 12].

Color coding conventions simplify pattern recognition: in break-apart assays a typical design marks the 5’
region green and the 3’ region red so that a split of red and green beyond a defined distance signals rearrangement;
in fusion assays red and green overlap to yield yellow fusion signals when two loci are juxtaposed [13, 14].
Interpreters must account for signal clustering, overlapping nuclei, and sectioning artifacts that can mimic
amplification or fusion; these pitfalls are mitigated by using internal controls, examining multiple fields, and
applying tumor-specific thresholds.

Diagnostic thresholds vary by application. HER2 amplification is reported using HER2/CEN17 ratios and
cluster rules (ratio and percentage-based cutoffs) [18]. FGFR1 amplification in lung cancer is assessed by
FGFR1/CENS ratio, mean signal counts per nucleus, and the percentage of cells containing high signal clusters,
with established cutoffs guiding positive calls [19]. Prenatal and constitutional aneuploidy uses fixed percentage
cutoffs from CEP counts to call trisomy or monosomy and requires confirmatory testing for mosaic or borderline
results [15], [10]. Figure 3 shows an example of representative signal patterns with annotated interpretation cues
and numeric thresholds.

Threshold Setting: Randomly select more than 10 samples of human peripheral blood cells or bone marrow cells, process them according to the sample processing requirements, and
prepare negative threshold reference slides. Count 200 cells randomly on each reference slide. Observe the green (BCR) and red (ABL) signal dots within each nucleus.

When the red and green signal dots overlap or their proximity is less than one signal diameter, it is recorded as one fused signal (yellow, F); otherwise it is recorded as one red (R) and
one green (G) signal.

Calculate the total number and percentage of cells showing the 1R1G1F signal type, and statistically calculate the average and standard deviation of the percentage. The negative
threshold is set as the average + 3 times the standard deviation, recorded as negative threshold A;

Calculate the total number and percentage of cells showing other fusion signal types besides 1R1G1F, and statistically calculate the average and standard deviation of the
percentage. The negative threshold is set as the average + 3 times the standard deviation, recorded as negative threshold B.

Counting and Interpretation: Count 200 cells. Cells showing the 2 red and 2 green signal types are recorded as FISH negative cells. Cells showing possible n red m green k fusion (n, m,

and k are all 21, 1 red 1 green 1 fusion is counted separately) signal types are recorded as FISH positive cells.

1. If the proportion of FISH positive cells is greater than the negative threshold, it is judged as FISH positive;

2. If the proportion of FISH positive cells is less than the negative threshold, it is judged as FISH negative;

3. If the proportion of FISH positive cells is equal to the negative threshold, the number of cells counted should be increased or the entire slide should be analyzed (2500 cells). If it is
still less than or equal to the negative threshold, it is considered FISH negative; otherwise, it is considered FISH positive.

Counting and Interpretation Notes:

« a) Unless otherwise specified, only count signals of the form nOmGkF (n21, m21) during counting;

« b) If there are special circumstances, and a particular signal appears in more than 20% of the cases, it is best to consult literature or relevant materials for verification;

* c) Only count cases where both red and green signals are present. If a large proportion (more than 20%) of cases show no red, no green, or neither, it may be due to sample or
experimental conditions. It is best to use a sample with good hybridization signals as a control for comparison.

For example:

Signal type Cell count
202G 55
101G2F 150
101G1F 5

Result:

101G2F positive cell ratio = 150/(55+150+5) = 71.4%, greater than the threshold value, BCR/ABL fusion positive.

This sample is positive for BCR/ABL gene fusion.
Reference: Negative thresholds for A and B are 12% and 2% respectively.
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Figure 3. Representative FISH signal example by a real-life leukemia case of BCR-ABL fusion with (Top) the rules
and statistics counts in a diagnostic report, and (Bottom) the corresponding annotated interpretation cues and
commonly applied diagnostic thresholds. Figure adapted from internal laboratory training materials and standard
FISH interpretation guidelines for BCR/ABL fusion detection [20].

4. Applications across Disease Categories

The practical value of the visual taxonomy emerges when probe classes are mapped onto disease contexts.
This section describes how each probe type is selected and interpreted across hematologic malignancies, solid
tumors, and genetic disorders, illustrated by representative case examples and threshold criteria.

4.1 Hematologic Malignancies

Hematologic diagnostics rely heavily on fusion detection and mapping.
Dual-color/dual-fusion probes are primary tools for identifying pathognomonic fusions such as PML-RARA in
acute promyelocytic leukemia and BCR-ABL1 in Philadelphia chromosome-positive leukemias; fused (yellow)
signals in a defined proportion of nuclei support diagnosis and inform therapy [19], [1]. Break-apart probes detect
cryptic or variant rearrangements that evade karyotyping, exemplified by CBFB-MYHI11 and other cryptic
inversions in AML where separation of red and green signals indicates disruption [3].

Del/Dup probes are employed to detect focal copy-number alterations that are clinically relevant for
prognosis or therapeutic guidance, such as deletions in tumor suppressor genes or amplifications in oncogenic
drivers. These genomic events are confirmed through interphase cell enumeration and comparison with internal
control signals [11]. CEP (centromere dual-color) probes are used to assess ploidy changes and whole-
chromosome gains, which are often associated with disease progression or resistance to therapy. Their
enumeration enables rapid identification of aneuploid cell populations in bone marrow and peripheral blood

rearrangement

samples [15].
Figures 4-7 present fluorescence in situ hybridization (FISH) examples from hematologic cases, including:

e  Gene fusion (Dual-color fusion probes, DC/DF): DC/DF probes are designed to detect whether two genes or
DNA sequences have undergone fusion. A successful fusion event is indicated by a merged red/green
fluorescence signal, appearing as yellow.

e  Gene deletion or duplication (Deletion/Duplication probes, Del/Dup): These probes are typically paired with
contrasting-color control probes on the same chromosome to target specific genes or disease loci. Loss or
gain of fluorescent target signals on one chromosome is confirmed by the control probe, which accurately



International Journal of Contents Vol.22, No.1, Mar. 2026 132

identifies deletions or duplications. The unaffected homologous chromosome will display both the target
and control probes simultaneously.

e  Gene rearrangement or translocation (Dual-color break-apart probes, BAP): BAP probes are used to detect
translocations or other rearrangements of proto-oncogenes, identifying whether they have fused with other
genes or regulatory elements.

e  Chromosomal numerical abnormalities (Centromere dual-color probes, CEP): CEP probes are used to count
chromosomes within interphase nuclei, enabling detection of numerical abnormalities such as aneuploidy.

Normal: Two red and two green signals per nucleus, not Abnormal: Yellow fusion signals in several nuclei, where red
overlapping. This means no fusion has occurred; the two genes and green overlap. This indicates gene fusion—the two genes are
are located on separate chromosomes or loci. now physically joined due to a translocation. Also there are extra

signals, suggesting copy number gain or complex
rearrangements.
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Figure 4. Hematologic malignancy FISH examples: BCR-ABLI1 fusion — image courtesy by [1-4], [21].

Normal: Each nucleus shows two red and two green signals. This
means: Both homologous chromosomes have one copy of the
target gene (e.g., red) and one copy of the control region (e.g.,

green). No deletion or duplication is present. The pairing of red
and green signals is balanced.

Abnormal: Some nuclei show only one red signal but two green
signals. This suggests: Loss (deletion) of the target gene on one
chromosome. The control probe (green) confirms the
chromosome is present, but the target probe (red) is missing. The
other homologous chromosome still shows both signals,
confirming the deletion is focal and not a whole-chromosome
loss.
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Figure 5. Hematologic malignancy FISH examples: PML-RARA fusion (DC/DF) — image courtesy by [5], [22, 23].

Normal: Yellow fusion signals (overlapping red and green),
indicating no rearrangement. This means the gene targeted by the
BAP probe is intact.

Abnormal: Separated red and green signals in many nuclei. This
separation indicates a gene rearrangement or translocation, such
as fusion with another gene or regulatory element. The scattered
signal pattern may also suggest multiple rearranged copies or
amplification.
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Figure 6. Hematologic malignancy FISH examples: focal deletion detected by Del/Dup probe — image courtesy
by [24, 25].

To detect chromosome number abnormalities using CEP probes: count the red and green signals per nucleus. Normal cells show two
signals of each color (diploid); abnormal cells show more or fewer signals, indicating aneuploidy.

Figure 7. Hematologic malignancy FISH examples: CEP enumeration showing aneuploidy — image courtesy by
[26, 27].

4.2 Solid Tumors

FISH plays a pivotal role in identifying actionable genetic alterations in solid tumors. In lung cancer, break-
apart and dual-fusion probes detect ALK and ROS1 rearrangements, which predict response to targeted therapies
like crizotinib and entrectinib [28, 29] (Figure 8). Breast cancer diagnostics rely on HER2/CEP17 probes to assess
HER?2 amplification, using HER2/CEP17 ratios, signal clustering, and average copy number to guide anti-HER2
therapy decisions [5], [30-32] (Figure 9). In gliomas, combined locus-specific probes for 1p/19q co-deletion and
EGFR amplification help stratify tumor subtypes and inform prognosis and treatment planning [33-35] (Figure
10).
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To identify ALK or ROS1 gene rearrangements in lung cancer using FISH: look for whether the red and green signals are fused or
separated. Normal cells show fused (yellow) signals; abnormal cells show split red and green signals, indicating gene rearrangement.

Figure 8. Representative solid tumor FISH examples: ALK/ROSI1 in lung — image courtesy by [28, 29].

Normal: Each nucleus shows two red HER2 signals and
two green CEP17 signals. The HER2/CEP17 ratio is <2.0,
and the average HER?2 signals per nucleus is <4. This
pattern indicates no HER2 amplification (HER2-
negative). Patients with this profile are not candidates for
HER2-targeted therapy.

Abnormal HER2 Amplification: Nuclei show multiple red
HER?2 signals, often exceeding five or more per cell.
Green CEP17 signals remain at two, leading to a
HER2/CEP17 ratio >2.0. This is consistent with HER2
gene amplification, qualifying as HER2-positive breast
cancer. These patients are eligible for HER2-targeted
treatments.
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Flgure 9. Representative solid tumor FISH examples: HER2 amplification in breast — image courtesy by [5], [30-
.
»

To interpret glioma FISH results for 1p/19q co-deletion, PTEN/DMBT1 co-deletion, and EGFR amplification: look for signal
loss (fewer red/green dots) for deletions, and clustered or excessive signals for amplification. Normal cells show balanced,

paired signals; abnormal cells show missing or multiplied signals.

Figure 10. Representative solid tumor FISH examples: 1p/19q co-deletion and EGFR amplification in glioma —
image courtesy by [33-35].

In ovarian carcinoma, amplification of CCNE1 and cyclin D1 is associated with poor prognosis and
chemoresistance. FISH enables quantification of these alterations using locus-specific probes [36, 37] (Figure 11).
In Figure 11, normal cells show 2 signals per probe (balanced red/green/blue dots), while abnormal cells show
multiple clustered signals—indicating gene amplification (CCNE]1, cyclin D1, 20q13) or trisomy (chromosome
8). In high-grade serous ovarian carcinoma, FISH is used to detect gene amplifications and chromosomal number
abnormalities that correlate with prognosis and treatment response. The probes used in this context include:

e CCNEI/CEN19p dual-color probe: Detects amplification of CCNE! (cyclin E1) on chromosome 19q12,
with CEN19p as a reference.
e  Cyclin D1 DNA probe: Targets CCND1 on chromosome 11q13.
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e 20ql13 DNA probe: Detects amplification of genes in the 20q13 region, often associated with aggressive
tumor behavior.

e  Chromosome 8-specific ca-satellite probe: Used to detect trisomy 8, a numerical chromosomal abnormality.

Sarcomas are often defined by characteristic gene rearrangements detectable by break-apart probes. Ewing
sarcoma and extraskeletal myxoid chondrosarcoma show EWSR1 and NR4A3 rearrangements [38] (Figure 12),
while synovial sarcoma is marked by SS18 translocation [39, 40] (Figure 13). Dermatofibrosarcoma protuberans
is diagnosed via COL1A1-PDGFB fusion using dual-fusion probes, which also guide targeted therapy with
imatinib [41-44] (Figure 14).

Top image: CCNE1 amplification - you see multiple red signals (CCNE1) per nucleus, often exceeding 6 or forming clusters. Green
signals (CEN19p) remain at 2 per nucleus. This indicates high-level CCNE1 amplification, associated with platinum resistance and
00T Prognosis.

Middle image: 20q13 amplification - Multiple green or aqua signals per nucleus suggest copy number gain in the 20q13 region. This
region includes oncogenes like ZNF217, often amplified in ovarian and breast cancers

Bottom image: Cyclin D1 amplification - Nuclei show excess red signals for cyclin D1. Normal cells would show 2 signals, but these
show >6 signals or clusters, indicating amplification. Cyclin D1 overexpression is linked to cell cycle dysregulation and tumor
progression.

Figure 11. Representative solid tumor FISH examples: CCNE1/cyclin D1 amplifications in ovarian carcinoma —
image courtesy by [36, 37].

EWSRI1 and NR4A3 gene rearrangements are detected using break-apart FISH probes: normal cells show
fused red/green signals, while abnormal cells show split signals indicating translocation. These rearrangements
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are diagnostic for Ewing sarcoma and extraskeletal myxoid chondrosarcoma (EMC). In soft tissue tumors like
Ewing sarcoma and extraskeletal myxoid chondrosarcoma (EMC), gene rearrangements involving EWSR1 and
NR4A3 are key diagnostic markers. These rearrangements result from chromosomal translocations, most notably:

o 1(9;22)(q22;q12) —» EWSRI1-NR4A3 fusion
. Other variants: TAF15-NR4A3, TCF12-NR4A3, TFG-NR4A3

These fusions drive oncogenic transcription and are detectable by FISH using break-apart probes.

EWSR1 Rearrangement examples: When cells are normal, red and green signals are fused, appearing as yellow. When the genes
inside cells are rearranged, red and green signals are split, indicating a break in the EWSR1 locus. This pattern confirms EWSR1 gene
rearrangement, seen in ~72% of EMC cases

NR4A3 Rearrangement examples: Similar interpretation where split red and green signals indicate NR4A3 rearrangement. NR4A3
fusions are specific to EMC and help distinguish it from other sarcomas. Rearrangement was detected in ~61% of EMC cases,
including some EWSR1-negative tumors

Figure 12. Representative solid tumor FISH examples: Ewing sarcoma and extraskeletal myxoid chondrosarcoma
show EWSR1 and NR4A3 rearrangements — image courtesy by [38].

To detect SS18 gene rearrangement in synovial sarcoma using FISH: normal cells show fused red and green
signals (yellow), while abnormal cells show split red and green signals or isolated red signals—indicating SS18
translocation.

Synovial sarcoma is defined by a specific chromosomal translocation in the example depicted in Figure 13:
t(X;18)(pl1;qll), resulting in fusion of the SS18 gene (chromosome 18) with SSX1, SSX2, or SSX4 (X
chromosome). This fusion drives tumorigenesis and is detectable by SS18 break-apart FISH probes.

e  Red probe: telomeric to SS18

e  Green probe: centromeric to SS18

e  Fused signal (yellow): normal SS18 locus

e  Split signals (red and green apart): SS18 rearrangement
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Normal Pattern: Fused red + green signals (yellow dots), that indicates intact SS18 gene, no rearrangement. Seen in non-sarcoma cells
or histologic mimics. Abnormal Pattern (Rearranged): Split red and green signals (>2 signal diameters apart), or isolated red signals
without green, that indicates SS18 gene disruption, consistent with synovial sarcoma.s

Atypical Patterns (Still Positive): 1F + 1R + 1G: classic break-apart pattern, 1F + 1R, IF + 1G, 2F + 1R, >2F + >2R means atypical
but often valid. These patterns may reflect unbalanced translocations or complex rearrangements

Figure 13. Representative solid tumor FISH examples: synovial sarcoma is marked by SS18 translocation. — image
courtesy by [39, 40].

In dual-color dual-fusion FISH for COL1A1-PDGFB in dermatofibrosarcoma protuberans (DFSP), normal
cells show separate red (COL1A1) and green (PDGFB) signals, while abnormal cells show fused yellow signals—
indicating gene fusion due to t(17;22)(q22;q13) translocation.

Figure 14 shows an example of COL1A1-PDGFB Fusion in DFSP. Dermatofibrosarcoma protuberans
(DFSP) is a low-grade dermal sarcoma characterized by the t(17;22)(q22;q13) translocation, which creates a
COL1A1-PDGFB fusion gene. This fusion drives tumor growth via PDGFB receptor activation and is detectable
by dual-color dual-fusion FISH probes:

e  Red probe: targets COL1A1 on chromosome 17
e  Green probe: targets PDGFB on chromosome 22
e  Yellow (fused) signal: indicates COL1A1-PDGFB fusion
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Normal Cells (No Fusion): Show two red signals (COL1A1) and two green signals (PDGFB) per nucleus, signals are spatially
separated, indicating no translocation, seen in benign lesions like dermatofibroma or normal tissue. Abnormal Cells (Fusion Positive):
show fused yellow signals (overlapping red + green), often accompanied by one red and one green signal (from the non-fused alleles),

typical fusion pattern: 1F + 1R + 1G per nucleus, that all indicates COL1A1-PDGFB fusion, diagnostic for DFSP.

Figure 14. Representative solid tumor FISH examples: Dermatofibrosarcoma protuberans (COL1A1-PDGFB):
Specific dual-color dual-fusion probe (gene fusion) — image courtesy by [41-44].

In melanoma, chromosomal imbalances on chromosomes 6 and 11 are assessed using a panel of probes
targeting RREB1 (6p25), CEP6, MYB (6q23), and CCND1 (11q13). These copy number changes help distinguish
malignant melanocytic lesions from benign nevi and correlate with tumor aggressiveness [45-47] (Figure 15).
Collectively, these examples underscore the versatility of FISH in solid tumor pathology, where probe design and
signal interpretation are tailored to specific genomic alterations, enabling precise molecular classification and
personalized treatment strategies.

To interpret melanoma FISH results using RREB1, CEP6, MYB, and CCND1 probes: normal cells show 2
signals per probe, while abnormal cells show increased or decreased signal counts per nucleus. Specific thresholds
define malignancy based on signal gain or loss patterns.

Melanoma FISH panels use four probes to detect chromosomal imbalances:

e  RREBI (6p25, red): gain indicates malignancy

e CEP6 (centromere of chromosome 6, aqua): reference for chromosome 6
e  MYB (6923, gold): loss suggests malignancy

e CCNDI (11ql13, green): gain indicates proliferation

These probes help distinguish malignant melanomas from benign nevi, especially in histologically
ambiguous cases.

The diagram shows FISH revealed the imbalanced proliferation of cells characteristic of melanoma, especially the increase in red and
blue signals. Normal Cells: 2 signals per probe: 2 red (RREB1), 2 aqua (CEP6), 2 gold (MYB), 2 green (CCND1); Balanced signal
counts across nuclei that indicates no chromosomal imbalance. Abnormal Cells (Melanoma): CCNDI gain: >3 green signals per
nucleus in >38% of cells, RREB1 gain: >3 red signals in >29% of cells, RREB1 > CEP6 ratio: more red than aqua signals in >55% of
cells, and MYB loss: fewer gold signals than aqua in >40% of cells.

Left image shows excess green signals — CCNDI gain; Middle image shows excess red and green signals — RREB1 and CCND1
gain; Right image patterns meet melanoma thresholds and indicate chromosomal imbalance proliferation P6 ratio: more red than aqua
signals in >55% of cells, and MYB loss: fewer gold signals than aqua in >40% of cells.
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Figure 15. Representative solid tumor FISH examples: Melanoma (Chromosome 6): 6p25 (RREB1) probe, CEP6
centromere probe, 6423 (MYB) probe, and 11q13 (CCND1) probe used to assess melanocytic proliferation — image
courtesy by [44-46].

4.3 Genetic Disorders

Interphase FISH using centromere enumeration probes (CEP) remains a cornerstone of rapid aneuploidy
screening in both prenatal and constitutional cytogenetics. Standard panels target chromosomes 13, 18, 21, X, and
Y, enabling detection of common trisomies (e.g., trisomy 21, 18, 13) and sex chromosome aneuploidies (e.g.,
Turner syndrome, Klinefelter syndrome). Interpretation follows fixed signal-counting rules, with thresholds for
euploid, aneuploid, and mosaic patterns, and confirmatory testing (e.g., karyotyping or microarray) is
recommended for borderline or mosaic results [14], [10].

FISH is also applied to segmental deletions, duplications, and ring chromosomes, using locus-specific
Del/Dup probes. These allow detection of partial aneuploidies that may be missed by conventional karyotyping.
For example, ring chromosome 13 syndrome involves partial or complete loss of the long arm of chromosome 13,
often associated with developmental delay, craniofacial anomalies, and organ malformations. Figure 16 illustrates
this condition using probes targeting 13q regions [48].

In prenatal workflows, uncultured interphase FISH on amniocytes provides rapid triage for suspected
aneuploidies. This is especially useful when ultrasound findings suggest chromosomal abnormalities. Reflex
testing with karyotype or chromosomal microarray follows if abnormalities are detected or suspected [10].
Accurate reporting of signal counts, percentage of abnormal cells, and technical limitations is essential to avoid
misinterpretation, especially in cases of mosaicism or borderline signal patterns.

Figure 17 shows classic trisomy 21 (Down syndrome), caused by nondisjunction during meiosis, resulting in
three copies of chromosome 21 per cell. FISH reveals three red signals for chromosome 21, confirming the diagnosis
[71, [49, 50]. Figure 18 depicts a sex chromosome aneuploidy: XXYY syndrome, a rare condition where affected
males have two X and two Y chromosomes. FISH shows four signals—two for X and two for Y—compared to the
normal XY pattern. This condition is associated with developmental delay, tall stature, and behavioral challenges
[51]. Figure 19 illustrates a complex case involving partial monosomy 21 and partial trisomy 1, likely due to an
unbalanced translocation. FISH reveals loss of one signal for chromosome 21 and gain of an extra signal for
chromosome 1, indicating segmental imbalance [52]. Figure 20 presents trisomy 8, a condition often seen in mosaic
form and associated with skeletal anomalies, intellectual disability, and hematologic disorders. FISH using a CEP8
probe shows three signals per nucleus, confirming the gain of chromosome 8 [53].

These examples demonstrate the versatility of FISH in diagnosing both whole-chromosome and segmental
abnormalities, with rapid turnaround and high specificity. When integrated with other cytogenetic tools, FISH
enhances the accuracy of genetic disorder diagnosis and supports informed clinical decision-making.

In Figure 16, here shows an example of chromosome 13 ring syndrome that is a rare structural abnormality
where the long arm of chromosome 13 is partially or completely deleted, and the remaining ends fuse into a ring.
This can cause developmental delay, growth restriction, and congenital anomalies. FISH is used to detect deletions
at specific loci on chromosome 13:

e  LSI13(13ql4, green): targets the proximal long arm
e  DI13S327 (13934, orange): targets the distal long arm

To detect chromosome 13 ring syndrome using FISH: normal cells show two signals for each probe (13q14
and 13q34), while abnormal cells show loss of one or both signals—indicating partial or complete deletion of the
long arm of chromosome 13.
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D135327(13q34) Da35327(13q34) [l D135327(13q34)

Normal Cells (Panel A.2): Each chromosome 13 shows two green signals (13q14) and two orange signals (13q34); Indicates intact
long arm of chromosome 13; No deletion or ring formation. Abnormal Cells (Panels B.2 and C.1): Panel B.2: One chromosome 13
shows loss of orange signal (13q34) while green signal (13q14) remains, it suggests partial deletion of distal 13q; Panel C.1: One
chromosome 13 shows loss of both green and orange signals, that indicates complete deletion of 13q, consistent with ring
chromosome formation. The arrows highlight chromosomes with missing signals, helping identify the abnormality.

Figure 16. Representative genetic disease FISH example: Ring chromosome 13 syndrome. FISH reveals partial
or complete deletion of the long arm of chromosome 13, consistent with ring formation. This abnormality is
associated with developmental delay and congenital anomalies. — image courtesy by [48].

Figure 17 shows an example that in FISH for Trisomy 21, normal cells show two red signals for chromosome
21 per nucleus, while abnormal cells show three red signals—indicating an extra copy of chromosome 21,
consistent with Down syndrome.

Trisomy 21 (Down syndrome) is a genetic disorder caused by the presence of an extra copy of chromosome
21. It results from nondisjunction during meiosis, leading to three copies of chromosome 21 in affected cells.
FISH (Fluorescence In Situ Hybridization) is widely used in prenatal screening and rapid diagnosis, especially on
uncultured amniocytes or interphase nuclei.

The image shows nuclei stained blue, with red fluorescent signals marking chromosome 21: Left image (Normal) - Each nucleus
contains two red signals, representing the two copies of chromosome 21. This is the expected pattern in euploid (normal) cells. Right
image (Trisomy 21) - Each nucleus contains three red signals, indicating three copies of chromosome 21. This confirms Trisomy 21,

the hallmark of Down syndrome. Arrows in the image point to nuclei with three red signals, helping identify affected cells.

2 red signals means normal (disomic); 3 red signals means Trisomy 21 (down syndrome) and mixed (2 and 3 signals) means
mosaicism (requires confirmation). Mosaicism: If some cells show 2 signals and others show 3, this may indicate mosaic Trisomy 21,
which can be confirmed by repeat FISH or karyotyping.
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Figure 17. Representative genetic disease FISH example: Trisomy 21 (Down syndrome). FISH shows three signals
for chromosome 21 per nucleus, indicating nondisjunction and an extra copy of chromosome 21. — image courtesy
by [7], [49, 50].

In FISH for sex chromosome analysis, normal male cells show one green signal (X) and one red signal (Y);
XXYY cells show two green (X) and two red (Y) signals per nucleus—indicating a sex chromosome aneuploidy.

XXYY syndrome is a rare sex chromosome aneuploidy where males have two X chromosomes and two Y
chromosomes instead of the typical XY. It is associated with developmental delays, learning difficulties, tall
stature, and sometimes infertility. FISH is used to detect this abnormality by counting fluorescent signals for the
X and Y chromosomes in interphase nuclei.

FISH probes typically use: Green signals for the X chromosome, Red signals for the Y chromosome. Normal Male (XY): 1 green (X)
+ 1 red (Y) signal per nucleus, that indicates a typical male karyotype. XXYY Syndrome: 2 green (X) + 2 red (Y) signals per nucleus
that indicates extra copies of both sex chromosomes.

Figure 18. Representative genetic disease FISH example: Sex chromosome aneuploidy — XXY'Y syndrome. FISH
demonstrates two X and two Y signals per nucleus, confirming the presence of four sex chromosomes instead of
the normal XY complement. — image courtesy by [51].

In FISH for partial monosomy 21 and partial trisomy 1, abnormal cells show loss of signals for chromosome
21 probes and gain of signals for chromosome 1 probes—indicating segmental imbalance due to an unbalanced
translocation.

This condition arises from an unbalanced chromosomal translocation, where part of chromosome 21 is
deleted (monosomy) and part of chromosome 1 is duplicated (trisomy). It can occur in embryos or patients with
developmental disorders and is detectable using locus-specific FISH probes targeting regions on chromosomes 1
and 21.

The example in Figure 19 shows metaphase chromosomes stained with DAPI (blue), with green and red
fluorescent signals marking specific loci:

e  Chromosome 21 probe: typically red
e  Chromosome 1 probe: typically green

Normal Cells: Show two red signals for chromosome 21 and two green signals for chromosome 1 that indicates normal diploid copy
number. Abnormal Cells: Loss of one red signal — partial monosomy 21; Gain of one or more green signals — partial trisomy 1.
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These patterns suggest an unbalanced translocation, where part of chromosome 21 is missing and replaced by duplicated material
from chromosome 1

Figure 19. Representative genetic disease FISH example: Partial monosomy 21 and partial trisomy 1. FISH reveals
loss of one signal for chromosome 21 and gain of an extra signal for chromosome 1, suggesting an unbalanced
translocation or complex chromosomal rearrangement. — image courtesy by [52].

Trisomy 8 is diagnosed by FISH when cells show three signals for chromosome 8 per nucleus instead of the
normal two—indicating an extra copy of chromosome 8, commonly seen in myelodysplastic syndromes (MDS).

Trisomy 8 is a chromosomal abnormality where cells carry three copies of chromosome 8. It is one of the
most frequent cytogenetic findings in myelodysplastic syndromes (MDS) and can be found in both bone marrow
and peripheral blood cells. It may occur as a primary abnormality or as part of a complex karyotype [53].

In the example shown in Figure 20, FISH uses a centromeric probe for chromosome 8, typically labeled with
a fluorescent dye (often green). The probe binds to the centromere region of chromosome 8 in both metaphase
chromosomes and interphase nuclei.

FISH probes typically use: Green signals for the X chromosome, Red signals for the Y chromosome. Normal Male (XY): 1 green (X)
+ 1 red (Y) signal per nucleus, that indicates a typical male karyotype. XXYY Syndrome: 2 green (X) + 2 red (Y) signals per nucleus
that indicates extra copies of both sex chromosomes.

Figure 20. Representative genetic disease FISH example: Trisomy 8. FISH shows three signals for chromosome
8 per nucleus, consistent with full or mosaic trisomy 8, a condition associated with skeletal anomalies and
intellectual disability. — image courtesy by [54].

5. Conclusion: Future Prospects and Challenges

The content-centric review of FISH imaging presented in this work consolidates probe design, signal
interpretation, and disease-specific applications into a single, practical reference. Unlike existing atlases or
narrative reviews, this study introduces a structured, cross-disease visual taxonomy that systematically links
Del/Dup, BAP, DC/DF, and CEP probe architectures with their canonical and variant signal patterns. This
integrative framework reduces interpretive ambiguity, supports standardized reporting, and provides a
reproducible scaffold for training, quality assurance, and computational annotation—features not offered by
traditional cytogenetic resources.

The originality of this work lies in its dual clinical-computational orientation. By organizing FISH content
into a machine-interpretable structure, the atlas is designed not only for human interpretation but also to enable
downstream applications in bioinformatics, Al-assisted diagnostics, and digital content engineering. This
positions the atlas as a bridge between classical cytogenetics and emerging computational pathology workflows,
addressing a gap in current literature where visual FISH knowledge remains fragmented, unstandardized, and
difficult to operationalize for algorithmic use.

Future prospects center on three complementary directions. First, integration with computational tools and
machine learning offers scalable, objective interpretation of complex signal patterns, automated quality control,
and rapid triage in high-throughput settings. Second, harmonizing visual taxonomies with electronic health
records and clinical decision support systems will enable more direct translation of cytogenetic findings into
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treatment pathways and outcome tracking. Third, expanded, annotated image repositories and open-access
educational resources will accelerate training for pathologists, cytogeneticists, and multidisciplinary teams.

Key challenges remain. Technical variability in specimen preparation, probe performance, and imaging
platforms creates interpretive drift that complicates cross-institutional comparability. Biological complexity,
including tumor heterogeneity and cryptic rearrangements, requires probe strategies that balance sensitivity and
specificity while minimizing false positives from artifacts. Regulatory, interoperability, and data-governance
issues must be addressed to safely integrate FISH-derived content into clinical workflows and Al systems.

Recommendations for next steps:

e  Standardizing reporting templates and threshold criteria across major FISH applications to reduce
interlaboratory variability.

e  Developing validated, annotated image datasets and benchmarking challenges to accelerate Al model
development and clinical validation.

e  Promoting interdisciplinary collaborations between pathology, bioinformatics, and content engineering to
operationalize the atlas within clinical decision support and educational platforms.

Collectively, these actions will strengthen the diagnostic utility of FISH, expand its role in precision
medicine, and ensure that a structured visual taxonomy remains a practical, evolving resource for clinicians,
researchers, and educators.
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